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April 29, 2005

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )

HYDRO RESOURCES, INC. ) Docket No. 40-8968-ML
P.O. Box 777 )
Crownpoint, NM 87313 )

NRC STAFF'S WRITTEN PRESENTATION ON GROUNDWATER
PROTECTION. GROUNDWATER RESTORATION. AND SURETY ESTIMATES

INTRODUCTION

On March 7, 2005, intervenors Eastern Navajo Dine Against Uranium Mining,

Southwest Research and Information Center, Grace Sam and Marilyn Morris (collectively,

"Intervenors"), submitted awritten presentation ontheirareas of concern pertaining to groundwater

protection, groundwater restoration, and surety estimates at the Section 17, Unit 1 and Crownpoint

sites. See"[Intervenors'] Written Presentation in Opposition to Hydro Resources, Inc.'s Application

for a Materials License With Respect To: Groundwater Protection, Groundwater Restoration, and

Surety Estimates" (March 7 Brief). Attached to the March 7 Brief were several affidavits, including

those of Dr. John W. Leeper (attached to the March 7 Brief as Exhibit E) (Leeper Affidavit);

Dr. Richard J. Abitz (attached to the March 7 Brief as Exhibit N) (Abitz Affidavit);

Mr. Michael G. Wallace (attached to the March 7 Brief as Exhibit X) (Wallace Affidavit);

Mr. Gary Konwinski (attached to the March 7 Brief as Exhibit DD) (Konwinski Affidavit); and

Dr. Spencer G. Lucas (attached to the March 7 Brief as Exhibit II) (Lucas Affidavit).

On Apri121,2005, licensee Hydro Resources Inc. (HRI) submitted its response to the March

7 Brief. See "Hydro Resource Inc.'s Response in Opposition to Intervenors' Written Presentation

Regarding Groundwater Restoration and Financial Assurance" (HRI Response). Attached to the

HRI Response as exhibits were affidavits of Mark S. Pelizza (HRI Exhibit A); Craig S. Bartels (HRI
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Exhibit B); Frank Lee Lichnovsky (HRI Exhibit C); Dan W. McCarn (HRI Exhibit D); Ronald

Christensen (HRI Exhibit E); and Michael J. Maxson (HRI Exhibit F).

As set forth in the following Discussion sections, and in the attached affidavits of

Stephen J. Cohen, William Von Till, Richard A. Weller, and John W. Bradbury (Staff Exhibit

Nos. 1-4, respectively), the Intervenors - both in their March 7 Brief and in their supporting

affidavits - have failed to show that their present concerns have an adequate technical basis (with

one exception noted below), and they have further failed to show why the previous findings and

rulings regarding HRI's Section 8 site should not apply equally to their present areas of concern.

For those areas of concern which fall within the scope of prior findings and rulings, the

Presiding Officer should reject the Intervenors' arguments to the extent that they are contrary to

those prior determinations. With respect to the Intervenors' arguments on various cost estimates,

the Intervenors failed to recognize the application of certain license conditions and overlooked

costs that HRI included in its restoration action plans. With respect to the appropriate secondary

groundwater restoration goal for uranium, the Staff agrees with the Intervenors that this goal should

be 0.03 mg/L.

BACKGROUND

A. Crownpoint Uranium Solution Mining Proiect

The following summary of NUREG-1508, 'Final Environmental Impact Statement to

Construct and Operate the Crownpoint Uranium Solution Mining Project" (February 1997) (FEIS),

briefly describes the in situ leach (ISL) uranium mining process.

In 1988, HRI submitted an application to the NRC to construct and operate ISL facilities at

its Church Rock site in McKinley County, New Mexico. HRI subsequently amended its application

to include additional lease areas known as the Unit 1 and Crownpoint sites in and around

Crownpoint, New Mexico, and to propose that processing of licensed material be conducted in a

plant located at the Crownpoint site. See FEIS, at 2-7. In January 1998, the NRC Staff issued HRI
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a materials license, authorizing ISL mining and related process activities at the Church Rock, Unit

1 and Crownpoint sites after various license conditions (LCs) are met.

HRI plans to use existing and new surface facilities at each site to extract and process

uranium from aqueous mining solutions. HRI would use a pattern of injection and production wells

drilled into each ore zone. Id., at 2-2. Groundwater within the wellfield or production zones - all

of which are located in the Westwater Canyon Member of the Morrison Formation - would be

fortified with dissolved oxygen and sodium bicarbonate to make the lixiviant used in ISL mining.

Id., at xix. The lixiviant would be injected underground and continuously refortified and recirculated

to oxidize and dissolve uranium minerals within the existing ore zones. Id., at 2-6. Approximately

one percent of the process effluent is subsequently drawn out of the system. Id., at 2-7. This

"production bleed" helps hydraulically control the mining process to prevent excursions by

maintaining negative well field pressures. Id.

Uranium would be recovered from the "pregnant" lixiviant in each processing plant by

circulating it through ion exchange columns. Id. at 2-9. The ion exchange columns would be

alternately taken off line and the uranium stripped, precipitated and concentrated. Id. Uranium

slurry would be transported by truck from the satellite Church Rock and Unit 1 facilities to

Crownpoint for drying. Id. at xx. All uranium slurry would be dried using a single dryer located in

the central processing plant at Crownpoint. Most solid wastes that would be generated by the

proposed ISL mining would be 11 e(2) byproduct material regulated under the Atomic Energy Act

(AEA), and would require disposal at an off-site licensed disposal facility. Id.

The groundwater restoration criteria would be established on a parameter-by-parameter

basis. The primary goal of restoration would be to return water in the aquifer to average pre-mining

baseline conditions. Id. In the event that water quality parameters cannot be returned to average

pre-mining baseline levels, the secondary groundwater restoration goal would be to return water

quality to the maximum concentration limits (MCLs) specified in the U.S. Environmental Protection
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Agency (EPA) secondary and primary drinking water regulations or, for certain parameters, to State

of New Mexico or NRC standards. See LC 10.21 of HRI's license (a copy of which is attached to

the March 7 Brief as Exhibit A).

After conclusion of the mining operation and aquifer restoration, all ISL mining wells would

be plugged and abandoned, processing facilities would be decontaminated or decommissioned,

all contaminated materials would be removed to a licensed waste disposal site, and all disturbed

areas would be surveyed, decontaminated to acceptable levels, recontoured, revegetated and

released for unrestricted use. See FEIS, at xx.

B. Procedural History of Groundwater and Surety Areas of Concern

The Intervenors requested a hearing on HRI's license application in 1994 and amended

their request after the FEIS was issued. In their second amended petition, Intervenors raised a

number of concerns related to groundwater. See 'Petitioners ENDAUM and SRIC's Second

Amended Request for Hearing, Petition to Intervene, and Statement of Concerns," (August 15,

1997) (ML9703080068) (Second Amended Petition). As referenced above, the NRC Staff issued

a materials license to HRI in early 1998. Subsequently, the Presiding Officer admitted certain

areas of concern related to groundwater as germane to the proceeding, including concerns

pertaining to degradation and threat to water supplies; monitoring for lixiviant excursions;

groundwater restoration standards; protection of groundwater from waste disposal; uranium

drinking water standards; and financial surety.' See LBP-98-09, 47 NRC 261, 280 (1998) (LBP-

98-09).

To date, the NRC Staff has submitted tothe Presiding Officerand Commissionthefollowing

ten sets of evidence pertaining to the Intervenors' previously-presented groundwater and surety

arguments: (1) "NRC Staff's Response to Motion for Stay, Request for Prior Hearing, and Request

1 This proceeding is governed by the former 10 C.F.R. Part 2, Subpart L hearing
procedures, under which "areas of concern" rather than contentions are litigated.
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for Temporary Stay" (February 20, 1998) (ML9802250238 ) ("Staff Response to Stay Motion"),

including as Exhibit 9 thereto an Affidavit of William H. Ford (February 20,1998) (ML9802250249)

("February 1998 Ford Affidavit"); (2) "NRC Staff Response to Intervenors' Amended Presentation

on Groundwater Issues" (March 12,1999) (ML9903170043) ("Staff Response to Intervenors' 1999

Groundwater Presentation"), which included an Affidavit of William H. Ford (March 12, 1999)

(ML9903170045) ("March 1999 Ford Affidavit"); (3) "NRC Staff Response to Questions Posed in

April 21 Order" (May 11, 1999) (ML9905130188), which included an Affidavit of William H. Ford

(May 11, 1999) (ML9905130191) ("May 11, 1999 Ford Affidavit"), and an Affidavit of

Robert D. Carlson, former NRC Project Manager for the HRI license (May 11, 1999)

(ML9905130194); (4) "NRC Staff's Response to HRI's Answer to Presiding Officer's Question"

(May 25, 1999) (ML9905260139), which included an Affidavit of William H. Ford (May 24, 1999)

(ML9905260147) ("May 24,1999 Ford Affidavit"); (5) "NRC Staff's Response to Motion to Reopen

and Supplement the Record" (April 4, 2000) (ML00369922220) ("Staff Response to Motion to

Reopen"), which included an Affidavit of Christepher A. McKenney (April 4, 2000)

(ML00369922220) ("April 2000 McKenney Affidavit"); (6) "NRC Staff Response to Intervenors'

Financial Assurance Brief" (January 22, 2001) (ML010230272), which included an Affidavit of

William H. Ford (January 22, 2001) (ML010230282) ("January 2001 Ford Affidavit");

(7) "NRC Staff's Answer to HRI's Petition to Review LBP-04-03" (March 30,2004) (ML041070441);

(8) "NRC Staff's Answer to Intervenors' Petition to Review LBP-04-03" (April 2, 2004)

(ML041100573); (9) "NRC Staff's Brief on Labor and Equipment Issues" (June14, 2004)

(ML041670111); and (10) "NRC Staff's Response Brief on Pore Volume Issues" (July 13, 2004)

(ML041950348). These ten sets of submittals, as well as the relevant Presiding Officer and

Commission decisions, are discussed below in addressing the areas of concern presented in the

March 7 Brief.
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On November 5,2004, the Presiding Officer issued an order setting the schedule for written

presentations on the areas of concern for the Section 17, Unit 1 and Crownpoint sites. 'Order

(Schedule for Written Presentations)," dated November 5,2004 (unpublished) (November 5 Order),

slip op. at 1. Subsequently, the Presiding Officer revised the schedule for written presentations

based on the Intervenors' decision not to pursue certain areas of concern. "Order (Revised

Schedule for Written Presentations)," dated February 3, 2005 (unpublished), slip op. at 1. This

order left intact Parts 2 and 3 of the November 5 Order relating to the required format and content

of the written presentations. Id., at 3.

DISCUSSION

I. Preliminary Issues Related to Groundwater Area of Concern

A. Law of the Case

There are four primary doctrines of repose: resjudicata, collateral estoppel, law of the case,

and laches.2 These repose doctrines are designed to "prevent continuing controversy over matters

finally determined and to save the parties and boards the burden of relitigating old issues."

Safety Light Corp. (Bloomsburg Site Decontamination), LBP-95-9, 41 NRC 412, 442 (1995).

The doctrines embody a fundamental precept of common law adjudication that once an issue is

determined in a proceeding, that issue is conclusively resolved.

The repose doctrine of "the law of the case" applies to this round of written presentations.

The law of the case provides that when a court decides upon a rule of law or makes a factual

determination, that decision should continue to govern the same issues in subsequent stages of

2 Allfourof the repose doctrines are generallyapplicable in NRC adjudicatory proceedings.
See e.g., Alabama Power Co. (Joseph M. Farley Nuclear Plant, Units 1 and 2), CLI-74-12,
7 AEC 203,203-204 (1974) (res judicata and collateral estoppel); SafetyLight Corp. (Bloomsburg
Site Decontamination), CLI-92-9, 35 NRC 156, 159-160 (1992) (law of the case); Houston Lightand
Power Co. (South Texas Project, Units 1 and 2), CLI-77-13, 5 NRC 1303, 1321 (1977) (laches).
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the same case.3 Safir v. Dole, 718 F.2d 475, 480-81 (D.C.Cir. 1983). The law of the case acts to

bar relitigation of the same issue in subsequent stages of the same litigation. See e.g.,

Arizona v. California, 460 U.S. 605, 618 (1983); 18 C. Wright, A. Miller and E. Cooper,

Federal Practice and Procedure § 4478 (1981). The doctrine encompasses the court's

explicit decision, as well as those issues decided by necessary implication. Williamsburg

Wax Museum, Inc. v. Historic Figures, Inc., 810 F.2d 243, 249 (D.C.Cir. 1987). Moreover, where

new evidence is merely cumulative and does not differ substantially from that presented previously,

law of the case applies as well. Aetna Life Ins. Co. v. Wharton, 63 F.2d 378 (8t Cir. 1933). In

short, the doctrine mandates that when the same issue is presented a second time in the same

case, the first result should govern.

Without mentioning the law of the case explicitly, the Intervenors variously assert that they

are 'specifically permitted to challenge particular license conditions;" that they are "entitled to

challenge all aspects of HRI's operations;" that the Commission gave them the "right to present

evidence;" and that the Presiding Officer "must consider that evidence" with respect to the Section

17, Unit 1 and Crownpoint sites. March 7 Brief, at 49, 72, and 97-98, citing CLI-01 -04, 53 NRC 31,

at 40-42 and n.2 (2001). While the Commission stated that the Intervenors may challenge the

sufficiency of site-specific evidence submitted by HRI for Section 17, Unit 1 and Crownpoint, the

Commission did not give the Intervenors carte blanche to raise previously-decided issues for a

second time in the same proceeding. See CLI-01 -04,53 NRC at 40 n.2. Instead, the Commission

decision recognizes that certain site-specific issues were not addressed in the Section 8 phase of

3 In an appellate setting, the law of the case doctrine is sometimes called the "mandate
rule.' The rule provides that a lower tribunal must follow an appellate decision and generally
speaking, the appellate tribunal must follow its prior decision in future rulings in the same case.
Independent Petroleum Ass'n of America v. Babbitt, 235 F.3d 588,596-597 (D.C.Cir.2001). Thus,
a presiding officer must follow Commission decisions deciding a rule of law or incorporating factual
determinations in subsequent stages of the same proceeding. Safety Light, CLI-92-9, 35 NRC at
159-160.
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the proceeding-either because they were not ripe or did not apply to Section 8-and notes that

those issues may be raised by Intervenors in the current phase of the proceeding. Id. The

Commission was concerned with ensuring that the Intervenors had an opportunity to present

evidence on the entirety of HRI's license rather than being forced to wait until HRI decided to mine

its other sites. Id., at 43. However, the Commission did not authorize the Intervenors to relitigate

generally-applicable conclusions that applied to all of the proposed mining sites.

In their March 7 Brief, the Intervenors repeat a number of arguments that have been

previously addressed and rejected by the Presiding Officer in the Section 8 stage of

this proceeding. The Intervenors revisit certain of the Presiding Officer's Section 8 factual

determinations that apply with equal force to the Section 17, Unit 1 and Crownpoint proposed

mining sites, as well as the Presiding Officer and Commission's rulings on HRI license conditions

which are applicable at all of HRI's sites. The Intervenors fail to show why these factual

determinations and legal conclusions do not apply equally to the Section 17, Unit 1 and Crownpoint

sites. Pursuant to the law of the case doctrine, the Intervenors' attempts to revisit settled issues

must be rejected.

In accordance with the November 5 Order, the Commission and Presiding Officer decisions

that trigger application of the law of the case doctrine will be discussed for each area of concern

presented in the March 7 Brief.

B. Errors and Omissions in Intervenors' Background Sections

Before addressing the Intervenors' arguments I-IV (March 7 Brief, at 22-1 00), a number of

errors and omissions in the introductory sections (id., at 1-22) need to be discussed. Many of the

March 7 Brief's shortcomings discussed below relate to the 'law of the case' doctrine discussed

above in Section I. A. Because the Commission declined to disturb Judge Bloch's groundwater
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protection findings in LBP-99-30,4 the Intervenors must now show that these Section 8 findings are

not equally applicable to the Section 17, Unit 1 and Crownpoint sites. Requiring that such a

showing be made for each area of concern which the Intervenors now pursue is consistent with the

judicial rule that legal or factual determinations made in a proceeding should continue to govern

the same issues in subsequent stages of the same proceeding. Safir v. Dole, 718 F.2d at 480-81.

As discussed below, there are several instances in which the Intervenors have ignored

relevant groundwater protection findings in LBP-99-30. These findings are equally applicable to

the Intervenors' areas of concern they pursue for the Section 17, Unit 1 and Crownpoint sites.

The omission of relevant groundwater protection findings reflects a general failure on the part of

the Intervenors to meet the following briefing requirements governing this round of written

presentations:

[E]ach of the Intervenors' written presentations and each of the responses of HRI
and the Staff shall include as part of their discussion of each mining site for each
area of concern and related subsidiary issues and/or subissues, a separate section
detailing Judge Bloch's findings on that area of concern, related subsidiary issues
and/or subissues with respect to the Section 8 site, including an exact citation to the
rulings containing such findings and any Commission decision on review.

November 5 Order, slip op. at 4 (emphases added).

1. Relevant groundwater protection findings
in LBP-99-30 ignored

The Intervenors' failure to meet the above-quoted briefing requirements is most notable in

the faulty summary they provide of the relevant groundwater protection findings in LBP-99-30.

See March 7 Brief, at 16-17 (listing five of what the Intervenors state are LBP-99-30's main

groundwater findings). But the Intervenors omit from their summary several other groundwater

findings made relevant by the fact that later in their March 7 Brief (and in their supporting

affidavits), they continue to pursue several other groundwater areas of concern that were ruled

4 See LBP-99-30, 50 NRC 77, 84-109 (1999), petition for review denied, CLI-00-12,
52 NRC 1, 3 (2000).



-10-

upon in LBP-99-30. Several examples of such relevant -- but omitted - findings are discussed

below.

The Intervenors ignore section I.K of LBP-99-30 - rejecting the Intervenors' Safe Drinking

Water Act (SDWA) claims - wherein Judge Bloch found as follows:

In general, as discussed above, the underground geology of this area and the
monitoring program that HRI will implement, carefully attend to the protection of
drinking water. There is no reason to believe that the Church Rock Section 8
project will contaminate sources of drinking water.

For these reasons, I conclude that HRI's project does not violate the SDWA at
Church Rock Section 8, nor has there been a showing that the license should be
invalidated because of a serious problem under the SDWA at Crownpoint.

LBP-99-30, 50 NRC at 109. The Intervenors' failure to make any reference to the above-quoted

finding anywhere in their Brief is a particularly serious violation of the November 5 Order, because

they now repeatedly assert various SDWA claims. See March 7 Brief, at 22-25, 31-34, 59, 73-76,

80-84 (Unit 1 site), and 84-89 (Crownpoint site). See also Leeper Affidavit, at ¶Tl 28-29. In

presenting their multiple SDWA claims, the Intervenors provide no explanation as to why Judge

Bloch's SDWA findings should not be applied to the Section 17, Unit 1 and Crownpoint sites.

Accordingly, the Presiding Officer should now reject all of the Intervenors' SDWA areas of concern

at the Section 17, Unit 1 and Crownpoint sites.

The Intervenors continue to challenge LC 10.21, which pertains to the establishment of

primary and secondary groundwater restoration goals. See March 7 Brief, at 40. As part of their

argument in this regard, the Intervenors state that LC 10.21 improperly gives HRI the option of

using 'the average of the ore zone groundwater and non-ore zone groundwater" in establishing the

pre-injection baseline water quality average, a practice deemed to be utechnically unsupportable."

March 7 Brief, at 43, citingAbitz Affidavit, at i 23 (wherein Dr. Abitz states in relevant part that "HRI

incorrectly grouped all production and monitoring wells together to calculate invalid statistical

parameters"). With respect to LC 10.21, Judge Bloch rejected a variant of the above concern, in
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which the Intervenors alleged that this HRI method of determining baseline would improperly

"inflate the concentration of contaminants in baseline averages." LBP-99-30, 50 NRC at 99.

On the contrary, in concluding that HRI would be taking a "statistically sound approach"

(id., at 100), Judge Bloch found in pertinent part as follows:

Abitz states ... that averages of water analyses in the mineralized zone, which are
higher in harmful elements than those outside the mineralized zone are lumped
together, thus producing an inflated baseline for water quality in the mineralized
zone.

It is quite clear that the figures given by HRI do not constitute baseline. HRI ...
states:

As described in C.O.P. Rev. 2.0 § 8.6.3, baseline will be determined
after the mine units have been installed for groundwater in the ore
zone and non-ore zone separately. HRI agrees that baseline should
be determined in both the production area and the mine area
separately.

LBP-99-30, 50 NRC at 99 (citation omitted). In violation of the November 5 Order's briefing

requirements, neither Intervenors' counsel nor Dr. Abitz, in pursuing their present argument,

discuss the above-quoted findings.

In further violation of the November 5 Order, the Intervenors argue that the ulegality" of

LC 10.21 "was never addressed" (March 7 Brief, at 49), but in doing so they ignore the following

finding of Judge Bloch's which rejected the concern that LC 10.21 would lead to a violation of

drinking water standards:

The intent of the license is to require compliance with the primary and secondary
standards. However, the license [License Condition 10.21] recognizes that practical
experience might dictate relaxing those goals because they may not be achieved.
Intervenors have not established that relaxing the goals would create serious
problems. Given the distance of Church Rock Section 8 from the nearest water
well, it is very unlikely that relaxation of these standards would affect the quality of
drinking water taken from the aquifer.

LBP-99-30, 50 NRC at 101. The Intervenors fail to explain why Judge Bloch's finding on this point

should not be equally applicable to Section 17, and they provide no evidence showing that

Section 17 is any different than the contiguous Section 8 site for purposes of deciding this area of
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concern. The Intervenors' arguments on this point regarding the Unit 1 and Crownpoint sites

simply incorporate by reference their Section 17 presentation. See March 7 Brief, at 46-47.

Therefore, the Presiding Officer should now reject this area of concern with respect to all three

sites.

The Intervenors also continue to challenge LC 10.22 (see March 7 Brief, at 40-41), which

pertains to the establishment of upper control limits (UCLs) for excursion parameters, and which

requires HRI to add five standard deviations in calculating its UCLs. The Intervenors claim that the

"legality' of this condition was also "never addressed' by Judge Bloch. Id., at 49. This claim

ignores section II.E.2 of LBP-99-30 - rejecting the concern that calculating the baseline mean of

each UCL and adding five standard deviations to that value to govern when excursions must be

declared would harm the aquifer - wherein Judge Bloch found in pertinent part as follows:

Intervenors claim ... that allowing five standard deviations ". . . allow[s]
concentrations of excursion parameters to be two to three times greater than under
the Groundwater Monitoring [plan] ... before an excursion can be declared" ... This,
they claim imposes danger to the aquifer....

HRI rebuts by pointing out ... that five standard deviations are widely required by
NRC of licensees in Wyoming and that such limits would markedly decrease the
number of false positives. Numerous false positives could encourage disregard of
a true excursion....

I therefore conclude that the 5 standard deviation excursion parameters to be
applied are reasonable.

LBP-99-30, 50 NRC at 98-99 (citations omitted). Dr. Abitz references the fact that HRI is required

to add five standard deviations in calculating its UCLs (Abitz Affidavit, at 1 34), yet neither he nor

Intervenors' counsel address the above-quoted finding. Accordingly, the Presiding Officer should

now reject the challenge to LC 10.22.

The Intervenors also ignore section I.G of LBP-99-30 - in which Judge Bloch refused to

draw any adverse inferences from the history of ISL mining - wherein Judge Bloch found in

pertinent part as follows:
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Intervenors report that "restoration efforts at other ISL mines have taken
longer than anticipated. ..." What they have not shown, however, is that long
restoration time results in harm to the aquifer.

Intervenors claim that "few mines have been restored to baseline and none
have been restored to baseline water quality equivalent to that of the Westwater or
drinking water standards." This is true because: (a) the water quality did not match
that of the Westwater to begin with, as the Intervenors have acknowledged, and (b)
in the mine areas the original water in the vicinity of the uranium deposits probably
never met drinking water standards, just like the water quality in the vicinity of the
Church Rock, Crownpoint and Unit I deposits at present.

Most ISL mining has been done in fluvial aquifers like the Westwater, and
no public or environmental harm has occurred ... The Intervenors cite no instances
of permanent environmental harm. Consequently, I do not draw any adverse
inferences from the history of ISL mining that would affect my conclusions about the
adequacy of the portion of the Crownpoint Uranium Project that is planned for
Church Rock Section 8.

LBP-99-30, 50 NRC at 106-07 (footnote and citations omitted). This finding is still relevant in light

of the Intervenors' continued pursuit of their concern that experience at other ISL mine sites

indicates that groundwater quality cannot be restored to baseline levels. See March 7 Brief, at

53-55. The Presiding Officer should therefore reject this area of concern to the extent it relies on

experience at other ISL mine sites.

Related to their pursuit of the above concern, the Intervenors claim that natural attenuation

of contaminants produced by ISL mining within an aquifer- such as arsenic and uranium - cannot

properly be relied upon to help achieve groundwater restoration. See March 7 Brief, at 55-58,

citing Abitz Affidavit, at IT 46-53. In further violation of the November 5 Order, the Intervenors

ignore section IL.F.5 of LBP-99-30. As shown in the excerpts from that section set forth below,

Judge Bloch rejected the opinions of Dr. Abitz on the attenuation issue, and made the following

pertinent findings:

It should be noted that Church Rock Section 8 is not required to be an area
where subsurface water must be potable by EPA standards; it is exempt. ... The
subsurface water in this part of the Westwater is not potable today; it does not meet
EPA standards. It also should be recognized that the Westwater is huge, so that
it can tolerate relatively small toxic areas like the Section 17's old mine workings
and still provide high quality drinking water. The water near the old mine workings
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is undrinkable yet the aquifer as a whole has not suffered because toxic elements
that migrate out of this area are affected by both precipitation and dilution. These
natural mechanisms help to protect the quality of water in the aquifer as a whole
from the toxicity contained in small areas....

LBP-99-30, 50 NRC at 102 (citations omitted). Therein, Judge Bloch also made the following

findings:

Arsenic, molybdenum, radium, and uranium are readily precipitated by redox
reactions or adsorption on mineral grains while traveling through the rock so most
of these elements will remain close to the mine site and not create problems at a
distance ...

So far as I am aware, there are no reports of water with elevated uranium
levels in wells away from the Church Rock site, despite the fact that the mean
values of water sampled in the vicinity of the site show values for this element well
above any drinking water standards ... This is persuasive evidence that uranium
does not travel readily through the aquifer, even over time scales of thousands of
years.

On the other hand, the existing concentration of radium-226 is double the
EPA drinking water standard in wells in the vicinity of Church Rock ... This occurs
because uranium is more easily reduced than radium in its travel through the rock.
Abitz ... cautions that there is too much reliance on 'natural attenuation through
chemical reduction." Abitz states that this is likely to fail. However, the Intervenors
make a point of emphasizing the outstanding purity of water outside the mine area
at Church Rock. Because the old mine workings contain highly toxic water,
precipitation must occur, so that even if the water "courses" along channels through
the aquifer, uranium would not reach the wells from which pure water currently is
being obtained.

I have concluded, for reasons stated above ... and in the text immediately
above, that the water in the channels does not course, that there are no channels,
and that the drill holes at Church Rock which sampled the water did not intersect
channels. I also conclude that the rock does act as a significant precipitating agent
for uranium and other elements.

I also find, based on the behavior of radon at the Crownpoint site, that
radium contamination does not move rapidly in the Westwater. Radium is about six
times more concentrated at the Crownpoint site than at Church Rock ... This cannot
be ascribed to mining operations in the vicinity. Radium occurs in high
concentrations in water in the vicinity of uranium deposits. In contrast to the
Crownpoint mine site, the CroWnpoint town water, from wells in the Westwater,
contains radium at about one-tenth of EPA drinking water standard ... indicating that
radium is both diluted and removed from the water by the time it reaches the town
wells. As was the case with uranium, water in the vicinity of a uranium deposit may
be well above safe standards for radium in the vicinity of the mining area, as at
Church Rock, but the water from the same aquifer will be safe to drink away from
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the mine area because the toxic elements are diluted and precipitated.

As discussed above, uranium precipitates in a reducing environment, so it poses no
threat to present or reasonably foreseeable water supplies, especially considering
the distance to the nearest well.

LBP-99-30, 50 NRC at 104-05 (footnote and citations omitted). Based on the above-quoted

findings, Judge Bloch concluded that "it is very likely that after ISL mining is completed, the water

quality will be restored to acceptable levels." Id., at 106. Because the Intervenors chose to pursue

the attenuation issue, they had a duty to discuss in detail all of the above-quoted attenuation

findings. See November 5 Order, at 4. Their failure to do so necessarily means that they have not

shown that Judge Bloch's attenuation findings were in error. The Presiding Officer should

accordingly refuse to consider any of the Intervenors' attenuation arguments.

With respect to all of the examples of ignored findings set forth above, the Presiding Officer

should similarly refuse to consider the Intervenors' related arguments now presented with respect

to the Section 17, Unit 1 and Crownpoint sites. In Sections lI-V below, the Presiding Officer and

Commission's prior factual determinations and legal conclusions will be discussed in further detail.

2. Other relevant LBP-99-30 groundwater
findings not adequately addressed

The Intervenors continue to pursue their concern that rock fractures are present at the

Section 17 site, and that this indicates the presence of interconnections between the Westwater

aquifer and aquifers lying above and below it which will promote the spread of contamination from

HRI's proposed ISL mining. See March 7 Brief, at 44-46, citing Wallace Affidavit, at ¶1164 and 80.

For the Unit 1 and Crownpoint sites, the Intervenors pursue this same concern by incorporating by

reference their Section 17 arguments. See March 7 Brief, at 46-47. But the Intervenors fail to

detail the following findings made by Judge Bloch related to their faulting concerns:

Lucas then states that the gypsum beds to which he refers are easily
deformed and dissolved, which "produces numerous fractures at the subsurface
and at the surface." ... This is entirely to be expected for gypsum, and if present
could provoke vertical excursions if one accepts Lucas' stratigraphy. However,
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there is no evidence concerning fractures at the surface in the mine area, which one
should see if Lucas' scenario were correct. For the reasons stated, I therefore
conclude that Lucas' scenario is incorrect and that there is no fracturing caused by
gypsum beds, as Lucas alleges.

LBP-99-30, 50 NRC at 90-91 (citation omitted). On the same point, Judge Bloch further found as

follows:

Intervenors claim ... that structural cross-sections were not reviewed, so that
HRI did not determine whether faults could provide vertical pathways for fluid by
bringing one aquifer in contact with another. They point out that vertical faulting is
common in the San Juan Basin and that fractures and shear zones could create
pathways for vertical excursions ...

There is no evidence for any faulting later than Late Jurassic Period at
Church Rock and that faulting appears to have occurred at the time the Westwater
was deposited, explaining the greater thickness and sand content in the trough
formed by the faulting ... HRI conducted a seismic survey at the Church Rock site
and saw no faulting later than the Triassic period ... Pump testing saw no evidence
of vertical excursion indicative of faulting, fracturing, or shearing or of drill holes
capable of transporting fluid. HRI will do further hydrologic testing for vertical
excursion prior to mining ...

Wallace's ... view of the scientific literature about Church Rock is that the
extent to which the seismic cross-section reproduced by Kirk and Condon ... goes
through the mining zone cannot be discerned from the relevant figures or text."
However, I have examined the text and figures and find that this is wrong. In
addition, Phelps ... which Wallace cites in the same footnote, clearly shows the
position of faults, ore-bodies and seismic lines....

Moreover, Staff ... deals adequately with the question of vertical excursion
through faults, fractures, shears, joints, etc., and I find that the danger of lasting
damage is very small.

Id., at 92-93 (citations omitted). The above-quoted portions of LBP-99-30 are briefly summarized

by the Intervenors under a sub-heading pertaining to Judge Bloch's rulings on the establishment

of baseline groundwater values (see March 7 Brief, at 48), but the summary there makes no

reference to the above-quoted findings rejecting their concern that rock fractures at Section 8 will

promote the spread of contamination from HRI's proposed ISL mining. In his affidavit asserting

that the available evidence indicates the presence of vertical fractures creating hydraulic

communication between the Westwater Canyon aquifer and the overlying formation at the
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Church Rock Section 17 site, Mr. Wallace similarly ignores the above-quoted findings of

Judge Bloch. See Wallace Affidavit, at 111 62-63.

Moreover, in making their above-described aquifer interconnection claims with respect to

Section 17 (see March 7 Brief, at 44-46), the Intervenors provide no evidence showing that the

geology at Section 17 is any different than at the contiguous Section 8 site for purposes of deciding

this area of concern. As stated above, the Intervenors' arguments on this point regarding the

Unit 1 and Crownpoint sites simply incorporate by reference their Section 17 presentation and do

not discuss the similarities or differences between the project areas that would render the

Presiding Officer's prior decision inapplicable. See March 7 Brief, at 46-47. Therefore, for all of

the above reasons, the Presiding Officer should - with respect to all three sites - reject the

Intervenors' concern that rock fractures indicate the presence of aquifer interconnections which

would promote the spread of contamination from HRI's proposed ISL mining.

In further violation of the November 5 Order, the Intervenors claim that the "legality" of LCs

10.23 and 10.31 was never addressed (March 7 Brief, at 49), but in doing so they ignore the

following finding of Judge Bloch's refuting this claim:

As the FEIS indicates at 4-18, license conditions require that more pump tests and
monitoring be done before mining commences. The hypothesis that there is
hydrologic communication will be further tested during the additional pump tests
required by the license. License conditions 10.23 to 10.26, 10.30 to 10.31 (SUA-
1508 at 8-9).

LBP-99-30, 50 NRC at 94. Additionally, Judge Bloch made the following findings with respect to

LC 10.23:

Wallace for the Intervenors ... points out that pump tests were performed
involving pumping 60 gpm for several days, and that HRI plans to pump several
thousand gpm for years. He concludes that the stress on the rocks involved are
many orders of magnitude more than those imposed by these pump tests. He
alleges that such additional pressures may cause excursions.

However, Staff requires additional pump tests before mining (License
Condition 10.23). HRI plans well-field pressures considerably below anticipated
conservative fracture pressuresforthe aquifer(FEIS at4-24). Itwould be unrealistic
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to conclude that fracture definitely will not occur, because rock may be
heterogeneous in its reaction to stress. By keeping well pressures considerably
below anticipated fracture pressures, however, the probability of fracture is low. If
a vertical excursion occurs, it can be detected and dealt with without threat to the
quality of drinking water drawn from the aquifer. (FEIS at 4-55.)

LBP-99-30, 50 NRC at 94 (footnote and citation omitted). To the extent the Intervenors did briefly

summarize the above findings, this only highlights an internal inconsistency in their arguments.

See March 7 Brief, at 17; cf. at 49. The Presiding Officer should therefore reject the Intervenors'

claim that the "legality" of LCs 10.23 and 10.31 was never addressed.

A final example of an inadequately summarized groundwater finding pertains to

Judge Bloch's rulings regarding the Recapture Shale. The Intervenors state that Judge Bloch

"found that the Recapture Shale at Section 8 is shale and is an aquitard, separating the Westwater

from the Cowspring," and that he also 'found that the Recapture does not intertongue with the

Cow Springs at Section 8." March 7 Brief, at 97, citing 50 NRC at 90. This is not a detailed

discussion of Judge Bloch's following findings on the Recapture Shale:

The Intervenors further claim ... that the Recapture Shale may be an aquifer
in its own right and may be contaminated by vertical excursions .... Many drill holes
penetrated the Recapture Shale to varying degrees, and in every case its
characteristics are those of an aquatard. The Recapture appears to be present
throughout Section 8, as reported by Staff in the FEIS and HRI ....

HRI's expert, Lichnovsky ... states that at the Church Rock area the
Recapture Shale is shale ... and offers evidence ... that the Cow Springs sandstone
does not intertongue with the Recapture Shale at the site. In addition, HRI will
conduct tests to determine whether the Cow Springs aquifer is hydrologically
confined from the Westwater. Cow Springs will be monitored if confinement does
not exist.... I find no misrepresentation by HRI.

Lucas ... points out "that the Recapture Shale is not a confining layer in this
region because the Recapture is a fluvial deposit in the southern part of the San
Juan Basin." Condon and Peterson, at 21, agree with this, but Doint out that it
contains sandstone. claystone, mudstone and siltstone. in agreement with HRI and
Staff. I therefore find that it is an aquatard, separating the Westwater from the Cow
Springs aquifer so that there is little reason to believe that there is an appreciable
flow of water between them.
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Lucas ... then states, in disagreement with Intervenors' affidavits, Staff, HRI,
and the literature cited by them, that "the rock section immediately below the
Westwater is not shale - it is a mixture of sandstone, siltstone, and thin gypsum
beds that overlie the gypsum beds of the upper Todilto Formation." He does not
state if this mixture is the Recapture Shale, nor does he give any reference to
support this statement. In stating this, he did not account for either the considerable
thickness of the Cow Springs sandstone, which is a known aquifer in the region, or
for the Beclabito Member, both of which overlie the gypsum-bearing Todilto
Limestone, which is quite thin in this area (e.g., Condon and Peterson at Fig. 4a,
p.11). I reject this uncorroborated statement. Instead, I accept the findings of
Condon and Peterson that over 500 feet of Recapture, Cow Springs, and Beclabito
lie between the Westwater and the Todilto.

LBP-99-30, 50 NRC at 90 (footnote and citations omitted) (emphasis added). The Intervenors

provide no new evidence casting doubt on any of the above-quoted findings. Moreover, they make

no showing that these findings are not equally applicable to the Section 17, Unit 1 and Crownpoint

sites. As shown in FEIS Figures 3.5 and 3.7, the Recapture Member underlies the

Westwater Canyon Member at the Unit 1 and Crownpoint sites, as well as at the Section 8 and 17

sites. Furthermore, in addition to discrediting the previous opinions of Dr. Lucas, the above

findings make clear that based on presently-available data the Recapture acts as an effective

aquitard, even though it is not composed entirely of shale. Dr. Lucas' present discussion about

what the Recapture's exact components are (see Lucas Affidavit, at T¶ 12-14) thus is beside the

point. The Presiding Officer should therefore reject the Intervenors' arguments that the Recapture

Member does not act as an adequate confining layer below the Westwater Canyon Member at the

Section 17, Unif 1 and Crownpoint sites.

3. Inaccurate description of Safe Drinking Water Act
applicability

Intervenors inaccurately describe the NRC's role under the Safe Drinking Water Act.

See March 7 Brief, at 6-8. First, Intervenors point to Executive Order 12088 which applies to

"the head of each Executive agency." E.O. 12088, at 1-102. However, Executive Orders do not

apply to the Nuclear Regulatory Commission because the agency is an independent regulatory

agency, not an "executive agency." Among other things, that means that the Commissioners are
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"officer[s) who occupy no place in the executive department and who exercise [ no part of the

executive power vested by the Constitution in the President." Humphrey's Executor v.

United States, 295 U.S. 602, 628 (1935). Thus, the NRC is not legally bound by Executive Orders.

Next, Intervenors argue that EPA has exclusive authority to set water effluent standards.

See March 7 Brief, at 6, citing Public Service Co. of New Hampshire (Seabrook Station,

Units I and 2), ALAB-366, 5 NRC 39,52 (1977). However, the Appeal Board there was construing

the specific statutory provisions of the Clean Water Act, 33 U.S.C. § 1251 et seq., affecting surface

water discharges, not the protection of aquifers pursuant to the SDWA. 5 NRC at 51-52.

Moreover, the Clean Water Act provision at issue spoke to the Commission's duties under NEPA,

not its authority under the AEA. Thus, the statutory framework of the Clean Water Act is different

from that of the Safe Drinking Water Act and, thus, the Intervenors' analogy cannot apply.

For similar reasons, the Intervenors' reliance on Yellow Creek is misplaced. See March 7 Brief,

at 6, citing Tennessee Valley Authority (Yellow Creek Nuclear Plant, Units 1 and 2), ALAB-515,

8 NRC 702, 713 (1978). The Appeal Board was construing specific statutory language in the

Clean Water Act applicable to surface water discharges, not groundwater resources under the

SDWA. Thus, the Intervenors' analogy to the Clean Water Act has no applicability to the SDWA.

Additionally, to the extent federal agencies are not to "second guess" the EPA, at the time HRI's

license was issued, there was not an EPA drinking water standard for uranium. See infra,

Section IV (discussing the history of the NRC's uranium restoration standard).

Finally, the Commission exercises exclusive jurisdiction over 11 e.(2) byproduct materials,

including contamination resulting from ISL mining, pursuant to Section 84 of the AEA.

See 42 U.S.C. § 2114; see also, Staff Requirements Memorandum - SECY-99-0277

(August 11, 2000) (ML003740380). Thus, although the NRC may look to EPA standards for

guidance, the NRC's regulation of ISL mining is unaffected by the SDWA.
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4. Other errors and omissions

The Intervenors and Dr. Abitz erroneously assert that the requirements of 10 C.F.R.

§ 40.31 (h) are applicable here. See March 7 Brief at 4, and n.1; Abitz Affidavit, at IT 22 and 39.

In fact, the Commission specifically found in this proceeding that the 10 C.F.R. § 40.31(h)

requirements are not applicable to ISL mining. See CLI-99-22, 50 NRC 3, 8 (1999). While the

Commission later referenced 10 C.F.R. § 40.31 (h) in a year 2000 HRI decision, it did so in the

context of construing 10 C.F.R. Part 40 Appendix A Criterion 9, and gave no indication there that

it was affecting in any way its 1999 ruling on 10 C.F.R. § 40.31 (h). See CLI-00-8, 51 NRC 227,

240 (2000). The Presiding Officer should thus not consider the Intervenors' erroneous assertion

that the 10 C.F.R. § 40.31 (h) requirements are applicable here.

The Intervenors inaccurately imply that the Staff issued HRI's license without having made

the required safety findings. See March 7 Brief at 3, citing 10 C.F.R. § 40.32. Section 10 of the

Staff's 1997 SER (p. 34) reflects the Staff's conclusion that HRI's license, with its many license

conditions, meets the requirements of 10 C.F.R. § 40.32.5 Further, the Intervenors set forth the

general standard of the Atomic Energy Act (AEA) for issuing source material licenses (see

March 7 Brief at 3, citing AEA section 69, 42 U.S.C. § 2099), but fail to address the AEA case law

discussed below, which emphasizes the degree of discretion the AEA's terms confer on the

NRC Staff.

The AEA contains "a regulatory scheme which is virtually unique in the degree to which

broad responsibility is reposed in the administering agency, free of close prescription in its charter

as to how it shall proceed in achieving the statutory objectives." Siegel v. Atomic Energy

Commission, 400 F.2d 778, 783 (1968), citing Power Reactor Development Co. v. International

I Intervenor Exhibits L and M are SER excerpts (see March 7 Brief at 13) which omit the
10 C.F.R. § 40.32 finding. For context, a copy of the entire SER is attached hereto as Staff
Exhibit 5.
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Union of Electrical, Radio and Machine Workers, AFL-CIO, 367 U.S. 396 (1961). Indeed, the

NRC's mandate to provide protection to the health and safety of the public does not require a

"risk-free environment" but rather a reasonable assurance that a project can be operated safely.

See e.g., Carstens v. NRC, 742 F.2d 1546, 1557 (D.C.Cir. 1984). The Commission's broad

discretion is especially apparent where, as here, the issuance of HRI's license depends solely on

"the opinion of the Commission." See AEA section 69, 42 U.S.C. § 2099. Indeed, in situations

where resolution of a question depends on "engineering and scientific consideration," courts

recognize the "agency's technical expertise and experience and defer to its analysis unless it is

without substantial basis in fact." See Carstens, 742 F.2d at 1557 note 17, citing FPC v. Florida

Power & Light Co., 404 U.S. 453,463 (1972).

HRI's license contains several Staff-imposed license conditions, and the SER reflects the

Staff's conclusion that the requirements of 10 C.F.R. § 40.32 and the AEA were satisfied.

11.6 The Environmental Protection Agency Drinking Water Standard is the
Appropriate Secondary Restoration Standard for Uranium

A. Section 17

The groundwater restoration goals are established pursuant to the following provision in

HRI's license to operate an ISL mining facility:

Groundwater restoration goals shall be established on a parameter-by-parameter
basis, with the primary restoration goal to return all parameters to average pre-
lixiviant injection conditions. If groundwater quality parameters cannot be returned
to average pre-lixiviant injection levels, the secondary goal shall be to return
groundwater quality to the maximum concentration limits as specified in the U.S.
Environmental Protection Agency (EPA) secondary and primary drinking water
standards. The secondary restoration goal for barium and fluoride shall be set to
the State of New Mexico primary drinking water standard. The secondary
restoration goal for uranium shall be 0.44 mg/L.

LC 10.21 (A). At the time HRI's license was issued in 1998, the Environmental Protection Agency

(EPA) did not have an MCL for uranium as part of its primary and secondary drinking water

6 Sections Il-V of this Response track Sections l-IV of the Intervenors' March 7 Brief.
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standards. Because the Staff determined it was necessary to include a uranium restoration goal

in HRI's license, the Staff derived a secondary restoration goal of 0.44 mg/L from the effluent

concentration limits of Table 2 of Appendix B of 10 C.F.R. Part 20. See April 2000 McKenney

Affidavit, at ¶ 5. Consistent with the NRC's primary focus on issues related to radiological health

and safety, the Part 20 concentrations are based on radiological considerations and do not take

into account chemical toxicity. Id., at 1 8. Subsequent to the issuance of HRI's license, the EPA

promulgated a 30 pg/I (0.03 mg/L) uranium MCL at 40 C.F.R. § 141.66(e). See 65 Fed.

Reg. 76708 (Dec. 7,2000) (effective date of December 8, 2003). The EPA uranium drinking water

standard has not yet been incorporated into HRI's license.

LC 10.21 is not the only mechanism for protecting groundwater quality. LC 9.14 requires

HRI to obtain all necessary permits and licenses from appropriate regulatory authorities.7 One

such permit is an Underground Injection Control (UIC) permit issued by the EPA (or a Tribe or

State with an approved program) under the SDWA. See 42 U.S.C. § 300h; SDWA § 1421.

Wells which inject for extraction of uranium are subject to UIC requirements. 40 C.F.R. § 144.6.

The UIC program protects any aquifer or part of an aquifer which meets the definition of an

"underground source of drinking water" absent an exemption. 40 C.F.R. § 144.7. As part of any

exemption approval process, EPA may require information demonstrating that aquifer protection

and restoration can be achieved. See 40 C.F.R. § 146.4. But, once an aquifer is exempted, it

cannot serve as a future source of drinking water. See Von Till Affidavit, at T 24. Thus, the UIC

program and any process for obtaining an aquifer exemption can ensure aquifer protection

independent of any NRC license. The Presiding Officer recognized this relationship between the

NRC and EPA programs when he noted that Intervenors "overlook an important additional

safeguard to water quality" since "EPA also have to be satisfied with the effect of this project on

" LC 9.14 states that "[p]rior to the injection of lixiviant, the licensee shall obtain all
necessary permits and licenses from the appropriate regulatory authorities."
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the quality of the drinking water." LBP-99-30, 50 NRC at 115. The license conditions in HRI's NRC

license do not absolve HRI from compliance with the permit or exemption requirements of other

federal agencies; the license conditions merely complement any requirements that may be imposed

by other regulatory entities.

Because groundwater quality may be protected through other regulatory mechanisms, and

because HRI cannot begin injection until it secures a UIC permit and any necessary aquifer

exemptions, the Staff does not believe that it is necessary to amend HRI's license at this time.

However, the Staff does recognize that the intent of LC 10.21(A) was clearly to impose

requirements consistent with the EPA's drinking water regulations. If an EPA drinking water

standard for uranium had existed at the time HRI's license was issued, the Staff would have

referenced such a restoration goal in LC 10.21 (A). For these reasons, the Staff agrees with the

Intervenors that the appropriate secondary groundwater restoration goal for uranium in HRI's

license should be the uranium MCL specified in EPA's year 2000 rulemaking. Accordingly, the

Staff would not object to a Presiding Officer Order directing the Staff to strike the final sentence

of LC 10.21 (A).8

B. Unit 1

The NRC Staff hereby incorporates the arguments made supra, Section I.A, regarding the

appropriate secondary groundwater restoration goal for uranium.

C. Crownpoint

The NRC Staff hereby incorporates the arguments made supra, Section I.A regarding the

appropriate secondary groundwater restoration goal for uranium.

I The Presiding Officer has previously issued such an order in this proceeding to update
the license to reflect the bifurcation of the proceeding with respect to LC 10.28. See LBP-04-03,
59 NRC 84, 95-96 (2004).
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D. Summary of Previous Evidence and Decisions
Regarding Secondarv Restoration Goals

1. Summary of Staff evidence
regarding secondary restoration goals

During the course of the Section 8 (Phase I) proceeding before the Presiding Officer, the

secondary groundwater restoration goal was addressed by the parties in great detail. For example,

in partial response to questions from the Presiding Officer, the Staff submitted an affidavit of

William Ford, providing analysis of groundwater contamination issues, including those involving

uranium. See May 11, 1999 Ford Affidavit. Later, in response to a motion to reopen the record

to introduce additional evidence regarding the secondary restoration goal, the NRC Staff described

the method for calculating the secondary restoration goal in HRI's license. See April 2000

McKenney Affidavit, at 1 1-13. The Staff concluded that, for Section 8, the primary restoration goal

was greater than the secondary restoration goal and thus, the secondary restoration goal was not

likely to be applicable.

2. Summary of Presiding Officer decisions
regarding secondary restoration goals

In his August 1999 decision, the Presiding Officer addressed the technical issues raised by

Intervenors regarding the Staff's secondary groundwater restoration goal for uranium.

See LBP-99-30, 50 NRC at 100-101, citing (in part) May 11, 1999 Ford Affidavit, at 7-8.9 The

Presiding Officer found that mining and restoration activities in conjunction with the reducing

conditions and humates present in the aquifer would reduce the concentration of uranium in the

groundwater. See LBP-99-30, 50 NRC at 101. The Presiding Officer also noted that, at the

Church Rock site, the average pre-mining level of uranium in the groundwater is above the

9 Regarding potential uranium contamination of groundwater caused by ISL mining,
Mr. Ford had explained that redox-sensitive parameters such as uranium typically do not migrate
very far from ISL well fields, even while at elevated levels after groundwater restoration activities.
See May 11, 1999 Ford Affidavit, at 6-7, citing FEIS, at 4-39.
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secondary restoration goal in HRI's license. Id., at 100. Thus, the secondary restoration goal

would not be applicable. Further, the Presiding Officer held that "to the extent that Intervenors

challenge the validity of the NRC standard of 0.44 mg/I for the concentration of uranium, they are

impermissibly challenging the validity of an NRC regulation." Id. at 1 15. The Presiding Officer also

recognized that additional protections exist to ensure that drinking water quality is maintained.

Specifically, the Presiding Officer noted that Intervenors "overlook an important additional

safeguard to water quality" since "EPA also have to be satisfied with the effect of this project on

the quality of the drinking water." LBP-99-30, 50 NRC at 115.

3. Summary of Commission decisions
regarding secondary restoration goals

The Commission considered the Intervenors' challenge to the Presiding Officer's findings

regarding the secondary restoration goal and determined that there was no 'clearly erroneous"

factual finding or "important legal error" requiring Commission correction. See CLI-00-12,

52 NRC at 3. The Commission also denied Intervenors' motion to reopen the record concerning

the secondary groundwater restoration goal for uranium in drinking water. Id. at 5. The

Commission found that the secondary restoration goal was unlikely to come into play for Section 8

since the baseline groundwater quality for uranium was likely above the 0.44 mg/I secondary

restoration goal in HRI's license, but noted that the record was not closed with regard to

Section 17, Unit 1 and Crownpoint. Id. at 6.

4. Comparison of Section 8 to Section 17,
Unit 1 and Crownpoint sites

Although the Presiding Officerand Commission determined thatthe secondary groundwater

restoration goal for uranium was not likely to be relevant for Section 8, HRI has yet to determine

baseline groundwater quality for Section 17, Unit 1 or Crownpoint. At these sites, the baseline

groundwaterqualityforuranium maybe lowerthan the 0.44 mg/L in HRI's license or EPA's drinking

water standard of 0.03 mg/L. However, the aquifer at the mine site may still not qualify as a
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drinking water source based on high levels of other contaminants. See e.g., Cohen Affidavit, at

T 18 (describing the radium-226 concentration at Crownpoint as exceeding the EPA drinking water

standard). Nevertheless, these differences do not change the Staff's agreement with the

Intervenors regarding the appropriate groundwater restoration goal for uranium.

Ill. The NRC Staff Has Not Improperlv Denied the Intervenors Their Hearing Rights

A. Section 17

The Intervenors argue that the NRC Staff has violated the Intervenors' hearing rights under

the Atomic Energy Act (AEA) by including license conditions allowing HRI to establish baseline

water quality after issuing the license and without NRC oversight. March 7 Brief, at 39. Further,

the Intervenors argue that the license conditions that require HRI to conduct pump tests and

fracture tests before injecting lixiviant improperly deny Intervenors an opportunity to challenge the

test results in this proceeding. Id., at 44. In support of these arguments, the Intervenors assert

that pursuit of such challenges is not exempt from the AEA's hearing requirements. /d., at 42,45.

As discussed below, the Intervenors' arguments are not within the scope of this proceeding and

stem from an incorrect understanding of the AEA, and relevant case law. Further, their arguments

lack a basis and ignore previous Presiding Officer decisions approving the relevant license

conditions.

1. Whether a hearing must be held on licensing issues
is not within the scope of this proceeding

The Intervenors are attempting to raise the same issues that have already been rejected

by the Presiding Officer as not germane to this licensing proceeding. In their 1997 request for a

hearing, the Intervenors argued that allowing HRI to defer its submission of certain licensing

information - including pump test and baseline water quality data - violated 1 89.a of the AEA and

the Administrative Procedure Act (APA). See Second Amended Petition, at 29. In ruling on this

petition and the areas of concern submitted by Intervenors, the Presiding Officer held that this issue
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was not germane to the subject matter of the proceeding and therefore would not be admitted as

an area of concern. See LBP-98-09,47 NRC 261,280(1998), reconsideration denied, LBP-98-14,

47 NRC 376, 378 (1998).1o Consequently, any arguments raised by Intervenors related to hearing

rights on the license conditions for baseline water quality, pump tests and fracture tests, are outside

the scope of the admitted areas of concern and should be rejected.

2. The APA does not require that baseline water
quality determination, pump testing or fracture
testing be completed before issuing a license

Should the Presiding Officer nevertheless decide to consider this issue even though it is not

an admitted area of concern, the Staff will address some points raised in the March 7 Brief. The

Intervenors argue that NRC Staff has denied the Intervenors their hearing rights by allowing HRI

to establish certain parameters after the hearing is closed. March 7 Brief, at 39. Specifically, the

Intervenors challenge LCs 10.21, 10.22, 10.23 and 10.31 (pertaining to baseline groundwater

quality, upper control limits (UCLs), pump testing, and fracture testing, respectively), because they

are material to the adequacy of HRI's license. Id., at 41-42, 44, citing, Union of Concerned

Scientists v. U.S. Nuclear Regulatory Commission, 735 F.2d 1437, 1449-1450 (1984). The

Intervenors (although they do not cite the APA in their March 7 Brief) argue that the AEA's

exemption from hearings for 'proceedings in which decisions rest solely on inspections, tests and

elections" does not apply to the above conditions in HRI's license. March 7 Brief, at 42; see also,

Union of Concemed Scientists,735 F.2d at 1449-1450 (interpreting the extent of the AEA's hearing

requirements under the APA exemptions at 5 U.S.C. § 554(a)(3)). In reaching their conclusion, the

Intervenors overlooked the critical prerequisite to the APA exemption and thus to the AEA's hearing

requirement - the applicability of APA § 554 - which states as follows:

10 The Intervenors failed to mention or discuss these decisions. See March 7 Brief, at 47-
49.
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(a) This section applies, according to the provisions thereof, in every case of
adjudication required by statute to be determined on the record after an opportunity
for an agency hearing for an agency hearing, except to the extent that there is
involved. .. (3) proceedings in which decisions rest solely on inspections, tests and
elections.

Id. (emphasis added). Materials license proceedings, such as this one, are not required by AEA

section 1 89.a to be formal, "on the record" adjudications. City of West Chicago v. NRC, 701 F.2d

632, 643 (7th Cir. 1983). Clearly, therefore, Intervenors' arguments regarding required hearings

lack a statutory basis and are misplaced. Accordingly, the entirety of the Intervenors' argument

is based on a faulty legal premise and must be rejected.

3. The NRC Staff has oversight over the
calculations regarding baseline water quality,
pump testing, and fracture testing

The Intervenors assert that conditions in HRI's license allow HRI to conduct various tests

and make determinations "without NRC oversight." March 7 Brief, at 39; see also, Id., at 43 n. 16.

To the contrary, the Staff has the authority to perform inspections and, if warranted, take

enforcement actions (such as imposing civil penalties, and modifying, suspending or revoking

licenses). See e.g., 10 C.F.R. §§ 40.62, 40.71, and 40.81; see also, Cohen Affidavit, at TJ 7-8.

Thus, the Staff retains oversight over activities performed under HRI's license. As part of an

effective regulatory program, the Staff must be able to rely on licensees to comply with the terms

of their licenses. Nevertheless, the Staff has the authority to conduct inspections to determine

whether HRI is in compliance with its license, and to take steps to enforce the conditions of the

license, if necessary. Thus, to the extent Intervenors argue that the Staff does not maintain

oversight over tests performed pursuant to HRI's license conditions, those arguments must be

rejected.
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4. License conditions and the Consolidated Operations Plan
are adequate to establish groundwater quality
and hydrologic properties

The Intervenors rely on Dr. Abitz to support their arguments that various license conditions

involve "material" aspects of the license which must be resolved in the hearing. March 7 Brief,

at 43, citing Abitz Affidavit, at ¶ 19-20, 23. Dr. Abitz argues that LC 10.22 could skew sampling

results by eliminating statistical outliers or allow HRI to average ore and non-ore zone groundwater

samples. Abitz Affidavit, at ¶ 19. But the Staff shows that these criticisms lack an adequate

technical basis, because they are contrary to the ISL Standard Review Plan, and are not supported

by the terms of 10 C.F.R. Part 40, Appendix A. See Cohen Affidavit, at ¶¶ 9-11. In addition, the

Staff rejects a number of additional statements by Dr. Abitz (which were not cited in the March 7

Brief) because they are either contrary to the applicable NRC guidance document, or lack

relevance. Cohen Affidavit, at ¶11 12, 15-18. The Intervenors have simply not demonstrated that

HRI's license is inadequate to confirm groundwater quality or hydrologic properties.

B. Unit 1

The NRC Staff hereby incorporates the arguments made supra, Section II.A, regarding the

Intervenors' purported hearing rights for the license conditions authorizing HRI to collect additional

data after this proceeding is complete.

C. Crownpoint

The NRC Staff hereby incorporates the arguments made supra, Section LI.A, regarding the

Intervenors' purported hearing rights for the license conditions authorizing HRI to collect additional

data after this proceeding is complete.
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D. Summary of Previous Evidence and Decisions Regarding
Baseline Groundwater Quality and Hydrologic Properties

1. Summary of Staff evidence regarding baseline
aroundwater quality and hydrologic properties

The NRC Staff first discussed the license conditions in 1998 and concluded that the

conditions assure protection of the groundwater. See Staff Response to Stay Motion, at 7;

February 1998 Ford Affidavit, at T 6, ¶ 16, II 32, and ¶ 40. Moreover, as part of its initial

groundwater presentation, the NRC Staff provided testimony regarding the pump tests required by

LC 10.23 and the calculation of UCLs. See Staff Response to Intervenors' Groundwater

Presentation, at 8-9; March 1999 Ford Affidavit, at ¶ 26-33.

2. Summary of Presiding Officer decisions regarding
hearing rights, baseline groundwater quality
and hydrologic properties

As discussed previously in Section III.A.1, the Presiding Officer determined that the

question of whether HRI could properly defer submitting certain information - such as the results

of future pump tests and baseline water quality values dependent on data not yet collected - is not

germane to the subject matter of the proceeding and therefore would not be admitted as an area

of concern. See LBP-98-09,47 NRC at 280. Consequently, any arguments raised by Intervenors

related to hearing rights on the license conditions for baseline water quality, pump tests and

fracture tests, are outside the scope of the admitted areas of concern and should be rejected.

Intervenors also ignore prior decisions by the Presiding Officer implicitly addressing these

issues. In LBP-99-30, the Presiding Officer noted that "[groundwater] baselines have not been set

but will be set according to the protocol in COP Rev. 2.0 § 8.6," and concluded that "[t]here is no

basis in the record for finding that this protocol is unacceptable." LBP-99-30, 47 NRC at 93.

Although the Intervenors argue that LC 10.21 "leaves to HRI whether to set the average

pre-injection baseline as the average of the ore zone groundwater quality, or the average of the

ore zone groundwater and non-ore zone groundwater' (March 7 Brief, at 43; see also Abitz



-32-

Affidavit, at 1] 23), the Intervenors overlook statements by the Presiding Officer to the contrary.

LBP-99-30, 50 NRC at 99. In his partial initial decision on groundwater issues, the Presiding

Officer noted that HRI agrees that baseline groundwater quality should be determined in both the

production area and the mine area separately. LBP-99-30, 50 NRC at 99. Further, the Presiding

Officer "accept[ed] the need for more data" at a later time and concluded that "HRI has taken the

statistically sound approach that it will not derive baseline from a small sample but will augment the

sample by using actual well field data." Id., at 100. Moreover, the Presiding Officer recognized that

"the Staff requires additional pump tests before mining (License Condition 10.23)."

Because the Intervenors are raising the same issues that the Presiding Officer determined

in the prior phase of the proceeding, the law of the case doctrine is applicable here. As discussed

above in Section l.A, this doctrine acts here to bar re-litigation of the same issues decided in the

Section 8 phase of this proceeding. See Safir v. Dole, 718 F.2d at 480-81. Moreover, the doctrine

encompasses not only the Presiding Officer's explicit findings, but those issues decided by

necessary implication. See Williamsburg, 810 F.2d at 249. Because the Presiding Officer

evaluated HRI's protocols for collecting groundwater data and recognized that certain tests (i.e.,

pump tests and fracture tests) would be performed after issuance of the license, but before mining

began, the same factual and legal conclusions must apply in this phase of the proceeding. Thus,

the Presiding Officer should reject the Intervenors' attempts to relitigate the same issues in this

phase of the proceeding.

3. Summary of Commission decisions regarding hearing rights,
baseline Qroundwater quality and hydrologic properties

The Commission also addressed aspects of this area of concern. See Hydro

Resources Inc., CLI-00-12, 52 NRC 1 (2000). In declining to reopen the record, the Commission

noted that 'HRI has yet to collect the additional data necessary to establish a definitive baseline

for uranium," but recognized the applicability of license conditions that preclude injection of lixiviant
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"before additional groundwater data is collected and analyzed to establish groundwater restoration

goals for each monitored aquifer of the wellfield." Id., at 6. In short, the Commission's approval

of the licensing framework authorizing HRI to collect data after the hearing is closed is the law of

the case for this proceeding. Accordingly, the Intervenors' arguments to the contrary must be

rejected.

4. Comparison of Section 8 to Section 17,
Unit 1 and Crownpoint sites

The same license conditions that Intervenors seek to challenge in this phase of the

proceeding were also applicable in the Section 8 phase of the proceeding. In their new

presentation, the Intervenors have introduced no evidence that would suggest that the application

of the license conditions at Section 17, Unit I or Crownpoint would, in any way, be different from

the application of those license conditions at Section 8. Indeed, where, as here, the

Presiding Officer is addressing the very same language and methodology that has already been

approved in this proceeding by the Presiding Officer and the Commission, the law of the case

doctrine suggests that the outcome should be the same.

The Intervenors assert that they are "specifically permitted to challenge particular license

conditions applicable to Section 17, Unit 1 and Crownpoint." March 7 Brief, at 49. While the

Commission stated that the Intervenors may challenge certain license conditions thatwere not 'ripe'

for adjudication with regard to Section 8 (e.g., the appropriate restoration standard for uranium),

the Commission did not give the Intervenors carte blancheto raise the same issues for a second

time in the same proceeding. See CLI-01-04,53 NRC at 40 n.2. Instead, the Commission decision

recognizes that certain issues were not addressed in the first phase of the proceeding and notes

that those issues may be raised by Intervenors in the current phase of the proceeding. Id.

However, the previous Board and Commission decisions regarding the acceptability of license

conditions 10.22, 10.23 and 10.31 are the law of the case and should be followed in this phase of
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the proceeding. Accordingly, the Presiding Officer should reject the Intervenors' arguments forthis

area of concern.

IV. HRI's Groundwater Restoration Plans and
Cost Estimates Meet Applicable NRC Requirements

A. Section 17

1. The nine pore volume initial estimate is adequate

a. The Commission and Presiding Officer found the
initial nine pore volume estimate to be acceptable

The Intervenors assert that HRI's Restoration Action Plan ("RAP") for Section 17 fails to

provide an adequate surety because WHRI has not demonstrated that its restoration plan will

reasonably assure restoration of the affected groundwater at Section 17 to its current safe,

pre-mining water quality." March 7 Brief, at 50. Specifically, Intervenors argue that groundwater

quality cannot be restored by circulating nine pore volumes through the aquifer. Id. at 51. The

Intervenors' arguments ignore the most recent Commission decision discussing pore volumes and

groundwater restoration which affirmed the earlier Presiding Officer decision in LBP-04-03.

In CLI-04-33, the Commission addressed the nine pore volume issue in great detail.

60 NRC 581, 584 (2004). First, the Commission provided some background on the pore volume

issue as well as the relevant license conditions. Id. at 585-586. LC 10.28 requires HRI to perform

a large-scale groundwater restoration demonstration and precludes mining beyond Church Rock

unless the NRC has approved the results of the demonstration." Id. at 586. The "demonstration

results will act either to confirm the 9 pore volume initial estimate for restoration, or, conversely, will

5' LC 10.28 states, in pertinent part, that:

Prior to the injection of lixiviant at either the Unit 1 or Crownpoint site, the licensee
shall submit NRC-approved results of a groundwater restoration demonstration
conducted at the Church Rock site. This demonstration shall be conducted on a
large enough scale, acceptable to the NRC, to determine the number of pore
volumes that shall be required to restore a production-scale well field.
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indicate that this estimate was off the mark and requires revision." Id. LC 9.5 assures that HRI's

surety will be adjusted if the demonstration reveals that additional pore volumes are necessary to

achieve restoration." Id. The Commission decision explicitly accepts that the nine pore volumes

is an initial estimate for all of the proposed project sites and that the Staff has set up an approach

to allow that initial estimate to be confirmed or revised as necessary. Id. at 593. Since the

Commission has previously found that nine pore volumes is an acceptable initial pore volume

estimate for each of the proposed project sites and approved the methodology for adjusting that

estimate as necessary, the Intervenors' arguments that the nine pore volumes are inadequate for

Section 17 must be rejected. The adequacy of the initial nine pore volumes estimate is the law of

the case for all proposed sites in HRI's license and should be followed.

b. The Presiding Officer found that attenuation
will assist in groundwater restoration

The Intervenors argue that "HRI cannot rely on natural attenuation to assist in restoration

or to assure that contaminated water will not migrate far away from HRI's mine site in Section 17."

March 7 Brief, at 55. The Intervenors rely on the testimony of Dr. Abitz for their arguments that

reduction and precipitation of uranium will not occur. Id. at 55-58. However, in LBP-99-30, the

Presiding Officer rejected the opinions of Dr. Abitz on the attenuation issue, and made extensive

findings thereon (as described above in Section l.B.1). The Presiding Officer concluded that the

rock in the Westwater "does act as a significant precipitating agent for uranium and other

12 LC 9.5 states, in pertinent part, that:

Surety for groundwater restoration of the initial well fields shall be based on 9 pore
volumes. Surety shall be maintained at this level until the number of pore volumes
required to restore the groundwater quality of a production-scale well field has been
established by the restoration demonstration in LC 10.28. If at anytime, it is found
that well field restoration requires greater pore-volumes or higher restoration costs,
the value of the surety will be adjusted upwards.
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elements." LBP-99-30, 50 NRC at 104. The Intervenors fail to discuss this law of the case, and

the Presiding Officer should therefore refuse to consider arguments raising the same issues that

were previously rejected in this proceeding.

2. HRI's Section 17 decommissioning
cost estimates are reasonable

The Intervenors assert that HRI's RAP for Section 17 fails to provide an adequate surety

"because HRI has failed to provide a reasonable estimate of costs of decommissioning the ISL

mine at Section 17." March 7 Brief, at 50. The Intervenors raise issues for several different types

of activities, each of which are discussed below.

a. HRI's Section 17 groundwater restoration cost
estimates are reasonable

The Intervenors again challenge the nine pore volume estimate. See March 7 Brief, at 59-

61. As discussed supra, in Sections l.B.1 and IV.A.1, the adequacy of the nine pore volume

estimate is clearly the law of the case for all proposed mining sites, and the Presiding Officer

should accordingly reject any attempts to raise the issue again.

b. HRI's Section 17 cost estimate for radiological
technicians is reasonable

The Intervenors argue that HRI's decommissioning cost estimate is inadequate because

it fails to include costs for individuals to conduct radiological surveys. March 7 Brief, at 61, citing

Konwinski Affidavit, at 1 23. However, the costs for radiological technicians are already included

in HRI's RAP forthe salary of the Radiation Safety Officer (RSO) and the Environmental Manager.

HRI Response, at 52; see also, Weller Affidavit, at 1 1. Moreover, the NRC recognizes that there

are uncertainties with respect to estimating the costs of any large-scale decommissioning and

reclamation project. Accordingly, in the event that additional funds are needed to perform surveys,

HRI's RAP includes funds for contingency purposes in the surety estimate. Weller Affidavit, at
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15-16. Therefore, HRI's RAP adequately covers the cost for radiological technicians, and the

Presiding Officer should reject this area of concern.

c. HRI's Section 17 cost estimate
for 11 e(2) waste disposal costs is reasonable

The Intervenors argue that HRI has underestimated the costs of 11 e.(2) byproduct material

disposal costs. March 7 Brief, at 61-62, citing Konwinski Affidavit, at 1 13, 16 and 19. As an initial

matter, the Intervenors incorrectly state that, pursuant to 10 C.F.R. Part 40, Appendix A,

Criterion 2, "HRI is required to dispose of ISL associated wastes at existing large mill tailing sites.'

March 7 Brief, at 61. To the contrary, Criterion 2 contains sufficient flexibility to allow disposal

alternatives if, considering the nature of the waste and the costs and environmental impacts of

transporting the wastes to a large disposal site, offsite disposal is impracticable or the advantages

of onsite burial clearly outweigh the benefits of reducing perpetual surveillance obligations.

See Criterion 2; Weller Affidavit, at 1 5.

Moreover, the Intervenors' expert testimony does not consider the applicability of LC 9.6,

which requires an approved waste disposal agreement to be maintained onsite. Weller Affidavit,

at 116. Because HRI does not anticipate generating any waste for some time, the estimates in the

RAP are necessarily based on predictions of disposal costs, and quickly become outdated. Weller

Affidavit, at 1 9. Nevertheless, prior to lixiviant injection, HRI must provide an updated RAP, and

LC 9.6 requires a waste disposal agreement. Weller Affidavit, at ¶ 11. Thus, the RAP update will

reflect the most accurate and up-to-date cost estimates contemporaneous with actual mining. Id.

Moreover, Mr. Konwinski's affidavit provides incorrect calculations on the cost per unit volume of

11 e.(2) disposal, and fails to recognize the elapsed time since the cost estimate submission.

Weller Affidavit, at 1112. Once the cost estimates are properly calculated and updated to present

value, HRI's cost estimates closely track Mr. Konwinski's estimates. Id.
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Furthermore, contrary to the assertions of the Intervenors, the Staff notes that ISL mining

facilities typically generate only small quantities of byproduct material. Weller Affidavit, at ¶ 9.

Although the Intervenors argue that HRI failed to include the costs for disposal of the upper

portions of the casings of the injection and recovery wells (see Konwinski Affidavit, at T 26), the

Intervenors provide no basis for their calculated volumes and fail to recognize that the piping

disposal costs are specifically included in the RAP. Weller Affidavit, at 1114. Additionally, the RAP

states that all equipment used to circulate leach solutions will be treated as contaminated for the

purpose of estimating disposal costs. Id. Moreover, in arguing that White Mesa Mill may not be

suitable for disposal of HRI's wastes, Mr. Konwinski mistakenly asserts that there is a 500 cubic

yard limit when, in fact, the limit is 5000 cubic yards. Compare Konwinski Affidavit, at 1 17 to

Weller Affidavit, at T 7. Thus, any concerns about lack of disposal capability at offsite disposal

facilities are misplaced.

Forthe above reasons, the Intervenors' arguments have not demonstrated any deficiencies

in HRI's cost estimate for 11 e(2) waste disposal that would render them unacceptable. Further,

HRI's license requires that any changes in disposal costs be reflected in future annual updates to

the surety. Accordingly, the Presiding Officer should reject this area of concern.

d. HRI's Section 17 estimate for packaging, surveying
and documentation costs is reasonable

The Intervenors argue that HRI fails to account for packaging, surveying, and

documentation costs in its RAP. March 7 Brief, at 62-63, citing Konwinski Affidavit, at 1122-25. As

to the packaging costs, HRI indicates that, based on its experience with ISL uranium recovery

projects, waste will be shipped in bulk and containerization will not be required prior to transport.

HRI Response, at 55. Further, the costs of labor for performing any required vehicle contamination

surveys are covered by the salaries for the RSO and Environmental Manager. See supra,

Section IV.A.2.b. Based on prior ISL experience and costs already included in the RAP, HRI has
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provided a reasonable cost estimate in the RAP for packaging, surveying and documentation costs.

Accordingly, the Presiding Officer should reject this area of concern.

e. HRI's Section 17 estimate for decontamination
and unloading charges is reasonable

The Intervenors argue that contamination surveys, decontamination wash, and unloading

costs associated with waste disposal are required to be included in the cost estimate. March 7

Brief, at 63, citing Konwinski Affidavit, at ¶ 22. These costs are not directly addressed in HRI's

brief. See HRI Response, at 55-57. However, the sample byproduct agreement submitted with

the RAP includes costs of $35/hour for unloading time and $30/hour for additional decontamination

costs. See Crownpoint RAP, Attachment 5-E-3. Although it is unclear whether these costs are

included in HRI's cost estimate, the additional $12,000 that Mr. Konwinski argues should be added

to the waste disposal cost is a small fraction of the $43 million total cost estimate (less than 0.03%).

Weller Affidavit, at 1 15. Based on the identification of the costs in the sample disposal agreement,

HRI has acknowledged the potential for small additional decontamination and unloading charges.

Nevertheless, these costs, if incurred, are relatively insignificant in light of the overall surety

estimate, and the Presiding Officer should accordingly reject this area of concern.

B. Unit 1

Regarding groundwater restoration plans and cost estimates for the Unit 1 site, the

NRC Staff hereby incorporates the arguments made above in Section IV.A. Additionally, the

Intervenors argue that HRI should include the costs for disposal of concrete since it is "unlikely" that

HRI will be able to successfully decontaminate the building floors. March 7 Brief, at 64. To the

contrary, HRI has several options for reducing or eliminating concrete contamination and concrete

waste volume including concrete curbing, epoxy application, or concrete surface removal. Weller

Affidavit, at ¶ 8. Thus, HRI cost estimates may properly exclude the costs of disposal of concrete.

Accordingly, the Presiding Officer should reject this area of concern.
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C. Crownpoint

Regarding groundwater restoration plans and cost estimates for the Crownpoint site, the

NRC Staff hereby incorporates the arguments made above in Sections IV.A and IV.B. Additionally,

the Intervenors argue that H RI's cost estimates fail to include the "substantial" costs of disposal of

pond sludge and liners. March 7 Brief, at 65; Konwinski Affidavit, at T 21. To the contrary,

Mr. Konwinski failed to review the portion of HRI's RAP (Attachment E-8-1) that specifically

includes pond sludge and liner disposal costs. Weller Affidavit, at ¶ 13. Thus, the Intervenors

incorrectly state that sludge and liner costs were not considered. Accordingly, the Intervenors'

arguments should be rejected with respect to HRI's RAP for the Crownpoint site.

D. Summary of Previous Evidence and Decisions Regarding
Groundwater Restoration Plans and Cost Estimates

1. Summary of Staff evidence regarding groundwater
restoration plans and cost estimates

The NRC Staff initially addressed groundwater restoration action plans and costs estimates

in the UNRC Staff Response to Intervenors' Financial Assurance Brief' (January 22, 2001)

(ML01 0230272), which included the January 2001 Ford Affidavit. Subsequent to the Presiding

Officer's decision in LBP-04-03, both HRI and the Intervenors petitioned for Commission review.

In response, the Staff submitted "NRC Staff's Answer to HRI's Petition to Review LBP-04-03"

(March 30, 2004) and UNRC Staff's Answer to Intervenors' Petition to Review LBP-04-03"

(April 2, 2004). After the Commission granted review, the Staff filed "NRC Staff's Brief on Labor

and Equipment Issues" (June14, 2004) and "NRC Staff's Response Brief on Pore Volume Issues"

(July 13, 2004).

2. Summary of Presiding Officer decisions regarding
groundwater restoration plans and cost estimates

The Presiding Officer previously addressed Intervenors' challenges to the Staff's nine pore

volume estimate. LBP-99-13, 49 NRC 233 (1999). The Presiding Officer found no merit to the
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Intervenors' arguments that this estimate was inadequate. Id., at 237. The Presiding Officer noted

that the nine pore volume estimate was based on the Staff's professional judgment, and reflected

an increase from HRI's initial estimate of four pore volumes. Id., at 236. Further, the Presiding

Officer noted that the number of pore volumes could be increased in the future if it was determined

to be necessary. Id., at 236-237. This decision was appealed to the Commission and upheld in

CLI-00-08. 51 NRC 227, 244 (2000).

The Presiding Officer also previously addressed the adequacy of the volume of water and

time needed for restoration. LBP-04-03, 59 NRC 84, 90 (2004). The Presiding Officer found that

challenges to the nine pore volume estimate had been affirmed by the Commission in CLI-00-1 2,

and thus refused to consider a challenge to the nine pore volume estimate in HRI's RAP. Id., at

92-93. The Presiding Officer also found HRI's surety, which only included portions of the total

costs based on the staged development of the project, was reasonable since License Condition

9.5 requires the NRC Staff's approval of an updated surety before HRI may undertake any

expansion or operational change. Id., at 94. The Presiding Officer also ordered that License

Condition 10.28 be amended to require a groundwater demonstration restoration project which

would confirm the number of pore volumes required. Id., at 95-96. The Presiding Officer agreed

with the Intervenors that HRI's well-plugging costs needed to be revised to reflect an approved

well-plugging methodology. Id., at 98. With respect to independent contractor costs, the Presiding

Officer agreed with the Intervenors that HRI should take into account the costs of restoration

performed by an independent contractor and that labor costs also needed to be adjusted. Id., at

99-103. Finally, the Intervenors raised arguments with respect to several 'crucial elements' that

were allegedly left out of the RAP. Id., at 107. The Presiding Officer ultimately found that HRI

provided an adequate explanation concerning the missing elements. Id., at 108. The Commission

addressed some of these findings in CLI-04-33 on partial appeal by HRI and the Intervenors.
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3. Summary of Commission decisions regarding
groundwater restoration plans and cost estimates

In considering LBP-99-13, the Commission found that the financial assurance requirements

applicable to ISL mining are found in Criterion 9 of Appendix A to 10 C.F.R. Part 40, and that the

financial assurance requirements of 10 C.F.R. § 40.36 do not apply to HRI's license. See

CLI-99-22, 50 NRC 3,18 (1999). The Commission found that further proceedings were needed

to clarifywhenfinancial assurance plans must be submitted for Staff approval, and requested briefs

on this issue. Id., 50 NRC at 18-20. Subsequently, the Commission modified LBP-99-13 by

holding that HRI was required to submit a financial assurance plan priorto licensing, and remanded

this financial assurance issue to the Presiding Officer for further proceedings. See CLI-00-08,

51 NRC 227,242 (2000). Ratherthan revoke HRI's existing license, the Commission chose to add

an additional license condition prohibiting HRI from using its license until its financial assurance

plan was approved by the NRC Staff. Id., at 238. The Presiding Officer's ruling in LBP-99-13

approving the adequacy of the Staff's nine pore volume requirement for groundwater restoration

was affirmed by the Commission. Id., at 244-245. As discussed above in Section IV.A.1.a, the

Commission later addressed the nine pore volume issue in more detail. See CLI-04-33,

60 NRC 581,584(2004). The Commission made clear that the nine pore volume figure is an initial

estimate for allot the proposed project sites, and that the Staff has set up an approach to allow that

initial estimate to be confirmed or revised as necessary. Id, at 593. The adequacy of the initial

nine pore volumes estimate and the methodology for adjusting that estimate is the law of the case

and should now be followed.

4. Comparison of Section 8 to Section 17,
Unit 1 and Crownpoint sites

The primary differences between Section 8 and the other proposed project areas with

respect to cost estimates is the existence of additional processing facilities at the Crownpoint site

and the lack of processing facilities at Section 17 (the Section 17 mine will utilize the Section 8
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processing facilities). FEIS, at 2-7. However, these differences are acknowledged by the Staff in

the FEIS and SER and are taken into account in HRI's RAP and license. Thus, these differences

do not support Intervenors' arguments with respect to the adequacy of cost estimates and

groundwater restoration.

V. HRI's License is in Compliance with Groundwater Protection Requirements

A. Section 17

1. HRI's license ensures that groundwater
resources will be protected at Section 17

The Intervenors argue that HRI 'grossly mischaracterized the geology of the Westwater

Canyon aquifer" as homogeneous, and underestimated the amount of time it will take contaminants

to reach underground sources of drinking water.'3 March 7 Brief, at 74. These issues were

addressed and rejected in the Section 8 phase of this proceeding. See, infra, Section V.D.

Nevertheless, the Staff addresses each of the Intervenors' arguments below.

a. The Westwater acts as a homogeneous aquifer

The former Presiding Officer rejected the Intervenors' conceptualization of the aquifer as

heterogenous, finding that "on a broad scale, that of the proposed mining operation, the Westwater

may be approximated as homogeneous." LBP-99-30, 50 NRC at 85; see also, infra, Section V.D.

Furthermore, in pursuing this concern, the Intervenors narrowly focus on the interbedded

characteristics of rock units, but fail to adequately address the more important hydrodynamic

behavior of groundwater flow in the Westwater Canyon Member, and the site-specific pump test

data and geophysical logs which are the best tools for determining how geologic units will behave

under groundwaterhydrodynamicflowconditions in an ISL mining operation. SeeVon Till Affidavit,

at ¶¶ 7 and 16. Moreover, the behavior of the aquifer as homogeneous at the scale of mining will

13 Intervenors also assert that HRI has 'mischaracterized the geochemistry of the
Westwater," but they provide no further argument or support for that conclusion in their brief. See
March 7 Brief, at 74.
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be confirmed, prior to lixiviant injection, through pump testing. Id., at T 18. The Intervenors have

provided no evidence calling into question the former Presiding Officer's ruling that, hydrologically

and at the scale of the mining operation, the Westwater behaves as a homogeneous aquifer.

Accordingly, the Intervenors' area of concern in this regard should again be rejected by the

Presiding Officer.

b. The Westwater does not contain sand channels of
high Permeabilitv at the scale of the mining area

The Intervenors again argue for the existence of small-scale channels in the Westwater

which "have permeability and porosity characteristics that accelerate groundwater flow." March 7

Brief, at 76, citing Lucas Affidavit, at ¶ 45. Judge Bloch characterized this argument as follows:

The Intervenors paint a ghastly scenario of pregnant lixiviant escaping undetected
along a channel, oxidizing more and more radium and uranium in its path until the
contaminants have invaded NTUA Well No. 1. In these channels, the water
"courses" through the aquifer, perhaps reminiscent of a mountain stream during the
spring melt off.

LBP-99-30, 50 NRC at 108. The Presiding Officer rejected the argument that channels accelerate

groundwater flow here, ruling the claim that 'the sand channels in the Westwater function as

'pipelines' is without basis." Id., at 88. See also, infra, Section V.D.

The Intervenors now rely on Dr. Lucas' outcrop studies to support their channel theory.

March 7 Brief, at 75-76. While outcrop studies may be useful for distinguishing one geologic unit

from another, site specific pump test data and geophysical logs are the best tools for determining

the behavior of geologic units under groundwater flow conditions. Von Till Affidavit, at 1 7.

Moreover, Dr. Lucas fails to provide any basis for his conclusion that heterogeneity, i.e., channels,

in the Westwater will "accelerate groundwater flow, inhibiting containment of lixiviant." Id., at 1 19,

citing Lucas Affidavit, at 1 52(g). Additionally, the Staff provides a detailed critique of the

Intervenors' sand channel theory, showing that it lacks an adequate technical basis. See Cohen
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Affidavit, at ¶¶ 22-28, 38. For all of the above reasons, the Presiding Officer should again reject

the Intervenors' channel theory.

2. HRI's license contains adequate conditions to confirm
that the Westwater is vertically confined at Section 17

The Intervenors argue that neither the Recapture Member nor the Brushy Basin act as

confining units at Church Rock Section 17.14 March 7 Brief, at 77. The Intervenors again rely on

Lucas' outcrop studies to support their conclusion. Id., citing Lucas Affidavit, at 1111 20-21. As an

initial matter, the Presiding Officer previously determined "that [the Recapture Member at

Church Rock] is an aquatard separating the Westwater from the Cow Springs aquifer so that there

is little reason to believe that there is an appreciable flow of water between them." LBP-99-30,

50 NRC at 90; see also, infra, Section V.D. With respect to an upper confining layer at Section 8,

the Presiding Officer was "persuaded that the minimum thickness of the Brushy Basin Member is

45 feet, and at no place is the sandstone unit in the Brushy Basin separated from the Westwater

and Dakota Members by less than 16 feet of mudstone, which is known to be an efficient

aquatard." LBP-99-30, 50 NRC at 91; see also, infra, Section V.D. Prior pump tests indicate that

the Brushy Basin behaves as an aquitard. Von Till Affidavit, 1114. Indeed, technical research

papers confirm the pump test results indicating that the Westwater is confined between two units

of low permeability. Cohen Affidavit, at 1141. Moreover, as discussed above, the primary concern

for ISL mining applications is whether the aquifer behaves as a confined aquifer. Von Till Affidavit,

at IT 6-9. The Intervenors' arguments fail to acknowledge the applicability of license conditions

requiring further characterization prior to mining. Here, prior to the injection of lixiviant, the

site-specific pump testing required by HRI's license will serve to confirm that the Recapture and

Brushy Basin Members act as aquatards.

14 The Recapture Member is the lower confining unit separating the Westwater from the
Cow Springs while the Brushy Basin is the upper confining unit separating the Westwater from the
Dakota Sandstone.
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The Intervenors also argue that HRI misinterprets the geophysical logs for Section 17.

March 7 Brief, at 78, citing Lucas Affidavit, at IT 31-33.'5 However, in interpreting the key

geophysical log, Dr. Lucas only looked at one of its relevant aspects, and thus failed to show that

HRI's interpretation was incorrect. Von Till Affidavit, at 11 11-12. Additionally, the Staff found that

the geophysical log indicates that the Brushy Basin Member, consisting of a B clay, a thin B sand,

and a thick A clay, exists between the Westwater and the Dakota Sandstone. Von Till Affidavit,

at I 15; see also, Cohen Affidavit, at 11 41. Accordingly, the Presiding Officer should reject the

Intervenors' confinement concerns.

B. Unit 1

The NRC Staff hereby incorporates the arguments made supra, Section V.A regarding

heterogeneity, channelization, pump testing, and outcrop analogues because the Intervenors'

arguments suffer from the same deficiencies with respect to Unit 1. In addition, the Staff

addresses the Intervenors' other Unit 1 arguments below.

1. Pump tests demonstrate that the
Westwater is homogeneous at Unit 1

The Intervenors argue that pump tests performed by HRI at Unit 1 demonstrate that the

Westwater is heterogeneous. March 7 Brief, at 81. The Intervenors rely on Wallace here for the

conclusion that "the rock contains channeling features" if the drawdown cone is not perfectly

circular. Wallace Affidavit, at 1129. However, cones of depression are rarely circular for real-world

conditions and often represent anisotropic conditions (i.e., different hydraulic conductivities in

different directions) rather than channels. See Cohen Affidavit, at 11 43. Accordingly, the

15 The Staff notes that while Mr. Wallace also appears to have interpreted one or more
geophysical logs (Wallace Affidavit, at ¶ 69), the Intervenors do not cite his opinions on this point.
See March 7 Brief, at 78-80. However, in evaluating Mr. Wallace's opinions, Mr. Cohen reviewed
the geophysical logs for borings 41/36 and 46/38, and found they indicate the presence of a
geologic unit that is finer-grained than the Westwater Canyon Member. HRI classified this finer-
grained unit as the Recapture Member, and Mr. Cohen agrees with this assessment. See Cohen
Affidavit, at 1 45.
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Intervenors fail to demonstrate that the pump testing performed to date indicates the presence of

channels, and the Presiding Officer should reject this area of concern.

2. The Intervenors' flow and transport
models are fundamentally flawed

The Intervenors rely on Mr. Wallace's flow and transport model for Unit 1. March 7 Brief,

at 82. The Presiding Officer previously found that "Wallace's model uses postulated conductivities,

including the totally unreasonable assumption that the velocity of water through postulated

channelways is 10,000 times the velocity of water through surrounding rock." LBP-99-30,

50 NRC at 86; see also, infra Section V.D. With regard to contaminant transport, the

Presiding Officer criticized Mr. Wallace's model for assuming no precipitation of toxic elements

along the flow path despite the well-documented presence of humates in the Westwater which

serve as reducing agents that precipitate elements such as uranium. LBP-99-30, 50 NRC at 86-87.

Ultimately, the Presiding Officer concluded that "Wallace's model, which makes unsupportable

assumptions, has not cast serious doubt on HRI's demonstration that it can adequately restore the

mining area." Id. at 87.

The Intervenors have provided no evidence calling into question the former

Presiding Officer's ruling that Mr. Wallace's Section 8 model - which is conceptually similar to his

Unit 1 model - uses manipulated hydraulic conductivities designed to match his channel theory.

Moreover, even the Intervenors' experts disagree on the directions of the channels. See Cohen

Affidavit, at 1 43. Mr. Wallace's model assumes that east-west channels will carry contamination

toward the town of Crownpoint wells, but he describes a north-south channel orientation. Id. As

a result of these flawed and inconsistent assumptions, Mr. Wallace's Unit 1 contaminant transport

model is neither realistic nor credible. Id., at 1 43. Because they rely on technically inadequate

models, the Intervenors' area of concern with respect to contaminant flow and transport at Unit 1

should be rejected.
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3. HRI's license contains adequate conditions
to confirm that the Westwater is vertically confined at Unit 1

The Intervenors again rely on Lucas' outcrop study to support their conclusion that the

Westwater is not vertically confined at Unit 1. See March 7 Brief, at 83-84, citing Lucas Affidavit,

at TT 25-26. As discussed supra, Section V.A.2, outcrop analogue studies are not a substitute for

actual pump tests conducted in the mine areas. Von Till Affidavit, at ¶ 9. The Intervenors also

ignore the existence of license conditions which require pump testing prior to injection of lixiviant.

License condition 10.23 is adequate to demonstrate whether the Recapture will act as an aquitard

below the Westwater and whether the Brushy Basin Member will act as an aquitard above the

Westwater. Von Till Affidavit, at 111 6, 13. Thus, prior to any ISL mining, HRI's license requires HRI

to confirm whether the Westwater is a confined aquifer at Unit 1. The Presiding Officer should

accordingly reject this area of concern.

C. Crownpoint

The Intervenors' arguments with respect to the Crownpoint site (regarding heterogeneity,

channelization, pump testing, outcrop analogues, and modeling) suffer from the same deficiencies

discussed above in Sections V.A and V.B.

1. HRI's license ensures that groundwater resources
will be protected at the Crownioint site

The Intervenors argue that HRI's drawdown contour map indicates areas of high

permeability, and that Mr. Wallace's flow and transport model is more reflective of actual

geophysical conditions at Crownpoint. March 7 Brief, at 85-86, citing Wallace Affidavit, at 11 30.

However, as discussed above, Mr. Wallace's model, on which the Intervenors rely, uses

manipulated hydraulic conductivities designed to match the channel theory. Cohen Affidavit, at

1 39. Moreover, Mr. Wallace's postulated hydraulic conductivities (varying over three orders of

magnitude) cannot be substantiated by the literature or by data collected to date. Id. Furthermore,
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Mr. Wallace's hypothesis lacks sufficient information to support his conclusion. Cohen Affidavit,

at I38.

The Intervenors also argue that, based on Mr. Wallace's models, contaminated

groundwater will reach Crownpoint municipal drinking water wells much quicker than HRI predicts.

March 7 Brief, at 86. Although Intervenors attempt to dismiss it in a footnote (see March 7 Brief,

at 85), LC 10.27 requires HRI to replace the Crownpoint municipal water wells prior to conducting

any ISL mining at the Crownpoint site. The Intervenors have failed to establish the relevance of

this area of concern. Additionally, Mr. Wallace's model lacks an adequate technical basis. See

Cohen Affidavit, at ¶ 36. Accordingly, the Intervenors' arguments regarding contaminant flow and

transport at Crownpoint should be rejected.

2. HRI's license contains adequate conditions to confirm that
the Westwater is vertically confined at Crownpoint

The Intervenors again rely on Lucas' outcrop study to support the Intervenors' conclusion

that the Westwater is not vertically confined at the Crownpoint site. March 7 Brief, at 87. The data

collected to date at the Crownpoint site indicates that the Westwater Canyon aquifer is confined

there. See Cohen Affidavit, at 1 41. Although the Intervenors rely on an analysis by Mr. Wallace

to support their assertion that HRI's pump test data fails to show confinement (March 7 Brief, at

87-89, citing Wallace Affidavit, at 111 45-48), Mr. Wallace's conclusions are not supported by the

actual results of pump testing at Crownpoint. See Cohen Affidavit, at 11 40-41. Additionally, as

discussed above in Section V.A.2, outcrop analogue studies are not a substitute for actual pump

tests conducted in the mine areas. See Von Till Affidavit, at 1 9. Accordingly, the Intervenors'

confinement arguments at Crownpoint should be rejected.



-50-

D. Summary of Previous Evidence and Decisions
Regarding the Geophysical Environment

1. Summary of Staff evidence regarding
geophysical environment

As set forth in Section B of the Background section above, the NRC Staff has submitted to

the Presiding Officer and Commission the following ten sets of evidence pertaining to the

Intervenors' previously-presented groundwater and surety areas of concern: (1) Staff Response

to Stay Motion, including as Exhibit 9 thereto the February 1998 Ford Affidavit; (2) Staff Response

to Intervenors' 1999 Groundwater Presentation, which included the March 1999 Ford Affidavit; (3)

NRC Staff Response to Questions Posed in April 21 Order, which included the May 11, 1999 Ford

Affidavit and an Affidavit of Robert D. Carlson, former NRC Project Manager for the HRI license;

(4) NRC Staff's Response to HRI's Answer to Presiding Officer's Question, which included the

May24, 1999 Ford Affidavit; (5) Staff Response to Motion to Reopen, which included the April 2000

McKenney Affidavit;.(6) NRC Staff Response to Intervenors' Financial Assurance Brief, which

included the January 2001 Ford Affidavit; (7) NRC Staff's Answer to HRI's Petition to Review;

(8) NRC Staff's Answer to Intervenors' Petition to Review LBP-04-03; (9) NRC Staff's Brief on

Labor and Equipment Issues; and (10) NRC Staff's Response Brief on Pore Volume Issues.

2. Summary of Presiding Officer's decision
regarding geophysical environment

As discussed above in Section l.B, the findings in LBP-99-30 reflect conclusive

determinations regarding the geophysical environment that reject the testimony and expert opinion

nowlargelyrepeatedbythe Intervenorswith respecttotheSection 17, Unit1 andCrownpointsites.

As discussed below, because the Presiding Officer's findings in LBP-99-30 address substantially
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the same issues raised by the Intervenors in this phase of the proceeding, the doctrine of law of

the case applies and the Intervenors' arguments should, again, be rejected.'

First, the Presiding Officer rejected the Intervenors' conceptualization of the aquifer as

heterogeneous, finding that "on a broad scale, that of the proposed mining operation, the

Westwater may be approximated as homogeneous." LBP-99-30, 50 NRC at 85. More specifically,

the Presiding Officer declared that the Intervenors' "statement that the sand channels in the

Westwater function as 'pipelines' is without basis." Id. at 88. The Presiding Officer concluded,

'based on a review of the entire record, that the Westwater does not contain channelways." Id. at

86. The "concept of channelways contradicts both the published literature on the Westwater and

the literature on all similar sandstone aquifers containing uranium deposits." Id., at 108. Because

the ore zone is also located in the Westwater at the Section 17, Unit 1 and Crownpoint sites, the

Presiding Officer's conclusions that sand channels do not exist are equally applicable in this phase

of the proceeding.

Second, the Presiding Officer continued his analysis of the groundwater evidence by

criticizing the Intervenors' experts' groundwater flow and transport models. The Presiding Officer

found that "Wallace's model uses postulated conductivities, including the totally unreasonable

assumption that the velocity of water through postulated channelways is 10,000 times the velocity

of water through surrounding rock." LBP-99-30, 50 NRC at 86. With regard to contaminant

transport, the Presiding Officer criticized Mr. Wallace's model for assuming no precipitation of toxic

elements along the flow path despite the well-documented presence of humates in the Westwater

which serve as reducing agents that precipitate elements such as uranium. Id., at 86-87.

Ultimately, the Presiding Officer concluded that 'Wallace's model, which makes unsupportable

assumptions, has not cast serious doubt on HRI's demonstration that it can adequately restore the

"I The effect of the law of the case as well as the Presiding Officer's prior decision with
respect to groundwater are discussed in additional detail, supra, Section l.A and Section 1.B.
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mining area." Id. at 87. Because the Intervenors have relied on similarly unreasonable and

unsupportable flow and transport models that were rejected by the Presiding Officer in the Section

8 phase of the proceeding, the Presiding Officer should reject the Intervenors' models again in this

phase of the proceeding.

Third, the Presiding Officer concluded that the Westwater aquifer is hydraulically separated

from other aquifers by aquatards. The Presiding Officer found "that [the Recapture at Church

Rock] is an aquatard separating the Westwater from the Cow Springs aquifer so that there is little

reason to believe that there is an appreciable flow of water between them." Id. at 90. With respect

to an upper confining layer at Section 8, the Presiding Officer was "persuaded that the minimum

thickness of the Brushy Basin Member is 45 feet, and at no place is the sandstone unit in the

Brushy Basin separated from the Westwater and Dakota Members by less than 16 feet of

mudstone, which is known to be an efficient aquatard." Id. at 91. As discussed in Section l.B.2

above, the Recapture Member underlies the Westwater Canyon Member at the Unit 1 and

Crownpoint sites, as well as at the Section 8 and 17 sites. Similarly, the Brushy Basin Member

overlies the Westwater Canyon Member at all four sites. See FEIS Figures 3.5 and 3.7.

The Intervenors provide no evidence showing thatthe Presiding Officer's above-quoted Section 8

findings are not equally applicable to the Section 17, Unit 1 and Crownpoint sites. Additionally, the

Staff notes that the Intervenors' experts have relied on substantially similar geologic models and

interpretations thatwere rejected by the Presiding Officer in the Section 8 phase of this proceeding.

For all of the above reasons, the Presiding Officer should now reject the Intervenors' groundwater

concerns at the Section 17, Unit 1 and Crownpoint sites.

Given the repetitive nature of the Intervenors' arguments, and the similarity of their evidence

to what they presented in the Section 8 phase of the proceeding, the law of the case doctrine

mandates that the same result now be reached in this phase of the proceeding. Although the

Intervenors have introduced new testimony by Dr. Lucas regarding his outcrop studies in an
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attempt to shore up their previously rejected arguments, his conclusions fail to take into account

relevant hydrogeologic data. See Von Till Affidavit at %] 7, 16. Moreover, where new evidence is

merely cumulative and does not differ substantially from that presented previously, the law of the

case doctrine applies. Aetna Life Ins. Co. v. Wharton, 63 F.2d 378 (8 1 Cir. 1933). Here, because

the Presiding Officer rejected the sand channel theory and the flow and transport model,.and

determined that aquatards do exist above and below the Westwater in the Section 8 phase of the

proceeding, the.Presiding Officer should now reject the similar arguments presented in this phase

of the proceeding.

3. Summary of Commission decision regarding
geophvsical environment

The Commission denied Intervenors' petition for review of LBP-99-30, determining that the

Intervenors identified no clearly erroneous factual finding or important legal error requiring

Commission correction. CLI-00-12, 52 NRC 1, 3 (2000). Accordingly, the LBP-99-30 findings

should be recognized as binding in this phase of the proceeding.

4. Comparison of Section 8 to Section 17,
Unit 1 and Crownooint sites17

Although the four proposed mining areas are geographically distinct, there are no relevant

differences pertinent to the areas of concern now presented by the Intervenors. The bulk of the

Intervenors' arguments repeat prior arguments and models that were rejected for Section 8.

For Section 17, Unit 1 and Crownpoint, the Intervenors consistently failed to recognize relevant

license conditions, ignored hydrogeologic response data, and applied unrealistic models to support

17 The Intervenors did not include a separate discussion of the differences between
Section 8 and Section 17, Unit 1 and Crownpoint as they had for the other areas of concern. See
November 5 Order, slip op. at 4-5. Instead, the Intervenors used their 'new" evidence to attack the
previous Presiding Officer decision on groundwater issues. See March 7 Brief, at 99-100 (arguing
that the Presiding Officer "ignored" the "vast majority of the scientific literature" and "failed to
apprehend" that 'the large scale perspective of the geology is irrelevant to the arrangement, size,
positioning, and composition of the geology at a small scale.").
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their conclusions. The Intervenors did introduce testimony by Dr. Lucas regarding his outcrop

studies in an attempt to shore up their previously rejected arguments, but as stated above he failed

to take into account relevant hydrogeologic data. See Von Till Affidavit at T17, 16. Additionally,

Mr. Wallace attempts to differentiate the Westwater at Section 17, Unit 1 and Crownpoint from the

aquifer at Section 8. Wallace Affidavit, at i 86. But Mr. Wallace fails to identify any significant

differences among the proposed ISL mining sites relevant to the areas of concern now presented

by the Intervenors. Cohen Affidavit, at 1 53. Finally, the Intervenors briefly discuss the proposed

Springstead Estates housing development (see March 7 Brief, at 99), but have identified (1) no

evidence that the housing will actually be constructed; (2) no engineering or hydrogeologic studies

examining the housing development's potential water use; and (3) no reasonable scenario whereby

contamination could be drawn 1.5 miles up gradient from the Church Rock Section 17 mining site.

See Cohen Affidavit, at 1 46.
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CONCLUSION

Based on the above, the Staff requests that the Presiding Officer take the following actions:

(1) direct the Staff to strike the final sentence of LC 10.21 (A); (2) reject the Intervenors' areas of

concern with respect to hearing rights, license conditions, hydrologic properties, initial pore volume

estimate, and the geophysical environment; and (3) reject the Intervenors' areas of concern on

cost estimates for the Section 17, Unit 1 and Crownpoint RAPS.

Respectfully submitted,

John T. Hull
Counsel for NRC Staff

..Pyson R. Smith
Counsel for NRC Staff

Dated at Rockville, Maryland
this 2 9' day of April, 2005
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UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )

HYDRO RESOURCES, INC. ) Docket No. 40-8968-ML
P.O. Box 777 )
Crownpoint, New Mexico 87313 )

AFFIDAVIT OF STEPHEN J. COHEN

1, Stephen J. Cohen, being duly sworn, declare as follows:

1. I am competent to make this affidavit, and the factual statements herein are true

and correct to the best of my knowledge, information, and belief. The opinions expressed

herein are based on my best professional judgment. This affidavit will serve to present my

views regarding the affidavits of (1) Dr. Richard J. Abitz, dated March 3, 2005 (Abitz Affidavit);

(2) Mr. Michael G. Wallace, dated March 1, 2005 (Wallace Affidavit); and (3) Mr. Wallace's

'Addendum," dated March 3, 2005 (Wallace Addendum), submitted on behalf of the Eastern

Navajo Dine' Against Uranium Mining, Southwest Research and Information Center, Grace

Sam, and Marilyn Morris (collectively, "Intervenors"), as part of the Intervenors' written

presentation dated March 7, 2005.

2. A summary of my general experience as a hydrogeologist, and my specific

familiarity with in situ leach (ISL) uranium mining issues, is as follows. I am an employee of the

United States Nuclear Regulatory Commission (NRC) in the Office of Nuclear Materials Safety

and Safeguards (NMSS). I am currently employed as a hydrogeologist within the Division of

Fuel Cycle Safety and Safeguards, Fuel Cycle Facilities Branch, Uranium Processing Section.

My current responsibilities include reviewing and providing ground water technical support for

license amendment requests and new license applications for conventional and in-situ leach
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uranium mills including the review of the license application and technical materials for the

proposed HRI, Inc. sites near Crownpoint arid Church Rock, New Mexico. Prior to joining the

NRC in August 2004, I spent 12.5 years in the hazardous and radioactive waste consulting

industries including 6 years of addressing ground water and soil contamination issues related to

low-level radioactive waste remediation. Additionally, I have visited the ISL sites comprising the

Crownpoint Uranium Project. Further details regarding my educational background and

professional career to date are reflected on my attached resume (Attachment A).

3. In preparing this affidavit, in addition to the Wallace Affidavit and the Abitz

Affidavit (and the exhibits attached thereto), I have reviewed the following materials:

A. Barthelmy, D. Mineralogy Database. www.webmineral.com.

B. Bourdon, B., Henderson, G.M., Lundstrom, C.C., Turner, S.P., Reviews

in Mineralogy & Geochemistry, Volume 52, Uranium-Series Geochemistry. Geochemical

Society and Mineralogical Society of America. 2003.

C. Code of Federal Regulations, Title 40, Part 144 - Underground Injection

Control Program.

D. Code of Federal Regulations, Title 40, Part 146 - Underground Injection

Control Program: Criteria and Standards.

E. Code of Federal Regulations, Title 10, Part 40, Appendix A.

F. Cowan, E.J. The Large-Scale Architecture of the Fluvial Westwater

Canyon Member, Morrison Formation (Upper Jurassic), San Juan Basin, New Mexico.

Concepts in Sedimentology and Paleontology, Volume 3. Society for Sedimentary Geology.

1991. pgs. 80-93.
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G. Davis, J.C. Statistics and Data Analysis in Geology, Second Edition. John

Wiley & Sons, Inc. New York, NY. 1986.

H. Durrance, E.M. Radioactivity in Geology, Principles and Applications.

John Wiley & Sons, New York, NY. 1986.

I. Fetter, C.W. Applied Hydrogeology, Second Edition, Merrill Publishing

Company. Columbus, Ohio. 1988. 163 - 164.

J. Final Environmental Impact Statement to Construct and Operate the

Crownpoint Uranium Solution Mining Project, Crownpoint, New Mexico. NUREG-1508.

February 1997.

K. Affidavits of William H. Ford

i. Dated February 20,1998

ii. Dated March 12,1999

iii. Dated May 11, 1999

iv. Dated May 24,1999

v. Dated January 22, 2001

L. Gabelman, J.W. Migration of Uranium and Thorium - Exploration

Significance. -American Association of Petroleum Geologists, Tulsa, OK. 1977.

M. Hays, W.L. Statistics, Third Edition. CBS College Publishing. NY, NY.

1981.

N. Hsieh, P.A. Poroelasticity Simulation of Ground-Water Flow and

Subsurface Deformation. U.S. Geological Survey Subsidence Interest Group Conference,

Proceedings of the Technical Meeting, Las Vegas, Nevada. February 14-16, 1995. Open File

Report 97-47. Pages 5 - 9.
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0. HRI, Inc. Environmental Assessment, Unit 1 Allotted Lease Program,

Eastern Navajo District, New Mexico, U.S. Department of Interior, Bureau of Indian Affairs,

Window Rock, Arizona (January 6, 1992).

P. HRI, Inc. Crownpoint Project. In Situ Mining Technical Report (June 12,

1992).

Q. Hydro Resources, Inc. Churchrock Project, Revised Environmental

Report (March 1993).

R. HRI, Inc. Unit 1 Project, U.I.C. Application and Technical Report. October

16,1992 (a copy of which is attached as part of Attachment V to Mr. Pelizza's recent affidavit

marked as Exhibit A to HRI's Response).

S. HRI's response to comments, April and August 1996

T. Hydro Resources, Inc. Church Rock, Section 17, Restoration Action Plan.

License No.: SUA-1 580, July 23, 2001.

U. HRI, Inc. Crownpoint Uranium Project, Consolidated Operations Plan,

Version 2.0. August 15, 1997.

V. Javandel, I. and Witherspoon, P.A. A Method of Analyzing Transient

Fluid Flow in Multilayered Aquifers. Water Resources Research, Vol. 3, No. 4. August 1969.

pgs. 856-869.

W. Keys, W.S. Techniques of Water Resources Investigations of the United

States Geological Survey, Chapter E2, Borehole Geophysics Applied to Ground-Water

Investigations. USGS. 1990.
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X. Kirk A.R. and Condon, S.M. Structural Control of Sedimentation Patterns

and the Distribution of Uranium Deposits in the Westwater Canyon Member of the Morrison

Formation, Northwestern New Mexico - A Subsurface Study. AAPG Studies in Geology No. 22.

The American Association of Petroleum Geologists. 1986.

Y. Kirk, A.R., Huffman, A.C., Zech, R.S. Design and Results of the Mariano

Lake-Lake Valley Drilling Project, Northwestern, New Mexico. AAPG Studies in Geology No.

22. The American Association of Petroleum Geologists. 1986.

Z. Neuman, S.P. E-Mail Correspondence to Michael Wallace. March 3,

1999.

AA. Neuman, S.P. and Witherspoon, P.A. Field Determination of the

Hydraulic Properties of Leaky Multiple Aquifer Systems. Water Resources Research, Vol. 8,

No. 5. October 1972. pgs. 1284-1298.

BB. Phelps, W.T., Zech, R.S., and Huffman, A.C. Seismic Studies in the

Church Rock Uranium District, Southwest San Juan Basin, New Mexico. MPG Studies in

Geology No. 22. The American Association of Petroleum Geologists. 1986.

CC. Ritter, D.F. Process Geomorphology. Wm. C. Brown Publishers, College

Division. Dubuque, 10. 1986.

DD. Scott, J.H. Analysis of Geophysical Well Logs from the Mariano Lake-

Lake Valley Drilling Project, San Juan Basin, Northwestern New Mexico. AAPG Studies in

Geology No. 22. The American Association of Petroleum Geologists. 1986.

EE. Thaden, R.E. and Zech, R.S. Structure Contour Map of the San Juan

Basin and Vicinity. MPG Studies in Geology No. 22. The American Association of Petroleum

Geologists. 1986.
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FF. Thomas A. Prickett & Associates. Analysis of South Trend Development

Area, Pumping Test, August 16-18, 1982, Crownpoint, McKinley County, New Mexico. Urbana,

Illinois. May 1983.

GG. Todd, D.K. Groundwater Hydrology, Second Edition. John Wiley & Sons,

Inc. New York, NY. 1980.

HH. Turner-Peterson, C.E., Fishman, N.S. Geologic Synthesis and Genetic

Models for Uranium Mineralization in the Morrison Formation, Grants Uranium Region, New

Mexico. MPG Studies in Geology No. 22. The American Association of Petroleum Geologists.

1986.

II. Turner-Peterson, C.E. Fluvial Sedimentology of a Major Uranium-

Bearing Sandstone - A Study of the Westwater Canyon Member of the Morrison Formation,

San Juan Basin, New Mexico. MPG Studies in Geology No. 22. The American Association of

Petroleum Geologists. 1986.

JJ. USEPA. Guidance for Data Quality Assessment, Practical Methods for

Data Analysis. EPA QA/G-9. July 2000.

KK. USNRC Materials License, Hydro Resources, Inc. January 1998 (a copy

of which is attached to the Intervenors' written presentation as Exhibit A).

LL. USRNC Standard Review Plan for In Situ Leach Uranium Extraction

License Applications, Final Report (NUREG-1 569). June 2003.

MM. Whitney, G. and Northrop, H.R. Diagenesis and Fluid Flow in the San

Juan Basin, New Mexico - Regional Zonation in the Mineralogy and Stable Isotope Composition

of Clay Minerals in Sandstone. American Journal of Science, Vol. 287. April 1987, pg. 353-382.



Stephen J. Cohen
Page 7
April 29, 2005

NN. Hydro Resources Inc.'s Response in Opposition to Intervenors' Written

Presentation Regarding Groundwater, Groundwater Restoration and Financial Assurance. April

21, 2005. (HRI's Response).

00. Declaration of Dan W. McCarn. April 21, 2005 (attached as Exhibit D to

HRI's Response).

PP. Affidavit of Ronald Christensen Regarding Statistical Analyses. April 21,

2005 (attached as Exhibit E to HRI's Response).

QQ. Affidavit of Craig S. Bartels. April 21, 2005 (attached as Exhibit B to

HRI's Response).

RR. Affidavit of Frank Lee Lichnovsky. April 21, 2005 (attached as Exhibit C

to HRI's Response).

SS. Affidavits of Mark S. Pelizza:

i. Dated February 19,1999

ii. Dated April 21, 2005 (attached as Exhibit A to HRI's Response).

TT. Intervenors Amended Written Presentation in Opposition to Hydro

Resources Inc.'s Application for a Materials License with respect to: Groundwater Protection,

Volume I, Legal Brief. January 18,1999.

UU. Hydro Resources, Inc. Pump Test Analysis, Crownpoint Project, April,

1991. Report Date February 1992.

4. In the following sections of my affidavit, I address some of the specific claims

now made by Dr. Abitz. For ease of reference, I set forth (in bolded single-space) the sub-

headings used by Dr. Abitz in making the claims I address.
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HRI's application Is deficient because it does not contain a complete and
scientifically valid determination of pre-mining baseline water quality for
Section 17, Unit 1 and Crownpoint mining sites, as required by NRC
regulations and directed in NRC Guidance.

Water quality data in HRI's application are insufficient to determine pre-
operational baseline water quality at proposed perimeter monitor wells in
Section 17 and Crownpoint.

In this section of his affidavit, Dr. Abitz argues that an insufficient amount of water

quality data was generated by HRI since its license application was first filed in 1988, and that

the bulk of such data was collected from inside the planned production zones rather than at the

monitoring well ring or beyond, contrary to guidance in NUREG-1 569, the NRC staff's Standard

Review Plan (SRP) applicable to ISL mining. Abitz Affidavit, at T 16. HRI provided details

regarding its collection and analysis of ground-water samples in the following three reports: (1)

Environmental Assessment, Unit 1 Allotted Lease Program (see reference in 1 3.0 above,

excerpts of which are attached as part of Attachment B); (2) HRI's In Situ Mining Technical

Report (see reference in 11 3.P above, excerpts of which are attached as part of Attachment B);

and (3) HRI's Revised Environmental Report (see reference in T 3.0 above, excerpts of which

are attached as part of Attachment B).

5. HRI's three reports referenced above reflect that several years before HRI's

license was issued in 1998, HRI collected and evaluated ground water samples for a total of. 1

year at each of HRI's ISL mining sites. Pursuant to HRI license condition 10.21, HRI will

supplement this data by sampling at the monitoring well ring and in the well field prior to lixiviant

injection. Results of the sampling required by license condition 10.21 will be used to assess

baseline and calculate primary restoration goals. Together with the requirements of license

condition 10.22, the supplemental data will be used to establish upper control limits (UCLs) (as
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discussed further below). Finally, neither SRP page 2-24 nor page 5-41 make any reference to

a "monitoring well ring", contrary to what Dr. Abitz indicates in 1116 of his affidavit. Accordingly,

based on my review of the data in Attachment B, my opinion is that HRI's ground-water

sampling program was acceptable for obtaining a license.

HRI's failure to fully characterize baseline ground-water quality in non-
production areas of Section 17 and Crownpoint is Inconsistent with
established NRC guidance for ISL operations and violates specific
requirements of 10 CFR Part 40 and Part 40 Appendix A.

6. This portion of Dr. Abitz's affidavit rests on his misinterpretation of 10 CFR Part

40, Appendix A, Criterion 7, which he regards as requiring the establishment of a complete

water quality baseline data set before an ISL license is issued. Abitz Affidavit, 1 22. However,

Criterion 7 states that uAt least one full year prior to any major site construction, a

Dreoperational [not a prelicensing] monitoring program must be conducted to provide complete

baseline data on a milling site and its environs." Thus, by its terms, the monitoring may be

completed after obtaining a license, so long as it is completed before ISL mining operations

begin. The combination of prior sampling discussed in 11114 and 5 above, and the collection of

supplemental test data required by license conditions 10.21 and 10.22, comply with Criterion 7.

Additionally, pursuant to license condition 10.23, HRI will perform baseline pumping tests

before any lixiviant injection occurs. The hydrologic data HRI will collect, together with the

supplemental water quality data collected pursuant to license conditions 10.21 and 10.22,

constitute in my opinion an acceptable preoperational monitoring program which will provide

complete baseline data.
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7. Dr. Abitz states his opinion that license conditions 10.21 and 10.22, "coupled

with the procedures for determining baseline water quality" (contained in HRI's Consolidated

Operations Plan (COP) at pages 84-87), 'do not guarantee that HRI will conduct ground water

monitoring appropriately or analyze the data properly to generate accurate and statistically

reliable baseline water quality data for purposes of establishing excursion indicators, upper

control limits and restoration standards." Abitz Affidavit, 1 19. In response, I note that Dr.

Abitz's focus on the lack of a "guarantee" is misplaced. As with any NRC license, the staff

relies on the quality and accuracy of information submitted by licensees. License conditions are

enforceable against licensees, and the NRC staff's inspection program operates to ensure

compliance with license conditions. In this regard, HRI license condition 9.3 gives COP

procedures the same status as license conditions. Thus, failure to adhere to COP procedures is

subject to enforcement action. Accordingly, while there is no guarantee that HRI will properly

analyze the ground water data it later collects, any errors would be subject to enforcement

action, if warranted.

8. Dr. Abitz also states that license conditions 10.21 and 10.22 do not require HRI

"to submit the results of its baseline assessment to the NRC Staff for review and approval," and

that as a result the public "has no oversight power to ensure that HRI implements the license's

conditions as they are written." Abitz Affidavit, at ¶ 20. Although Dr. Abitz correctly states that

HRI is not required to submit its baseline assessment to the NRC Staff for review and approval,

he ignores the fact that HRI's documentation supporting its baseline assessment would be

available to the NRC staff for inspection (see HRI, 1997 (COP), at pages 93-95), and the

results of any staff inspections are made public.
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9. Dr. Abitz complains that the 'outliere statistical test provisions contained in HRI

license conditions 10.21B and 10.22B are "meaningless unless the data distribution is known

and a statistical test is first performed to determine the data distribution," as recommended in

both EPA's 1989 RCRA ground water monitoring guidance document and ASTM's 1998 ground

water monitoring guidance document. Abitz Affidavit, at m 19. Yet the 1989 EPA guidance

document Dr. Abitz references in support of this opinion is the very same document referenced

in HRI license conditions 10.21 B and 10.22B, so the basis of Dr. Abitz's complaint in this regard

is not clear to me. Furthermore, I agree with the statements and opinions of Mr. Mark S.

Pelizza with respect to the required statistical approach. HRI Exhibit A, ¶lm 218-223.

HRI's statistical analysis of the limited water quality data contained in the
FEIS, and their proposed assessment of baseline water quality revealed In
the COP, is not consistent with professional practice and agency guidance.

10. In this portion of Dr. Abitz's affidavit, he states that HRI's practice of sampling

water quality outside the ore-zone, and averaging the results with those obtained from sampling

within the ore-zone, results in elevated baseline numbers. Because the water quality differs

between the two zones, he believes that two baseline values should be created during pre-

injection baseline testing. While it is obvious that water quality differs within the ore-zone and

outside the ore-zone, as discussed below it is my opinion that Dr. Abitz's concern here is not

relevant. I also address below Dr. Abitz's argument that the mean and standard deviation may

only be calculated for data sets exhibiting a normal distribution. Cohen at ¶16.

11. In Abitz Affidavit ¶ 23, Dr. Abitz claims that the NRC staff is silent on a number of

issues (e.g., the number of sampling rounds required; analytical detection limits; statistical

methods used to establish normal, lognormal, non-normal distributions, outliers, and confidence

levels), but these claims are mistaken because they (1) ignore the terms of various HRI license
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conditions; and (2) ignore provisions in the COP, which as discussed above have the same

status as license conditions. The requirement for the number of sampling rounds is specified in

the FEIS, Appendix B, page 2, and is also reflected in HRI license condition 10.21. License

condition 10.21 also discusses the required monitoring parameters, and the COP states that

sampling methods, preservation, analysis, and analytical quality control methods will be as

defined in the current issues of "Methods for Chemical Analysis of Water, and Wastes." HRI,

1997 (COP) at 85. Statistical methods for analyzing data are also addressed in license

condition 10.21, which specifies that outlier analysis methods shall be consistent with those

specified in a 1989 EPA guidance document. Regarding the required number of sampling

rounds, Dr. Abitz notes an inconsistency between the COP and license condition 10.21 - the

latter requires three rounds of sampling. In all such cases of inconsistency, the license

condition stated in HRI's license governs.

Proper statistical analysis of the Mobil water quality data from Unit 1
reveals a significant difference between ore-zone water quality and non-ore
zone water quality and confirms that the Westwater Canyon Aquifer Is an
underground source of drinking water at the Unit 1 perimeter monitoring
wells.

12. In this section of his affidavit, Dr. Abitz presents his statistical analysis of the Unit

1 data and his recommended baseline values for certain constituents. See Abitz Affidavit, at T]

31-33. His analysis uses baseline values for production wells "to set the primary restoration

goal in the production well field", while using baseline values for monitoring wells "to set both

the primary restoration goal outside the production zone and the maximum concentration a

contaminant may have prior to declaring an excursion." Abitz Affidavit, at T 31. Later in his

affidavit, Dr. Abitz similarly claims that "HRI has failed to demonstrate that it can restore the

aquifer at the three mining sites to non-production area baseline." Abitz Affidavit, at 11 64
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(emphasis in original). However, these arguments are contrary to the NRC's applicable

guidance document, which provides that only one set of primary restoration goals need be set,

and that these goals may be based on monitoring well data from the well field. See NUREG-

1569, at 6-9. Thus, in my opinion, Dr. Abitz's arguments regarding the establishment of

restoration goals lack an adequate technical basis, because, the NRC's approach, as specified

in NUREG-1 569, recognizes that data required for determining restoration goals, baseline

concentrations, and upper control limits can be obtained after well field construction has

commenced. This position is emphasized by Ford and Pelizza, as discussed in the following

paragraph.

13. I note that this same issue was previously addressed in this proceeding in NRC

staff affidavits submitted by William H. Ford. For example, in his February 20, 1998 affidavit (a

copy of which is attached as Attachment C), Mr. Ford stated as follows:

Commercially attractive ISL ore zones, by definition, contain
higher concentrations of uranium and other chemical constituents
(radium, molybdenum, etc.) than are found outside the ore zone.
Imposing Dr. Abitz's conditions would effectively ban all ISL
mining in the United States.

Attachment C, at ¶ 40. On this same issue, Mr. Ford noted in his March 12, 1999 affidavit (a

copy of which is attached as Attachment D) that establishing restoration goals is required by

HRI license condition 10.21, but that these restoration goals "cannot be established until the

well fields are drilled." Attachment D, at ¶ 32. 1 agree with these statements - and with other

related statements made by Mr. Ford in Attachments C and D - which rebutted Dr. Abitz's

previously-submitted opinions on this point. Furthermore, I agree with the following statement

made by Mr. Pelizza in T 215 of his April 21, 2005, affidavit:
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The economics of an ISL uranium recovery project do not allow for all
developmental activity up front nor would it allow for repetitive
interruptions, in the form of lengthy license reviews or worst yet litigation,
each time a new production area or mine unit is needed. A uranium
recovery operation needs to have a dependable supply of raw materials
available timely to support an operation.

14. Dr. Abitz also repeats his previously-submitted opinions that uranium, sulfate,

and sodium should be included as excursion parameters. Abitz at 135. Both the FEIS and Mr.

Ford address this issue, and in my opinion provide compelling reasons for maintaining the

current excursion parameter list. In his 1998 affidavit, Mr. Ford stated in this proceeding as

follows:

Third, while the use of uranium as an excursion indicator appears appealing,
such use may produce very unreliable results. This is because uranium roll front
deposits form at or near areas where the groundwater changes from oxidizing to
reducing conditions, i.e., where the groundwater moves into an oxygen-poor
environment. Also, it is not unusual for uranium roll front deposits to have very
complex, three-dimensional shapes. Therefore, during an excursion, lixiviant
moving out from a well field may pass through reducing zones, even if the
excursion takes place on what appears to be the oxidized side of the roll front.
In my opinion, it is thus better to use parameters that are much less retarded by
rock/water interactions (see HRI License Condition 10.22), and that stay in
solution under oxidizing or reducing conditions.

Attachment C, at ¶ 30.

15. Furthermore, as stated in the FEIS, sodium was not selected as an excursion

parameter because it would be affected by ion exchange reactions between the solution and

sediment. HEIS at 4-20. Similarly, using sulfate as an excursion parameter would be

problematic because of potential false positives due to induced oxidation around a monitoring

well. FEIS at 4-20. I agree with these HEIS statements, and with the above-quoted statement

from Mr. Ford's 1998 Affidavit, both of which effectively rebut Dr. Abitz's previously submitted

opinion that uranium, sulfate, and sodium should be included as excursion parameters.
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16. Dr. Abitz further states that a mean and five standard deviations cannot be used

to calculate the UCLs, and that unless the statistical data exhibit a normal distribution the

median and intraquartile range (IQR) must be used. Abitz Affidavit, at 1 34. I disagree. Hays

(see reference in ¶ 3.M above, excerpts of which are attached as Attachment E) states that a

mean can be calculated for "any set of raw data in the form of numerical scores." Attachment

E, at 146. A mean may also be calculated for any distribution; the mean merely represents the

Ucenter of gravity" of a distribution. Attachment E, at 148-149. Furthermore, Hays describes

the computation of a standard deviation from a list of raw scores similar to what HRI would do

to calculate UCLs. See Attachment E, at 161. This position is consistent with Dr. Ronald

Christensen's statement that it is 'categorically false" that the mean and standard deviation are

meaningless unless these parameters are defined for a normal distribution. HRI Exhibit E, at

6. Thus, the mean and standard deviation are acceptable tools for calculating UCLs. If,

however, predictive statistics are desired (i.e., trend-analysis), then identifying the distribution is

necessary, as Dr. Abitz suggests.

Proper statistical analysis of the Crownpoint mine site water-quality data
reveals the presence of drinking water-quality ground water in the
production area.

17. In a repetitive fashion, Dr. Abitz argues that a mean cannot be applied to a data

set of measurements, and he accuses HRI of grossly misrepresenting baseline values. Abitz

Affidavit, at 1 38. I disagree, for the reasons stated above. Furthermore, there is no basis for

his claim that HRI has misrepresented baseline values because - pursuant to license conditions

10.21 and 10.22 - HRI has not yet had to calculate any such baseline values. Dr. Abitz further

states that concentrations of sodium and chloride from well CP-2 were omitted from FEIS Table

3.13. A review of the Crownpoint Technical Report (HRI, 1992b) indicates that these values
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may have been omitted from FEIS Table 3.13, but Dr. Abitz fails to show how this omission

substantively changes any conclusions regarding the ground-water characterization of the

Westwater Canyon aquifer.

18. Dr. Abitz also claims that the Crownpoint ore-zone is an underground source of

drinking water. Abitz Affidavit, at 1 37. I disagree. Table 3.13 of the FEIS presents a mean

uranium coracentration of 0.001 mg/I, which is below the current EPA drinking water standard of

0.03 mg/I. However, the mean radium-226 concentration is 65.86 pCi/I (picocurries per liter),

which exceeds the 5 pCVI EPA drinking water standard. Where radium-226 is present, radon-

222 is present. For example, average radon-222 concentrations within Unit 1 average 140,677

pCVI. Radon-222 is a soluble gas and poses a significant health risk from ingestion and

inhalation. Therefore, in my opinion, the Crownpoint ore zone is not an underground source of

drinking water.

Understanding the Geology of the Westwater Canyon and Uranium
Geochemistry Is the Key to an Accurate Hydrogeochemical Analysis of the
Mining Impacts.

The Westwater aquifer resides In a braided-stream
paleoenvironment, full of channels that provide
preferential flow paths for chemical contaminants.

19. In this section of his affidavit, Dr. Abitz describes the Westwater Canyon Member

as "a sequence of fluvial deposits that formed a large alluvial fan in a braided-stream

environment," and stresses that the "characteristic morphology of a stream is the channel,

comprised mostly of sand and gravel, contained by the muddy banks (clay, silt, and sand)."

Abitz Affidavit, at ¶ 40. I see two major problems in Dr. Abitz's description. First, alluvial fans

and braided-stream deposits are two entirely different geomorphic processes and structures.

Ritter (see reference in 11 3.CC above, excerpts of which are attached as Attachment F)
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describes an alluvial fan as follows:

Alluvial fans are one end of an erosional-depositional system, linked by a river, in
which rock debris is transferred from one portion of a watershed to another.
Fans are largest and most well developed where erosion takes place in a
mountain and the river builds the fan into an adjacent basin. Deposits tend to be
fan-shaped in plan view and are best described morphologically as a segment of
a cone radiating away from a single point source (fig. 7.17).

Attachment F, at 275-276. An alluvial fan depositional environment is not consistent with that

of the Westwater Canyon Member, as confirmed by the following conclusion made by Turner-

Peterson (see reference in 1 3.11 above, attached as Attachment G):

The sandstone thick north of Gallup, interpreted by earlier workers as the apex
of a large alluvial fan, instead reflects downwarping in an area that experienced
similar subsidence throughout the Middle to Late Jurassic.

Attachment G, at 73. Braided streams are reaches of an existing stream system that occur in

wide channel systems where sediments and bank materials are granular (erodible). Braided

stream deposits are not the same as alluvial fans.

20. Second, in my opinion, Dr. Abitz's characterization of braided stream morphology

as a stream contained by muddy banks is also completely inaccurate. Muddy banks consist of

varying amounts of silt and clay with smaller amounts of sand. These types of banks are

relatively cohesive and do not erode easily. However, as Ritter explains, braided stream

channel positions are likely to change rapidly (with channel shifts up to 122 meters (400 ft.) in

eight days having been documented), which is due most importantly to the presence of erodible

banks that are composed primarily of granular sediments (i.e., sands and gravels) with small

amounts of silt and clay. Ritter states in this regard that uif bank erosion is prohibited by

material cohesiveness or vegetation, it is unlikely that a braided pattern will develop.'

Attachment F, at 239.
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21. The presence of erodible banks allows the braided stream channels to constantly

scour granular bank and bar materials and redeposit new bank and bar materials at another

location. The result is a lithified sandstone formation with a smaller proportion of fines that

exhibits cross-bedding, cross-lamination, and cross-stratification, but that does not have

discrete subsurface channels. One type of stream system that couldform subsurface channels

is an anastomosed system. Anastomosed streams include bifurcated and subdivided trunks;

however, each trunk is contained by relatively non-erodible banks (i.e., well-graded banks

composed of clay, silt, smaller amounts of sand). Anastomosed streams are not braided

streams, and the descriptions by Ritter cited above clearly demonstrate the difference between

braided stream systems (with erodible banks) and anastomosed streams (with non-erodible

banks), the latter of which corresponds to Dr. Abitz's description of his "braided stream"

morphology. Thus, in my opinion, the affidavits of both Dr. Abitz and Mr. Wallace continue to

reflect a fundamental misunderstanding of the depositional environment of the Westwater

Canyon Member. This misunderstanding is the basis for their previously discredited "channel"

hypothesis.

22. Dr. Abitz further contends that the Westwater Canyon aquifer is a heterogenous

aquifer composed of "numerous subparallel channels that diverge and converge in response to

flow rate and sediment deposition." Abitz Affidavit, at ] 40. On this point he further claims that

"the axes of the regional stream channels were oriented roughly east-west, with flow to the

east-southeast during deposition of the sediments. Therefore, the regional east-west channel

structure of the sediment fabric is preserved in the Westwater Canyon, and these channels

influence groundwater flow and uranium mineralization." Abitz Affidavit, at 1142. Dr. Abitz later

pursues this east-west ground-water flow theme in arguing that contamination from the Teton
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ISL test site - located about two miles west of Section 17 - may have migrated to Section 17 "in

as little as 8 years." Abitz Affidavit, at 1] 67. In my opinion, there is no basis supporting the

presence of such east-west flowing channels. The natural ground water flow direction in this

area is northerly, along the natural dip of the geologic units. If ground water were to instead

flow east to west, certain natural laws would be violated such as Newton's Law of Universal

Gravitation, Darcy's Law, and Bernoulli's Law. Also, I note an apparent internal inconsistency

regarding the direction of Dr. Abitz's purported channels. In contrast to the regional east-west

channel structure he references above, he later posits the presence of "southwest-to-northeast

paleochannels." Abitz Affidavit, at 1 68.

23. Furthermore, the notion that subsurface channels are influencing ground-water

flow is simply incorrect. Dr. Abitz's opinion in this regard conflicts with the hydrologic literature I

quoted above, and is not consistent with the hydrologic data presented by Mr. Wallace. See

Wallace Affidavit, Exhibit B, Figure 26. According to Mr. Wallace, the hydrologic response to

pumping the Westwater Canyon aquifer near Unit 1 represents a north-south heterogeneity.

Wallace Affidavit at 11 53 and 54. (It should be noted that the Unit 1 pumping test data clearly

exhibits a homogenous response, in my opinion.) By claiming that the north-south orientation

of the Unit 1 ore body is related to sand channels, he contradicts Dr. Abitz who claims that the

sand channels exhibit an east-west orientation. In short, Dr. Abitz's migration and channel

hypotheses are simply not credible.

24. Furthermore, in ¶40 of his affidavit, Dr. Abitz does not address the fact that,

regardless of the depositional features preserved in the Westwater Canyon aquifer, it responds

as a homogeneous aquifer hydraulically. As stated by Whitney and Northrop (see reference in

1 3.MM above, excerpts of which are attached as Attachment H):
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Although the lithologies of the three members are far from uniform, the Morrison
Formation here consists of a hydrologically contiguous sandstone unit (the
Westwater Canyon Member) sandwiched between two heterogeneous, finer-
grained units, providing a continuous aquifer confined between two units of low
permeability. Hydrologic continuity of the Westwater Canyon Member
sandstone, which is approximately 100 m thick, is not broken by any known
major faults or facies changes within the study area.

Attachment H, at 355. Cowan (see reference in 11 3.F above, excerpts of which are attached

as Attachment I) similarly discredits the "channel" hypothesis, where he finds as follows:

It is evident that the depositional 'channel systems" of Campbell (1976), in the
order of tens of meters thick, do not exist; instead, the '5-1 0-m-thick sandstone
sheets are here recognized as the principal architectural component of the
Westwater Canyon Member.

Attachment I, at 84 (emphasis added). Cowan reiterates his aforementioned finding by

concluding as follows:

The "channel systems" described by Campbell (1976, Fig. 3 herein) are not
channelbelt deposits but records of post-depositional pore-water conduits
composed of amalgamated, -5-1 0-m-thick sheet sandstone bodies.

Attachment I, at 89 (emphasis added).

25. Additionally, in my opinion, the documentation and technical evidence presented

in HRI's Response shows that the Westwater Canyon aquifer, while non-uniform, acts

hydraulically homogenous. Dr. Abitz states that Judge Bloch incorrectly concluded that the

relevant scientific literature contains no references to "channelways." Abitz Affidavit, at 1142.

On the contrary, my review of the scientific literature supports Judge Bloch's conclusion.

Uranium ore bodies are intimately associated with the channels In the
Westwater Canyon.

26. Dr. Abitz's statements in this section regarding the sequence of uranium ore body

formation in the Westwater Canyon member are generally correct. First primary ore formed,

then oxidizing, infiltrating ground water redistributed the primary ore to form redistributed, roll-
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front ore deposits at an oxidation-reduction boundary. However, Dr. Abitz is incorrect regarding

the purported association between the presence of channels and the formation of the primary

uranium ore. Abitz Affidavit, at m 43. On this point, Kirk and Condon (see reference in T 3.X

above, an excerpt of which is attached as Attachment J) state as follows:

Uranium mineralization is intimately associated with a pore-filling of organic-rich
(kerogen or humate) cement in the host sandstones. ... Within ore trends, the
humate-rich orebodies are laterally and vertically discontinuous and occur in
various stacked ore horizons in the Westwater Canyon Member. In plan view ...
individual stacked ore deposits are sinuous and cross one another within the
overall trend.

Attachment J, at 113 (citations omitted). Additionally, Turner-Peterson states the following

regarding the origin of primary uranium ore:

Tertiary oxidation was a late diagenetic event. Earlier alteration events that were
reducing led to bleaching of some of the sandstones in the Westwater Canyon.
Two such reducing events occurred, one in the late Jurassic to Early
Cretaceous, and one during the Late Cretaceous. The first bleaching event was
related to emplacement of primary tabular uranium ore, which is associated with
humic organic matter.

Attachment G, at 54 (citations omitted). On this point, Turner-Peterson concluded her paper

with the following statement:

Uranium ore shows no preference for sandstone of any particular grain size,
sorting, or porosity, but does show a distinct preference for sandstone that is
interbedded with greenish-gray mudstone and claystone. These mudstone units
may well have been the source of the pore-filling organic material (humate) that
is associated with the primary uranium ore deposits.

Attachment G, at 74. Additionally, Turner-Peterson and Fishman (see reference in I 3.HH

above, a copy of which is attached as Attachment K) describe three genetic models for

primary uranium ore formation in the Morrison Formation (within the San Juan basin of the

Grants uranium region), with each model presenting a scenario for uranium source, humic acid

source, and resulting humate localization. I have reviewed Attachment K, and none of the
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models described therein even imply that subsurface channels are associated with uranium ore

deposition. In my opinion, it is abundantly clear that uranium ore deposition is completely

unrelated to the presence or absence of channels. Furthermore, as indicated in the above-

quoted articles, the channels hypothesized by Dr. Abitz do not exist, and, therefore, could not

have affected any uranium ore deposition or ground water flow in the Westwater Canyon

Member of the Morrison Formation. Mr. Dan W. McCarn extensively addresses this issue in his

April 21, 2005, affidavit. In ¶28 of his affidavit, Mr. McCam states that the Intervenors "do not

have a good understanding of uranium geological exploration concepts, expecially as it applies

to the redistributed, regional redox-controlled deposits found in the Grants Uranium Region."

He continues by stating that "remobilized roll fronts are not correlated with sand channels but

rather are related to the regional redox front." McCarn at ¶29. Furthermore he states that if

groundwater flow "were being channeled through narrow, discontinuous channels as suggested

by Abitz and Wallace, continuous mineralization could not occur in the vicinity of Crownpoint

and Church Rock." McCarn at 174. 1 agree with Mr. McCarn's description of the secondary

(redistributed) ore deposition. I disagree with his description of primary ore deposition. In 11

29 and 58, Mr. McCarn states that primary ore deposits are related to paleochannels. However,

this contradicts the above-cited work by Turner-Peterson and Kirk and Condon, which indicates

that no such control over primary ore deposition existed. This also contradicts the

geomorphology of braided stream systems (described above in 11 19-20) that allows

hydrologically contiguous sandstone sheets to be deposited and lithified. That being said, the

issue of paleochannels and primary ore is largely irrelevant here, because primary ore deposits

are not amenable to ISL mining, and are not present at HRI's Crownpoint and Church Rock

sites.
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I note here that the sections of Dr. Abitz's affidavit pertaining to attenuation issues (Abitz

Affidavit, at 111 48-57) are addressed by Dr. John Bradbury in his affidavit. See NRC Staff

Exhibit No. 4.

The Westwater Canyon aquifer will be contaminated by lixiviant injections
during mining because HRI's monitoring well configuration does not
reflect the paleochannel structure of the Westwater Canyon and the wells
will not detect all excursions of mining fluids.

27. In this section of his affidavit, Dr. Abitz maintains that Judge Bloch incorrectly

concluded "that paleochannels do not exist in the Westwater Canyon;" that the NRC staff

improperly ignored "the evidence of channel fabric in the aquifer;" and that the NRC staff further

erred in not "challenging HRI's technically unsupported notion that the aquifer is simply a

homogenous pile of sand." Abitz Affidavit, at 1 59. As indicated above, in my opinion, Dr.

Abitz's notion of a channel system controlling ore deposition and ground water movement in the

Westwater Canyon member is fundamentally flawed. The combination of professional studies

and pumping test piezometric contours provided by Mr. Wallace indicate that the Westwater

Canyon aquifer, while lithologically heterogeneous, is hydraulically homogeneous. Therefore, it

is my further opinion that HRI's planned placement of monitoring wells at equal spacings

around the entire production zone will (1) adequately monitor water quality; (2) detect in a timely

manner any lixiviant excursions that may occur; and (3) allow HRI to accurately assess

restoration effectiveness.
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HRI's proposed ISL mines pose a high likelihood of Irreparable harm to the
environment and public health in the Church Rock and Crownpoint Areas
because mining fluids will escape the ore zone and restoration of an .
aquifer to baseline values has never been achieved at an in situ uranium
mine.

28. In this portion of his affidavit, Dr. Abitz claims that a 'toxic plume will migrate

along preferential flow paths created by the sand and gravel deposits that form the

paleochannels." Abitz Affidavit, at ¶ 63. As indicated above, Dr. Abitz's scenario regarding toxic

plumes migrating along preferential flow paths is completely unrealistic in my opinion, because

no preferential flow paths exist. Furthermore, hydraulic controls, ground water monitoring,

natural geochemical processes and restoration protocols will, in my opinion, adequately protect

against any lixiviant excursions contaminating the aquifer beyond the monitoring well ring.

29. Dr. Abitz further claims that the record of the ISL uranium mining industry shows

that operators have been "unable to restore a single commercial in situ mining site to baseline

values ... without regulatory intervention to ease restoration standards or allowance for natural

attenuation over lengthy periods of time." Abitz Affidavit, at 1 64 (citations and footnotes

omitted). I dispute the accuracy of this characterization. As shown by my review of ISL

restoration information in Intervenors' Exhibits Y and Z (attached to the Intervenors' March 7

legal brief), a Texas ISL operator successfully restored some of its ISL sites (such as

Benavides PA Nos. 2 - 4) without seeking higher remediation standards.
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Unit 1 - The proximal Mobil Section 9 demonstration indicates high quality
drinking water at Unit 1 will be contaminated by in situ mining, and HRI's
license should be rescinded until more investigation at Section 9 is carried
out.

30. In his paragraphs 69 and 71, Dr. Abitz indicates that ground water containing

elevated levels of uranium and radium can be improved by blending it with other various waters,

implying that ground water which exceeds drinking water standards for these contaminants

presents only a small problem. On the contrary, if elevated levels of uranium and radium are

present, radon (a soluble, radioactive gas) is also likely present. See FEIS Tables 3.16 and

3.17. Treating water to remove these constituents concentrates them in the treatment waste,

which would likely require an NRC license to store and handle this material. Such treatment

would place an unreasonable burden and cost on local water distribution systems, in my

opinion. Therefore, I would not consider blending to be a reasonable treatment option for the

aforementioned radioactive constituents. Furthermore, Dr. Abitz disregards the underground

injection control (UIC) regulations contained in 40 CFR 146.4, which state that an aquifer or a

portion thereof may be exempted if it meets specified criteria. One such criterion states as

follows:

It is mineral, hydrocarbon, or geothermal energy producing, or can be
demonstrated by a permit applicant as part of a permit application for a Class II
or IlIl operation to contain minerals or hydrocarbons that considering their
quantity and location are expected to be commercially producible.

40 CFR 146.4. In my opinion, the ore zones at all of HRI's proposed ISL mining sites, together

with buffer areas around the ore zones, are capable of being qualified as exempted aquifers

31. Dr. Abitz also argues in this section of his affidavit that because ground-water

restoration efforts at the Mobil Section 9 site did not restore the ground water there to baseline

levels, HRI should not be allowed to proceed with its ISL mining. Abitz Affidavit, at 1 74. The
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issue of the Mobil Section 9 site data has been adjudicated at length, and Dr. Abitz does not

raise any new issues. In his May 11, 1999, affidavit filed on behalf of the NRC staff in this

proceeding (a copy of which is attached as Attachment L), Mr. Ford provided a comprehensive

discussion of the Mobil Section 9 site data. Attachment L, at ¶¶ 5-9, 11-12, 14, and 16-23. 1

concur with Mr. Ford's statements there regarding the Section 9 data.

Crownpoint - Municipal wells with water quality that meets all the EPA
drinking water standards will be polluted and unfit for human consumption
if HRI proceeds with mining at the Crownpoint site.

32. Dr. Abitz's arguments in this section - to the extent they rely on the presence of

paleochannels - lack an adequate technical basis, as I have discussed above. To the extent

that paragraphs 75-80 of Dr. Abitz's affidavit raise attenuation issues, these are addressed in

Mr. Bradbury's affidavit. Furthermore, in presenting his arguments in this portion of his affidavit,

Dr. Abitz ignores HRI license condition 10.27 that requires HRI to replace the town of

Crownpoint's water supply wells prior to injecting any lixiviant at its Crownpoint site. Therefore,

the municipal wells in question will not and cannot be polluted by ISL mining at the Crownpoint

site.

HRI's restoration cost estimates contained in the Restoration Action Plans
for Section 17, Unit I and Crownpolnt are not reliable because they are
based on scientifically unsupported pore volume calculations.

33. The issue of pore volume calculations has been adjudicated extensively during

the Section 8 proceedings, and Dr. Abitz provides no new information in this section

(paragraphs 81-98) of his affidavit. He contends that the ore-area method is improper for

calculating pore volumes (Abitz Affidavit, at In 84-85), and claims that HRI provided no

technical basis for the flare factors utilized in its pore volume calculations. Abitz Affidavit, at 11

88-89. In his January 22, 2001, affidavit filed on behalf of the NRC staff in this proceeding (a
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copy of which is attached as Attachment M), Mr. Ford discussed the method HRI used for

calculating the pore volumes, and provided justification for using this method based on data

from the Mobil Section 9 site. Attachment M, at 111 5 -11. A review of the data presented in

the FEIS and information provided in the Ford affidavit indicates that 9 pore volumes is a

prudent benchmark for computing surety cost estimates, and I concur with these statements of

Mr. Ford's.

34. Furthermore, in criticizing the pore volume estimates, Dr. Abitz ignores specific

license conditions governing adjustments to the surety. License condition 10.28 requires HRI to

perform a demonstration to confirm the number of pore volumes required for restoration.

License condition 9.5 requires HRI to adjust the surety amount upward if it is determined, as a

result of the demonstration project, that more than 9 pore volumes are required to achieve the

restoration goals. I therefore disagree with the opinions of Dr. Abitz stated in paragraphs 81-98

of his affidavit.

35. In the following sections of my affidavit, I address some of the specific claims

now made by Mr. Wallace. For ease of reference, I set forth (in bolded single-space) the sub-

headings used by Mr. Wallace in making the claims I address.

Crownpoint Site: Independent Modeling of Contaminant Transport
Demonstrates ISL Mining Will Result In Rapid Contamination of
Crownpoint's Municipal Water Supply Wells.

The HRI model of ground-water flow and transport is uncalibrated
and indefensible.

36. In this portion of his affidavit, Mr. Wallace makes a number of arguments that he

claims support the hypothesis that ISL mining at the Crownpoint site will contaminate the town

of Crownpoint's municipal wells. While I address each of these arguments individually below, I
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note that Mr. Wallace omits one crucial factor in all his hypotheses; pursuant to license

condition 10.27, HRI must replace the town of Crownpoint's municipal water supply wells prior

to injecting lixiviant at its Crownpoint site. Thus, Mr. Wallace's modeling effort may fairly be

viewed as strictly an academic exercise.

37. Mr. Wallace first claims that the Westwater Canyon aquifer is channelized, a

hypothesis that he states is supported by the literature and by HRI's pumping test data. Wallace

Affidavit, at ¶ 13. Mr. Wallace's "channelization" claim parallels that of Dr. Abitz, and it lacks an

adequate technical basis for the same reasons as I have discussed above in rebutting Dr. Abitz.

38. Mr. Wallace asserts that HRI's pumping test data for the Crownpoint site

supports the existence of channels in the Westwater Canyon Member. He states in this regard

that "If the drawdown cone is not perfectly circular, ... then the rock likely contains channeling

features." Wallace Affidavit, at 1 29. He supports this hypothesis by presenting a contour map

of drawdowns during a pumping test at the Crownpoint site. Wallace Exhibit B, Figure 1Oa

(reproduced in this affidavit as part of Attachment N). A few basic flaws exist in Mr. Wallace's

hypothesis. Under most real-world isotropic conditions - in which hydraulic conductivity is

assumed to be the same in all directions - cones of depression are usually sub-circular or

slightly elliptical rather than perfectly circular. Cones of depression more elliptical in shape are

indicative of anisotropic conditions (hydraulic conductivity is different in different directions).

However, anisotropy does not necessarily indicate that channels exist; rather, it indicates

heterogeneities in aquifer materials. Strongly elliptical cones of depression could indicate

preferential flow paths caused by fractures, faults, or matrix heterogeneities (i.e. bedding

planes, impermeable zones, or subsurface channels). Mr. Wallace attempts to emphasize this

point by using his Figure 1 Oa to represent the cone of depression during a Crownpoint pumping
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test. The major problem with Mr. Wallace's hypothesis here is that absolutely no information

exists south of the pumping well in question. Therefore, Mr. Wallace has no information

regarding how the aquifer will respond in 50 percent of the affected area. Any conclusions

regarding heterogeneities drawn without accounting for 50 percent of the area are, at best,

suspect.

Comparison of homogeneous and heterogeneous contaminant
flow models.

39. Mr. Wallace creates a contaminant flow model based on the unfounded

assumption that channels exist. Mr. Wallace creates his model using manipulated hydraulic

conductivities designed to match his non-existent channel. See Wallace Figure 5 (reproduced

in this affidavit as part of Attachment N). In developing his hydraulic conductivity map he sets

the hydraulic conductivity of the channel sides three orders of magnitude less than the hydraulic

conductivity of the channel interior. Wallace Affidavit, at 11 32, Table 1. Such anisotropy cannot

reasonably be derived from his Figure 5. For example, my review of his Figure 5 indicates that

drawdown at well CP-7 (north of CP-5) is 11 feet, while the drawdown at CP-8 (west of CP-5) is

16 feet. If sediments to the north exhibited hydraulic conductivities three orders of magnitude

less than sediments to the west, the difference in drawdown would be significantly greater than

31 percent. The overall conclusion I draw regarding Mr. Wallace's model is that it represents

an imaginary scenario based on information that is clearly unsubstantiated by literature and

HRI's data. Therefore, any conclusions Mr. Wallace draws from his model are unrealistic ones,

in my opinion.
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Aquifer Tests at the Crownpoint Site were Designed Improperly and Could
Not Have Detected Drawdown in the Overlying Dakota Aquifer.

40. In this portion of his affidavit, Mr. Wallace states that HRI's 1991 pumping test

could not have detected drawdown in the overlying Dakota aquifer because the Dakota aquifer

monitoring well was too far from the pumping well for drawdown to be detected. Wallace

Affidavit, at ¶1 45 and 50. Mr. Wallace in effect accuses HRI of having intentionally moved the

Dakota monitoring well a sufficient distance from pumping well CP-5 to avoid detecting any

influence on the Dakota Formation caused by pumping the Westwater Canyon aquifer. But he

also states that differential scouring of the Brushy Basin could have created zones of

interconnection near and to the east of pumping well CP-5, but not to the west of this well.

Wallace Affidavit, at 1 50.

41. Mr. Wallace's assertion that no drawdown was observed in CP-1 0 due to the

distance between it and CP-5 (1,400 feet, as measured from Figure 1 0a in Attachment N)

does not appear to be valid, based on the following information. Well CP-8 exhibited

approximately 16 feet of drawdown during the pumping test, as indicated in Attachment N,

Figure 10a. (Note that Mr. Bartels in ¶ 153 of his 2005 affidavit states that the fluid level drop

was 14.21 feet). If a hydraulic connection of any significance were present, some head drop in

CP-1 0 would have been seen, in my opinion. Mr. Bartels, citing the February 1992 Crownpoint

pumping test report, states the following regarding the Crownpoint pumping test:

The large drawdown in CP-8 coupled with the attendant, overall rise in
fluid level and lack of response in CP-10 and the disparity in beginning
fluid levels and the water qualities of the two wells show that the Dakota
Sandstone and the Westwater Canyon are, for all practical
expectations, separated hydrologically.
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HRI Exhibit B, at 11 154. Additionally, the 1982 pumping test at Unit 1, near the Crownpoint site,

showed no hydraulic connection between the Westwater Canyon and Dakota aquifers. See

page 2-62 of the Environmental Assessment, Unit 1 Allotted Lease Program, attached as part

of Attachment 0. Also, the Whitney and Northrop technical research paper states that the

Westwater Canyon aquifer is a "continuous aquifer confined between two units of low

permeability." Attachment H, at 355. Therefore, based on a preponderance of the available

information, there is no reason to believe that the Westwater Canyon aquifer is not confined

above by the Brushy Basin Member. Furthermore, prior to lixiviant injection, license condition

10.18 requires HRI to install monitoring wells in the Dakota aquifer; and license condition 10.23

requires HRI to perform additional pumping tests to confirm hydraulic isolation. I also note that

Mr. Wallace's arguments for hydraulic connection based on head differences between well sets

(Wallace Addendum at 1112) are not technically valid, in my opinion. Hydraulic connection is

determined by changes in hydraulic head in an overlying or underlying aquifer during a pumping

test, as Mr. Wallace himself states more than once. Wallace Affidavit, at 111144 and 46.

Unit 1 Site: ISL Mining Likely to Negatively Affect Underground Source of
Drinking Water Outside of the Mining Area.

HRI's modeling of contaminant transport from Unit 1 to the
Crownpoint municipal wells Is non-conservative and flawed.

42. In this portion of his affidavit, Mr. Wallace presents a Unit 1 contaminant

transport model based on (1) his discredited hypothesis that channels exist in the Westwater

Canyon Member; and (2) his use of HRI's pumping test data. Wallace Affidavit, at 1111 53 - 55.

According to Mr. Wallace, a contour map of the Unit 1 pumping test drawdowns (his Figure 26

in Attachment N) indicates the presence of a 20 percent heterogeneity in the north-south

direction. Wallace Affidavit, at 11 53. There are some major problems in Mr. Wallace's model
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assumptions, which I discuss below.

43. Mr. Wallace claims a north-south heterogeneity in the aquifer response that

purportedly corresponds to channels. Based on my pump test experience, the aquifer response

presented in his Figure 26 (Attachment N) is quite homogeneous for a real-world pumping test.

As discussed above regarding Mr. Wallace's Crownpoint model, because of natural

heterogeneities in aquifer material a cone of depression is rarely perfectly circular. However, a

sub-circular cone of depression such as that presented in his Figure 26 would be highly

representative of an homogeneous aquifer. Furthermore, as I discussed above regarding Dr.

Abitz's channel theory, recent research clearly indicates that the hypothetical channels do not

exist. The Intervenors' experts themselves provide evidence that their channel hypothesis is

unfounded because they disagree on the direction of the channels. Dr. Abitz claims the

"1regional stream channels" trend east to west. Abitz Affidavit, at T 42. But in defending his Unit

1 contaminant transport model, Mr. Wallace states that uskewness [of the contour map]

corresponds with the orientation of the ore body channels shown in the middle of Unit 1 mining

area in HRI's flow pathways diagram" (Wallace Affidavit, at 1 53), a diagram which depicts a

north-south direction. Then, to develop his model, Mr. Wallace assumes that east-west

channels will convey contamination toward the town of Crownpoint wells after he "establishes" a

north-south channel orientation. In short, the conclusions Mr. Wallace draws from his Unit 1

contaminant transport model are not realistic or credible, in my opinion. I note this opinion is

shared by Mr. McCarn, as shown by his statement that the Intervenors' mathematical models of

ground water flow, predicated as they are on a system of sinuous "fast-flow" channels, 'are

totally erroneous." HRI Exhibit D, at 11 16.
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Section 17: ISL Mining Likely to Affect Current and Future Uses
of an Underground Source of Drinking Water.

Available evidence Indicates that the Westwater Canyon Aquifer is
in extensive hydraulic communication with the overlying Dakota
Sandstone.

44. In this portion of his affidavit, Mr. Wallace states his opinion that "fractures

created hydraulic communication" between the Dakota and the Westwater Canyon Aquifer.

Wallace Affidavit, at 1 63. But as he acknowledges earlier in his affidavit, aquifer pump tests

"are the most commonly used assessment tool to determine if there is a hydraulic connection

between the mine zone and overlying aquifer." Wallace Affidavit, at 11 44. HRI performed such

a pumping test at its Church Rock site, which included the placement of monitoring wells in the

overlying Brushy Basin Member and Dakota Sandstone. HRI stated in its revised

environmental report (see reference in 11 3.Q above, excerpts of which are attached as part of

Attachment 0) that the results of this regional pump test showed the presence of "excellent

confining shales for the Westwater Canyon aquifer," as evidenced by 'the lack of drawdown in

the over and underlying observation wells" during the pumping of well CR-3. Attachment 0, at

113 (note that for completeness, Attachment 0 includes copies of both page 113 from the

March 1993 environmental report, and replacement page 113 which is date-stamped October

11, 1993). Thus, in my opinion, Mr. Wallace's fracture testimony (Wallace Affidavit, at 11 63)

lacks an adequate technical basis. Additional testimony of Mr. Wallace's related to this point is

rebutted in my Tj 46-48, below.

Available evidence Indicates that the Recapture Member has no confining
capabilities at Section 17.

45. In this portion of his affidavit, Mr. Wallace asserts that the Recapture Member is

either absent or is a sandstone "with silts mixed in" at Section 17. Wallace Affidavit, at 1 69.
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Based on my review of the available drilling and geophysical logs for Section 17, I disagree.

While Mr. Wallace is correct that the vast majority of the boreholes in this vicinity do not extend

into the Recapture Member, three borings along Section E-E' do extend into the Recapture

Member: 53/41, 41/36, and 46/38. My review of the geophysical logs for borings 41/36 and

46/38 (taken from the replacement pages of the March 1993 report referenced in m 3.Q above,

and attached as Attachment P) indicate the presence of a geologic unit that is finer-grained

than the Westwater Canyon Member when the spontaneous potential and resistivity logs are

considered. Geophysical logs for boring 53/41 are discussed in the affidavit of Mr. William von

Till at r 12. HRI classifies this finer-grained unit as the Recapture Member, and based on my

review of the geophysical logs in Attachment P, I agree with HRI's assessment. Furthermore,

HRI license condition 10.32 requires the installation of monitoring wells in the Cow Springs

aquifer to characterize its water quality, and to assess its hydraulic connectivity to the

Westwater Canyon aquifer.

Modeling indicates contaminants can be transported from Section 17 to a
well or wells at the planned Springstead Housing Development two miles
south of Section 17.

46. In this portion of his affidavit, Mr. Wallace raises issues of contaminants

migrating up-gradient toward the proposed Springstead Estates. Wallace Affidavit, at 1111 70-78.

These issues for the most part are no different than those previously addressed in this

proceeding by Mr. Ron Linton in his June 25, 2004 affidavit (a copy of which is attached as

Attachment 0). In his affidavit, Mr. Linton states that Mr. Wallace provided no evidence that

Springstead Estates will actually be constructed; no engineering or hydrogeologic studies

confirming the particular aquifer it would utilize for drinking water; and no reasonable scenario

whereby contamination would be drawn 1.5 miles directly up-gradient from HRI's Church Rock
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ISL mining sites. I concur with Mr. Linton's conclusion that "any new Section 30 wells would

face no threat from any Section 17 groundwater, whether or not ISL mining occurs there."

Attachment Q, at 1114.

47. Mr. Wallace now presents a model that "embodies another type of channelized

flow, this time expressed through faulting impacts on blocks of sedimentary rock." Wallace

Affidavit, at ¶ 70. Mr. Wallace claims that contaminant migration would occur through faults

connecting Section 17 and the proposed Springstead Estates development. He supports his

testimony by stating that "faults oriented in the same general direction area also well known to

exist in the area. The pipeline fault is but one example." Wallace Affidavit, at 1 73, citing FEIS,

Figure 3.8 at 3-20.

48. Mr. Wallace's fault scenario is discredited by recent research. Thaden and Zeck

in Plate I of their structural contour map of the San Juan Basin (see reference in T1 3.EE above,

an excerpt of which is attached as Attachment R) show no faults with surface expressions

located in or near Section 17. Attachment R. In addition, Phelps, Zech, and Huffman in their

seismic study of the Church Rock area (see reference in 11 3.BB above, excerpts of which are

attached as Attachment S) locate various subsurface faults in relation to uranium bodies. With

respect to the Church Rock Section 8 and 17 ore bodies, no faults exist within the Cretaceous,

Jurassic (includes the Morrison Formation), and Triassic-age rocks, as clearly indicated by their

Figures 7 and 11. Attachment S. Faults are present in the older and deeper Permian and

Precambrian formations; however, such faults are oriented east to west and would be

hydraulically separated from the Morrison Formation. See Attachment S. Therefore, no

credible scenario for fault channeling exists, and I conclude that Mr. Wallace's transport model

for Section 17 lacks a technical basis. Accordingly, in my opinion, no results or conclusions
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generated by Mr. Wallace from his Section 17 model are credible.

The Only Independent Critique of HRI's Hydrologic Model and the NRC
Staff's Acceptance of it Has Never Been Refuted and Brings into Question
the Wisdom of Leaving Important Hydrogeologic Issues to Resolution After
Licensing.

49. In this portion of his affidavit, Mr. Wallace repeats certain unsworn statements of

Dr. Shlomo P. Neuman, previously proffered by the Intervenors. Wallace Affidavit, at liji 79-85.

In a presentation to the NRC staff, Dr. Neuman stated that the "hydrogeologic conceptual

framework behind the FEIS is flawed (neither realistic nor conservative) and therefore

indefensible." Wallace, Exhibit E. However, in a later e-mail, Dr. Neuman stated that he had

unever formulated either a formal or an informal position regarding the above site or issues."

Wallace, Exhibit E. Because the only written comments we have are those from copies of his

presentation slides, I will respond to the general issue of the hydrogeologic conceptual

framework.

50. I disagree with Dr. Neuman's assessment of the geologic framework. Dr.

Neuman did not review the technical data behind the FEIS, and, therefore, his assessment

lacked an adequate technical basis. Published literature cited above in this affidavit, pumping

test results, and HRI geophysical logs, all indicate that the Westwater Canyon aquifer is a

hydraulically homogenous, confined aquifer with confining layers of significant thickness above

and below. Furthermore, independent analyses of boring and geophysical logs by (1) Kirk,

Huffman, and Zech (see reference in T] 3.Y above, excerpts of which are attached as part of

Attachment T), and (2) Scott (see reference in 1T 3.DD above, excerpts of which are also

attached as part of Attachment T) clearly show that the Recapture is present in both the

Church Rock and Crownpoint areas. See Attachment T, Figures 3 and 7.
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51. Dr. Neuman also stated that HRI did not utilize his ratio method for analyzing

pumping test data, and HRI did not consider the multiple aquifer theory of Javandel and

Witherspoon (Wallace, Exhibit E). Dr. Neuman's arguments are not entirely correct, in my

opinion. An analysis of the Unit 1 pumping test performed by Thomas A. Prickett and

Associates (TPA) in 1983 on behalf of Mobil (see reference in u 3.FF above, an excerpt of

which is attached as Attachment U), included a discussion of potential multiple aquifer effects

based on some deviations from the Theis curve. See Attachment U. However, multiple aquifer

effects were deemed inconsistent because the layers separating sandstone sheets in the

Westwater Canyon aquifer were of inconsistent thickness and permeability, and the relative

permeability difference between the separating beds and the sandstone sheets was not

significantly large. TPA also observed that transmissivities in single zone wells were similar to

those of multi-zone (sandstone sheet) wells. Therefore, TPA concluded that ground-water flow

was radial and that Theis was an appropriate analytical technique. See Attachment U at 12.

Regarding Dr. Neuman's ratio method, in a paper he coauthored with Paul A. Witherspoon (see

reference in ¶ 3.AA above, a copy of which is attached as Attachment V), Dr. Neuman stated

that "When the pumped aquifer is slightly leaky, one can evaluate its transmissibility and

storage coefficient by the usual procedures based on the Theis equation." Attachment V at

1290. None of the pumping test reports I examined indicated that aquitard leakage was

appreciable; therefore, at this point in time, Theis appears to be an appropriate solution, in my

opinion. As previously stated, I disagree with Dr. Neuman's assessment of the hydrogeologic

conceptualization, and believe that the literature and technical data developed by HRI supports

the premise that the Westwater Canyon aquifer is sufficiently confined by rock units above and

below it. However, HRI's license conditions require that HRI confirm the hydrogeologic regime
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during well field development and prior to any lixiviant injection.

Key Differences between Section 8 and the Sites at Section
17, Unit 1, and Crownpoint

52. In this section of his affidavit, Mr. Wallace attempts to differentiate Section 8

from the other proposed ISL mining sites by stating the following: the Westwater Canyon

Member is about 'twice as deep" at the Unit 1 and Crownpoint sites compared to its depth at

Church Rock Sections 8 and 17 (Wallace Affidavit, at 1 86a); the Unit 1 and Crownpoint sites

are relatively close to a set of municipal water supply wells (Wallace Affidavit, at i 86b); "sand

channelization" exists in a west-east direction at the Unit 1 and Crownpoint sites, but in a south-

north direction at Section 8 (Wallace Affidavit, at 1 86c); Section 17 contains conventional

uranium mine workings not present at Section 8 (Wallace Affidavit, at 1 86d); and Section 17

will be located within three miles of the proposed Springstead Estates housing development.

Wallace Affidavit, at 1 86e.

53. In my opinion, the depth of the Westwater Canyon Member is irrelevant to this

discussion. While the Crownpbint municipal wells could be operating during any ISL mining at

Unit 1, my review of the literature and technical data which I have discussed in this affidavit

indicates that these wells would not be affected by ISL mining at Unit 1. Regarding the

Crownpoint site, the municipal wells would have to be relocated prior to lixiviant injection, in

accordance with license condition 10.27. Therefore, any ISL mining at the Crownpoint site

would not impact the existing municipal wells. I reject Mr. Wallace's sand channelization

hypothesis. See Ad 19 - 26, 43, above. I further emphasize here that even if one accepts Mr.

Wallace's sand channelization hypothesis, Section 17 and Section 8 contain the same ore

body, so that the orientation of his channels would be the same at these contiguous sites.
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Regarding mine Section 17 water quality, in my opinion, the Westwater Canyon Aquifer has

been adequately characterized for the purposes of obtaining a license, and license conditions

10.21 and 10.22 adequately provide for the collection of additional data to establish restoration

goals and upper control limits. Furthermore, Mr. Wallace's statement that "Section 17 will be

located within 3 miles of a major residential community" (Wallace Affidavit at i 86e) is not

backed by any evidence that Springstead Estates will actually be built, or that contamination

from Section 17 operations will impact the community if it is built. See Ad 46 - 48, above.

54. The statements expressed above are true and correct to the best of my

knowledge, information and belief.

Sfephen J. Cnzen IRAI

Sworn and subscribed to before me
this 29tda of A 2005

Notary Public
My commission expires:

WRY Ccmplissihn Expire: July L,&4 m
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Stephen J. Cohen, PG

EXPERIENCE:

July 2004 -
Present

U.S. Nuclear Regulatory Commission, Rockville, Maryland. Hydrogeologist, Uranium
Processing Section, Fuel Cycle Facilities Branch, Division of Fuel Cycle Safety and Safeguards.
Responsible for performing technical reviews and evaluations of license applications, license
amendment requests, reclamation/decommissioning plans, ground water monitoring plans, ground
water corrective action plans, long-term surveillance plans, environmental reports, and
environmental impact statements (EISs) in the fields of geology and hydrogeology for conventional
and ISL mills. Reviews are documented in technical evaluation reports, completion review reports,
environmental assessments and environmental impact statements. Also responsible for preparing
license conditions, or make recommendations for denials based on technical reviews of license
applications or amendment requests. Member of the Uncertainty Advisory Group.

September
2000 -
July 2004

KCI Technologies, Inc., Hunt Valley, Maryland. SeniorAssociate. Responsible for developing
watershed management business and managing and undertaking a wide variety of natural resource
projects including watershed studies, watershed planning, storm drain sampling, dam removals, bank
stabilization, and natural fish passage. Projects were undertaken for public-sector clients to assist in
total maximum daily loads (TMDLs), National Pollutant Discharge Elimination System (NPDES),
Chesapeake Bay Agreement, and environmental mitigation compliance. Management duties
included client management, proposal preparation, budget and schedule management, and
marketing. Technical responsibilities included hydrologic, ground water, and watershed modeling,
construction document preparation (plans, specifications, and estimates), feasibility study and
watershed management plan preparation. Also provided technical expertise regarding geologic
issues for National Environmental Policy Act (NEPA) projects and managed natural resource
investigations on large-scale EIS projects such as the Baltimore-Washington MAGLEV project.

April 1999 -

September
2000

Straughan Environmental Services, Inc., Columbia, Maryland. Natural Resources Manager.
Managed a natural resources team of 8 to 10 scientists and engineers performing a variety of
natural resources projects including wetland delineations, natural resource inventories/forest stand
delineations, stormwater management plans, stream restoration, Phase I Environmental Site
Assessments (ESAs), air modeling, and EIS preparation. Responsibilities included the full
spectrum of managerial duties, such as proposal preparation, schedule and budget management,
and personnel management. Also performed hydrologic and hydraulic modeling and geologic
investigations to support stream restoration projects and wetland mitigation projects.

June 1993 -
April 1999

B. Koh & Associates, Inc., Owings Mills, Maryland. Senior Hydrogeologist. Designed and
managed ground water monitoring programs, aquifer tests, ground water modeling, and sampling
programs for various environmental media to prepare hydrogeologic and hazardous/radiological
contamination migration studies. Performed ground water modeling and designed and
implemented aquifer characterization studies associated with aquifer restoration projects.
Designed and managed soil and ground water investigations as part of radiological site
characterization studies and hazardous waste investigations under Comprehensive Environmental
Responsibility, Compensation, and Liability Act (CERCLA), Resource Conservation and
Recovery Act (RCRA), and the Atomic Energy Act. Supervised compliance with RCRA and
Clean Water Act for industrial clients, and managed CERCLA removal actions and RCRA
Corrective Actions including soil and ground water remediation projects.

A

March 1990-
June 1993

Dames & Moore, Inc., Linthicum, Maryland. Hydrogeologist. Responsibilities included proposal
preparation and management of various projects including Phase I and Phase II ESAs, hydrogeologic
investigations, sampling programs for various environmental media, and the design and installation



of monitoring well networks. Designed underground storage tank (UST) removal programs and
designed and implemented ground water investigations and remediation programs associated with
leaking underground storage tanks (LUSTs). Acted as hydrogeologist on large-scale investigations
including CERCLA RI/FS and RCRA corrective action projects. Also prepared hydrogeologic
reports; modeled ground water using MODFLOW, MOC, AQTESOLV, SURFER, and GRAPHER;
and designed and managed aquifer tests.

March 1988 - Dvirka & Bartilucci Consulting Engineers, Woodbury, NY. Geologist/Ent'iroinmental Scientist.
March 1990 Responsibilities included the design and implementation of programs for major industrial clients to

maintain compliance with New York State and Federal hazardous substances/waste regulations.
Specific activities included preparation of New York State Part 373 (RCRA Part B analogue) permit
applications; preparation of annual storage and disposal reports in accordance with the New York
state hazardous waste regulations and Toxic Substances Control Act (TSCA); and modification of
land disposal practices in compliance with Hazardous and Solid Waste Amendments (HSWA).
Additional responsibilities included the oversight of monitoring well installation, collection of
environmental samples from various media, analysis of slug test data, data validation, and oversight
of small-scale soil remediation programs.

June 1987- Nassau County Bureau of W'ater Pollution Control, Mineola, New York. San itarian.
March 1988 Responsibilities included inspecting petroleum UST installations, removals, and tests and examining

excavation sites for petroleum-contaminated soils. Additional responsibilities included the oversight
of soil remediation and the enforcement of Nassau County codes.

EDUCATION:

LICENSING:

M.S., Geological Engineering, University of Idaho, Moscow, Idaho, 2004
Certificate of Continuing Engineering Studies, Civil Engineering, The Johns Hopkins
University, Baltimore, Maryland, 1998
B.S., Geology, University of Maryland, College Park, Maryland, 1986

Registered Professional Geologist, No. 530-G., Pennsylvania

PUBLICATIONS:

Hegberg, C.H., Jacobs, S., Schlindwein, P.A., Cohen, S.J. Natural Fish Passage Stnrctures in Urban Streams (Part
l:Hydrologic and Resource Issues). Proceedings of the International Conference on Ecology and Transportation,
Keystone, CO, September 24-28, 2001. Raleigh, NC: Center for Transportation and the Environment, North
Carolina State University (March 2002): 98-108.

Hegberg, C.H., Jacobs, S., Schlindwein, P.A., Cohen, S.J. Natural Fish Passage Structures in Urban Streams (Pan
2:Hydraulic Design and Analysis). Proceedings of the International Conference on Ecology and Transportation,
Keystone, CO, September 24-28, 2001. Raleigh, NC: Center for Transportation and the Environment, North
Carolina State University (March 2002): 109-120.

Cohen, S.J. A Modified Sand Filter Design for Use in Karst Areas. Journal of Geotechnical and
Geoenvironmental Engineering. American Society of Civil Engineers (under review).

PRESENTATIONS:

Structural Design for Fish Passage. Ohio Transportation Engineering Conference. Columbus, Ohio. October 22-
23, 2001.

Stream Restoration Design and Construction: Creating a Successful Project. Ohio Transportation Engineering
Conference. Columbus, Ohio. October 22-23, 2001.



ATTACHMENT B

GROUND WATER MONITORING EXCERPTS FROM

Environmental Assessment, Unit 1 Allotted Lease Program, Eastern Navajo District,
NM, January 6, 1992

(Section 2.7.4 and Table 2.7-3, pages 2-67 through 2-77)

HRI, Inc. Crownpoint Project, In Situ Mining Technical Report, June 12,1992

(Section 2.3.1.2 and Tables 2.3-3 to 2.3-13, pages 32-44)

HRI, Inc., Churchrock Project, Revised Environmental Report, March 1993

(Page 86, and replacement page 86 date-stamped October 11, 1993;
Figures 2.7-2 through 2.7-4 (pages 88-90); Figures 2.7-6 through 2.7-12
(pages 92-98). Note that oversize Figures 2.7-1 (page 87) and 2.7-5 (page
91) are not included).

38



2.7.4 Groundwater Quality

In the Mobi Crownpoint Project Area, shallow aquifers are tapped for domestic water supplies,
Irrigation, and stock watering. Shallow groundwater occurs in a multi-aquifer system of
sandstones and in most places Is under confined, or artesian conditions The Westwater Canyon
Member of the Morrison Formation Is the host rock for uranium ore. The Westwater Aquifer Is a
domestic water supply source for. the town of Crownpoint and Is an Important aquifer in most of
the San Juan Basin. The Dakota Is not considered a major aquifer In the area.

Results of water quality analysis of groundwater samples obtained by HRI from SectIon 24, which
Is adjacent to the Unit I Prolect, are summarized In Table 2.7-3. HRI has been collecting
groundwater samples between 1990 and the present from the Westwater Canyon formation
(potential mine zone), the Dakota formation (first overlying aquifer) and the Recapture (first
underlying aquifer). The analysis given In Table 2.7-3 represents the most comprehensive
assessment of the water quality In the Unit I Project Area.

A review of the data In Table 2.7-3 shows that water quality In the Westwater Canyon formation Is
of good quality, based on EPA Primary Drinking Water Standards. Water quality In the overlying
Dakota formation also appears to be of fairly good quality-the Recapture formation has similarly
good quality water.
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Table 2.7-3 HRI's Ground Water QualIty Surxary

WrDRO RESOURCES INC.
CROIAPOINT PROJECT
WATER QUALITY SUMMARY

WELL CP-1

PARANETER 6-21-90
s"x max

CALCILM 1.4
RACGESIUL 0.34
SODIUK 138
POTASSIUM 5.9
CAURONATE 53
VICARBORATE 170
SULFATE 50
CHLORIDE 15
NITRATE 0.01
FLIORIDE 0.57
SILICA 2
TDS 380
CONDUCTIVITY .611
ALKALINITY 227
PH 9.61
ARSENIC 4.001
BARIUM 0.04
CADKILI( (.0001
CHROMIUM <.01
COPPER <.01
IRON 0.02
LEAD '.001
MANGANESE (.01
HERCURY <.0001
MOLYBDENUM 0.01
NICKEL '.01
SELENIUM <.001
SILVER <.01
URANIUM 0.006
VANADILU <.01
ZINC - <.01 -
BOROR 0.11
AM4ONIA <.01
RADIUH 226 0.9
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Table 2.7-3 HRI's Gro~rd Water Ouality Summary (Cont)

WELL CP-2

PARANETER 9-5-90 5-22-91 10-22-91 WINTER AVG. STD. IHM. MAX

CALCIUM 123 132 114 123 7 114 132
XACMESILU 13 11 14 13 1 11 14
SODIUM 342 266 326 311 33 266 342
POTASSIUM V4 820 760 828 59 760 904
CARBONATE 0 0 0 0 0 0 0
BICARBONATE 183 177 156 172 12 156 183
SULFATE 73 73 62 69 5 62 73
CHLORIDE 1486 1230 1341 1,352 105 1230 1486
NITRATE 0.02 0.01 0.2 0.08 0.09 0.01 0.2
FLUORIDE 0.36 0.65 0.42 0.48 0.12 0.36 0.65
SILICA 16 17 16 16 0 16 17
TDS 3190 2730 2830 2,917 198 2730 3190
CONDUCTIVITY 5360 4750 4960 5,023 253 4750 5360
ALKALINITY 150 145 128 141 9 128 150
PH * 7.86 7.92 7.85 7.8U 0.03 7.85 7.92
ARSENIC <.001 4.001 0.001 0.000 0.000 0 0.001
BARIUM 1 0.45 0.74 0.73 0.22 0.45 1
CADMIUM <.0001 <.0001 0.0008 0.0003 0.0004 0 0.0008
CHROMIUM '.01 <.01 C.01 0.00 0.00 0 0
COPPER 4.01 <.01 <.01 0.00 0.00 0 0
IRON 0.36 0.92 0.28 0.52 0.28 0.28 0.92
LEAD 0.013 <.001 0.002 0.005 0.006 0 0.013
MANGANESE 0.29 0.21 0.15 0.22 0.06 0.15 0.29
MERCURY <.0001 <.0001 <.0001 0.0000 0.0000 0 0
MOLYBDENUJ 0.01 0.02 <.01 0.01 0.01 0 0.02
NICKEL <.01 <.01 '.01 0.00 0.00 0 0
SELENIUM <.001 4.001. <.001 0.000 0.000 0 0
SILVER <.01 <.01 4.01 0.00 0.00 0 0
URANIUM 0.021 0.013 0.003 0.014 0.005 0.008 0.021
VANADIUM '.01 <.01 '.01 0.00 0.00 0 0
ZINC 0.01 '.01 0.03 0.01 0.01 0 0.03
BORON 0.07 0.09 0.0 0.08 0.01 0.07 0.09
AWI9OIA '.01 0.04 0.1 0.05 0.04 0 0.1
RADIUM 226 806 128 492 475.3 277.0 128 806
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Table 2.7-3 HRI's Ground Water Quality Summary (Cont)

K LL CP*3

PARAMETER 6-21-90 9-6-90 5-22-91 10-22-91 WINTER AVG. STD. Him. MAX
-- ----zuz3 zzgz=usug-gg- 3 3 a3 3 s3 u wxggs2 s3 sus3 sZ as 3 3 z 3 ZRmz3z3a z*rU3-3-----u -uuz

CALCIUM 1.3 4.2 7.8 6.6 5.0 2.5 1.3 7.8
MAGNESIUM 0.14 1.9 2.2 2.5 1.7 0.9 0.14 2.5
SCDIUM 115 166 184 180 161 28 115 184
POTASSIUM 4.7 56 52 52 41 21 4.7 56
CARBONATE 49 1 12 7 17 19 1 12
BICARBONATE 161 260 245 251 229 40 161 260
SULFATE 21 158 177 175 133 65 21 177
CHLORIDE 13 52 54 48 42 17 13 54
NITRATE <.01 0.03 0.01 0.24 0.07 0.10 0 0.24
FLUORIDE 0.36 0.45 0.5 0.45 0." 0.05 0.36 0.5
SILICU * 16 17 19 13 7 1 19
SDS 308 632 666 661 567 150 308 666
CONDUCTIVITY 487 961 999 1040 872 224 487 1040
ALKALINITY 214 215 221 218 217 3 214 221
PH 9.53 8.35 8.62 8.52 8.76 0.46 B.35 B.62
ARSENIC <.001 <.001 <.001 <.001 0.000 0.000 0 0
BARIUM 0.03 0.03 0.04 0.02 0.03 0.01 0.02 0.04
CADMIUM <.0001 <.0001 0.0002 '.0001 0.0000 0.0001 0 0.0002
CHROMIUM <.01 <.01 <.01 '.01 0.00 0.00 0 0
COPPER <.01 (.01 '.01 <.01 0.00 0.00 0 0
IRON 0.03 0.03 0.11 0.13 0.08 0.05 0.03 0.13
LEAD <.001 <.001 <.001 (.001 0.000 0.000 0 0
MKAGARESE (.01 0.02 0.02 0.01 0.01 0.01 0 0.02
MERCURY (.0001 (.0001 '.0001 '.0001 0.0000 0.0000 0 0
MOLYBDENUM 0.01 <.01 -.01 (.01 0.00 0.00 0 0
NICKEL <.01 C.01 <.01 (.01 0.00 0.00 0 0
SELENIUM <.001 -C.001 (.001 <.001 0.000 0.000 0 0
SILVER -. 01 (.01 (.01 <.01 0.00 0.00 0 0
URANIUM 0.001 4.001 0.013 (.001 0.004 0.006 0 0.013
VANADIUM <.01 <.01 <.01 <.01 0.00 0.00 0 0
ZINC (..01 (.01 <.01 0.01 0.00 0.00 0 0.01
BORON 0.05 0.11 0.09 0.09 0.09 0.02 0.05 0.11
AJMMONIA (.01 0.07 0.17 0.04 0.07 0.06 0 0.17
RADIUM 226 0.8 1.9 2.1 2.5 1. . 0.6 0.8 2.5
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Table 2.7-3 HRI's Ground Water Quality Surary (Cont)

WELL CP-4

PARAMETER 6-20-90

CALCIUE 0.7
MAGNESIUM 0.03
S=DIUM 132
POTASSIUM 9.2
CARBONATE 140
BICARBONATE 9
SULFATE 45
CHLORIDE 6
NITRATE 0.01
FLUORIDE 0.3
SILICA 9
TDS 371
CONDUCTIVITY 661
ALKALINITY 241
PH 10.36
ARSENIC c.001
BARIUM 0.06
CADMIUM '.0001
CHRONIUH *.01
COPPER .01
IRON 0.03
LEAD .001
MANGANESE <.01
MERCURY <.0001
MOLYBDENUM <.01
NICKEL iC.01
SELENIWU .001
SILVER '.01
URANILM 0.001
VANADIUM <.01
ZINC <.01
BORON 0.06
AMM9ONIA 0.17
RADIUM 226 0.8
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Table 2.7-3 HRI's Ground Water Quality Summary (Cont)

YELL CP-5

PARAMETER 6-21-90 5-22-91 8-5-91 10-22-91 WINTER AVG. STD. MIN. MAX
SS-- *SESNS~flSrZZXZ-SflXs-lSflt ==rZSflhffS*Z.X*EflSXZZSZ**ss---w-rZZMS**SS----

CALCIUL 1.5 3.9 2.9 2.8
NAGNESIUH 0.1 0.2 0.22 0.24
SODIUM 103 97 97 104
POTASSIUM 1.5 1.8 1.7 1.8
CARBOATE 4 10 0 10
BICARBONATE 228 215 229 215
SULFATE 41 19 40 38
CHLORIDE 2 2 2.5 2.9
NITRATE 0.04 '0.01 0.01 '.01
FLUORIDE 0.25 0.27 0.26 0.23
SILICA 16 18 18 20
TDS 303 281 300 308
CONDUCTIVITY 458 418 U43 452
ALKALINITY 193 192 191 192
PH 8.44 8.66 8.26 8.64
ARSENIC <.001 (.001 (.001 0.001
BARIUM 0.05 0.09 0.11 0.07
CADMIUL (.0001 C.0001 c.0001 c.0001
CHROHIUIK (.01 <.01 <.01 <.01
COPPER <.01 <.01 <.01 (.01
IRON 0.04 (.01 0.04 0.04
LEAD 0.001 <.001 0.001 (.001
MANGANESE <.01 0.01 0.01 0.01
MERCURY <.0001 <.0001 (.0001 <.0001
MOLYSDENUM <.01 '.01 <.01 '.01
NICKEL 1.01 '.01 '.01 <.01
SELENIUM -.001 <.001 <.001 '.001
SILVER '.01 '.01 '.01 '.01
URANILU 0.013 0.012 0.012 0.011
VANADILU <.01 <.01 <.01 (.01
ZINC (.01 <.01 0.01 (.01
BORON 0.03 0.03 0.03 0.05
AMMONIA (.01 (.01 0.01 0.02
RADIUM 226,,, 0.3 1 1.1 1.8

2.8 0.9 1.5 3.9
0.19 0.05 0.1 0.24
100 3 97 104
1.7 0.1 1.5 1.8

6 4 0 10
222 7 215 229
35 9 19 41
2.4 0.4 2 2.9

0.01 0.02 0 0.04
0.25 0.01 0.23 0.27

18 1 16 20
298 10 281 308
U43 15 418 458
192 1 191 193
8.50 0.16 8.26 8.66

0.000 0.000 0 0.001
0.080 0.022 0.05 0.11
0.0000 O.0000 0 0

0.00 0.00 0 0
0.00 0.00 0 0
0.03 0.02 0 0.04

0.000 0.000 0 0.001
0.01 0.00 0 0.01

0.0000 0.0000 0 0
0.00 0.00 0 0
0.00 0.00 0 0

0.000 0.000 0 0
0.00 0.00 0 0

0.012 0.001 0.011 0.013
0.00 0.00 0 0
0.00 0.00 0 0.01
0.04 0.01 0.03 0.05
0.01 0.01 0 0.02
1.1 0.5 0.3 1.8
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TabLe 2.7-3 mRI's Grocind Water OualIty Surury (Cont)

WELL CP-6

PARAMETER 5*22-91 8-55-91 10-22-91 WINTER AVG. STD. MIN. JAX

CALCIUM 2.3 1.2 1.3 1.6 0.5 1.2 2.3
MAGNESILU 0.08 0.04 0.09 0.07 0.02 0.04 0.09
SwIIUM 113 106 109 109 3 106 113
POTASSIU( 2.6 2.4 2.4 2.5 0.1 2.4 2.6
CARBONATE 19 19 26 21 3 19 26
BICARBONATE 211 207 195 204 7 195 211
SULFATE 36 36 34 35 1 34 36
CHLORIDE 3.4 2.9 3 3.1 0.2 2.9 3.4
NITRATE 0.02 <..01 c.01 D.01 0.01 0 0.02
FLLWRIDE 0.25 0.25 0.23 0.24 0.01 0.23 0.25
SILICA 15 16 18 16 1 15 18
7vS 317 307 316 313 4 307 317
CONDUCTIVITY 477 467 471 4AM 4 467 477
ALKALINITY 205 202 204 204 1 202 205
PH 8.82 2.88 9.19 8.96 0.16 8.82 9.19
ARSENIC (.001 <c.001 0.001 0.000 0.000 0 0.001
BARIUH. O.05 0.04 0.04 0.04 0.00 0.04 0.05
CADMIUM <.Ocl001 <.0001 <.0D01 0.0000 0.0000 0 O
CHRORIU4 <.O1 <.01 <.O1 0.00 0.00 0. 0
COPPER 4.01 c.01 <.01 0.00 0.00 0 a
IRON 0.02 0.1 0.03 0.05 0.04 0.02 0.1
LEAD c.001 0.001 (.001 0.000 0.000 0 0.001
KANGANESE 0.01 (.01 <.01 0.00 0.00 0 0.01
NERCWRY 4.D001 <.0001 (.0001 0.0000 0.0000 .0
NOLYBOENUM (.01 <.01 <.01 D.00 0.00 0 0
NICKEL (.01 (.01 (.01 0.00 0.00 0 0
SELEMILUM (.001 .001 (.001 0.000 0.000 0 0
SILVER (.01 (.01 <.01 0.00 0.00 0 0
URAXIUM <.001 4.001 0.001 0.000 0.000 0 0.001
VANADIUL <.01 c.01 <.01 0.00 0.00 0 0
ZINC 4.01 (.01 0.01 0.00 0.00 0 0.01
BORON 0.02 -. 01 0.04 0.02 0.02 0 0.04
AMMONIA 0.02 0.01 0.04 0.02 0.01 0.01 0.04
RADI U 226 0.4 0.4 0.7 _ D.5 0.1 0.4 0.7
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tble 2.7-3 KRIls GrvrWd Water Guality Summary (Cont)

WELL CP-7

PARAMETER 9-6-90 5-22-91 10-22-91 VINTER AVG. STD. KIH. MAX

CALCIUI 2.2 0.07 0.07 0.8 1.0 0.07 2.2
KAGNESIUM 0.13 (.01 0.01 0.05 0.06 0 0.13
SCOIUM 110 123 l1i 117 5 110 123
POTASSIUH 2.1 12 4.9 6.3 4.2 2.1 ¶2
CARBONATE 14 127 76 72 46 14 127
BICARBONATE 224 54 118 132 70 54 224
SULFATE 38 21 35 31 7 21 38
CHLORIDE 1.8 2.9 3.6 2.8 0.7 1.8 3.6
NITRATE 0.26 0.21 0.08 0.18 o.o8 0.08 0.26
FLUORIDE 0.39 0.52 0.62 0.51 0.09 0.39 0.62
SILICA 17 13 19 16 2 13 19
lDS 31B 355 338 337 I5 31B 355
CONDUCTIVITY 490 605 529 541 48 490 605
ALKALINITY 20B 256 223 229 20 208 256
PH 8.67 10.35 9.92 9.65 0.71 B.67 ¶0.35
ARSENIC <.001 0.001 0.002 0.001 0.001 0 0.002
BARIU 0.03 0.01 0.01 0.02 0.01 0.01 0.03
CADMIUM 0.0003 0.0001 <.0001 0.0001 0.0001 0 0.0003
CHROMIUM (.01 <.01 -c.0 0.00 0.00 0 0
COPPER (.01 0.02 0.02 0.01 0.01 0 0.02
IRON 0.01 0.21 0.12 0.11 0.08 0.01 0.21
LEAD (.001 0.002 0.002 0.001 0.001 0 0.002
MANGANESE 0.01 <.01 (.01 0.00 0.00 0 0.01
MERCURY <.0001 *.0001 (.0001 0.0000 0.0000 a 0
NOLYBDENUM C.01 0.01 0.01 0.01 0.00 0 0.01
NICKEL (.01 <.01 <.01 0.00 0.00 0 0
SELENIUR <.001 (.001 -001 0.000 0.000 0 0
SILVER ..01 .01 <.01 0.00 0.00 0 0
URANIUR 0.001 0.001 0.001 0.001 0.000 0.001 0.001
VANADIUM (.01 (.01 <.01 0.00 0.00 0 0
ZINC <.O1 c.01 <.01 0.00 0.00 0 0
BORON 0.07 0.05 0.06 0.06 0.01 0.05 0.07
AMMONIA <.01 0.31 0.18 0.16 0.13 0 0.31
RADIUM 226 0.5 0.2 0.6 0.4 0.2 0.2 0.6
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Table 2.7-3 HRI!s Groind Water Quality Sutnary (Cont)

WELL CP-8

PARAMETER 8-20-90 5-22-91 10-22-91 WINTER AVG. STD. Kim. MAX

CALCIUH 2.7 2.7 2 2.5 0.3 2 2.7
KACNESIUW 0.12 0.15 0.18 0.15 0.02 0.12 0.18
SODIUM 118 110 107 112 5 107 118
POTASSIUM 2 2.3 2.3 2.2 0.1 2 2.3
CARBONATE 41 19 18 26 11 18 41
RICARBONATE 184 210 214 203 13 184 214
SULFATE 47 34 34 38 6 34 47
CHLORIDE 3.2 3.3 3.5 3.3 0.1 3.2 3.5
NITRATE 0.03 0.05 <.01 0.03 0.02 0 0.05
FLUORIDE 0.31 0.29 0.25 0.28 0.02 0.25 0.31
SILICA 13 15 18 15 2 13 18
TDS 339 312 313 321 12 312 339
CONDUCTIVITY 529 471 463 488 29 463 529
ALKALINITY 219 204 205 209 7 204 219
PH 9.34 8.91 8.97 9.07 0.19 8.91 9.34
ARSENIC <.001 (.001 (.001 0.000 0.000 0 0
BARIUM 0.03 0.09 0.07 0.06 0.02 0.03 0.09
CADMIUK 0.0002 -.0001 (.0001 0.0001 0.0001 0 0.0002
CHROMILU (..01 (.01 <.01 0.00 0.00 0 0
COPPER (..01 <.01 <.01 0.00 0.00 0 0
IRON 0.06 0.05 0.05 0.05 0.00 0.05 0.06
LEAD 0.002 0.001 0.001 0.001 0.000 0.001 0.002
MANGANESE 0.01 0.02 0.01 0.01 0.00 0.01 0.02
NERCURY c.0001 c.0001 <.0001 0.0000 0.0000 0 0
MOLYBDENUM 0.02 1.Oi <.01 0.01 0.01 0 0.02
NICKEL (.01 -.01 (.01 0.00 0.00 0 0
SELENIUM c.001 <.001 <.001 0.000 0.000 0 0
SILVER .c.01 .01 <.01 0.00 0.00 0 0
URANIUM 0.006 0.006 0.002 0.005 0.002 0.002 0.006
VANADI UM (.01 (.01 (.01 0.00 0.00 0 0
ZINC (.01 <.01 (.01 0.00 0.00 0 0
BORON 0.07 0.05 0.05 0.06 0.01 0.05 0.07
ADQONIA (.01 0.03 -C.01 0.01 0.01 0 0.03
RADIUM 226 0.6 0.9 0.9 0.8 0.1 0.6 0.9
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Table 2.7-3 HRI'a GrCotd Water Cuality Sunmary CCont)

WELL CP-9(RECAPTLRE FM.)

PARAMETER 8-16-90 9-6-90 5-22-91 10-22-91 WINTER AVG. STO. MIN. MAX
3

3333333Z33232332Z2:ZZZZUU:UZZZUZUU::XZZZZZZUssrssars- Ss mss:sZU. =SS Ss-

CALCIlU
KAGNESILH
SOOIUH
POTASSI134
CARBONATE
8ICARBONATE
SULFATE
CHLORIDE
NIITRATE
FLUORIDE
SILICA
TDS
CONDUCTIVITY
ALtALINITY
PH
ARSENIC
BARIUH
CADMIUH
CHRMIIUM
COPPER
IRON
LEAD
KGUIESE
KERCURY
KOLYBDENU14
NICKEL
SELENIUH
SI LVER
URANILM4
VANADIUM
ZINC
BORON
AHMONIA
RADIW4 226

2.4 1.8 1.1 1.3
0.15 0.1 0.02 0.04

108 143 152 147
2 1.9 9.7 2.7

11 41 76 30
231 193 131 216
35 67 56 61

2.5 19 20 20
0.02 0.01 0.03 0.12

0.26 0.36 0.36 0.31
18 6 13 20

318 408 433 421
471 640 687 627
207 226 250 227
8.E 9.31 9.76 9.23

(.001 (.001 (.001 0.002
0.03 0.02 0.03 0.06

0.0001 (0.0001 0.0001 '.0001
<.01 <.01 (.01 '.01
c.01 <.01 <.01 (.01
0.04 -. 01 0.04 0.03
(.001 <.001 0.001 0.002
0.01 <.01 <.01 <.01

(.0001 <.0001 <.0001 <.0001
<.01 0.01 0.01 0.01
(.01 <.01 <.01 <.01

(.001 (.001. <.001 <.001
<.01 <.01 (.01 <.01

0.002 <.001 <.001 0.002
<.01 <.01 (.01 <.01
<.01 <.01 <.01 0.03
0.03 0.08 0.03 0.07
(.01 <.01 (.01 0.01
0.4 0.1 0.2 0.6

1.6 0.5 1.1 2.4
0.08 0.05 0.02 0.15

138 17 108 152
4.1 3.3 1.9 9.7
40 24 11 76

198 30 151 231
55 12 35 67

15.4 7.4 2.5 20
0.04 0.04 0.01 0.12
0.32 0.04 0.26 0.36

14 5 6 20
395 45 318 433
606 81 471 687
228 15 207 250

9.28 0.34 8.a 9.76
0.000 0.001 0 0.002
0.035 0.015 0.02 0.06

0.0000 0.0000 0 0.0001
0.00 0.00 0 0
0.00 0.00 0 0
0.03 0.02 0 0.04

0.001 0.001 0 0.002
0.00 0.00 0 0.01

0.0000 0.0000 0 0
0.01 0.00 0 0.01
0.00 0.00 0 0

0.000 0.000 0 0
0.00 0.00 0 0

0.001 0.001 0 0.002
0.00 0.00 0 0
0.01 0.01 0 0.03
0.05 0.02 0.03 O.08
0.00 0.00 0 0.01
0.3 0.2 0.1 0.6
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Jable 2.7-3 HRIs' Croiid water Quality Sumrary (Cent)

WELL CP-10(DAKOTA FX.)

PARAMETER 5-22-91 8-5-91 10-22-91 MINTER AVG. SYD. im.- MAX
. .. ............. ...............-...................--------------------------------------------

CALCIUH
MAGNESIUH
SODZLD4
POTASSIU1
CARBONATE
B CARBONATE
SULFATE
CHLORIDE
NITRATE
FLUORIDE
SILICA
TDS
CONDUCTIVITY
ALKALINITY
PH
ARSENIC
6ARIUH
CADMIUM
CHROMIUM
COPPER
IRON
LEAD
MANGANESE
MERCURY
MOLYBDENLU
NICKEL
SELENIUM
SILVER
URANILl
VANADILH
ZINC
BORON
AMMONIA
RADILIM 226

2.1 1.9 1.9
0.15 0.11 0.17
229 217 231
3.8 2 1.5
46 16 34

214 243 210
227 251 251
3.9 9.6 5.3

<.01 0.01 0.04
0.72 0.57 0.55

3 14 17
671 679 688
1000 981 958

251 225 228
9.31 L.I1 9.07

(.001 (.001 <.001
0.02 0.01 0.0s

<0.0001 (0.0001 (0.0001
<.01 C.01 <.01
(.01 (.01 (.01
c.01 0.13 0.06

*.001 <.001 0.00K
0.01 0.01 0.01

(.0001 <.0001 <.0001
0.01 0.01 <.01
<.01 <.01 <.01

<.001 <.001 <.001
<.01 <.01 <.01

<.001 <.001 <.001
<.01 <.01 <.01
<.01 (.01 (.01
0.17 0.14 0.2
0.08 0.03 0.03
0.5 0.6 0.4

2.0 0.1 1.9 2.1
0.14 0.02 0.11 0.17
226 6 217 231
2.4 1.0 1.5 3.8
32 12 16 46
222 15 210 243
243 11 227 251
6.3 2.4 3.9 9.6

0.02 0.02 0 0.04
0.61 0.08 0.55 0.72

11 6 3 17
679 7 671 6U
990 8 981 1000
235 12 225 251
9.06 0.20 L.61 9.31

0.000 0.000 0 0
0.03 0.02 0.01 0.05

0.0000 0.0000 0 0
0.00 0.00 0 0
0.00 0.00 0 0
0.06 0.0s 0 0.13

0.001 0.002 0 0.004
0.01 0.00 0.01 0.01

0.0000 0.0000 0 0
0.01 0.00 0 0.01
0.00 0.00 0 0

0.000 0.000 0 0
0.00 0.00 0 0

0.000 0.000 0 0
0.00 0.00 0 0
0.00 0.00 0 0
0.17 0.02 0.14 0.2

0.05 0.02 0.03 0.08
0.5 0.1 0.4 0.6
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2.3.1.2 Mine Area Water Quality

All monitor wells which HRI completed within the project area are shown on Figure 2.3-3. These wells were
sampled at least quarterly, with the results listed on Table 2.3-3 through 2.3-13.

Resulting averages of this sampling program disclose water quality which Is reasonably good. Within the
Westwater Fomiatlon, TDS averages 773 ppm which Is slIghtiy above EPA secondary drinking levels. RA-
226 exceeds EPA drinking water levels at 22.2 pC/I. High TDS and RA-226 are primarily a result of the
values within CP-2, a well within the uranium ore body. it Is anticipated that naturally occurring RA-226 and
possible TDS values will be common within water samples taken from wells drilled In the orebody during
mine development.

Water quality analysis Is shown for the Recapture Formation and Dakota Formation on Tables 2.3-11 and
2.3-12 respectively. This analyses show similar water quality to the Westwater with lower RA-226, on
average.
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TABLE 2.3-3

HYDRO RESOURCES INC.
CROWNPOINT PROJECT
WATER QUALITY SUMMARY

WELL CP-1

PARAMETER 6-21-90

* CALCIUM 1.4
MAGNESIUM 0.34
SODIUM 138
POTASSIUM 5.9
CARBONATE S3
BICARBONATE 170
SULFATE 50
CHLORIDE 15
NITRATE 0.01
FLUORIDE 0.57
SILICA 2

TDS 380
CONDUCTIVITY 611
ALKALINITY 227

pH 9.61
ARSENIC <.001
BARIUM 0.04
CADMIUM <.0001
CHROMIUM <.01
COPPER C.01
IRON 0.02
LEAD <.001
MANGANESE <.01
MERCURY <.0001
MOLYBDENUM 0.01
NICKEL C.01
SELENIUM <.001
SILVER <.01
URANIUM 0.006

VANADIUM c.01
ZINC <.01
BORON 0.11
AMMONIA <.01
RADIUM 226 0.9
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TABLE 2.3-4

HYDRO RESOURCES INC.
CROWNPOrIN PROJECT
WATER QUALITY SUMMARY
WELL CP-2

SUMMER SPRING FALL WINTER
PARAMETER 9-5-90 5-22-91 10-22-91 1-22-92 AVG. STD. MIN. MAX

CALCIUM 123 132 114 109 120 9 109 132MAGNESIUM 13 11 14 10 12 2 10 14SODIUM 342 266 326 256 298 37 256 342POTASSIUM 904 820 760 904 847 61 760 904
CARBONATE 0 0 0 0 0 0 0 0
BICARBONATE 183 177 156 168 171 10 156 183
SULFATE 73 73 62 71 70 5 62 73CHLORIDE 1486 1230 1341 1244 1,325 102 1230 1486NITRATE 0.02 0.01 0.2 .0.02 0 0 0.01 0.2FLUORIDE 0.36 0.65 0.42 0.47 0 0 0.36 0.65
SILICA 16 17 16 19 17 1 16 19TDS 3190 2730 2830 2800 2,888 178 2730 3190CONDUCTIVITY 5360 4750 4960 4840 4,978 233 4750 5360ALKALINITY 1SO 145 128 138 140 8 128 1SO
PH 7.86 7.92 7.85 7.92 8 0 7.85 7.92
ARSENIC <.001 <.001 0.001 0.001 0 0 0 0.001BARIUM 1 0.45 0.74 0.43 1 0 0.43 1CADMIUM <.0001 <.0001 0.0008 <.0001 0 0 0 0.0008CHROMIUM <.01 <.01 <.0l <.01 0 0 0 0
COPPER <.0 c <.01 C.01 <.0l 0 0 0 0
IRON 0.36 0.92 0.28 0.01 0 0 0.01 0.92
LEAD 0.013 <.001 0.002 <.001 0 0 0 0.013MANGANESE 0.29 0.21 O.1S 0.14 0 0 0.14 0.29MERCURY <.0001 <.0001 <.0001 .0 0 0 .0MOLYBDENUM 0.01 0.02 <.01 0.01 0 0 0 0.02NICKEL <.01 <.01 <.0l <.01 0 0 0 0.
SELENIUM <.001 <.001 <.00 <.001 0 0 0 0SILVER <.0l <.01 <.01 <.01 0 0 0 0URANIUM 0.021 0.013 0.008 0.013 0 0 0.008 0.021VANADIUM <.01 <.01 <.01 <.01 0 0 0 0
ZINC 0.01 <.01 0.03 0.01 0 0 0 0.03
BORON 0.07 0.09 0.08 0.06 0 0 0.06 0.09AMMONIA <.01 0.04 0.1 0.07 0 0 0 0.1RADIUM 226 806 128 492 139 391 281 128 806
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TABLE 2.3-5

'DRO RESOURCES INC.
.OWNPOINT PROJECT

1ATER QUALITY SUMMARY
WELL CP-3

SUMMER SUMMER SPRING FALL WINTER
PARAMETER 6-21-90 9-6-90 5-22-91 10-22-91 1-23-92 AVG. STD. KIN. MAX

CALCIUM 1.3 4.2 7.8 6.6 7.4 S.5 2.4 1.3 7.1
MAGNESIUM 0.14 1.9 2.2 2.5 2.2 1.7 0.9 0.14 2.!
SODIUM 115 166 184 180 173 161 28 115 18i
POTASSIUM 4.7 56 52 52 S1 41 21 4.7 5S
CARBONATE 49 1 12 7 6 17 19 1 1
BICARBONATE 161 260 245 251 255 229 40 161 261
SULFATE 21 158 177 175 167 133 65 21 17'
CHLORIDE 13 52 54 48 44 42 17 13 S.
NITRATE <.01 0.03 0.01 0.24 0.01 0.07 0.10 0 0.2.
FLUORIDE 0.36 0.45 0.5 0.45 0.49 0.44 0.05 0.36 -0.
SILICAQ 1 16 17 19 20 13 7 1 1
TDS 308 632 666 661 637 567 150 308 66
CONDUCTIVITY 487 961 999 1040 950 872 224 487 104
ALEALINITY 214 215 221 218 219 217 3 214 22
PH 9.53 8.35 8.62 8.52 8.59 8.76 0.46 8.35 8.6
ARSENIC <.001 <.001 <.001 <.001 <.001 0.000 0.000 0
BARIUM 0.03 0.03 0.04 0.02 0.03 0.03 0.01 0.02 0.0
CADMIUM <.0001 <.0001 .0.0002 <.0001 <.0001 0.0001 0.0001 0 0.000
CHROMIUM <.01 <.01 <.01 <.01 <.01 0.00 0.00 0
:OPPER <.01 <.01 <.01 <.01 <.01 0.00 0.00 0

IRON 0.03 0.03 0.11 0.13 0.19 0.08 0.05 0.03 0.1
.EAD <.001 <.001 c.00D <.001 <.001 0.000 0.000 0
MANGANESE. <.01 -0.02 0.02 0.01 0.03 0.01 0.01 0 0.C
MERCURY <.0001 <.0001 <.0001 <.0001 c .0001 0.0000 -0.0000 - 0 -
MOLYBDENUM 0.01 c.01 <.01 <.01 <.01 0.00 0.00 0
NICKEL <.01 <.01 <.01 <.01 <.01 0.00 0.00 0
SELENIUM <.001 c.001 <.001 <.001 <.001 0.000 0.000 0
SILVER <.01 <.01 <.01 <.01 <.01 0.00 0.00 0

URANIUM 0.001 <.001 0.013 <.001 <.001 0.004 0.006 0 0.0:
VANADIUM <.01 <.01 <.01 <.0I <.01 0.00 0.00 0
ZINC <.01 <.01 <.01 0.01 <.01 0.00 .0.00 0 0.
BORON 0.05 0.11 0.09 0.09 0.07 0.09 0.02 0.05 O.:
AMMONIA <.01 0.07 0.17 0.04 0.2 0.07 0.06 0 D.:
RADIUM 226 0.8 1.9 2.1 2.5 2.5 1.8 0.6 0.8 2.
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TABLE 2.3-6

HYDRO RESOURCES INC.

CROWNPOINT PROJECT
WATER QUALITY SUMMARY

WELL CP-4

PARAMETER 6-20-90

CALCIUM 0.7

MAGNESIUM 0.03
SODIUM 132

POTASSIUM 9.2

CARBONATE 140

BICARBONATE 9
SULFATE 45

CHLORIDE 6

NITRATE 0.01

FLUORIDE 0.3

SILICA 9

TDS 371

CONDUCTIVITY 661

ALKALINITY 241

pH 10.36
ARSENIC <.001
BARIUM 0.06

CADMIUM <.0001

CHROMIUM c.01

COPPER <.01

IRON 0.03

LEAD <.001
MANGANESE <.01

MERCURY <.0001

MOLYBDENUM <.01

NICKEL <.01

SELENIUM <.001

SILVER <.01

URANIUM <0.001

VANADIUM <.01

ZINC <.01

BORON 0.06

AMMONIA 0.17
RADIUM 226 0.8
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TABLE 2.3-7

'DRO RESOURCES INC.
AOWNPOINT PROJECT

lATER QUALITY SUMMARY
WELL CP-S

SUKMER SPRING SUMMER FALL WINTER
PARAMETER 6-21-90 5-22-91 8-5-91 10-22-91 1-20-92 AVG. STD. MIN. MAX

CALCIUM 1.5 3.9 2.9 2.8 3.5 2.9 0.8 1.5 3.9
MAGNESIUM 0.1 0.2 0.22 0.24 0.22 0.2 0.0 0.1 0.24
SODIUM 103 97 97 104 107 101.6 4.0 97 107
POTASSIUM 1.5 1.8 1.7 1.8 1.B 1.7 0.1 1.5 1.E
CARBONATE 4 10 0 10 6 6.0 3.8 0 IC
BICARBONATE 228 215 229 215 222 221.8 6.0 215 225
SULFATE 41 19 40 38 39 35.4 8.3 19 43
CHLORIDE 2 2 2.5 2.9 3.1 2.5 0.5 2 3.3
NITRATE 0.04. -C0.01 0.01 <.01 c.01 0.0 0.0 0 0.04
FLUORIDE 0.25 0.27 0.26 0.23 0.25 0.3 0.0 0.23 0.2-
SILICA 16 18 18 20 20 18.4 1.5 16 2C
TDS 303 281 300 308 309 300.2 10.1 281 30'
CONDUCTIVITY 458 418 443 452 449 444.0 13.9 418 451
ALKALINITY 193 192 191 192 192 192.0 0.6 191 19:
PH 8.44 8.66 8.26 8.64 8.61 8.5 0.2 8.26 8.6f
ARSENIC <.001 <.001 <.001 0.001 0.001 0.0 0.0 0 0.00.
BARIUM 0.05 0.09 0.11 0.07 0.08 0.1 0.0 0.05 0.1:
CADMIUM <.0001 <.0001 <.0001 <.0001 <.0001 0.0 0.0 0
CHROMIUM <.01 <.01 <.01 c.01 <.01 0.0 0.0 0
COPPER <.01 <.01 <.01 <.01 <.01 0.0 0.0 0
IRON 0.04 <.01 0.04 0.04 0.03 0.0 0.0 0 0.0
LEAD 0.001 <.001 0.001 <.001 <.001 0.0 0.0 0 0.00
MANGANESE <.01 0.01 0.01 0.01 0.01 0.0 0.0 0 0.0
MERCURY <.0001 <.0001 <.0001 <.0001 <.0001 0.0 0.0 0
MOLYBDENUM c.01 <.01 <.01 <.01 <.01 0.0 0.0 0
NICKEL <.01 <.01 <.01 c.01 <.01 0.0 0.0 0
SELENIUM <.001 <.001 <.001 <.001 <.001 0.0 0.0 0
SILVER <.01 <.01 <.0l <.O01 <.01 0.0 0.0 0
URANIUM 0.013 0.012 0.012 0.011 0.012 0.0 0.0 0.011 0.03
VANADIUM <.01 <.01 C.01 <.01 <.01 0.0 0.0 0
ZINC <.01 <.01 0.01 <.01 <.01 0.0 0.0 0 0.C
BORON 0.03 0.03 0.03 0.05 0.03 0.0 0.0 0.03 °-t
AMMONIA <.01 c.01 0.01 0.02 0.02 0.0 0.0 0 0.l
RADIUM 226 0.3 1 1.1 1.8 0.9 1.0 0.5 0.3 1

- 38 -



TABLE 2.3-8

HYDRO RESOURCES INC.
CROWNPOINT PROJECT
WATER QUALITY SUMMARY
WELL CP-6

SPRING SUMMER FALL WINTER
PARAMETER 5-22-91 8-55-91 10-22-91 1-21-92 AVG. STD. MIN. MAX

CALCIUM 2.3 1.2 1.3 1.6 1.6 0.4 1.2 2.3
MAGNESIUM
SODIUM
POTASSIUM
CARBONATE
BICARBONATE
SULFATE
CHLORIDE
NITRATE
FLUORIDE
SILICA
TDS
CONDUCTIVITY
ALIALINITY
PH
ARSENIC
BARIUM
CADMIUM
CHROMIUM
COPPER
IRON
LEAD
MANGANESE
MERCURY
MOLYBDENUM
NICKEL
SELENIUM
SILVER
URANIUM
VANADIUM
ZINC
BORON
AMMONIA
RADIUM 226

0.08
113
2.6

19
211
36
3.4

0.02
0.25

15
317
477
205

8.82
<. 001
0.05

<.0001
<. 01
<. 01
0.02

<. 001
0.01

.0001
<.01
<* 01

<.001
<.01

<.001
<.0l
<.01
0.02
0.02
0.4

0.04
106
2.4

19
207
36
2.9

<.01
0.25
16

307
467
202

8.88
<.001
0.04

<.0001
<.01
<.01

0.1
0.001
<.01

c. 0001
<.01
<.01

-c.001
c.01

<. 001
<.01
<.01

<.01
0.01
0.4

0.09
109
2.4
26

195
34
3

<.01
0.23

18
316
471
204

9.19
0.001
0.04

<.0001
<.01
<.01
0.03

<. 001
<.01
<0001
<.01
<. 01

<.001
<.01

0.001
<.01
0.01
0.04
0.04
0.7

0.07
109
2.3
26

193
35
4.6
0.02
0.23

18
315
467
202

9.11
0.001
0.04

<.0001
<.01
<.01
0.01

<. 001
<.01

<. 0001
<.01
c.01

<. 001
<.01
0 .001
<.02
<.01

0.03
0.05
0.6

0.1
109.3
2.4

22.5
201.5

35.3
3.5
0.0
0.2

16.8
313.8
470.5
203.3

9.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5

0.0
2.5
0.1
3.5
7.7
0.8
0.7
0.0
0.0
1.3
4.0
4.1
1.3
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

.0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1

0.04
106
2.3

19
193
34
2.9

0
0.23
15

307
467
202
8.82

0
0.04

0
0
0

0.01
0
0
0
0
0
0
0
0
0
0
0

0.01
0.4

0.09
113
2.6
26

211
36
4.6
0.02
0.25

18
317
477
205

9.19
0.001
0.05

0
0
0

0.1
0.001
0.01

0
0
0
0
0

0.001
0

0.01
0.04
0. 05

0.7
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TABLE 2.3-9

HYDRO RESOURCES INC.
CROWNPOINT PROJECT
WATER QUALITY SUMMARY
WELL CP-7

SUMMER SPRING FALL WINTER
PARAMETER 9-6-90 5-22-91 10-22-91 1-24-91 AVG. STD. MIN. MAX

' CALCIUM 2.2 0.07 0.07 1.3 0.9 0.9 0.07 2.2
MAGNESIUM 0.13 <.01 0.01 0.003 0.0 0.1 0 0.13
SODIUM 110 123 liE 120 117.8 4.8 110 123
POTASSIUM 2.1 12 4.9 3.5 5.6 3.6 2.1 12
CARBONATE 14 127 76 32 62.3 43.7 14 127
BICARBONATE 224 54 118 200 149.0 67.5 54 224
SULFATE 38 21 35 39 33.3 7.2 21 39
CHLORIDE 1.8 2.9 3.6 3.6 3.0 0.7 1.8 3.6
NITRATE 0.26 0.21 0.08 0.06 0.2 0.1 0.06 0.26
FLUORIDE 0.39 0.52 0.62 0.49 0.5 0.1 0.39 0.62
SILICA 17 13 19 18 16.8 2.3 13 19
TDS 318 355 338 335 336.5 13.1 31S 355
CONDUCTIVITY 490 605 529 504 532.0 44.4 490 605
ALKALINITY 208 256 223 218 226.3 18.0 208 256
PH 8.67 10.35 9.92 9.24 9.5 0.6 8.67 10.35
ARSENIC <.001 0.001 0.002 0.001 0.0 0.0 0 0.002
BARIUM 0.03 0.01 0.01 0.02 0.0 0.0 0.01 0.03
CADMIUM 0.0003 0.0001 <.0001 <.0001 0.0 0.0 0 0.0003
CHROMIUM <.0 <.1 . 01 <.01 0.0 0.0 0 0
COPPER <.01 0.02 0.02 <.01 0.0 0.0 0 0.02
IRON 0.01 0.21 0.12 0.01 0.1 0.1 0.01 0.21
LEAD <.001 0.002 0.002 <.001 0.0 0.0 0 0.002
MANGANESE -0.01 <.01 <.01 <.01 0.0 0.0 0 0.01
MERCURY <.0001 <.0001 <.0001 <.0001 0.0 0.0 0 - 0
MOLYBDENUM <.01 0.01 0.01 <.01 0.0 0.0 0 0.01
NICKEL <.01 <.01 .<.01 c<.0 0.0 0.0 0 0
SELENIUM <.001 <.001 <.001 <.001 0.0 0.0 0 0
SILVER <.01 <.01 <.01 <.01 0.0 0.0 0 0
URANIUM 0.001 0.001 0.001 <.001 0.0 0.0 0 0.001
VANADIUM <.01 <.01 <.01 <.01 0.0 0.0 0 0
ZINC <.01 <.01 <.01 <.01 0.0 *0.0 0 0
BORON 0.07 0.05 0.06 0.04 0.1 0.0 0.04 0.07
AMMONIA <.01 0.31 0.18 0.04 0.1 0.1 0 0.31
RADIUM 226 0.5 0.2 0.6 0.1 0.4 0.2 .0.1 0.6
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TABLE 2.3-10

HYDRO RESOURCES INC.

CROWNPOINT PROJECT
WATER QUALITY SUMMARY
WELL CP-8

SUMMER SPRING FALL WINTER
PARAMETER 8-20-90 5-22-91 10-22-91 1-22-92 AVG. STD. MIN. MAX

CALCIUM 2.7 2.7 2 2.6 2.5 0.3 2 2.7
MAGNESIUM 0.12 0.15 0.18 0.15 0.2 0.0 0.12 0.18
SODIUM l18 110 107 112 111.8 4.0 107 118
POTASSIUM 2 2.3 2.3 2.1 2.2 0.1 2 2.3
CARBONATE 41 19 16 19 24.3 9.7 18 41
BICARBONATE 184 210 214 211 204.8 12.1 184 214
SULFATE 47 34 34 35 37-5
CHLORIDE 3.2 3.3 3.5 3.8 3.5 0.2 3.2 3.8
NITRATE 0.03 0.05 <.01 <.01 0.0 0.0 0 0.05
FLUORIDE 0.31 0.29 0.25 0.27 0.3 0.0 0.25 0.31
SILICA 13 15 18 18 16.0 2.1 13 18
TDS 339 312 313 323 321.8 10.8 312 339
CONDUCTIVITY 529 471 463 470 483.3 26.6 463 529
ALKALINITY 219 204 205 205 208.3 6.2 204 219
PH 9.34 8.91 8.97 8.9 9.0 0.2 8.9 9.34
ARSENIC <.001 <.001 <.001 <.001 0.0 0.0 0 0
BARIUM 0.03 0.09 0.07 0.07 0.1 0.0 0.03 0.09
CADMIUM 0.0002 <.0001 <.0001 <.0001 0.0 0.0 0 0.0002
CHROMIUM <.01 <.01 <.01 <.D1 0.0 0.0 0 0
COPPER <.01 <.01 <.01 <.01 0.0 0.0 0 0

IRON 0.06 0.05 0.05 0.04 0.0 0.0 0.04 0.06
LEAD 0.002 0.001 0.001 <.001 0.0 0.0 0 0.002
MANGANESE 0.01 0.02 0.01 0.01 0.0 0.0 0.01 0.02
MERCURY <.0001 <.0001 <.0001 <.0001 0.0 0.0 0 -0
MOLYBDENUM 0.02 <.01 <.01 <.01 0.0 0.0 0 0.02
NICKEL <.01 <.01 <.01 <.01 0.0 0.0 0 0
SELENIUM <.001 <.001 <.001 <.001 0.0 0.0 0 0
SILVER <.01 <.01 <.01 <.01 0.0 0.0 0 0
URANIUM 0.006 0.006 0.002 0.002 0.0 0.0 0.002 0.006
VANADIUM <.01 <.01 <.01 <.01 0.0 0.0 0 0
ZINC <.01 <.O1 <.01 <.01 0.0 0.0 0 0

BORON 0.07 0.05 0.05 0.03 0.1 0.0 0.03 0.07
AMMONIA <.01 0.03 <.01 0.01 0.0 0.0 0 0.03
RADIUM 226 0.6 0.9 0.9 0.8 0.8 0.1 0.6 0.9
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TABLE 2.3-11

'DRO RESOURCES INC.
.OWNPOINT PROJECT

4ATER QUALITY SUMMARY
WELL CP-9(RECAPTURE FM.)

SUMMER SUMMER SPRING FALL WINTER
PARAMETER 8-16-90 9-6-90 5-22-91 10-22-91 1-21-92 AVG. STD. MIN. MAX

CALCIUM 2.4 1.8 1.1 1.3 4.3 2.2 1.2 1.1 4.3
MAGNESIUM 0.15 0.1 0.02 0.04 0.3 0.1 0.1 0.02 0.3
SODIUM 108 143 152 147 153 140.6 16.7 108 153
POTASSIUM 2 1.9 9.7 2.7 27 8.7 9.6 1.9 27
CARBONATE 11 41 76 30 40 39.6 21.2 11 76
BICARBONATE 231 193 151 216 194 197.0 27.0 151 231
SULFATE 35 67 56 61 62 56.2 11.2 35 67
CHLORIDE 2.5 19 20 20 53 22.9 16.5 2.5 53
NITRATE 0.02 0.01 0.03 0.12 0.03 0.0 0.0 0.01 0.12
FLUORIDE 0.26 0.36 0.36 0.31 0.33 0.3 0.0 0.26 0.36
SILICA 18 6 13 20 19 15.2 5.2 6 20
TDS 318 408 433 421 487 413.4 54.8 318 487
CONDUCTIVITY 471 640 687 627 760 637.0 95.2 471 760
AL.ALINITY 207 226 250 227 225 227.0 13.7 207 25C
PH 8.8 9.31 9.76 9.23 9.21 9.3 0.3 8.8 9.76
ARSENIC <.001 <.001 <.001 0.002 0.002 0.0 0.0 0 0.002
BARIUM 0.03 0.02 0.03 0.06 0.03 0.0 0.0 0.02 0.06
CADMIUM 0.0001 <0.0001 0.0001 <.0001 <.0001 0.0 0.0 0 0.0001
CHROMIUM <.01 <.01 <.01 <.01 <.01 0.0 0.0 0 C
'OPPER <.01 <.01 <.01 <.01 0.01 0.0 0.0 0 0.01
XRON 0.04 <.0l 0.04 0.03 0.04 0.0 0.0 0 0.04
LEAD <.001 <.001 0.001 0.002 0.078 0.0 0.0 0 0.07E
MANGANESE 0.01 <.0I <.01 <.01 <.01 0.0 0.0 0 0.03
MERCURY <.0001 <.0001 <.0001 <c.0001 <.0001 0.0 0.0 0 C
MOLYBDENUM <.01 0.01 0.01 0.01 <.01 0.0 0.0 0 0.0:
NICKEL <.01 <.01 <.01 <.01 <.01 0.0 0.0 0 t

SELENIUM <.001 <.001 <.001 c.001 <.001 0.0 0.0 0
SILVER <.01 <.01 c.01 <.01 <.01 0.0 0.0 0
URANIUM 0.002 <.001 <.001 0.002 <.001 0.0 0.0 0 0.00:
VANADIUM <.01 <.O1 <.01 <.01 <.01 0.0 0.0 0 I

ZINC <.01 <.01 <.01 0.03 0.01 0.0 0.0 0 0.0
BORON 0.03 0.08 0.03 0.07 0.05 0.1 0.0 0.03 0.0
AMMONIA <.01 <.01 <.01 0.01 0.03 0.0 0.0 0 0.0
RADIUM 226 0.4 0.1 0.2 0.6 0.4 0.3 0.2 0.1 0.
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TABLE 2.3-12

NYDRO RESOURCES INC.
CROWNPOINT PROJECT
WATER QUALITY SUMMARY
WELL CP-10(DAMOTA FM.)

SPRING SUMMER FALL WINTER
PARAMETER 5-22-91 8-5-91 10-22-91 1-22-92 AVG. STD. MIN. mAX

wat~gw mat~w wwminas=w mum wu~w~~~~*ut~sttat"Stt~sasss~tt

CALCIUM 2.1
MAGNESIUM 0.15
SODIUM 229
POTASSIUM 3.8
CARBONATE 46
BICARBONATE 214
SULFATE 227
CHLORIDE 3.9
NITRATE <.01
FLUORIDE 0.72
SILICA 3
TDS 671
CONDUCTIVITY 1000
ALKALINITY 251
PH 9.31
ARSENIC <.001
BARIUM 0.02
CADMIUM <0.0001-
CHROMIUM c.01
COPPER c.01
IRON <.01
LEAD <.001
MANGANESE 0.01
MERCURY <.0001
MOLYBDENUM 0.01
NICKEL <.01
SELENIUM <.001
SILVER <.01
URANIUM <.001
VANADIUM c.01
ZINC <.01
BORON 0.17
AMMONIA 0.08
RADIUM 226 0.5

1.9
0.11
217
2

16
243
251
9.6

0.01
0.57

14
679
981
225

8.81
<. 001

0.01
<0.0001

<.01
<.01

0.13
. 001
0. *01

<.0001
0.01
<.01
<. 001
<.01

<.001
<. 01
<.01
0.14
0.03

0.6

1.9
0.17
231
1.5

34
210
251
5.3

0.04
0.55
17
688
988
228

9.07
<.001

0.05
<0.0001

<.01
<.01
0. 06

0.004
0.01

<.0001
<.01
<*.01

<.001
<.01
<. 001

c.Ol
c.01
0.2

0.03
0.4

2.2
0.11
224
2.5

58
161
250

5
0.24
0.6

18
693
996
228

8.97
<. 001

0.01
<0. 0001

<.01
<.01
0.09

<. 001
0.01

<. 0001
<.01
<.01

<. 001
<.01

<. 001
<.01
<.01
0.2

0. 05

0.9

2.0
0.1

225.3
2.5

38.5
207.0
244.8

6.0
0.1
0.6

13.0
682.8
991.3
233.0

9.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0.
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.6

0.1
0.0
5.4
0.9

15.5
29.5
10.3
2.2
0.1
0.1
6.0
8.4
7.3

10.5
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2

1.9
0.11
217
1.5
16

-161
227
3.9
0

0.55
3

671
981
225

8.81
0

0.01
0

0
0
0
0

0.*01

.0
0
0
0
0
0
0

0.1

0.*03
0.4

2.2
0.17

231
3.8
58

243
251
9.6

0.24
0.72

18
693

1000
251

9.31
0

0.05
0
0
0

0.13
0.004
0.01

0
0.01

0
0
0
0
0
0

0.2
0.08

0.9
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TABLE 2.3-13

HYDRO RESOURCES INC.
CROWNPOINT PROJECT
WATER QUALITY SUMMARY
WESTWATER AVERAGE (CP2, CP3, CPS, CP6, CP7, CPS)

PARAMETER

CALCIUM 25
MAGNESIUM 2
SODIUM 147
POTASSIUM 147
CARBONATE 20
BICARBONATE 202
SULFATE 64
CHLORIDE 214
NITRATE 0.04
FLUORIDE 0.40
SILICA 17
TDS 773
CONDUCTIVITY 2,272
ALKALINITY 199
PH 8.77
ARSENIC 0.000
BARIUM 0.11
CADMIUM 0.0000
CHROMIUM 0.00
COPPER 0.00
IRON 0.22
LEAD 0.000
MANGANESE 0.04
MERCURY 0.0000

* MOLYBDENUM 0.00
NICKEL 0.00
SELENIUM 0.000
SILVER 0.00
URANIUM 0.005
VANADIUM 0.00
ZINC 0.00
BORON 0.05
AMMONIA 0.07
RADIUM 226 22.20
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2.7 HYDROLOGY

2.7.1 Ground Water

2.7.1.1 Well Inventory

Water supply wells and mine shafts in the vicinity of the proposed mine site are identified
on Figure 2.7-1. These wells all tap the Westwater Formation. There is no other water supply well
within the permit area boundary or within one mile of the permit area boundary. Information on the
chemical quality of water from some of the wells is present in Figures 2.7-2 through 2.7-4. Well
16.16.17 was not operating on numerous visits, therefore, water samples could not be collected.

2.7.1.2 Mine Area Ground Water Quality

Eight waterwells have been drilled and completed at the permit area which were used for
hydrologic testing and to establish water quality characteristics. Four wells; CR-3, CR-5, CR-6 and
CR-8 were completed in the 'A' sand. CR-4 was plugged. One well was completed in each of the
'AA', 'BU. and Dakota sands. The wells are located on Figure 2.7-5. These wells were sampled at
least quarterly.to determine seasonable or laboratory variability. Variability, or lack thereof, will be
the basis for determining the frequency and number of samples for commercial baseline
establishment.

Figures 2.7-6 through 2.7-12 show the water quality parameters for the CR wells. In
most cases, water quality parameters meet New Mexico standards for human consumption. The
primary cation present is sodium and the primary anion is bicarbonate. This will enhance the
effectiveness of the bicarbonate leach solution.
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2.7 HYDROLOGY

2.7.1 Ground Water

2.7.1.1 Well Inventory

Water supply wells and mine shafts In the vicinity of the proposed mine site are Identified on
Figure 2.7-1. No water supply wells tap the Westwater Formation. There Is no other water supply well
within the permit area boundary or within one mile of the permit area boundary. Information on the
chemical quality of water from some of the wells is present in Figures 2.7-2 through 2.7-4. Well 16.16.17
was not operating on numerous visits, therefore, water samples could not be collected.

2.7.1.2 Mine Area Ground Water Quality

Eight waterwells have been drilled and completed at the permit area which were used for
hydrologic testing and to establish water quality characteristics. Four wells; CR-3, CR-5, CR-6 and CR-8
were completed in the "A" sand. CR4 was plugged. One well was completed in each of the "AK, "B",
and Dakota sands. The wells are located on Figure 2.7-5. These wells were sampled at least
quarterly.to determine seasonable or laboratory variability. Variability, or lack thereof, will be the basis for
determining the frequency and number of samples for commercial baseline establishment.

Figures 2.7-6 through 2.7-12 show the water quality parameters for the CR wells. In most
cases, water quality parameters meet New Mexico standards for human consumption. The primary
cation present is sodium and the primary anion is bicarbonate. This will enhance the effectiveness of the
bicarbonate leach solution.
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Figure 2.7-2

GROUND WATER ANALYSIS REPORT-IN SITU MINING-URANIUM

L ..PANY: URANIUM RESOURCES, INC.
IDENTIFICATION: OCR SHAFT (GCnAOZ .SCT

6-29-87
LABORATORY: JORDAN LABORATORIES, INC.

REPORT DATE: SEPTEMBER 21, 19e:7

MAJOR AND SECONDARY CONSTITUENTS

ITEM

CALCIUMCCA)
MAGNESIUM(MG)
SODIUM(NA)
POTASSIUM(K)

STORET

00915
00925
00929
00937

MG/L

9.4.
5.8

301
5.7

EPM

0.47
0.48

13.09
0. 1S.

CONDUCTANCE

24.44
22.37

640.10
10.80

%EPM

3.31
3.38

92.25
1.06

TOTAL CATION 14.19

CARBONATE(C03) 00445
BICARBONATE(HC03)00440
SULFATE(S04) 00945
CHLORIDE(CL) 00940
NITRATECNO3-N) 71851
FLUORIDE(F) . 00951
SILICA(SIO2) 00955

34
185
469

10
1.4

1. 13
3.03
9.74
0.28

95.60
132.11
719.79
21.25

7.97
21.37
68. 69
1.97

TOTAL 1666.45
<1

. TOTAL ANION
TOTAL ION 1021

TDS(180 C) 70300 993
TOT ION-0.5 NCO3= 928 -
EC(25 C) 00095 1440 UMHOS
EC(DIL)= 98.2 X 16.7 = 1640 UMHOS
ALK. AS CAC03 00410 208
PH 9.19

MINOR AND TRACE CONSTITUENTS

14.18
ACCURACY CHECK

RANGE
ION 1.001 (.96 TO 1.04)
-TDS -,-1;070 -(.90.TO 1.-10)
EC 0.984 (.95 TO 1.05)

RADIATION-PICOCURIES/LITER
THORIUM 230 B.5 4/- 1.5
LEAD 210 5.6 +1- 3.2
RADIUM 226 1.0 /- 0.1

ITEM
ARSENICCAS)
BARIUM(BA)
CADMIUM(CD)
CHROM.(CR)
COPPERCCU)
IRON(FE)
LEAD(PB)

MG/L
<O. 00 1

0.0024

10
0. 580

ITEM
MANGANESE(MN)
MERCURYCHG)
MOLY.(MO)
NICKEL(NI)
SELENIUM(SE)
SILVER(AG)
URANIUM(U)

MG/L
0.19

<0. 0001
CO.01

ITEM
VANADIUM(V)
ZINCtZN)
BORON(B)
AMMONIA-N

MG/L

0.28
C0.001

0.003

%CATIONS %ANIONS
80 60 40 20 0 20 40 60 8O

:----I----!----:--------:----------- a:

CA' *

.

IHCO3

I S04

ANALYST:

NIXON AND ALLEN
…_________________

*

I . . i
I 1

I~r * I CL
I : - - : : - - :-8- :
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Figure 2.7-3

GROUND WATER ANALYSIS REPORT-IN SITU MINING-URANIUM

.4

'ANY: URANIUM RESOURCESi INC.
i-_NTIFICATION: OCR. SHAFT

6-30-87
LABORATORYt JORDAN LABORATORIES, INC.

REPORT DATE: SEPTEMBER 21, 1987

MAJOR AND SECONDARY CONSTITUENTS

ITEM

CALCIUM(CA)
MAGNESIlUM(MG)
SODIUM(NA)
POTASSIUM(K)

STORET

00915
00925
00929
00937

MG/L

63
15

336
6.1

EPM

3.14
1.23

14.62
0.16

CONDUCTANCE

163.28
57.32

714.92
11.52

%EPM

16.40
6.42

76.34
0.84

TOTAL CATION 19.15

CARBONATE(C03) 00445
BICARBONATECHC03)00440
SULFATE(S04) 00945
CHLORIDE (CL) 00940
NITRATECNO3-N) 71851
FLUORIDE(F) . 00951
SILICA(SIO2) 00955

0
431
574

13
0.65
0.62

12

0.00
7.06

11.95
0.37

0.00
307. 82
883. 11
28 08

0.00
36.43
61.66

1.91

TOTAL 2166.04

TOTAL ION

TDS(e180 C) 70300
TOT ION-0.5 HC03=
EC(25 C) -_ _ 00095 -

EC(DIL)=106.5 X 20.0 =
ALK. AS CAC03 00410
PH

TOTAL ANION
1451

1320
- 1236

1B60 UMHI
2130 UMHI
353.

6.01

19. 38

ION
TDS

-EC- -

ACCURACY CHECK
RANGE

0.988 (.96 TO 1.04)
1.068 (.90 TO 1.10)

- 0.983 .(95TO 1 .05)- -:islOS
lOS

RADIATION-PICOCURIES/LITER
THORIUM 230 1.S +/_ 0.1
LEAD 210 . 18 +/_ 4
RADIUM 226 68 +/- 1MINOR AND TRACE CONSTITUENTS

ITEM
ARSENIC(AS)
BARIUM(BA)
CADMIUM(CD)
CHROM. (CR)
COPPER(CU)
IRON(FE)
LEAD (PB)

MG/L
O. 001

0.0004

0.92
0.003

ITEM
MANGANESE(CMN)
MERCURY(HG)
MOLY.(MO)
NICKELCNI)
SELENIUM(SE)
SILVER(AG)
URANIUM(U)

MG/L
0.2i

(O. 0001
O.01

ITEM
VANADIUM(V)
ZINC(ZN)
BORON C B.)
AMMONIA-N

MG/L

0.15
0.003

5.22

%CATIONS %ANIONS
80 60 40 20 0 20 40 60 80

1 - - I- - _- -- I- - I- - ---- :- :

CA: * 4*

a

I HC03

IS04

ANALYST:

NIXON AND ALLEN
*

I

CHECKED BY:: . .

4+K : * *:
1-_ --- ___i- - - - -I --_- -__ _ _ __ _ _ X __ X _ _. _ _ _

CL

LAB. NO: M25-4713 -89-
1 6 1, �Z,: S,3



Figure 2.7-4

GROUND WATER ANALYSIS REPORT-IN SITU MINING-URANIUM

'ANY: URANIUM RESOURCES, INC.
IDENTIFICATION: DAKOTA WELLCMJ .)j. '/z~

6-30-67
LABORATORY: JORDAN LABORATORIES. INC.

REPORT DATE: SEPTEMBER 21, 1987

MAJOR AND SECONDARY CONSTITUENTS

ITEM

CALCIUM (CA)
MAGNESIUM(MG)
SODIUM(NA)
POTASSIUM(K)

STORET

00915
00925
00929
00937

MG/L

47
5.8

318
4.8

EPM

2.35
0.48

13.83
0.12

CONDUCTANCE

122.20
22.37

676.29
8.64

%EPM

14.00
2.86

82.42
0.72

TOTAL CATION 16.78

CARBONATECC03) 00445
BICARBONATE(HCO3)00440
SULFATE S04) 00945
CHLORIDE(CL) 00940
NITRATE(NO3-N) 71851
FLUORIDE(F) 00951
.SILICA(SI02) 00955

0
414
485
12
0.02
0.31
12

0.00
6.78

10.10
0.34

TOTAL

0.00
2955.61
746.39
25.81

0.00
39.37
58.65
1.97

1897.30

TOTAL ION
TOTAL ANION

1299
17.22

TDS(190 C) 70300 1150
.-T-OT -ION-0gg5 HC03=- 1092 --=-

EC(25 C) 00095 1550 UMHOS
EC(DIL)-111.4 X 16.7 = 1860 UMHOS
ALK. AS CAC03 00410 339
PH 7.98

-MINOR AND TRACE CONSTITUENTS

ACCURACY CHECK
RANGE

ION 0.974 (.96 TO 1.04)
-TDS -_-_ 1.053 _.90 .TOl.10) -
EC 0.981 (.95 TO 1.05)

RADIATION-PICOCURIES/LITER
THORIUM 230 1.8 +/- 0.1
LEAD 210 - 4.7 +/- 3.1
RADIUM 226 8.1 +1- 0.3

ITEM
ARSENIC(AS)
BARIUM(BA)
CADMIUM(CD)
CHROM.(CR)
COPPER(CU)
IRON(FE)
LEAD(PB)

MG/L
0.001

0. 0008

0.23
0.008

ITEM
MANGANESE(MN)
MERCURY(HG)
MOLY.(MO)
NICKEL(NI)
SELENIUM(SE)
SILVER(AG)
URANIUM(U)

MG/L
0.02

CO. 000 1
CO.01

0.027

ITEM
VANADIUM(V)
ZINC(ZN)
BORON (B)
AMMONIA-N

MG/L

0. 18

72.3

%CATIONS %ANIONS
8O 60 40 20 0 20 40 60 80

:-: ---- :----:----:----:-------:i----:----.-:
CAl I

CAl * * I
. . I

. -*:

HCO3

S04

ANALYST:

O.- * * I:
NIXON AND ALLEN
__________________

S .

'CL
CHECKED BY:a

*

I-!~ -- - - - i - - - - --- I- - i- -S .
- -AY -- S- --------- A - ---

Fllo, , e 39iI ^% kg^. &Al%_A74 A -90-



Figure 2.7-6

CHURCHROCK PROJECT BASELINE ANALYTICAL SUMMARY
WELL CR-I

PARAMETER12-17-87 4-7-88 5-23-98 6-21-88 7-14-B8 6-23-88 10-11-8B 11-15-88 12-12-BB 1-17-89 2-27-89 3-28-89 AVERAGE

CALCIUM 3.4 2.8 2.9 2.8 3.5 2.5 3.7 2.9 3.1 3.4 2.8 2.7 3.0
MA6NESIUM 0.4 0.35 0.29 0.38 0.3B 0.36 0.66 0.51 0.34 0.46 0.53 0.45 0.43
SODIUM 292 285 289 293 290 304 294 317 301 315 307 308 300
POTASSIUM 2 4.4 2.6 2.6 2 1.7 2 1.5 1.5 1.5 1.6 1.3 2.1
CARBONATE 17 67 42 18 14 23 5 18 8 18 20 22 23
8ICAREONA 551 441 499 545 540 565 590 SB9 600 590 538 557 550
SULFATE 120 128 125 122 124 128 124 129 130 129 129 129 126
CHLORIDE 33 33 33 39 38 32 27 43 31 36 40 32 35
NITRATE 0.01 0.02 0.04 0.02 0.02 0.01 0.03 0.02 0.06 0.06 0.07 0.14 0.04
FLUORIDE 4.3 4.7 5.1 4.3 4.5 4.5 4.5 4.9 4.9 5 4.9 5.1 4.7
SILICA 13 19 17 14 14 11 12 12 15 12 12 12 14
TDS(IBO) 812 919 81B 814 826 942 B15 875 845 B66 836 851 835
EC'25C) 1240 1240 1230 1230 1250 1300 1300 1320 1320 1330 1360 1320 1287
ALK 480 474 479 477 467 501 492 513 506 514 475 509 491
PH 8.59 9.25 9.1 8.67 8.62 8.68 8.45 8.6 9.59 B.5 8.7 8.54 8.7
ARSENIC 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
BARIUM 0.04 0.01 0.02 0.02 0.05 0.06 0.11 0.03 0.03 0.04 0.03 0.03 0.04
CADMIUM 0.0003 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0006 0.0015 0.0003
CHROM. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
COPPER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
_ I__ON 0.03 0.04 0.02 0.03 0.18 0.16 0.08 0.05 0.03 0.04 0.01 0.02 0.06
.tAD 0.022 0.001 0.001 0.003 0.012 0.004 0.018 0.001 0.006 0.001 0.002 0.002 0.006
MAN6ANESE 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MERCURY 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.O 0.0001 0.0001.--0.0001 - 0.0001 - 0.0OOL.0.0002
MOLY. 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01
NICKLE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SELENIUM 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.001 0.001
SILVER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
URANIUM 0.342 0.013 0.004 0.005 0.012 0.001 0.005 0.014 0.002 0.004 0.012 0.001 0.035
VANADIUM 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
ZINC 0.02 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.01 0.03 0.01 0.01 0.02
BORON 0.81 0.91 1.2 0.8 0.78 0.8 0.76 0.87 0.87 0.85 0.89 0.86 0.97
AMMONIA 0.1 0.12 0.22 0.13 0.05 0.19 0.06 0.11 0.25 0.14 0.15 0.14 0.14
RA226 0.7 0.2 0.3 0.5 0.9 0.7 0.9 1 0.5 0.9 0.5 0.2 0.6
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Figure 2.7-7
CHURCHROCK PROJECT BASELINE ANALYTICAL SUMMARY
VELL CR-2

PARAMETER12-23-8 4-7-88 5-23-88 6-21-88 7-14-8B 6-23-88 10-11-88 11-15-88 12-13-BB 1-17-89 2-21-89 3-28-89 AVERAGE

CALCIUM 32 7.4 24 7.3 3.9 2.5 2 2.2 2.4 2.5 1.9 2 7.5
MAGNESIUM 0.01 0.01 0.01 0.03 0.01 0.04 0.02 0.05 0.01 0.03 0.03 0.05 0.03
SODIUM 230 248 213 147 144 147 142 143 144 146 145 141 166
POTASSIUM 31 26 20 7.9 8 6.2 6.6 5.1 5.9 4.5 4.4 3.9 10.8
BICAR8ONA 0 0 0 39 16 83 57 116 107 148 110 113 66
CARBONATE 27 35 94 136 146 114 121 72 98 80 96 94 92
HYDROXIDE 160 160 109 0 0 0 0 0 0 0 0 0 36
SULFATE 96 79 71 75 74 76 75 76 77 79 73 73 77
CHLORIDE 4 5.8 5 6.1 4.5 1.6 3 3 3.8 2.5 3.6 2.6 3.8
NITRATE 0.07 0.04 0.06 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.03
FLUORIDE 0.57 0.73 0.76 0.62 0.62 0.7 0.79 0.67 0.62 0.62 0.6 0.65 0.66
SILICA 34 28 37 32 25 21 16 16 16 18 15 17 23
TDS(180) 658 618 592 462 441 441 422 415 430 437 422 418 480
EC'25C) 2520 2380 1890 867 724 700 717 679 674 672 667 391 1073
ALK 560 528 460 258 257 258 249 253 252 255 250 249 319
PH 11.92 12 11.94 10.32 10.46 10.1 10.35 10.16 9.94 9.77 9.81 9.77 10.5
ARSENIC 0.001 0.001 0.001 0.004 0.004 0.004 0.003 0.001 0.001 0.001 0.001 0.001 0.002
BARIUM 0.16 0.06 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03
CADMIUM 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002
CHROM. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

- --3PPER 0.14 0.04 0.05 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03
IRON 0.08 0.07 0.04 0.03 0.04 0.02 0.02 0.03 0.02 0.02 0.03 0.02 0.04
LEAD 0.037 0.057 0.121 0.001 0.001 0.001 0.001 0.001 0.001 .0.001 0.001 0.001 0.019
-, ANGANESE - -0.01.-- 0.01..- .0.01 -,- 0.01 .0.01 ----- 0.01--=-0.01 - --0.01 ---0.01 _ - -0.01---. 0.01. --= 0.01- 0.01
MERCURY 0.0001 0.0001 0.0001 0.0001 0.0001 0,0001 0.0001 0.0001 0.0001 0.000! 0.0001 0.0001 0.0001
HOLY. 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
NICKLE 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SELENIUM 0.009 0.004 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002
SILVER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
URANIUM 0.002 0.001 0.001 0.007 0.013 0.007 0.009 0.006 0.005 0.005 0.004 0.005 0.005
VANADIUM 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
ZINC 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
BORON 0.1 0.34 0.72 0.13 0.15 0.18 0.2 0.17 0.18 0.1 0.14 0.14 0.21
AMMONIA 1.8 2.9 1.4 0.15 0.04 0.15 0.05 0.12 0.18 0.2 0.07 0.13 0.59
RA226 9.6 1.3 0.7 0.1 0.5 0.3 0.1 0.3 0.01 0.5 0.1 0.1 1.1
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Figure. 2.7-8

CHURCHROCK PROJECT BASELINE ANALYTICAL SUMMARY
VELL CR-3

PARAMETER12-15-87 1-13-88 4-8-88 5-25-88 6-21-BB 7-14-88 8-23-88 10-11-88 11/15/88 12-12-8B 1-16-89 2-21-89 3-28-89 AVERAE

CALCIUM 2.6 3.2 2.4 2.8 2.5 2.6 2.4 2.8 2.5 2.5 2.4 2.5 2.4 2.
MAGNESIUM 0.15 0.13 0.1 0.11 0.12 0.1 0.12 0.16 0.17 0.12 0.15 0.14 0.15 0.1
SODIUM 127 130 116 122 128 127 128 126 128 12B 129 128 128 12
POTASSIUM 1.1 1.4 1.5 1.4 1.6 1.1 0.93 1.2 1 1.3 1 0.97 0.94 1.1
CARBONATE 0 25 43 32 2 22 11 13 32 28 48 49 41 2
BICARBONA 290 249 185 223 294 255 281 271 23B 248 207 203 222 24
SULFATE 33 34 35 34 36 35 35 38 36 34 35 32 35 ;
CHLORIDE 6 6.3 5.2 7.3 7.8 B.1 4.9 5.9 6 5.3 6.7 7.4 5 6.
NITRATE 0.03 0.01 0.01 O.O 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.0
FLUORIDE 0.33 0.26 0.33 0.31 0.26 0.27 0.3 0.3 0.29 0.27 0.27 0.28 0.27 0.2
SILICA 14 16 16 15 15 15 13 19 14 14 14 15 15 1
0DS(IBO) 353 368 331 352 361 365 356 362 362 361 363 363 367 35

EC'25C) 529 556 511 532 544 555 554 550 542 550 556 551 550 54
ALK 238 246 224 237 245 245 289 244 249 249 250 248 250 24
PH 8.15 9.06 9.27 9.25 8.38 8.79 8.66 8.93 9.06 9.01 9.05 9.07 9.06 8.
ARSENIC 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.00
BARIUM 0.03 0.07 0.04 0.05 0.04 0.07 0.1 0.11 0.07 0.07 0.09 0.08 0.08 0.0
CADMIUM 0.005 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.000
CHROM. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0
-"'PER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.

0.01 0.01 0.02 0.02 0.04 0.01 0.03 0.02 0.04 0.01 0.02 0.02 0.01 0.
.4 0.001 0.001 0.001 0.003 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.00
.ANGANESE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0

ffERCURY- 0.0001:- 0.0001 -- 0.0001 .0.0001. 0.0001 --0.0001 -0.001 -0.0001- --.0.0001 .- 0.0001 -0.0001--0.0001--0.0001 0.000

HOLY. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0
NICKLE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0
SELENIUM 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.001 0.00
SILVER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0
URANIUM 0.039 0.104 0.065 0.075 0.064 0.061 0.06 0.063 0.063 0.056 0.056 0.062 0.06 0.06
VANADIUM 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0
ZINC 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0
BORON 0.06 0.1 0.1 0.65 0.06 0.06 0.07 0.06 0.08 0.07 0.06 0.07 0.07 0.1
AMMONIA 0.1 0.11 0.11 0.16 0.07 0.04 0.09 0.07 0.05 0.08 0.08 0.06 0.08 0.0
RA226 1.9 14 4.1 9.3 17 16 24 14 20 22 20 15 20 15.:
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Figure 2.7-9
CHURCHROCK PROJECT BASELINE ANALYTICAL SUMMARY ,-
WELL CR-5

PARAMETER12-25-87 4-6-88 5-29-88 6-21-68 7-15-68 6-24-68 10-11-86 11/15188 12-12-8B 1-17-B9 2-21-89 3-28-89 AVERAGE

CALCIUM 1.9 2 1.6 2 1.9 2 1.8 1.6 1.5 1.5 1.6 1.5 1.7
MA6NESIUM 0.12 0.16 0.1 0.1 0.07 0.12 0.15 0.12 0.07 0.13 0.09 0.09 0.11
SODIUM 142 121 114 144 115 144 118 118 115 114 114 115 123
POTASSIUM 5 1.3 1.1 1.2 1.6 1.1 1.4 1 0.96 1 O.B5 0.89 1.45
CARBONATE 65 2 13 0 6 10 14 22 24 25 30 31 20
BICARBONA 200 282 244 266 255 249 239 231 224 216 209 211 236
SULFATE 44 36 33 32 33 36 40 35 35 32 33 33 35
CHLORIDE 5 6 5.3 5.3 5.8 4.8 5.1 4.7 2.8 5.6 5.2 3.5 4.9
NITRATE 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.04 0.01 0.01 0.02 0.01 0.02
FLUORIDE 0.43 0.3 0.31 0.29 0.29 0.29 0.36 0.3 0.29 0.29 0.28 0.3 0.31
SILICA 16 15 14 15 14 18 26 14 14 14 15 15 16
TDS(180) 411 351 328 324 333 333 349 329 332 326 325 322 339
EC'25C) 615 518 495 485 495 498 503 488 506 497 500 494 508
ALK 272 235 222 218 219 220 220 225 491 219 221 225 249
PH 9.67 8.32 8.83 8.22 8.49 8.61 8.82 8.88 8.93 8.97 8.97 8.99 8.81
ARSENIC 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
BARIUM 0.03 0.03 0.02 0.04 0.04 0.04 0.06 0.03 0.03 0.03 0.03 0.03 0.03
CADMIUM 0.0004 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
CHROM. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
rnPPER 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

0.06 0.09 0.02 0.02 0.02 0.02 0.01 0.05 0.04 0.01 0.02 0.01 0.03
0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

ANGANESE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MERCURY 0.0001 0.0001 0.0001_ 0.0001 0.0001 _ 0.0001 0.0001 0.0OO1 0.0001 -0. 0001I.-
HOLY. - 0.03 0.01 -0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
NICKLE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SELENIUM 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
SILVER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
URANIUM 0.068 0.022 0.024 0.01 0.007 0.021 0.039 0.005 0.003 0.002 0.003 0.003 0.017
VANADIUM 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
ZINC 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
BORON 0.15 0.07 0.6 0.05 0.05 0.06 0.06 0.07 0.06 0.05 0.05 0.08 0.11
AMMONIA 0.05 0.09 0.14 0.09 0.04 0.07 0.04 0.06 0.07 0.14 0.03 0.08 0.08
RA226 1.1 23 4.8 7.8 3.4 7.8 10 5.1 5.3 5.6 4.2 3.5 6.8
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Figure 2.7-10 .
CHURCHROCK PROJECT DASELINE ANALYTICAL SUMMARY
WELL CR-6

PARAMETER12-15-87 4-9-88 5-24-B9 6-21-88 7-15-98 6-24-98 10-11-88 11/1519B 12-13-98 1-17-89 2-22-B9 3-29-B9 AVERA6E

CALCIUM 4.6 3.3 3.6 5.8 4.1 5.5 4.5 4.3 4.5 4.5 4.6 4.4 4.5
MA6NESIUM 0.79 0.49 0.4 0.81 0.47 0.45 0.69 0.7 0.7 0.67 0.15 0.72 0.59
SODIUM 146 132 128 139 125 128 130 128 128 127 128 126 130
POTASSIUM 3.2 3.4 2.7 2.8 2.2 4 2.3 2 2.1 2 1.6 1.5 2.5
CARBONATE 5 5 10 2 8 11 11 13 17 20 23 22 12
EICARBONA 322 307 275 331 276 289 284 265 276 268 264 266 287
SULFATE 46 36 43 46 40 42 36 36 37 37 34 36 39
CHLORIDE 12 10 8.1 8.7 7.9 5.5 5.6 6.5 4.2 5.9 B.3 5.9 7.4
NITRATE 0.16 0.01 0.07 0.11 0.02 0.06 0.03 0.01 0.01 0.01 0.01 0.01 0.04
FLUORIDE 0.84 21 0.27 0.29 0.22 0.22 0.23 0.22 0.24 0.24 0.21 0.22 2.02
SILICA 21 14 13 12 12 68 19 12 11 11 12 12 18
TDS(180) 431 382 374 414 367 435 373 368 363 363 369 363 384
EC'25C) 620 583 552 579 559 571 566 551 550 561 560 554 567
ALK 272 260 241 275 240 255 251 256 254 254 254 254 256
PH 9.36 9.35 8.71 8.39 9.5 8.54 8.65 9.65 8.72 8.73 6.68 8.71 8.56
ARSENIC 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
BARIUM 0.06 0.11 0.05 0.02 0.05 0.05 0.1 0.07 0.07 0.08 0.07 0.08 0.07
CADMIUM 0.0002 0.0001 0.0002 0.0001 0.0003 0.0001 0.0001 0.0001 0.0001 0.0001 0.0005 0.0001 0.0002
CHROK. 0.07 0.01 0.01 0.01 0.01 0.01 0.01 0.07 0.01 0.01 0.01 0.01 0.02
COPPER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.08 0.02
'RON 0.28 0.02 0.29 0.02 0.02 0.02 0.01 0.02 0.03 0.02 0.06 0.04 0.07
EAD 0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

MANGANESE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MERCURY 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
HOLY. _ -0.04 --0.01 --0.01. _ O.01. 0.0.01. - .01-_ 0.01 ..00.01_ -..001 0.01 _0.01 0.01 _ 0.01
NICKLE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SELENIUM 0.001 0.001 0.001 0.002 0.001 0.005 0.001 0.01 0.002 0.001 0.001 0.001 0.002

%l31 0.372 o?3 1:? 16 0. t 0.°i°79 0°3°3 0°?41 0.01 0.01 0°.01 0.01~NIUM  2% % ? ~ ?f % o.A 3 d 3 0.341 0.36 0.321 0.474
VANADIUM 0.44 0.01 0.02 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.05
ZINC 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

RWONIA 8:12 8:89 8:19 8:8; 8:8k 8:?? 8:8i 8:83 8:89 8:81 8:8, 8:8E 8:19
RA226 1.8 3 3.3 6.9 9.9 6.2 6.9 5.8 4.7 8.7 12 1.9 5.8

-96- -96 LAO - I



Figure 2.7-11 ,

CHURCHROCK PROJECT BASELINE ANALYTICAL SUMMARY
WELL CR-7

PARAMETER B-24-B 10-11-88 11/15/88 12-12-68 1-16-89 2-21-89 3-29-89 AVERAGE

CALCIUM 1.7 1.1 1.2 1.1 1.1 1.2 1.1 1.2
MAGNESIUM 0.04 0.03 0.03 0.01 0.01 0.02 0.03 0.02
SODIUM 121 137 129 126 126 126 123 127
POTASSIUM 4.4 17 11 9.5 9.4 7.5 6.6 9.3
CARBONATE 34 118 116 108 109 103 95 98
BICAREONA 224 96 100 107 107 111 118 123
SULFATE 38 32 25 16 17 17 25 24
CHLORIDE 2.9 6.3 3.6 7.6 8.1 9.8 4.6 6.1
NITRATE 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.01
FLUORIDE 0.37 0.42 0.4 0.33 0.43 0.4 0.36 0.39
SILICA 16 22 12 12 14 14 14 15
TDS(180) 356 402 364 358 364 355 349 364
EC'25C) 543 382 614 597 604 591 577 558
ALK 240 275 276 268 270 263 255 264
PH 9.23 10.17 10.07 10.02 10.09 9.97 9.88 9.9
ARSENIC 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
BARIUM 0.05 0.06 0.11 0.08 0.08 0.08 0.07 0.08
CADMIUM 0.0001 0.0001 0.0001 0.0002 0.0001 0.0001 0.0001 0.0001
CHROM. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
COPPER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
IRON 0.05 0.01 0.04 0.03 0.03 0.04 0.02 0.03
LEAD 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001
MANGANESE 0.01 0.01 0.01 0.01 0.01 0.01 0.01' 0.01
MERCURY O 0.0001 0.0001 _ 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001.
HOLY. 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
NICKLE 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SELENIUM 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
SILVER 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
URANIUM 0.494 0.002 0.003 0.001 0.001 0.001 0.001 0.072
VANADIUM 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
ZINC 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
BORON 0.09 0.28 0.17 0.15 0.14 0.11 0.13 0.15
AMMONIA 0.07 0.04 0.08 0.08 0.1 0.01 0.07 0.06
RA226 0.6 0.3 0.4 0.1 0.3 0.2 0.3 0.3
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Figure 2.7-12 -
CHURCHROCK PROJECT BASELINE ANALYTICAL SUMMARY
WELL CR-B

PARAMETERI0-11-8B 11/15/88 12-12-B9 1-16-89 2-21-89 3-29-99 AVERA6E

CALCIUM 2.2 2.7 2.9 2.1 2.4 1.6 2.3
MA6NESIUM 0.14 0.13 0.08 0.08 0.12 0.1 0.11
SODIUM 132 134 147 138 148 134 139
POTASSIUM 3.3 5.3 6.6 5.1 4.9 3 4.7
CARBONATE 35 54 80 55 50 61 56
8ICARBONA 234 221 190 216 246 200 218
SULFATE 34 33 45 39 44 36 39
CHLORIDE 5.7 5.4 5 5.5 9.5 6 6.0
NITRATE 0.02 0.01 0.01 0.01 0.02 0.01 0.01
FLUORIDE 0.32 0.29 0.22 0.26 22 0.26 3.89
SILICA 19 * 16 17 16 19 16 17
TDS(IB0) 371 386 424 390 430 383 397
EC(25C) 555 581 640 619 651 584 605
ALK 250 271 290 269 2B6 266 272
PH 9.38 9.6 9.44 9.47 9.3 9.34 9.4
ARSENIC 0.007 0.005 0.012 0.007 0.01 0.003 0.007
BARIUM 0.11 0.12 0.1 0.1 0.08 0.09 0.10
CADMIUM 0.0001 0.0001 0.0001 0.0012 0.0001 0.0001 0.0003
CHROM. 0.01 0.01 0.01 0.01 0.01 0.01 0.01
COPPER 0.01 0.01 0.01 0.01 0.01 0.01 0.01

.ON 0.08 0.03 0.02 0.02 0.01 0.01 0.03
.EAD 0.002 0.001 0.001 0.002 0.001 0.001 0.001
MAN6ANESE 0.01 0.01 0.01 0.01 0.01 0.01 0.01
-HERCURY- -0.0001 -0.0001.----000 1 0 O.0001-0.0001- 0.00. 1--00 O001 0--00-
HOLY. 0.01 0.01 0.01 0.01 0.01 0.01 0.01
NICKLE 0.01 0.01 0.01 0.01 0.01 0.01 0.01
SELENIUM 0.001 0.001 0.002 0.001 0.001 0.001 0.001
SILVER 0.01 0.01 0.01 0.01 0.01 0.01 0.01
URANIUM 6.28 10.4 10 6.66 5.08 1.34 6.63
VANADIUM 0.16 0.34 0.57 0.28 0.25 0.09 0.28
ZINC 0.01 0.01 0.01 0.01 0.01 0.01 0.01
BORON 0.1 0.07 0.07 0.05 0.05 0.07 0.07
AMMONIA 0.06 0.07 0.09 0.14 0.03 0.08 0.08
RA226 7.5 13 26 B 13 11 13.1
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Staff Exhibit 9

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )
)

HYDRO RESOURCES, INC. ) Docket No. 40-8968-ML
2929 Coors Road, Suite 101 )
Albuquerque, New Mexico 87120 )

AFFIDAVIT OF WILLIAM H. FORD

I, William H. Ford, being duly sworn, declare as follows:

1. I am competent to make this affidavit, and the factual statements herein are

true and correct to the best of my knowledge, information, and belief. The opinions

expressed herein are based on my best professional judgment. This declaration will serve

to present my understanding of the health, safety and environmental effects of in situ

leach (ISL) uranium mining at the Crownpoint Uranium Project of Hydro Resources Inc.

(HRI). I will evaluate some of the comments and conclusions reached by Dr. Richard J.

Abitz, Michael G. Wallace, and Dr. Marvin Resnikoff, as expressed in their affidavits

attached to ENDAUM's and SRIC's Motion for Stay, Request for Prior Hearing, and

Request for Temporary Stay, dated January 15, 1998 (Stay Request), as Exhibits 4, 12,

and 13, respectively, which I reviewed in preparing my affidavit. In addition to these

documents, I was previously familiar with and reviewed:

A. Deutsch, W. J., et al., 1983,AqutferRestoration at In-SituLeach Uranium

Mines: Evidence for Natural Restoration Processes, NUREG/CR-3136.
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B. Deutsch, W. J., et al., 1985, Method of Minimizing Ground-Water

Contamination From In Situ Leach Uranium Mining, prepared for the Nuclear Regulatory

Commission by Pacific Northwest Laboratory, NUREG/CR-3709.

C. HRI 1989a, May 8 Supplementary Environmental Report.

D. HRI 1992a, January 6 Environmental Assessment, HRI, Inc., Unit 1

Allotted Lease Program, Eastern Navajo District, New Mexico, Hydro Resources, Inc.

E. HRI 1992b, July 31 CrownpointProjectIn-Situ Mining Technical Report,

Hydro Resources, Inc.

F. HRI 1992d, October 9 Unit'l U.I.C. Application and Technical Report.

G. HRI 1993a, March 16 Church Rock Project Revised Environmental

Report.

H. HRI 1993b, March 16 Section 9 Pilot Summary Report.

I. HRI 1995a, October 9 Unit I U.I. C. Application and Technical Report:

Analysis of South Trend Development Area Pumping Test, August 16-18, 1982.

J. HRI 1995b, January 6 EnvironmentalAssessmentAllotted Lease Program

Unit 1: Analysis of South Trend Development Area Pumping Test, August 16-18, 1982.

K. HRI 1996a, April 1 and 5 Request for Additional Information Questions

49-91, Water Resources Protection and Cost/Benefit Analysis, Safety Analysis Review

and Environmental Reviewfor Hydro Resources, Inc.

L. HRI 1996b, August 15 Response to Request for Further Clarification and

AdditionalInformation of Responses; Safety Analysis Review and Environmental Review
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for the Hydro Resources, Inc., Uranium Solution Mining License Application,

Crownpoint, New Mexico.

M. HRI 1996d, June 18 Unit I Water Quality Infonnation (included as an

attachment in HRI's summary of the June 19 and 20, 1996, public meetings held at U.S.

Nuclear Regulatory Commission Headquarters).

N. HRI 1996h, September 27 Response to Additional Conmnents Dated

September 16, 1996, on the License Application for an In-Situ Mining Facility at

Crownpoint, New Mexico, Q3157, Q3/95 and Q3/96.

0. HRI 1996n, November 18 transmittal from Craig Bartels (HRI) to William

Ford (NRC) regarding comments on groundwater velocity calculations.

P. HRI's August 15, 1997 Crownpoint Uranium Project Consolidated

Operations Plan, rev. 2.0.

Q. HRI 1997b, August 18 HRI Response to NRC Q99: Sensitivity Analysis

of Modeled Unit Site Ground-Water Flow.

R. Mobil Alternative Energy Inc. 1986, January 22 Restoration Progress

Report, Crownpoint Section 9 Pilot In Situ Leach Plant (submitted by J. Cullen, Mobil

Alternative Energy Inc., to F. Miera, New Mexico Environmental Improvement

Division).

S. Mobil Mining and Minerals Company 1986, November 14, Mobil Pilot

In Situ Leach Restoration Results (submitted by J. Cullen, Mobil Mining and Minerals

Company, to G. Kofiwinski, NRC).
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T. NRC 1981, GroundwaterMonitoring at Uranium In Situ Solution Mines,

Staff Technical Position Paper No. WM-8102.

U. NRC 1983,AquiferRestorationatIn-SituLeach Uranium Mines:Evidence

For Natural Restoration Processes, NUREG-/CR-3136.

V. NRC 1988, February 4 EnvironmentalAssessment in Consideration of the

Release of Source Material License SUA-1479 for Mobil Oil Corporation, Crownpoint

Section 9 In Situ Test Project (prepared by NRC Uranium Recovery Field Office,

Denver, Colorado).

W. NRC 1997, Draft Standard Review Plan for In Situ Leach Uranium

Extraction License Applications, NUREG-1569.

X. NRC 1997, December 4 Safety Evaluation Report, Hydro Resources,

Incorporated License Application For Crownpoint Uranium Solution Mining Project

McKinley County, New Mexico, Docket No. 40-8968.

Y. NRC 1998, January 5 Source Material License SUA-1508, For In Situ

Leach Uranium Mining Project at Crownpoint, New Mexico (HRI License).

Z. Prickett, T. A., 1983, Analysis of South Trend Development Area

Pumping Test, August 16-18, 1982, Crownpoint McKinley County, New Mexico .

AA. Reed, S. 1993, October 7 Analysis of Hydrodynamic Control, HRI, Inc.,

Crownpoint and Church Rock New Mexico Uranium Mines (Geraghty & Miller, Inc.).
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BB. Staub, W. P., et al., 1986, An Analysis of Excursions at Selected In Situ

Uranium Mines in Wyoming and Texas, NUREGICR-3967, ORNL/TM-9956 (prepared

for the Nuclear Regulatory Commission by Oak Ridge National Laboratory).

CC. U.S. Bureau of Mines, Environmental Assessment of In Situ Mining,

Open-File Report 101-80, December, 1979.

DD. Final Environmental Impact Statement to Construct and Operate the

CrownpointUranium Solution Mining Project, Crownpoint, New Mexico, NUREG-1508

(FEIS).

Professional Qualifications Regarding ISL Mining

2. I am an employee of the United States Nuclear Regulatory Commission

(NRC), in the Office of Nuclear Material Safety and Safeguards. In my 14 years with

the NRC, I have worked on groundwater concerns at uranium mill sites throughout the

western United States. In addition, from 1985 to 1986, I worked on a project with NRC

Research to study past excursions at ISL mines. This work eventually resulted in a

publication by Staub, et al., which I refer to later in my affidavit. For the past three

years, I have been doing groundwater and geology reviews, writing regulatory guidance,

and doing inspections of conventional uranium mill tailings sites and ISL sites for the

Uranium Recovery Branch at the NRC. As part of my duties, I have worked on the HRM

license application since approximately June of 1995. 1 have reviewed HRI submittals in

the areas of groundwater, geology, and soils. On November 27 through November 29,

1995, Christepher McKenney and I participated in a site tour of HRI's proposed ISL

mining facilities near Crownpoint, New Mexico, including HRI's Church Rock site.
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3. Prior to coming to NRC, I was employed for 5 years (From 1975 to 1980)

by Wyoming Mineral Corporation, a subsidiary of Westinghouse Electric Corporation.

Wyoming Mineral Corporation built and operated ISL mines in Texas, Wyoming, and

Colorado. I was responsible for conducting groundwater studies for environmental and

well field design purposes for two mine sites in Texas, one site in Wyoming, and two

sites in Colorado. During this time, I conducted and participated in new mine

development projects, the operation of well fields, and well field restoration. I actively

conducted pump tests, aquifer rupture (injection) tests, studies of aquifer water quality,

studies of groundwater excursion identification and correction (both vertical and

horizontal), and participated in well field restoration demonstration projects.

Additionally, for two years while employed by Atlantic Richfield Coal Company, I

participated in groundwater studies of a successful coal gasification project in Wyoming,

which used wells to mine coal by converting it to natural gas. My role on this project

was to study and monitor the hydrologic impacts associated with this operation.

4. My resume, attached hereto as Attachment 1, accurately describes my

general background, training, and other qualifications to express the opinions stated

herein.

General Opinin

5. In my professional opinion, the Crownpoint Project as described in the

FEIS, and as regulated by the HRI License, will not irreparably damage the local

groundwater quality; and will not threaten the public health, safety, or environment.

Further discussion supporting this opinion is provided below.
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HRI License Not Reviewed

6. From my review of the affidavits of Dr. Abitz, Mr. Wallace, and

Dr. Resnikoff, it appears that only Mr. Wallace reviewed the HRI License. Based on

statements made by Mr. Wallace, it does not appear that he gave adequate consideration

to license conditions contained in the HRI License, which were designed to mitigate any

groundwater impacts caused by HRI's ISL mining project.

Stratigraphic Model of Westwater Canyon Aquifer Is Accurate

7. In II 7 through 10 of Dr. Abitz's affidavit, and ¶¶ 5 through 9 of

Mr. Wallace's affidavit, they assert that the conceptual model of the Westwater Canyon

Member, as described in the FEIS, is flawed. They assert that the Westwater Canyon

Member (aquifer) is not one continuous sandstone formation measuring 250 to 350 feet

in thickness, and that it is not a homogeneous, isotropic, hydrologically confined aquifer

of infinite width. Rather, they describe the Westwater Canyon Member as made up of

complex, interfingered, and heterogeneous fluvial deposits which are relatively thin (15

to 30 feet thick), with braided stream deposits that are stacked on top of each other, and

separated by layers of mudstones and siltstones. The Westwater Canyon aquifer is

further described as containing dozens of criss-crossing (i.e. braided) sand channels. It

is asserted that these sand channels behave like buried pipelines, with shales and clays

forming the walls of the pipe.

8. 1 agree that the Westwater Canyon aquifer is not a homogeneous aquifer.

Rather, as is true for almost all uranium deposits on which ISL mining is used, the

uranium deposits here are sandstone aquifer deposits of fluvial (stream-deposited) origins,
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interbedded with siltstones, shales, and mudstones. While descriptions in the FEIS are

by necessity kept brief, the FPES description is consistent with this heterogenetic

description. See Figure 3.5, at 3-14 of the FEIS, which depicts a stratigraphic column

for the Unit 1 and Crownpoint sites that shows interbedded shales and sands in the

Westwater Canyon aquifer. Moreover, it is stated on page 3-14 of the FEIS that "the

Westwater Canyon consists of a series of gray to light red, fine- to medium-grained

arkosic sandstones with a number of well-defined mudstone layers. The mudstone units

are pale green or varicolored and range from a few centimeters to 9 meters (30 feet)

thick." It is my opinion that the FEIS accurately and adequately describes the Westwater

Canyon Member.

9. Dr. Abitz and Mr. Wallace seem to be concerned that the brief FEIS

description might mean that the NRC lacks adequate geologic information regarding

HRI's proposed ISL mining sites. This is not correct. HRI submitted to the NRC several

detailed geologic cross sections that criss-cross (north-south and east-west) each of the

three project sites. See HRI, 1992a; HRI, 1992b; HRI, 1992d; and HRI, 1993a. These

cross sections contain lithologic descriptions' showing that the Westwater Canyon

Member is composed of thick-sand layers, interbedded with relatively thin, discontinuous

siltstone, shale, and claystone layers. Many of these siltstone, shale, and claystone layers

are difficult to correlate over the site. An inspection of the lithologic cross sections shows

I These cross sections also contain geophysical logs for each drill hole, which
allow the reviewer to confirm the lithologic descriptions. I have reviewed these logs, and
in my opinion the lithologic descriptions provided by HRI are accurate.
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that the Westwater Canyon is best described as comprised of thick sand units, which are

hydrologically interconnected vertically and horizontally as individual siltstone and shale

layers pinch out.

10. Moreover, HRI is presently in possession of a large amount of stratigraphic

data regarding the proposed well fields. More than 133 holes have been drilled in the

southern half of Section 24 at the Crownpoint site; more than 190 holes in the

southeastern quarter of Section 6 at the Unit 1 site; and more than 174 holes in the

southeastern quarter of Section 8 at the Church Rock site. See URI Response to

Comment 70, HRI 1996a. HRI should thus possess a detailed description of the

stratigraphy of each of the three sites. Additional stratigraphic data will be collected as

each well field is drilled, and this data will be subject to NRC inspection once it becomes

available.

11. Based on the information submitted to date by HRI, I disagree with the

assertions made in the affidavits of Dr. Abitz and Mr. Wallace that the Westwater Canyon

is made up of thin sandstone deposits, isolated by mudstones and siltstones.

Well Spacing and Monitoring Plans Are Adequate to Detect Excursions

12. At I¶ 14 through 18 of Dr. Abitz's affidavit, and l 16 of Mr. Wallace's

affidavit, they assert that the planned spacing of monitor wells 400 feet apart will be

inadequate to detect excursions of lixiviant. They state that the narrow sand channels in

the Westwater Canyon aquifer will act as pipes of a few feet to 200 feet in width, thereby

transporting lixiviantbetween the monitoring wells. They further assert that HRI's plans

ignore the common industry practice of placing a higher density of monitoring wells down
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gradient from contaminated areas, and point out that this practice was recommended by

the NRC in 1981 in Technical Position Paper WM-8102, 'Groundwater Monitoring At

Uranium In Situ Solution Mines" (Groundwater Monitoring STP). They note that the

Groundwater Monitoring STP also recommended that greater numbers of monitoring

wells should be located "in zones of major transmissivity and aligned in the principal flow

directions;" and recommended the placing of monitoring wells in two tiers at 50 feet and

250 feet from the outermost injection wells, rather than in a single ring of wells 400 feet

apart. They contend that this latter configuration, if used by HRI, will pose a significant

and imminent threat of undetected lixiviant'(uranium) excursions into the local drinking

water and groundwater. Dr. Abitz further states, in ¶18, that the proposed monitor well

density in the overlying Dakota Sandstone aquifer will not be adequate to detect vertical

excursions, and that completion of monitor wells into the underlying Cow Springs aquifer

should be required.

13. I disagree with the above assertions. In my opinion, the affidavits in this

regard are incorrect, as the assertions about the stratigraphy, common industry practice,

and the application of NRC guidance, are erroneous. As noted above, HRI submitted

several detailed east-west and north-south geologic cross-sections for each of the three

project sites, containing lithologic descriptions showing that the Westwater Canyon is best

described as thick sand units that are hydrologically interconnected vertically and

horizontally, as individual siltstone, shale, and claystone layers pinch out. At each of the

three project sites, most of the thick sand units can be easily correlated over the whole

length of the cross-sections. At the Church Rock site, the thick sands can be correlated
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for approximately one mile; at the Crownpoint site, for about 1.5 miles; and at the

Unit 1 site, for three miles. These distances are much greater than the 200 to 400 foot

wide sand channels posited by Dr. Abitz in ¶ 15 of his affidavit.

14. The 1981 GroundwaterMonitoring STP is outdated with respect to monitor

well spacings? This guidance refers to recommended monitor well spacings that are not

required by the staff at any ISL mining operations regulated by the NRC. To my

knowledge, the recommendation to use two tiers of groundwater monitor wells has never

been implemented.3 At NRC licensed facilities, most monitor wells are located at, or

very near, 400 feet from the well field and'400 feet apart from each other.

15. The recommendation in the 1981 Groundwater Monitoring STP that a

higher density of monitoring wells be placed down-gradient, as opposed to up-gradient,

appears to have been based on the faulty assumption that excursions will occur with a

greater frequency on the down-gradientside than in the up-gradientdirection. Excursiors

occur when a part of the well field becomes unbalanced, such that lixiviant injection

exceeds the amount pumped out. Since the difference in head is so great between an

2 Current NRC guidance on the placement of monitor wells is found in
NUREG-1569, "Draft Standard Review Plan for In Situ Leach Uranium Extraction
License Applications," at 540. The HRI plans are consistent with this guidance.

3 At the first ISL facility licensed by NRC (Irigaray, Wyoming), two tiers of
monitor wells were installed only in the first few monitor wells. The interior wells were
called trend wells and the outer ring were called monitor wells. Only the outer ring of
monitor wells were official monitor wells for regulatory purposes.
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injection well and premining water levels, an excursion should be able to overwhelm the

local groundwater gradient in any direction.

16. The affidavits also ignore HRI License Condition 10.23, which requires

that pump tests be performed prior to lixiviant injection in a well field. This license

condition is included in the HRI License to ensure that monitor wells are completed into

the same sands or aquifers as the productionand injectionwells. Pursuantto HRI License

Condition 10.23, prior to the injection of lixiviant, production wells must be pumped to

confirm hydraulic connection with the Westwater Canyon monitor wells. If it is

determined from these pump tests and the stratigraphic data that the wells are not

monitoring the same sands as the productionzone, the monitoring wells must be redrilled.

17. The groundwater monitoring required by the HRI License Conditions,

together with the thick nature of the interconnected sandstone layers present at HRI's ISL

project, adequately ensure that excursions from HRI's well fields, if they occur, will not

degrade the town of Crownpoint water supply. Accordingly, it is my professional opinion

that monitor wells which encircle the well field at a distance of 400 feet (122 meters) from

the edge of the production or injection wells, and 400 feet (122 meters) between each

monitor well, as required by the HRI License, will adequately monitor the Westwater

Canyon aquifer and will not be a threat to public water supplies.

18. Regarding Dr. Abitz's opinion that completion of monitor wells into the

underlying Cow Springs aquifer should be required, I disagree with this opinion because:

(1) as discussed in the FEIS, at each of the three HRI project sites, the Recapture Shale

forms a thick barrier--1 80 to 260 feet thick at Church Rock, and 260 feet thick at Unit 1
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and Crownpoint--between the Cow Springs aquifer and the Westwater Canyon aquifer;

(2) drilling into the Cow Springs aquifer to develop monitor wells could create vertical

pathways for an excursion; (3) the Cow Springs aquifer has poor water production rates;

and (4) there is only limited use made of the Cow Springs aquifer groundwater.

Accordingly, my professional opinion is that the Cow Springs aquifer need not be

routinely monitored.4

*19. I further disagree with Dr. Abitz's opinion that the proposed monitor well

density in the overlying Dakota Sandstone aquifer will not be adequate to detect vertical

excursions. HRI License Conditions 10.18, 10.19, and 10.20 describe the minimum

density of upper aquifer monitor wells that will be required, and are based on a

reasonable assessment of the risk of vertical excursions occurring. The monitor well

densities required are consistent with what the NRC has approved at other ISL mining

operations. Therefore, in my opinion, the required density of upper aquifer monitor wells

at HRI's project will be adequate to detect excursions, and protect the groundwater.

Unrealistic Groundwater Flow Rates

20. In I¶ 12 and 13 of Dr. Abitz's affidavit, and ¶¶ 9 through 15 of

Mr. Wallace's affidavit, it is asserted that lixiviant excursions from HRIl's well fields will

result in exceedence of drinking water standards in Crownpoint wells, and that

groundwater travel times to the Crownpoint town wells are likely to be much faster than

4 However, should additional data to be collected indicate that there is a reasonable
possibility that vertical excursions could occur into the Cow Springs aquifer, then
monitoring will be required. See HRI License Conditions 10.25 and 10.32.
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HRI estimated.5 These assertions are based on assumptions that: (a) the orientation of the

sand channels in the Westwater Canyon Member is west-to-east; (b) the groundwater

moves from southwest to northeast across the channels, and, on a localized basis, south

to north across the Unit 1 site; (c) water can move much faster from west to east along

the sand channels, than south to north across the clays and shales that bound the sands;

(d) water will flow more quickly through a narrow diameter pipe than through a wide-

diameter pipe; and (e) excursions will contain high concentrations of dissolved

constituents, with little dilution and dispersion of oxidized uranium and its associated

contaminants. 1

21. I disagree with the opinions described above for the following three

reasons. First, the above assertions contain a misconception concerning the sands of the

Westwater Canyon aquifer. It is implied that these sands are not interconnected and are

isolated from each other. As previously discussed, it is my opinion that the sands are

vertically and laterally interconnected, and that the Westwater Canyon aquifer contains

thick sand units, which are laterally extensive. Therefore, in my opinion, the assumption

that the Westwater Canyon aquifer is made up of narrow, 200 foot thick by 100 foot wide

sand channels, is an unrealistic assumption.

22. Second, the statement that water will flow more quickly through a narrow

diameter pipe than through a wide-diameter pipe is relevant to a situation where the

5 Mr. Wallace's affidavit provided the results of an example calculation based on
a 200 ft channel thickness and a 100 ft channel width. This calculation produced a
groundwater flow time of four years from the Unit 1 site to the Town of Crownpoint
wells.
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volume of water from a large diameter pipe is forced to flow through a small diameter

pipe. This results in an increase in water velocity in the small pipe relative to the large

pipe. However, this analogy is not relevant if there is more than one pipe or pathway for

the water to flow down, as is the case in the Westwater Canyon aquifer. All factors being

equal, water will always take the path of least resistance. Therefore, given the

interconnected nature of the thick Westwater Canyon sands, the assumption of an increase

in velocity in narrow constricted sands does not appear appropriate.

23. Third, Dr. Abitz and Mr. Wallace fail to adequately rebut groundwater

flow rate data submitted by HRI, described in the following paragraphs. HRI has

modeled groundwater flow from the Unit 1 site to the Town of Crownpoint wells. See

HRI, 1996a; and Reed, 1993. This analytical model simulated premining groundwater

gradients due to summer pumping rates (as opposed to less pumping during the winter

months) by the town of Crownpoint. The following parameters were input by HRI into

the code:

1. Transmissivity = 2,550 gpd/ft

2. Storage Coefficient = 0.000086

3. Porosity = 0.251

4. Aquifer Thickness = 201 feet

6 At the Mobil Solution Mining Test site, which operated in the Westwater Canyon
aquifer only a few miles north of the Town of Crownpoint,the phenomena of small
narrow sands rapidly transmitting lixiviant from the well fields did not occur, to my
knowledge.
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24. HRI's computer model then simulated 3,121 years of pumping with the

result that water levels and groundwater velocities were essentially not changing with

time. The model calculates that it would take 1,657 years for the groundwater to flow

from the eastern-most boundary at the Unit 1 site in Section 14, to the town wells. To

refine the NRC staffs understanding of the realistic range of calculated flow times from

the Unit 1 site to the Town of Crownpoint wells, the Staff requested that a sensitivity

analysis be conducted by HRI. HRI provided a sensitivity analysis of the Unit 1 site, and

flow times from the Unit 1 site to the Town of Crownpoint wells, as a function of

variations in permeability, storage coefficient, aquifer thickness, porosity, and Town of

Crownpoint well pumping rates. See HRI, 1997b. The analysis provided groundwater

flow rates and velocities for average values, and then increasingly conservative and

unlikely values that would produce faster flow velocities. The analysis also included a

discussion explaining the basis for choosing the range of parameters modeled.

25. In order to produce the fastest possible groundwater flow times, HRI used

a steady-state analysis. This means that within any given simulation, groundwater

velocities and water levels are no longer changing with time. In a steady-state analysis,

the concept of a storage coefficient is not valid, and therefore was not input into the

simulations. Different flow times were calculated by holding all model parameters

constant while varying one or more parameters. As expected, groundwater flow times

were sensitive to changes in pumping rates by the town wells, aquifer thickness, porosity,

and the ratios between lateral and transverse permeability values.
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26. For the Unit 1 boundary nearest the Town of Crownpoint, HRI's

sensitivity analysis produced average flow times that ranged from 2,103 years to 2,371

years. These are longer flow times than were calculated by the modeling study cited in

the FEIS. That study was based on more conservative values and produced a flow time

of 1,657 years. With the exception of modeling runs based on unrealistically conservatie

values, calculated flow times were all above 1,500 years. Modeling runs based on

unrealistically conservative values produced flow times from 1,059 years to 698 years.

The sensitivity analysis showed that extremely long flow times to the Crownpoint water

supply wells from the Unit 1 site are to be expected. This is in agreement with the

conclusions in the FEIS.

Definitions of Excursions, and Proposed UCLs, Are Appropriate and Adequate

27. In Hi 21 through 26 of Dr. Abitz's affidavit, he asserts that HRI proposed,

and NRC approved, inappropriate and inadequate chemical criteria for defining

excursions. Dr. Abitz further contends that use of the three proposed upper control limits

(UCLs) of bicarbonate, chloride, and conductivity, will result in contaminant levels well

above baseline conditions and drinking water standards, before an excursion would be

declared. In support of this contention, Dr. Abitz states, in part, that the use of only

three UCLs is inadequate. In this regard, he asserts that uranium and water levels should

also be used at HRI's project as UCLs.

7 As discussed in the FEIS, one of the problems with using uranium as an indicator
is that while it is m6bilized by ISL mining, it is not considered an early indicator that
solutions are moving away from the well field. Therefore, it is not considered a suitable

(continued...)
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28. I disagree with these assertions for the following reasons. First, as

discussed in the FEIS, UCLs are intended to provide early warning that mining solutions

are moving away from the well fields, so that groundwater outside the monitor well ring

is not significantly threatened. This is accomplished by choosing parameters that are

strong indicators of the ISL mining process, and which do not greatly attenuate because

of geochemical reactions in the aquifers. If possible, the parameters chosen should be easy

to analyze, allowing timely data reporting. The concentration of the chosen indicator

parameters should be set high enough that false positives (false alarms due to natural

fluctuations in water chemistry) are not a frequent problem, but not so high that

significant groundwater quality degradation occurs by the time an excursion is identified.

See FEIS, at 4-19 to 4-20.

29. Second, another concern in selecting parameters is timeliness in reporting

results. It is poor practice to select parameters that are difficult for a laboratory to

analyze, or test for, thereby increasing the time required to analyze and report the data.

Such delay could affect the timely identification and reporting of excursions. At ISL

operations previously licensed by the NRC, the use of three parameters as excursion

indicators has been found to be an effective balance between using too few and too many

UCLs to identify excursions.

7(...continued)
parameter for a UCL. However, HRI will continue to monitor and record values for
uranium during biweekly monitor well sampling, due to monitoring requirements imposed
by HRI's New Mexico Environmental Departmental Discharge Plan. See FEIS, at 4-21.
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30. Third, while the use of uranium as an excursion indicator appears

appealing, such use may produce very unreliable results. This is because uranium roll

front deposits form at or near areas where the groundwater changes from oxidizing to

reducing conditions, i.e., where the groundwater moves into an oxygen-poor

environment. Also, it is not unusual for uranium roll front deposits to have very

complex, three-dimensional shapes. Therefore, during an excursion, lixiviant moving

out from a well field may pass through reducing zones, even if the excursion takes place

on what appears to be the oxidized side of the roll front. In my opinion, it is thus better

to use parameters that are much less retarde'd by rock/water interactions (see HRI License

Condition 10.22), and that stay in solution under oxidizing or reducing conditions.

31. Fourth, as to the suggested use of water levels as a UCL parameter, such

use at an ISL mining facility would identify too many false excursions (false positives),

unsupported by chemistry data. Even within a properly operated well field, water levels

may move up and down rapidly because of short-term variations in pumping and injection

rates. Nonetheless, as discussed in the FEIS, water levels will be collected every two

weeks from each HRI monitor well, and all monitoring data will be retained on site for

review by appropriate regulatory agencies. See FEIS, at 4-21. Therefore, water level

data will be available for NRC inspection.

32. Accordingly, it is my professional opinion that the use of bicarbonate,

chloride, and conductivity as the three UCLs at the HRI project, and the UCL calculation

methodologies to be used at HRI's project, will be effective in monitoring HRI's ISL

mining activities. My opinion is based on: (1) the fact that there is very little evidence
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for stratigraphic interconnection between the Dakota Sandstone and the Westwater

Canyon aquifers at the Crownpoint site; (2) the low risk of vertical excursions, given the

Crownpoint site geology, the previous borehole sealing procedures,8 and HRI's planned

well-integrity testing program; and (3) the HRI License Condition 10.23 requirement that

additional geologic and hydrologic information must be collected prior to lixiviant

injection in a well field, which will further lessen the potential for vertical excursions to

occur.9 -

s Borehole sealing was discussed in the FEIS as follows: HRI has exploration drill
hole survey locations for every exploration hole at the Crownpoint site. See HRI 1996a.
Drilling at the site began in the late 1960's and early 1970's. Therefore, all plugging at
the site was in compliance with the New Mexico State Engineers Regulation NMSA
Section 69-3-6, which was promulgated in 1968. HRI has all the plugging records
available for the Crownpoint site. See HRI 1996a. Knowing the surveyed locations of
old exploration boreholes means that the holes would be easy to locate if they need to be
plugged for suspected leaks. Having the completion records for these holes increases the
confidence that the holes were sealed correctly, and that they will not leak, during ISL
mining activities. See FEIS, at 4-42.

9 It is important to note that while the potential for vertical excursions due to
stratigraphic interconnection at any of the three HRI sites is judged to be extremely low,
HRI License Condition 10.23 requires HRI to test for aquifer interconnection for each
well field as those fields are constructed. HRI License Condition 10.23 states in full:
"Prior to injection of lixiviant in a well field, groundwater pump tests shall be performed
to determine if overlying aquitards are adequate confining layers, and to confirm that
horizontal monitor wells for that well field are completed in the Westwater Canyon
aquifer."
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Use of Modified Hantush Method Not Required

33. In IS 22 through 27 of Mr.Wallace's affidavit, he uses the Modified

Hantush Method in trying to show that leakage modeling was not correctly done in

connection with the evaluation of HRI's ISL project. He states that HRI should have used

this method to model leakage from an overlying aquifer into a lower aquifer, and that his

use of this method to analyze data from Crownpoint pump tests produced a better fit to

early-time data of pump tests for wells CP-2 and CP-3, than did the HRI analysis.10 He

notes that a 1986 report of an NRC contractor" recommended use of the Modified

Hantush Method.

34. In my opinion, leakage calculated by the Modified Hantush Method alone

is presently not a reliable technique, and the method cannot be used by itself to

conclusively demonstrate aquifer interconnections. The Modified Hantush Method

calculates aquifer leakage values from water contributed by the confining layers, even if

the aquifer is not hydraulically connected to an overlying aquifer. The problem is that

'° The staff did not rely on the cited pump tests in making decisions on vertical
confinement at the HRI project sites. The FEIS description of Crownpoint site hydrology
(at 3-29) stated that during the Crownpoint site pump test in question, no aquifer
interconnection was detected by the test. However, in responding to earlier comments,
the staff explained that the test at Crownpoint in question here did not involve enough
wells, and was not run long enough, to reach any conclusions that the Dakota Sandstone
and Westwater Canyon aquifers are separated hydrologically. Therefore, the NRC did not
rely on the cited Crownpoint pump test.

II See Staub, et al., 1986, An Analysis of Excursions at Selected In Situ Uranium
Mines in Wyoming and Texas. Although I am not a listed author, I worked on this report
prior to its publication.
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aquifers which have been shown to be hydraulically confined under actual ISL mining

conditions also show leakage. To my knowledge, a leakage value that conclusively shows

stratigraphic interconnection has not been defined by any State or NRC regulations

applicable to ISL mining. While the Staub report points out the apparent usefulness of

aquifer leakage calculations, the report does not recommend that such data be used in

place of the informatimn relied upon in the FEIS analyses, nor does the report identify a

leakage value that can be used to conclusively demonstrate aquifer interconnections.

Risk of Old Mine Shafts at Church Rock Site Causing Vertical Excursions

35. In ¶19 of Dr. Abitz's affidavit, he states that the mine shafts at the Church

Rock site could become pathways for lixiviant to move into either the overlying Dakota

Sandstone aquifer, or into the underlying Cow Springs aquifer. Similarly, in ¶ 47 of

Mr.Wallace's affidavit, he states that HRI has not demonstrated that lixiviant can be

contained in the mined-out shafts and stopes of the Church Rock mine.

36. I agree that the vertical shafts in Section 17, and the risk that vertical

interconnections might be created through the collapse of underlying mine workings,

increases the potential for vertical excursions into the overlying aquifers to occur.

However, in my opinion, it should be possible to conduct ISL mining at Church Rock and

not create a vertical excursion. This can be accomplished by either sealing off the shafts,

or structuring well field pressures so that pressures in the area around the shafts are less

than those in overlying aquifers. In recognition of the increased potential for vertical

excursions to occur in the area of the old mine workings, precautionary measures are

required by HRI License Conditions 10.25 and 10.32. Additionally, all overlying
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aquifers will be routinely monitored as required by HRM License Condition 10.20, which

requires that any openings of the existing mine workings into the Brushy Basin "B" sand,

or Dakota Sandstone aquifers, shall be monitored by Brushy Basin "B" sand or Dakota

Sandstone monitor wells placed within 40 feet (12 meters) of the openings. These upper

aquifer monitor wells shall be placed down-gradient" from the openings. Furthermore,

as stated on page 4-56 of the FEIS, HRI will develop a standard operating procedure to

address monitoring at the Church Rock site in the vicinity of the existing mine workings.

Therefore, given the upper aquifer monitoring plan and attendant license requirements,

impacts to the upper aquifers from ISL mining activities in the area of the old Church

Rock mine workings should be minimal.

37. Regarding the potential for vertical excursions into the underlying Cow

Springs aquifer, the FEIS describes the large vertical mine workings present at the

Church Rock site. These workings are connected to tunnels constructed in the Westwatcr

Canyon aquifer and the "B" Sand aquifer in Section 17 at the southern end of the Church

Rock site. See FEIS, at 3-35, 3-40. A review by HRI of the mine working maps

indicates that no tunnels extend beyond the boundaries of the proposed solution mining

areas. See HRI 1993a. To my knowledge, the mine workings go no deeper than the

Westwater Canyon aquifer and were never constructed into the underlying Cow Springs

12 Premining.groundwater gradients should play a larger role in the direction of
vertical excursions, because, unlike horizontal excursions, the direction of a vertical
excursion's movement should not be controlled by well field head gradients.
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aquifer. Therefore, in my opinion, the vertical mine shafts and mine workings will not

be pathways for lixiviant to move into the underlying Cow Springs aquifer.

38. Accordingly, in my opinion, if required procedures are followed, the mine

shafts and workings should not become pathways for lixiviant movement into either the

overlying or underlying aquifers at HRI's Church Rock site.

Proposed Groundwater Restoration Goals are Adequate

39. In ¶¶ 27 through 36 of Dr. Abitz's affidavit, he states that HRI will not

restore post-mining groundwater quality, in a manner sufficient to protect the public,

because average premining baseline conditions will be established so as to inflate

concentrations of key constituents (e.g., radium-226). It is claimed that in its license

application, HRI artificially inflated "average" baseline concentrationsby combining poor

water quality data from well CP-2, with data from five wells having good water quality.

Further, he states that HRI has combined good water quality and bad water quality at each

of the sites to establish premining background levels. Dr. Abitz recommends that

restoration standards should be established prior to licensing, and should be based on

appropriate statistical methods for determining baseline. In this regard, he states that: (1)

restoration should be required to actual baseline conditions; (2) restoration to any lesser

standard should be as close to baseline as possible; and (3) restoration goals should be

based on an affirmative demonstration by HRI. Dr. Abitz concludes that any other

approach is likely to result in groundwater quality that exceeds both existing baseline

levels and drinking water standards.
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40. I disagree with these contentions. Pursuant to HRI License Condition

10.21,13 restoration goals will be established before lixiviant is injected into a well field,

and how these goals are established will be subject to NRC inspection. Moreover, HRI

License Condition 10.21 also specifies that groundwater restoration goals shall be

established by analyzing three groundwater samples of formation water from: (1) each

monitor well in the well field; and (2) a minimum of one production/injection well per

acre of well field. Accordingly, premining water quality from non-ore-zone monitor

wells will be averaged with the premining ore-zone water quality, which will result in a

more stringent primary restoration goal than if only ore-zone water quality values were

used. The problem not addressed by Dr. Abitz is that it is generally agreed that

restorationto better-than-baselineis not possible. Commercially attractive ISL ore zones,

by definition, contain higher concentrations of uranium and other chemical constituents

(radium, molybdenum, etc.) than are found outside the ore zone. Imposing Dr. Abitz's

conditions would effectively ban all ISL mining in the United States. Once ISL mining

takes place in the ore zone, it will be impossible to restore the groundwater in the ore

zone to better than non-ore-zone water quality. In my opinion, the HRI License

Conditions acceptably protect groundwater quality in the vicinity of the ore zones, and

I disagree with the opinions of Dr. Abitz to the contrary.

13 This license condition states that "Lixiviant shall not be injected into a well
field before groundwater quality data is collected and analyzed to establish groundwater
restoration goals for each monitored aquifer of the well field."
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Pore Volumes Necessary to Restore Groundwater

41. In ¶¶ 14-16 of Dr. Marvin Resnikoff's affidavit, he asserts that HRI has

seriously underestimated the amount of water which must be passed through ore bodies

to restore the groundwater there to baseline conditions, and that 28 pore volumes of water

should be assumed to be necessary for restoration purposes.

42. The biggest issue in determining the number of restoration pore volumes

is it's effect on the amount of the restoration surety, which is not released until the well

fields have been declared restored by the NRC. HRI License Condition 10.28 requires

that

"prior to the injection of lixiviant at either the Unit 1 or Crownpoint site, the
licensee shall submit NRC-approved results of a groundwater restoration
demonstration conducted at the Church Rock site. The demonstration shall be
conducted on a large enough scale, acceptable to the NRC, to determine the
number of pore volumes that shall be required to restore a production-scale well
field".

This condition was placed in the HRI License to improve the staff's estimate of nine pore

volumes, and build confidence in the groundwater restoration process. As discussed in

the FEIS, at 4-40, there is a variation in the number of pore volumes, ranging from one

to 28, needed to achieve the lower water quality of the secondary restoration goal.

However, after approximately eight to ten pore volumes, little improvement in

concentrations of total dissolved solids or conductivity was achieved. The staff

recognizes that for uranium and radium, greater than 12 and 16 pore volumes,

respectively, was needed to achieve relevant Federal standards. However, at 9.7 pore
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volumes, post-mining concentrations were greatly reduced.' 4 After achieving 9.7 pore

volumes, uranium was at 0.54 mg/I, which was nearly at the NRC standard of 0.44mg/l.

Admittedly, radium was at 46.7 pCi/l, which is higher than the 5.0 pCi/I EPA drinking

water standard. Because the injection and production wells will be completed in the ore

zone within the Westwater Canyon aquifer, the NRC staff has concluded that the baseline

values for radium will be elevated above the EPA standards.

*43. In my opinion, nine pore volumes is an appropriate value for initially

establishing the restoration surety, which will be adjusted after the restoration

demonstration, as well as on a yearly basis, as further data on groundwater restoration

costs is obtained. See HRI License Condition 9.5. Assuming that 28 pore volumes of

water will be necessary to restore groundwater quality is overly conservative.

44. The statements expressed above are true and correct to the best of my

knowledge, information and belief.

William H. Ford

Sworn and subscribed to before me
this t day of February, 1998

Notary Public
My commission expires: Bth a

14 See HRI, 1993b. At the end of mining, uranium was at 142 mg/I and radium
was at 238.2 pCi/I.
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was lead hydrogeologist on the proposed Richton Dome High Level Waste Repository, the
proposed Cypress Creek Dome High Level Waste Repository, the proposed Vacherie Dome High
Level Waste Repository, the Richland Low Level Waste Site, and numerous uranium mill tailings
sites.

11/82 - 04/84: Worked as an independenthydrologicconsultantin Denver, Colorado. Conducted
groundwater, surface water, and geologicstudies of mining and waste disposal sites. Concluded
investigations on the effect of mining underground coal deposits on artesian and alluvial aquifers
near Steamboat Springs, Colorado and studies on the projected effect of a proposed open pit gold
and silver mining operation at Summittville, Colorado. In addition, studies were successfully
completed of a copper tailings waste disposal site in Nevada. All studies required detailed field
tests of water chemistry, stream flow, and aquifer properties.

08/80 - 11/82: Employed as a hydrologist and environmental coordinator for Atlantic Richfield
Company in Denver, Colorado. Supervised and conducted groundwater, geologic, and
environmental studies of coal synthetic fuel, and mineral mines with objective of obtaining permits



and to achieve compliance with state and federal regulations. Coordinated groundwater
investigationsin supportof mine design and ore processingfacilitiesthroughoutthe western United
States. Responsible for directing and implementing hazardous waste studies of abandoned
refinery dumps. Provided technical support for geohydrologic studies and well design for in situ
coal gasification and mineral mining and processing facilities.

12/75 - 11/80: Employed as a Geohydrologistand SeniorEnvironmentalCoordinatorforWyoming
Mineral Corporation in Lakewood, Colorado. Responsibleforgeohydrologic support in production
engineering, new mine development, and environmental studies. In charge of coordinating and
managing technical studies for environmental reports, the writing and production of all aspects of
the report, and for negotiation and obtaining all state and local federal permits sufficient to build and
operate a uranium mine and mill. Coordinated and designed groundwater studies for uranium
solution mining in the areas of field design, groundwater restoration, hydraulic testing, and
monitoring. Successfully obtained permits for 3 uranium mining and milling operations in Utah,
Colorado, and Wyoming.

06/74 - 12/75: Employed as a geologist and associate scientist for Westinghouse Environmental
Systems Department,Westinghouse ElectricCorporation in Pittsburgh, Pennsylvania. Responsibl
for investigations and report writing in the areas of geology, hydrology, seismology, and soils.
Determined the environmental impact of site preparation, plant construction, and plant operation
for nuclear and fossil fueled power plants. Additional duties included participation in mining,
reclamation and sediment control projects and technical studies associated with geothermal,
hydroelectric, and fusion power plants.

09172 - 05174: Employed as a Teaching Assistantfor the Geology Department of Northern Illinois
University in DeKalb, Illinois. Responsible for teaching and managing all beginning geology
courses and geochemistry lectures.

02/72 - 09172: Employed as an inspector for the Florida Department of Agriculture. It was my job
to determine if poison was being correctly applied during aerial treatment for insect pests.

1271 - 02/71: Employed as a geologist for Woodward Clyde Consultants in Tampa, Florida. As
a geological technician, I worked with aerial photographs, sediment cores, and water samples to
determine damage to Peace River, Florida, from a phosphate dam failure.

Awards & Honors

Performance Award, 1995, USNRC
High Quality Certificate, 1993, U.S. NRC
High Quality Certificate, 1990, U.S. NRC
Certificate of Appreciation, 1990, U.S.NRC
High Quality Certificate, 1987, U.S. NRC
Certificate of Appreciation, 1987, U.S. NRC
Certificate of Appreciation, 1985, U.S.NRC
Letter of Appreciation, 1985, Chief, Geotechnical Branch, U.S. NRC



Publications

Ford, W., 1995, Poster Presentation on Exploration of Dual Continuum Flow Modeling Concepts,
Evans Workshop VII, Flow and Transport Through Unsaturated Fractured Rock,
Gainer - February 3, 1995, Phoenix, Arizona.

McCartin, T., Ford, W., et al, 1994, Models For Source Term, Flow, Transport and Dose
Assessment in NRC's Iterative PerformanceAssessment, Phase2, Proceedings of the Fifth Annual
International Conference on High Level Radioactive Waste Management, Las Vegas, Nevada.

Codell, R., Ford, W., et al, 1992, Initial Demonstration of the NRC's Capability to Conduct a
Performance Assessment for a High-Level Waste Repository, U.S. Nuclear Regulatory
Commission, NUREG-1327

Ford, W. 1991, Ground Water Flow Through Unsaturated Fractured Rock Research Needs,
Proceedings of Workshop V: Flow and Transport Through Unsaturated Fractured Rock-Related
to High-Level Radioactive Waste Disposal, U.S. Nuclear Regulatory Commission,
NUREG/CP-0040.

Ford, W., Roffman, H., Beimbom, W., Bacterial Removal of Sulfur From Coal, Combustion, 1976

Thesis, Geology For Land Use Planning in DeKalb, DeKalb County, ILL., 1974.

Short Courses & Training

Uranium Facility Inspection Training Course, NRC Technical Training Center,
December 11, 1997

The Nuclear Regulatory Commission and Its Political Environment, Government Affairs
Institute at Georgetown University, September 16-18, 1997.

Principles and Concepts of Variogram and Kriging Analysis for Environmental Applications,
National Ground Water Education Foundation, May 12-13, 1997,

Effective Listening Skills and Improved Memory, NRC Technical Training Center,
May 6-7, 1997,

Nuclear Reactor Concepts Course, NRC Technical Training Center,
April 2-3, 1997.

General Health Physics Practices for Uranium Recovery, NRC Technical Training Center,
February 6 and 7, 1997.

Regulatory Process, NRC Technical Training Center, August 15,1996,
Unix Programming in C, C++, Fortran, and PERL, NRC Technical Training Center,

February 15-16, 1996
EarthVision (3 Dimensional Graphic Display Software,

August 1-4, 1995
Applied Statistics, U.S. NRC, May 16-20, 1994.
Problem Solving and Decision Making, U.S. NRC,

January 27-29, 1993.
Isotope Hydrology by U.S. Geological Survey, National Training Center Water Resources

Division, March 9-13, 1992.



Performance Assessment Techniques for High Level Waste,
U.S. NRC, May 6-10, 1991,

Computer Modeling of Unsaturated Groundwater Flow and
Transport by International Groundwater Modeling Center, April, 1988.

Numerical Analysis of Ground Water Flow offered to NRC staff
by John Hopkins University, Summer, 1987.

Project Management by U. of Maryland, May, 1987.
Modeling of Ground Water Flow and Pollution by Jacob Bear,

Baruch College, August, 1986.
Analytical Ground Water Modeling By William Walton,

International Groundwater Modeling Center, August, 1982.
Negotiation Techniques Workshop, by Atlantic Richfield

Corporation Contractor, 1981.
Legal Techniques by Atlantic Richfield Company Consultants, 1981.

Time Management, by Charles Hobbs, Inc., 1980.
Project Management, Westinghouse, 1977.

Professional Organizations

National Ground Water Association
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Staff Exhibit I

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )

HYDRO RESOURCES, INC. ) Docket No. 40-8968-ML
2929 Coors Road, Suite 101 )
Albuquerque, New Mexico 87120 )

AFFIDAVIT OF WILLIAM H. FORD

I, William H. Ford, being duly sworn, declare as follows:

1. I am competent to make this affidavit, and the factual statements herein are

true and correct to the best of my knowledge, information, and belief. The opinions

expressed herein are based on my best professional judgment. This declaration will serve

to present my understanding of the health, safety and environmental effects of in situ leach

(ISL) uranium mining at the Crownpoint Uranium Project of Hydro Resources Inc. (HRI).

I will evaluate some of the comments and conclusions reached by Dr. Richard J. Abitz, Dr.

William P. Staub, and Michael G. Wallace, as expressed in their affidavits attached as

Exhibits 1, 2, and 3 to "Intervenors Amended Written Presentation in Opposition to Hydro

Resources, Inc.'s Application for a Materials License with Respect To: Groundwater

Protection," dated January 18, 1999 ("Groundwater Brief"). I also reviewed the

GroundwaterBrief and Exhibits 4-10 thereto in preparing my affidavit. In addition to these

documents, I was previously familiar with and reviewed:

A. Deutsch, W. J., et al., 1983, Aquifer Restoration at In-Situ Leach Uranium

Mines: Evidence for Natural Restoration Processes, NUREG/CR-3136.
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B. Deutsch, W. J., et al., 1985, Method of Minimizing Ground-Water

Contamination From In Situ Leach Uranium Mining, prepared for the Nuclear Regulatory

Comnmission by Pacific Northwest Laboratory, NUREG/CR-3709.

C. HRI 1989a, May 8 SupplementaryEnvironmental Report.

D. HRI 1992a, January 6 EnvironmentalAssessment, HRI, Inc., Unit I Allotted

Lease Program, Eastern Navajo District, New Mexico, Hydro Resources, Inc.

E. HRI 1992b, July 31 Crownpoint Project In-Situ Mining Technical Report,

Hydro Resources, Inc.

F. HRI 1992d, October 9 Unit 1 U.I.C. Application and Technical Report.

G. BRI 1993a, March 16 Church Rock Project Revised Environmental Report.

H. HRI 1993b, March 16 Section 9 Pilot Summary Report.

I. HRI 1995a, October 9 Unit 1 U.l.C. Application and Technical Report:

Analysis of South Trend DevelopmentArea Pumping Test, August 16-18, 1982.

J. HRI 1995b, January 6 Environmental Assessment Allotted Lease Program

Unit 1: Analysis of South Trend Development Area Pumping Test, August 16-18, 1982.

K. HRI 1996a, April 1 and 5 Request for Additional Information Questions

49-91, WaterResources Protection and Cost/BenefitAnalysis, SafetyAnalysis Review and

Environmental Reviewfor Hydro Resources, Inc.

L. HRI 1996b, August 15 Response to Request for Further Clarification and

Additional Information of Responses; Safety Analysis Review and Environmental Review

for the Hydro Resources, Inc., Uranium Solution Mining LicenseApplication, Crownpoint,

New Mexico.
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M. HRI 1996d, June 18 Unit I Water Quality Information (included as an

attachment in HRI's summary of the June 19 and 20, 1996, public meetings held at U.S.

Nuclear Regulatory Commission Headquarters).

N. HRI 1996h, September 27 Response to Additional Comments Dated

September 16, 1996, on the License Application for an In-Situ Mining Facility at

Crownpoint, New Mexico, Q3/57, Q3195 and Q3196.

0. HRI 1996n, November 18 transmittal from Craig Bartels (HRI) to William

Ford (NRC) regarding comments on groundwater velocity calculations.

P. HRI's August 15, 1997 Crownpoint Uranium Project Consolidated

Operations Plan, rev. 2.0.

Q. HRI 1997b, August 18 HRI Response to NRC Q99: Sensitivity Analysis of

Modeled Unit Site Ground-Water Flow.

R. Mobil Alternative Energy Inc. 1986, January 22 Restoration Progress

Report, Crownpoint Section 9 Pilot In Situ Leach Plant (submitted by J. Cullen, Mobil

Alternative Energy Inc., to F. Miera, New Mexico Environmental Improvement Division).

S. Mobil Mining and Minerals Company 1986, November 14, Mobil Pilot In

Situ Leach Restoration Results (submitted by J. Cullen, Mobil Mining and Minerals

Company, to G. Konwinski, NRC).

T. NRC 1981, Groundwater Monitoring at Uranium In Situ Solution Mines,

Staff Technical Position Paper No. WM-8102.

U. NRC 1983, AquiferRestoration at In-Situ Leach Uranium Mines: Evidence

For Natural Restoration Processes, NUREG-/CR-3136.
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V. NRC 1988, February4 Environmental Assessment in Consideration of the

Release of Source Material License SUA-1479 for Mobil Oil Corporation, Crownpoint

Section 9 In Situ Test Project (prepared by NRC Uranium Recovery Field Office, Denver,

Colorado).

W. NRC 1997, Draft Standard Review Plan for In Situ Leach Uranium

Extraction License Applications, NUREG-1 569.

X. NRC 1997, December 4 Safety Evaluation Report, Hydro Resources,

Incorporated License Application For Crownpoint Uranium Solution Mining Project

McKinley County, New Mexico, Docket No. 40-8968.

Y. NRC 1998,January5 SourceMaterial License SUA-1508, Fork Situ Leach

Uranium Mining Project at Crownpoint, New Mexico (HRI License).

Z. Prickett, T. A., 1983, Analysis of South TrendDevelopmentArea Pumping

Test, August 16-18, 1982, Crownpoint McKinley County, New Mexico.

AA. Reed, S. 1993, October 7 Analysis of Hydrodynamic Control, HRI, Inc.,

Crownpoint and Church Rock New Mexico Uranium Mines (Geraghty & Miller, Inc.).

BB. Staub, W. P., et al., 1986, An Analysis of Excursions at Selected In Situ

Uranium Mines in Wyoming and Texas, NUREG/CR-3967, ORNLrM-9956 (prepared for

the Nuclear Regulatory Commission by Oak Ridge National Laboratory).

CC. Turner-Peterson, C.E., et al, 1988, A Basin Analysis Case Study: The Morrison

Formation Grants Uranium Region, New Mexico, Energy Minerals Division of the

American Association of Petroleum Geologists.
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DD. U.S. Bureau of Mines, Environmental Assessment of In Situ Mining,

Open-File Report 10140, December, 1979.

EE. Final Environmental Impact Statement to Construct and Operate the

Crownpoint Uranium Solution Mining Project, Crownpoint, New Mexico, NUREG-1508

(FEIS).

FF. Wyoming Department of Environmental Quality Land Quality Division Guide

Line No.4, In-situ Mining, August 1994.

Professional Oualifications Regarding ISL Mining

2. I am an employee of the United States Nuclear Regulatory Commission

(NRC), in the Office of Nuclear Material Safety and Safeguards. In my 14 years with the

NRC, I have worked on groundwater concerns at uranium mill sites throughout the western

United States. In addition, from 1985 to 1986, I worked on a project with NRC Research

to study past excursions at ISL mines. This work eventually resulted in a publication by

Staub, et al., which I refer to later in my affidavit. For the past three years, I have been

doing groundwater and geology reviews, writing regulatory guidance, and doing inspections

of conventional uranium mill tailings sites and ISL sites for the Uranium Recovery Branch

at the NRC. As part of my duties, I have worked on the HRI license application since

approximately June of 1995. I have reviewed HRI submittals in the areas of groundwater,

geology, and soils. On November 27 through November 29,1995, Christopher McKenney
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and I participated in a site tour of BRI's proposed ISL mining facilities near Crownpoint,

New Mexico, including HRI's Church Rock site. I am an author of the FEIS.

3. Prior to coming to NRC, I was employed for 5 years (From 1975 to 1980)

by Wyoming Mineral Corporation, a subsidiary of Westinghouse Electric Corporation.

Wyoming Mineral Corporation built and operated ISL mines in Texas, Wyoming, and

Colorado. I was responsible for conducting groundwater studies for environmental and

well field design purposes for two mine sites in Texas, one site in Wyoming, and two sites

in Colorado. During this time, I conducted and participated in new mine development

projects, the operation of well fields, and well field restoration. I actively conducted pump

tests, aquifer rupture (injection) tests, studies of aquifer water quality, studies of

groundwater excursion identification and correction (both vertical and horizontal), and

participated in well field restoration demonstration projects. Additionally, for two years

while employed by Atlantic Richfield Coal Company, I participated in groundwater studies

of a successful coal gasification project in Wyoming, which used wells to mine coal by

converting it to natural gas. My role on this project was to study and monitor the hydrologic

impacts associated with this operation.

4. My resume, attached to my February, 1998 affidavit previously filed in this

proceeding, accurately describes my general background, training, and other qualifications

to express the opinions stated herein.

General Opinion

5. In my professional opinion, ISL mining at Section 8 of HRI's Church Rock

site, as regulated by the HRI License, will not irreparably damage the local groundwater
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quality, and will not threaten the public health, safety, or environment. Further discussion

supporting this opinion is provided below.

Agreement With HRI Brief and Affidavits

6. Over a period of several days I carefully evaluated HRI's "Response to

Intervenors' Brief in Opposition to Hydro Resources, Inc.'s Application for a Materials

License with Respect to Groundwater Issues," dated February 19, 1999; the affidavits of

Craig S. Bartels, Frank Lee Lichnovsky, Steve Reed, Dan W. McCarn, Mark S. Pelizza,

Maryann Wasiolek and Michael Spinks (joint affidavit), and Dr. Schlomo Orr, attached

thereto; the letter of HRI counsel David Lashway to the Presiding Officer dated February

26fMarch 1, 1999; and the revised exhibits attached thereto. I agree with the statements,

opinions, and conclusions expressed in the above-referenced materials. My following

statements are meant to supplement HRI's comments, as they either address points not

covered by HRI, or express opinions in addition to those contained in the above-referenced

materials.

Uranium Extraction at Section 8 Will Not Impact Local Water Sunplv

7. ISL mining at Section 8 will not threaten local water supplies, because such

mining and related activities will be adequately controlled and monitored under HRI's

License, and because the groundwater there will be restored at the end of ISL mining
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operations. In addition, as stated on page 3-31 of the FEIS, with the exception of a water

well located in the Dakota Sandstone aquifer (one half mile south of Section 8), there are

no other wells within 1.6 km (1 mile) of HRI's Church Rock site. Thus, within one mile of

Section 8, there are no water wells withdrawing water from the Westwater Canyon Aquifer.

In the Groundwater Brief, at 9, the intervenors identify water well 16T-513 as being

completed in the Westwater Canyon Aquifer. However, as shown in Exhibit 5 of their brief,

this well is located 1.5 miles southeast of Section 8, meaning that it is located up-gradient

from HRI's Church Rock site. Over a short distance, an excursion from a well field can

move in any direction, since well field injection pressures can overcome the regional

gradient. However, as distance from the well field increases (i.e., beyond the ring of

monitor wells), ISL injection pressures rapidly dissipate until the regional groundwater

gradient dominates. Since water well 16T-513 is located so far away from Section 8, and

is up-gradient from Section 8, it cannot be impacted by solution mining activities at Section

8, contrary to the intervenors' claim.

Uranium Extraction Will Not Impact Town of Crownpoint Water Supply

8. 1 read pages 62-63 of the Groundwater Brief as claiming that a groundwater

excursion from the Church Rock site will cause a violation of the drinking water standards

at NTUA Well No. 1 in the town of Crownpoint. The intervenors posit a scenario whereby

(1) HRI fails to maintain an adequate bleed rate; (2) an excursion goes undetected; (3) the

excursion contains high levels of toxic substances such as radium-226 and arsenic; (4) the
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excursion flows swiftly through thin, narrow, and long channels; and (5) the excursion

mobilizes more uranium, radium, arsenic and molybdenum as it flows toward the town of

Crownpoint wells.

9. This hypothetical is fanciful. The intervenors present no calculations to support

it, and the premise of their scenario is wrong; The major cause of excursions are improperly

balanced well fields, not the bleed rate. As I explained in my February 1998 affidavit filed

in this proceeding, at Ti 13, and 21-22,' the Westwater Canyon Aquifer is not a collection

of thin, narrow, and long channels through which the groundwater is flowing rapidly. See

¶¶ 11-15, infra. Therefore, groundwater at Section 8 cannot move rapidly toward the

Crownpoint drinking water wells, which are more than 20 miles away from HRI's Church

Rock site. Moreover, any Section 8 excursion would be detected very close to the well field.

Additionally, as discussed in ¶ 10, infra, the lixiviant to be used byHRI cannot mobilize and

transport uranium very far from any well field. Indeed, the opposite would occur. Rock-

water interactions would remove mobilized chemical constituents from the groundwater.

Therefore, an excursion at the Church Rock site would not impact groundwater quality at

the town of Crownpoint.

Neither the Groundwater Brief, nor any of the intervenor supporting affidavits,
address my previous rebuttal testimony on this point.
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Any Excursions Would Be Chemically Retarded

10. On page 39 of his January 11, 1999, affidavit, Dr. Abitz claims that

uranium excursions will notbe retarded by reducing zones in the aquifer. This is simply not

true. The lixiviant has a limited ability to oxidize the rock, otherwise there would not be any

need to re-fortify the lixiviant prior to re-injection. Therefore, the ability of the lixiviant to

mobilize uranium usually does not extend beyond the well field. Research conducted by

Pacific Northwest Laboratory (PNL) for the NRC showed that after solution mining, the

reducing capacity of sediments outside the well field (and even for leached ore zones within

the well field) remains very high. PNL concluded that the ability of the lixiviant to

mobilize uranium quickly expends itself within the well field, and that when the dissolved

uranium encounters reducing conditions in the rock, the uranium is removed from solution.

See Deutsch, W.J., et. al., 1985, Methods of Minimizing Ground Contamination From

In Situ Leach Uranium Mining, NUREG/CR-3709, at page 81, a copy of which is attached

hereto as Attachment A.

Intervenors' Narrow Sand Channel Theory Is Not Valid

11. On pages 36 and 37 of his January 11, 1999, affidavit, Dr. Staub claims

that the uranium deposit geometry is indicative of ancient, buried streambeds - thin, narrow

and long channels through which groundwater flow is speeded up. This is simply not true.

The uranium deposits are long because they have formed in a sandstone aquifer of large lateral
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extent, and they are thin because they are a geochemical deposit that formed when reducing

conditions at a redox interface were encountered in the rock.2 See also in this regard the

February, 1999, affidavits of Mr. Lichnovsky, at pages 11 to 16; and Mr. Bartels', at pages

13 to 16. Furthermore, the shape of the deposit has nothing to do with the speed of

groundwater movement. In fact, it is not uncommon for some uranium roll front deposits to

form where there is a decrease in velocity, such as where groundwater encounters shale-

sandstone contacts. The shale is less permeable than other rock types, and thus reduces the

velocity of the groundwater. In these areas, the shale provides the reducing conditions

necessary to form the uranium deposit.

12. In fact, if uranium deposits did form within thin, narrow, and long channels, the

deposits would be no longer than the width of the channel. This is because the deposit would

form in the channel, when groundwater in the channel encountered reducing conditions. This

would cause a deposit to form across the width of the channel, at right angles to the direction

of groundwater flow. The result would be a uranium deposit with it's longest dimension at

a right angle to groundwater flow, and parallel to the channel width. Thus, if I agreed with

Mr. Wallace's claim that the underground, uranium-bearing sand channels at HRI's Church

Rock site are less than 400 feet wide,3 I would also have to agree that the uranium deposits

at Church Rock could be no more than 400 feet long. This is in direct contrast to what is

2 A redox interface is a term describing where the geochernical environment
changes from oxidizing to reducing or vice versa. The location of such interfaces is not
dependent on the lithology or shape of the aquifer.

3 See Mr. Wallace's affidavit, January 11, 1999, page 25, criticizing the required
400-foot spacing of HRI's lateral monitor wells as being inadequate to detect horizontal
excursions.
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observed. At HRI's Church Rock site, the best evidence shows that the uranium ore body is

in fact 5,300 feet long. See page 3-21 of the FEIS.! This dimension is consistent with the

-relevant geologic literature of the area showing that the Westwater Canyon aquifer is a

regional aquifer of large areal extent, with groundwater encountering a redox interface that

extends over a large area of northwest New Mexico. See ¶¶ 13-15,infra.

13. Exhibit B of Dr. Abitz's January 11, 1999, affidavit, contains a sandstone

thickness Figure of the Westwater Canyon Fan System. Dr. Abitz references this Figure on

page 10 of his affidavit, to support his statement on page 28 therein that the Westwater

Canyon Aquifer is complexly interfingered , heterogeneous, and of fluvial (stream) origin.

It is true that the referenced Figure shows that the subject aquifer is a fluvial deposit, but the

Figure also shows that in the Church Rock and Crownpoint areas, the Westwater Canyon

Aquifer is 200 to 400 feet thick, and that it is at least 100 feet thick over the northwest comer

of the state. Thus, the Figure does not support the intervenors' theory that the Westwater

Canyon Aquifer is a series of narrow, isolated, aquifers, as it instead depicts a thick regional

aquifer of large areal extent.5

14. Mr. Wallace's January 11,1999, affidavit, at 63, references his Exhibit N, a two-

page excerpt from Geological Survey Professional Paper 603, by Lowell S. Hilpert (Uranium

4 Dr Staub's affidavit, at 37, states that the ore body at the Church Rock site is
33,100 feet long.

I See also in this regard the February, 1999, affidavits of Mr. Lichnovsky, at
pages 6 to 16; Mr. Bartels, at pages 10 to 38; Dr. Orr, at ¶ 5; and the entire joint
affidavit of Ms. Wasilek and Mr. Spinks, rebutting the intervenors' theory that the
Westwater Canyon Aquifer is a series of narrow, isolated, aquifers.
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Resources of NorthwesternNewMexico, 1969).6 However, in simplyrelying ontwoFigures

contained in this paper (showing the Cow Springs Aquifer's relationship relative to the

Westwater Canyon Aquifer near the Church Rock site, and it's relationship relative to the

Recapture Shale), Mr. Wallace fails to include Hilpert's textual description of the Westwater

Canyon Aquifer, which states in relevant part as follows:

Between Gallup and the Continental Divide the Westwater Canyon Member
ranges in thickness from 175 to 275 feet and probably averages about 225 feet.
In most places it contains one or more mudstone units that range from mere
partings in the sandstone to units as much as 20 feet thick. These units have
rather limited lateral continuity and only some of the thicker ones may extend
as much as a mile or more before grading out into sandstone or being cut out
at the base of overlying sandstone units.

See excerpt from Hilpert, page .76, a copy of which is attached hereto as Attachment B. Thus,

Hilpert's paper does not support the intervenors' concept that the Westwater Canyon is a

series of narrow, isolated, aquifers. Instead, Hilpert's description shows that the Westwater

Canyon aquifer is a thick regional aquifer, that contains within it relatively thin mudstone

beds of limited areal extent.

15. Exhibits C and D (Figure 7) of Dr. Abitz's affidavit show the regional redox

interface in the Church Rock and Crownpoint area for the Westwater Canyon Aquifer. They

show that oxidizing waters moved northward from oxidizing into reducing conditions in a

broad arch that stretches from Church Rock, through Crownpoint, and beyond. It is along the

arch that uranium roll front deposits formed. Again, this does not support a number of

individual sand channels as claimed by Mr. Wallace, but insiead supports the interpretation

6 See also Dr. Staub's testimony, at 28, referencing the same excerpt from the
Hilpert paper, which is also attached as Exhibit N to Dr. Staub's testimony.



- 14-

of the Westwater Canyon aquifer as a regional aquifer of large areal extent, with groundwater

flowing northward and encountering a redox interface that extends over a large area of

northwest New Mexico.

Groundwater At ISL Facility in Wvoming Has Been Restored

16. On page 21 of his January 11, 1999, affidavit, Dr. Staub states that

Wyoming Department of Environmental Quality officials he interviewed asserted-that no

commercial well field at any uranium ISL facility has been successfully restored. This

information is incorrect. At the Bison Basin ISL mine site in Wyoming, restoration of

groundwater was approved by the State of Wyoming and the NRC. See letter from Ramon

E. Hall, Director, Uranium Recovery Field Office, NRC, dated February 20, 1990, a copy of

which is attached hereto as Attachment C.

7Tis is consistent with page 4-37 of the FEIS, where it is stated that "the NRC has
approved the restoration of several test patterns used to explore the feasibility of ISL mining
or demonstrate the feasibility of production-scale restoration. However, NRC has not yet
approved the successful restoration of a production-scale well field at any of its licensed
sites." I learned after the FEIS was published that groundwater was successfully restored
by the State of Wyoming at the Bison Basin ISL mine site. This site was a production scale
operation that was restored by the State of Wyoming when the company that owned the
mine went bankrupt.

.:
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Re-injection of-Production Bleed

17. On pages 34 and 35 of his January 11, 1999, affidavit, Dr. Staub expresses

the concern that HRI'splan to re-injectits treated production bleed outside the well field would

jeopardize lixiviant control, and that depending on where it is injected it could interfere with

the functions of nearby monitoring wells. To the contrary, the effect of re-injection of this

bleed outside the well field would be to drive water towards the well field, making excursions

less likely to occur.' Since the re-injected bleed should be clean water, it is difficult to see how

water chemistry sampling would be unable to detect an excursion that reached the monitor well,

(as opposed to water from the production bleed injection well).9

Miing Section 8 Before Section 17 Would Not Impede Restoration

18. On pages 34 and 35 of his January 11, 1999, affidavit, Dr. Staub expresses the

opinion that to prevent contamination of restored well fields, mining should progress from

up-gradient to down-gradient well fields. However, during mining and groundwater

restoration activities, injection and pumping have armuch larger effect on the direction and rate

of groundwater flow in and around the well fields than does the regional direction of

This effect is sometimes taken advantage of by placing ISL clean-water injection
wells in a line, thereby producing a clean-water barrier between a well field undergoing
restoration and a well field undergoing uranium extraction activities.

9See also in this regard pages 49 to 54 of the February, 1999, affidavit of Mr.
Bartels; and the February, 1999, affidavit of Dr. Orr, at 5 8.
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groundwater flow. Accordingly, the regional groundwater flow does not have a big influence

on restoration of well fields, or on the direction that excursions would flow out from the well

field. I thus do not agree with Dr. Staub's opinion.

19. Mr. Wallace raises a similar concern on page 67 of his January 11, 1999, affidavit.

Mr. Wallace argues that restored groundwater in Section 8 will be contaminated by well fields

in Section 17, because Section 8 is down-gradient from Section 17. He states that excursions

in Section 17 would flow down-gradient to Section 8. This assumes that such excursions will

in fact occur, and go unchecked, and implies that excursions from Section 17 will only move

down-gradient. Excursions in Section 17 would not be allowed to occur unchecked in the

down-gradient direction, or in any other direction. Monitor wells between the well fields in

Section 17 and Section 8 would monitor for excursions, so that clean water is not contaminated

beyond the mine area. I thus disagree with Mr. Wallace on this point.

20. On pages 66 to 74 of his January 11, 1999, affidavit, Mr. Wallace postulates

groundwater dewatering impacts caused by restoration activities in Section 17, which he states

could compromise the water quality in restored well fields of Section 8. Based on this

scenario, Mr.Wallace concludes that torestorethe groundwaterin Section 17, the underground

mine workings there would have to be dewatered. Mr. Wallace further claims that dewatering

would reintroduce oxygen into the groundwater in Section 8, thereby re-mobilizing residual

pockets of ore and heavy metals, thus undermining groundwater restoration efforts.

21. Mr. Wallace does not present any calculations or modeling to support these

conclusions; rather, he presents a very convoluted argument for dewatering, that appears to be

based on an assumption of turbulent flow within the mine tunnels during groundwater
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restoration activities. In my opinion, Mr. Wallace's argument in this regard is not valid. When

the underground mine in Section 17 was in operation, the aquifer was continuously dewatered

below the level of the mine workings for many years. If parts of the ore zone in Section 8 had

been dewatered by the mine, they would have already been exposed to oxygen much longer

than any one-time dewatering of the mine tunnels as posited by Mr. Wallace. It is unclear why

pumping in and near the mine tunnels should cause turbulent flow (see also in this regard the

February, 1999, affidavit of Mr. Bartels, at page 56). It is common practice to place pumps in

lakes, reservoirs, tanks, and pools, without causing turbulent flow in such bodies of water. Nor

does it make sense that to achieve restoration, the mine tunnels would have to be dewatered.

The standard restoration method used at ISL facilities is to re-circulate clean water through the

well field (just as water in swimming pools, tanks, and reservoirs is kept clean by circulating

the water through a filter), which is the technique best suited to clean up the groundwater. This

standard restoration method is applicable to any open voids associated with the mine workings

in Section 17.

400-Foot Lateral (Ore Zone) Monitor Well Spacing Adequate

22. On page 38 of his January 11, 1999, affidavit, Dr. Staub states that "at the Church

Rock site, a spacing interval of up to 300 feet would be appropriate" for lateral monitor wells.

HRI License Condition 10.17 only requires that lateral monitor wells be spaced 400 feet apart.

In support of his 300-foot recommendation, Dr. Staub states that the COGEMA Christian
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Ranch facility places its monitor wells at a 300-foot spacing on the down-gradient side of the

well field. While this is true, up-gradient and side monitor wells there are placed 500 feet

apart.'0 Accordingly, on average, lateral monitor wells at the COGEMA Christian Ranch

facility are spaced 400 feet apart, consistent with what is to be required at HRI's ISL facility.

23. Moreover, the 400-foot requirement in FRI's license is consistent with the spacing

of lateral monitor wells at all other ISL facilities licensed by the NRC. At the COGEMA

frigaray (Wyoming) site, monitor wells are spaced 400 to 600 feet apart "; at the Crow Butte

site (Nebraska), monitor wells are spaced 400 feet apart' 2 ; at the Smith Ranch site

(Wyoming), monitor wells are spaced 500 feet apart13; and at the Power Resources Inc.

Highland site (Wyoming), down-gradient wells are spaced 400 feet apart, up-gradient wells

800 feet apart, and side wells from 400 to 600 feet apart.'4 These same issues of groundwater

gradient and the 400-foot spacing of lateral monitor wells were addressed in my February,

1998, affidavit, at ¶ 15. My opinion remains that 400 feet is an appropriate spacing for lateral

monitor wells at the Church Rock site.

10 This information comes from a March 3, 1999, telephone conversation I had
with Donna Wichers, of Cogema.

l This information comes from a March 3, 1999, telephone conversation I had
with Donna Wichers, of Cogema.

12 This information comes from a March 1, 1999, telephone conversation I had
with Mike Griffin, at the Crow Butte Site.

13 This information comes from a March 1, 1999, telephone conversation the Staff
had with Paul Goranson, at the Smith Ranch Site.

14 This information comes from a March 1, 1999, telephone conversation the Staff
had with William Kearney, at the Highland Site.
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Lateral Monitor Wells Adequately Screen the Ore Zone

24. On page 26 of his January 1 1, 1999, affidavit, Mr. Wallace claims that HRU License

Condition 10.23 will not require monitor wells to monitor the same sands as the production

zone, because it requires that the wells be completed in the Westwater Canyon aquifer.

However, since the ISL production zones are contained within the Westwater Canyon aquifer,

lateral mhonitor wells open to the Westwater Canyon aquifer will monitor all the production

zones, and provide complete vertical coverage within the Westwater Canyon Aquifer to detect

horizontal excursions.' 5 I thus disagree with Mr. Wallace's contention.

Use of Trend Wells to Monitor Lateral Excursions Not Required

25. On page 38 of his January 11, 1999, affidavit, Dr. Staub recommends that

trend wells be placed between the well field and the monitor wells, to provide early warning

for excursions. However, as stated in ¶ 14 of my February 20, 1998, affidavit, the use of two

tiers of groundwater monitor wells has never been required by the NRC. To determine if any

state programs have requirements in this area, I did some research. I found that the Wyoming

program describes what a trend well is, but states that "water-quality analyses of samples

collected from trend wells will not result in regulatory corrective action."" I do not believe

'5 See also in this regard the February, 1999, affidavit of Mr. Lichnovsky, at
page 16, reaching the same conclusion.

16 Wyoming Department of Environmental Quality, Land Quality Division,
(continued...)
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that HRI should be required to drill trend wells because trend wells are not required by NRC

regulation (meaning that findings from such wells cannot be used to require a licensee to take

a corrective action), and because in my opinion is there are no unique site conditions at Section

8 that would require monitor wells to be placed closer to the well field than the 400 foot

distance specified in HRI's License.

Setting Upper Control Limit Concentrations

26. On pages 37 to 39 of his January 11, 1999, affidavit, Dr. Abitz expresses

his disagreement with License Condition 10.22 B, which requires that upper control limits be

based on the "mean of the upper control limit parameter concentration, and adding 5 standard

deviations". Dr. Abitz is thus also in disagreement with the Staff's Draft Standard Review

Plan (DSRP), which states that in areas of good water quality (a total dissolved solids of less

than 500 mgfl), it is acceptable to set the upper control limit concentration at a value of 5

standard deviations above the mean of the measured concentrations. This method of setting

an upper control limit concentration for areas of good water quality is based on past regulatory

experience, which attempts to set a concentration high enough that false positives (false alarms

due to natural fluctuation in water chemistry) are not a frequent problem, but not so high that

significant groundwater quality degradation occurs by the time an excursion is identified. This

6(.. .continued)
Guideline No. 4, In-situ Mining, dated August 1994 (Wyoming Guide), at page 39 (a copy
of which is attached hereto as Attachment D).
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approach is supported by the Wyoming Guide (Attachment D), at page 39, which states in

relevant part as follows:

A method that uses the baseline mean plus 5 standard deviations is the
recommended method for calculating UCLs. Use of this proposed method
should result in adequate excursion control, yet minimize the possibility of
incorrectly placing wells in excursion status. (Emphasis added)."

Accordingly, I do not believe Dr. Abitz's concern to be a valid one.

Lixiviant Chemistry

27. On page 37 of his January 11, 1999, affidavit, Mr. Wallace claims that the FEIS

misrepresented lixiviant as a benign material. This is not true. The FEIS did not characterize

the lixiviant as benign. Lixiviant chemistry is fully described in the FEIS text, at Section

2.1.1.2 (pages 2-5 and 2-6), and in Tables 2.1 (page 2-6), 4.13 (page 4-38), and 4.14 (page

4-46) of the FEIS.

Cow Springs and Westwater Canyon Aquifers At Church Rock

28. On pages 62 to 65 of his January 11, 1999, affidavit, Mr. Wallace claims that at

the Church Rock site, the Cow Springs and the Westwater Canyon Aquifers are in direct

contact, and are thus the same aquifer, contrary to the allegedly erroneous information in the

FEIS. The difference of opinion among publications on this point (as cited by Mr. Wallace),

was identified and explained in the FEIS, at page 3-18, which states in relevant part:

1' See also in this regard the February, 1999, affidavit of Mr. Pelizza, at pages
45 to 48.
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Figure 3.7 contains a stratigraphic column of the Church Rock site. HRI
indicates that the Recapture Member is at least 45 m (150 feet) thick in the
mine area and overlies the Cow Springs Sandstone. This generally agrees with
regional isopach data of Morrison strata (Saucier, 1967), indicating that the
Recapture is 60 m (200 feet) thick in this area. JHilpert (1969) provides
cross-sections through the old Church Rock mine, based on Phillips Petroleum
Company drilling logs, which indicate that a tongue of Cow Springs Sandstone
closely underlies the Westwater Canyon. This sandstone, however, coincides
with a sandstone interpreted by HRI in the lowermost part of the Westwater and
appears to be underlain by Recapture Member Shale. In Section 13, west of
HRI's Church Rock site, Peterson (1980) indicates that the Recapture Member
does not occur and that the Westwater Canyon Member lies directly on the
Cow Springs Sandstone.

On pages 20 to 23 of his February, 1999, affidavit, Mr. Lichnovsky explains how more recent

publications and site specific data support the interpretation that the lowermost sand in the ore

bearing aquifer at the Church Rock site is the Westwater Canyon aquifer, and is not part of the

Cow Springs aquifer. I have evaluated this point, and agree with Mr. Lichnovsky's

interpretation.

29. Mr. Wallace claims that the NRC was not justified in accepting HRI's

contention that the AA sand is part of the Westwater Canyon Aquifer, and that because the

Cow Springs aquifer is a part of the Westwater Canyon aquifer, he concludes that the Cow

Springs Aquifer cannot be protected from mining activities. Unfortunately, Mr. Wallace

ignores the positive benefits of agreeing with RI's interpretation. If the Cow Springs aquifer

is in fact part of the Westwater Canyon aquifer, it will be monitored in greater detail by the

lateral monitor wells. This, in effect, would achieve the request of the intervenors that the Cow

Springs aquifer be monitored. Moreover, such monitoring would be in more detail than that

provided by a smaller number of wells drilled down the center of the well field, such as would

be the case if the intervenors' contention was accepted.
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Ore Body Has Been Described In Adequate Detail

30. On page 29 his January 11, 1999, affidavit, Dr. Abitz claims that HRI has not

described the ore body in the detail suggested by the Draft Standard Review Plan. This is not

correct. While the Staff needs enough detail to describe environmental impacts, this can be

adequately done without forcing an applicant to divulge proprietary data. In this case, the Staff

needed to know: (1) what aquifers ERI would conduct ISL mining in, and what aquifers would

thus need to be protected; (2) the lateral location, such as site boundaries, wherein HRI would

drill its well fields; and (3) the general ore body depths, to confirm that injection pressures in

HRI's well fields would not rupture the aquifer, and that the wells would be designed

appropriately for the depth. HRI provided all of this information.

Analysis of Upper Control Limits

31. On page 42 of his January 11, 1999, affidavit, Dr. Abitz claims that two weeks to

a month will have elapsed before laboratory results are received to declare an excursion. To

the contrary, the Staff's inspection experience regarding ISL facilities has been that laboratory

analysis of upper control limit parameters is done on-site, and that upper control limit

parameters are usually properly analyzed and evaluated by the licensee within a few days after

sampling.
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Calculation of Groundwater Restoration Goal

32. On page 21 of his January 11, 1999, affidavit, Dr. Abitz uses his Table 1 figures

to criticize the Staff for not correctly calculating a restoration standard (or baseline) in Table

3.13 of the FEIS. However, the water quality tables in the FEIS were not intended to establish

baseline or restoration standards. These Tables were intended to generally characterize the

water quality for a particular aquifer and proposed ISL site. It should be noted that in

paragraph I of page 3-35 of the FEIS, the water quality of the Westwater Canyon Aquifer at

the Church Rock site is rated as being good. Establishing restoration goals is required by HRI

License Condition 10.21, but these cannot be established until the well fields are drilled.:

33. On page 23 of his January 11, 1999, affidavit, Dr. Abitz claims that HRI

does not use a correct methodology for calculating the groundwater restoration goal, and that

HRI's methodology is not in agreement with the DSRP. His claim is based on a comparison

between Table 3.13 of the FElS, and his calculated values. As just explained above, Table

3.13 does not establish a groundwater restoration goal. HRI's'Consolidated Operations Plan

is the appropriate reference for this concern, and it properly conforms to the guidelines stated

in the DSRP. 'I thus disagree with Dr. Abitz's claim on this point.



34. The statements expressed above are true and correct to the best of my knowledge,

information and belief.

WilliamH. For

: Sworn and subscribed to before me
this , ,day of March, 1999

Notary Public
My commission expires:i Of
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the ore zone. This will help immobilize redox-sensitive elements, as was shown
for uranium, and produce a stable environment in which the redox-sensitive
elements will remain immobile.

The use of sodium sulfide shows promise towards accelerating the process
of aquifer restoration by reestablishing reducing conditions in the leached
zone. However, in an aquifer restoration effort, enough sulfide may have to be
injected into a leached ore body to consume all of the available oxidizing
species. Once this is accomplished and reducing conditions are established,
dissolved uranium concentrations should be greatly reduced. At this time,
further research is needed to identify the important reactions controlling
uranium precipitation and sulfide oxidation. In addition, associated reactions
caused by sulfide addition that may have adverse effects on aquifer permeabili-
ties need to be defined to more fully assess the use of sulfide as an aid to
aquifer restoration.

SUMMARY OF EXPERIMENTAL RESULTS

During the past 3 years, batch and column experiments have been conducted
to study the mobility of contaminants produced during in situ leach mining of
uranium ore deposits and evaluate aquifer restoration methods following min-
ing. Ground water, lixiviant, and sediment samples from mine operations in
Texas and Wyoming were used to simulate field conditions in the laboratory.
Both natural restoration and induced restoration techniques were evaluated.

Natural restoration is the process by which contaminants are removed from
the leaching solution as a result of chemical interactions between the solution
and the aquifer sediments. As the residual leaching solution in the aquifer
moves out of the leach field in response to the natural hydrologic gradient it
will contact fresh sediment that could help reestablish the aquifer conditions
and ground-water chemistry that existed before mining. The experiments showed
that the reducing capacity of these sediments remains very high, even for the
leached ore, and that the redox-sensitive element, uranium, will be removed
from solution by water/sediment interactions. The dissolved concentration of
the nonredox-sensitive elements, chloride and sulfate, might also reach con-
taminant levels during mining and they do not appear to be affected by natural
restoration. The concentration of.major cations typically found in ground
water (calcium, magnesium, sodium, and potassium) may also be affected by min-
ing activities. Their concentration in solution appears to be affected by ion
exchange processes between the solution and the sediment, which indicates that
they will increase or decrease depending on the local equilibrium established
between the ions in solution and on the sediment exchange sites. This process
could theoretically increase the concentration of one contaminant while lower-
ing that of another if a lixiviant with a high concentration of cations inter-
acts with the aquifer sediments.

One of the commonly used methods for removing residual lixiviant in the
leach field is to pump the wells after leaching has been completed to draw in
fresh ground water to dilute and replace the lixiviant. This ground-water
sweeping method of restoration was found to be very effective for nonreactive
contaminant species and for the major cations normally found in ground water.
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identity immediately south of Gallup. From the north-
west end of the Zuni uplift for 10-15 miles eastward,
identification of the Recapture-Westwater Canyon con-
tact is rather arbitrary or difficult in many places be-
cause of the grading and intertonguing relations with
the Cow Springs.

The Recapture Member in the district is a sequence
of interbedded siltstone, mudstone, and sandstone units
that generally range in thickness from a foot or so
to several tens of feet. The units generally consist of
reddish-brown and grayish-red beds that alternate
with light-gray and greenish-gray beds. Most sandstone
beds are less than 15 feet thick and tend to be flat-
bedded and have small-scale crossbeds, except where
they intertongue with the Cow Springs. In such places
the bedding locally shows sweeping cross laminations
as well as some channel scours. This bedding indicates
a mixture of eolian and fluvial processes. Coalified
plant debris is present in the Recapture, but mostly
in local and widely scattered localities.

The Recapture probably is about 500 feet thick at
Twin Buttes Wash about 25 miles northwest of Gallup
(Allen and Balk, 1954, p. 155-156; L. C. Craig, oral

commun., 1965). Eastward it thins markedly within
a few miles and, along and near the outcrop between
Gallup and the east side of the district, is 150-300
feet thick but averages about 175 feet. Most of the dis-
trict is in the conglomeratic facies (Craig and others,
1955, fig. 22). Dip directions of the cross laminae indi-
cate a northeast component and a southwest source (L.
C. Craig, written commun., 1961).

Between Gallup and the Continental Divide the
Westwater Canyon Member ranges in thickness from
175 to 275 feet and probably averages about 225 feet.
In most places it contains one or more mudstone units
that range from mere partings in the sandstone to
units as much as 20 feet thick. These units have rather
limited lateral continuity and only some of the thicker
ones may extend as much as a mile or more before
grading out into sandstone or being cut out at the
base of overlying sandstone units (fig. 11). Few
data are available on local sedimentary trends within
the sandstone units. Sharp (1955, p. 8) commented
that studies on crossbedding indicate that the sedi-
mentary trend in the Church Rock area ranges from
east-northeast in the west half to southeast in the
east half, but he did not indicate the extent of the
studies or the units concerned. The available data
indicate that the Westwater Canyon in the district is
rather uniform in thickness and lithologic character
along outcrop and extends from outcrop for at least
several miles.

The Brushy Basin Member in the district generally
ranges in thickness from 40 to 125 feet and averages
about 75 feet. The range in thickness of the member is
caused mostly by its intertonguing and grading at
the base with the Westwater Canyon but partly by its
beveling southwestward under the pre-Dakota erosion
surface. The Brushy Basin consists of varicolored clay-
stone and mudstone interbedded with some sandstone.
The principal sandstone beds, which are lithologically
similar to those of the Westwater Canyon, range in
thickness from about a foot to as much as 60 feet, but
probably average less than 25 feet. Thinner sandstone
beds are present, but are generally .fine grained and
calcareous and grade laterally and upward into mud-
stone and claystone.

Two sandstone beds in the Brushy Basin contain the
principal deposits, the Black Jack 2 in the eastern part
of the district and the Foutz 8 in the Church Rock
area in the western part of the district. Hoskins (1963,
p. 49) described the host sandstone of the Black Jack
2 as ranging in thickness from 60 feet at the north-
west end of the deposit to 18 feet at the south end and
as pinching out from 2 to 3 miles east of the mine. He
noted the sandstone is tan to dark brown except along
the northeast edge of the deposit where it is brick
red. He also stated that the ore follows an ancient
stream pattern, which implies that the sedimentary
lineation is southeastward because of the elongation
of the deposit in that direction (Hoskins, 1963, p. 49,
and figs. 2 and 3). He did not indicate the western ex-
tent of the host sandstone.

The host sandstone of the Foutz 3 deposit is in the
approximate center of the Brushy Basin Miember.
Away from the deposit the lateral extent and general
stratigraphy of the unit are largely taken from Sharp
(1955), who referred to it as the "upper ore sand" of
the Westwater Canyon Member. From measured sec-
tions along the outcrop he extended it eastward
through the southern part of T. 16, N., R. 16 W., and
northward from the southernmost exposures by at
least 2 miles (Sharp, 1955, figs. 8-5). More northern
segments of this unit, or its stratigraphic equivalents,
may be the principal sandstone unit shown in the
Brushy Basin in figure 11. Throughout this general
area the unit ranges in thickness from 0 to 45 feet and
averages about 25 feet. Where it is light brown or
gray it composes an eastward-trending zone about 1
mile wide and more than 6 miles long (Sharp, 1955,
fig. 2). The eastward elongation of this zone may con-
form with the general dip direction of the crossbeds
(Sharp, 1955, p. 8).

Konigsmark (1955, p. 8 and fig. 1) showed several
sandstone units at the top of the Brushy Basin at the

A.
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In accordance with 10 CFR 51.35, attached is a final finding of no significant
impact regarding termination of Source Material License SUA-1492 (Docket
No. 40-8926) for publication in the Federal Register as soon as possible.

Please contact Gary R. Konwinski of my staff on FTS 776-2805 when the date of
publication is known and if there are any questions concerning this request.
Please also, upon publication, send a copy of the Federal Register notice to
our office.

Ramon E. Hall
Director
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U. S. NUCLEAR REGULATORY COMMISSION

DOCKET NO. 40-8926

STATE OF WYOMING

FINAL FINDING OF NO SIGNIFICANT IMPACT REGARDING TERMINATION OF SOURCE MATERIAL
LICENSE SUA-2492, STATE OF WYOMING, BISON BASIN IN-SITU LEACH PROJECT, LOCATED
IN THE RED DESERT OF WYOMING

AGENCY: U.S. Nuclear Regulatory Commission

ACTION: Notice of Final Finding of No Significant Impact

1. Proposed Action

The proposed administrative action is to terminate Source and Byproduct
Material License SUA-1492. This action would authorize the release, for
unrestricted use, of the Bison Basin site.

2. Reasons for Final Finding of No Significant Impact

Restoration and decontamination inspections conducted by the NRC's Uranium
Recovery Field Office indicate that licensing commitments have been fulfilled.
Furthermore, gamma surveys and soil radium analysis verify that appropriate
regulatory limits have been achieved. Similarly, all other monitored environs
have radiological levels that are within previously observed background
concentrations.

The following statements support the final finding of no significant impact,
and summarize the conclusions resulting from restoration and'decontamination
inspections.

A. The ground-water monitoring program utilized at the site has supplied
sufficient data to verify that either background concentrations or class
of use standards exist for radionuclides, heavy metals, and other
monitored constituents.

B. Decommissioning and decontamination inspections indicate that the site has
been decontaminated to appropriate regulatory limits. Furthermore, all
byproduct materials have been disposed of at a neighboring tailings
disposal cell.

C. All decontamination and decommissioning requirements specified by Source
Material License SUA-1492 have been fulfilled by the State of Wyoming and
its contractors.

In accordance with 10 CFR 51.33(a), the Director of the Uranium Recovery Field
Office, made the determination to issue a final finding of no significant
impact. This finding, together with the environmental documentation setting
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forth the basis for the findings, is available for public inspection and
copying at the Commission's Uranium Recovery Field Office at 730 Simms Street,
Golden, Colorado, and at the Commission's Public Document Room at
2120 L Street, N.W., Washington, D.C. Concurrent with publication of this
finding, the staff will terminate Source and Byproduct Material License
SUA-1492 authorizing release of the area for unrestricted use.

Dated at Denver, Colorado, this . .day of February, 1990.

FOR THE NUCLEAR REGULATORY COMMISSION

amon E. Hall
Director
Uranium Recovery Field Office
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WYOMING DEPARTMENT OF ENVIRONMENTAL QUALITY
LAND QUALITY DIVISION

GUIDELINE NO. 4

In-situ MINING

Ibis document is a guideline only. Its contents are not to be interpreted by applicants, operators,
or LQD staff as mandatory. Its preparation is the result of numerous requests from applicants and
operators for guidance in preparation of a comprehensive application or amendment. If an operator
wishes to pursue other alternatives, they are encouraged to discuss these alternatives with the LQD staff.

This guideline is intended to be comprehensive and all headings may not apply to all operators.
A table of contents is provided to direct the applicant to the appropriate topic for individual permitting
needs.
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(1) the UCL for any parameter should not be exceeded in the baseline data base
aftUr it has been screened Nor outliers, and (2) the UCL for any parameter should
be capable of detecting an excursion event within one or two sample collections
(based on a 2-week sampling interval). These criteria are based on minimizing
the probability of committing a Type I and Type 11 error. In general, the
preferred method is one that results in the highest.UCL value while still being
capable of detecting an excursion event.

A method that uses the baseline mean plus 5 standard deviations is the recommended
method for calculating UCLs. Use of this proposed method should result in adequate
excursion control, yet minimize the possibility of incorrectly placing wells in excursion
status.

For situations where chloride values are very low and show little variation during
baseline data collection, the LQD is willing to consider allowing the upper control limit
for chloride to be set at the average baseline value plus 15 mglL if that value is greater
than the average baseline value plus five standard deviations. This option will only be
considered for chloride.

G. Trend Wells

The use of trend wells has enabled in-situ operators to detect an excursive groundwater
plume prior to the plume reaching excursion monitoring wells. Parameter value changes
in a trend well can signal a water balance. problem in the active well field that may not
be otherwise evident to the operator. These wells are typically located between the
injection/production wells and the monitor wells in the active well field. Water-quality
analyses of samples collected from trend wells will not result in regulatory corrective
action. Their use is as a preventive measure to allow greater operational control of
wellfield fluids and to decrease the possibility of having to halt production to restore a
much more extensive plume of mine fluids had an excursion been detected at the
excursion-monitoring wells.

RP/2-80, SI/4-89, RDI2-90
SH/1-88, RD/8-89
Rules Update/8-94 39
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[.50(200) - 85] 146
median = 43.5 + S 47.9.

17' CENTRAL TENDENCY
AND VARIABILITY

If the median can fall only in some class interval with nonzero frequency, this
method of interpolation gives a unique value. However, if the interval frequency
happens to be zero, then any point in the interval serves equally well as the distri-
bution median; here one usually takes the midpoint as the median.

Even when the raw data are available, it is often worthwhile to define and compute
the median as for a grouped frequency distribution. In the first place, for a sizable
N, ordering all of the cases by their score magnitudes can be a considerable chore,
and it may be simpler to construct a grouped distribution. Secondly, a troublesome
problem arises when two or more cases in the raw data are tied in order at the
median position, and here it often makes sense to calculate the median by interpo-
lation as for a grouped distribution.

In principle, a median may be found for any distribution in which the variable
represents an interval or even an ordinal scale; it is not applied to a distribution in
which the measurement classes are purely categorical, since such classes are unor-
dered.

The median is considerably less sensitive to the distribution's grouping into class
intervals than is the mode. Furthermore, when one is making inferences about a
large "population" of potential observations from a sample, the median is generally
more useful and informative than the mode, although the median itself is not ordi-
narily so useful as the mean, to be discussed next. We will have more to say about
characteristics of the median in future sections.

By far the most used and familiar index of central tendency for a set of raw data
or a distribution is the mean, or simple arithmetic average. Surely everyone knows
that to take the average of a set of raw scores you simply add them all up and divide

t by the total number, N:

;M =[4.2.2*1

(Here, xi stands for the score of the observation labeled i, and the sum is taken over
all of the N different observations i.) Thus, equation 4.2.2* defines the mean for
any set of raw data in the form of numerical scores.

Since expressions representing means will occur so frequently in all of the later
sections, it is well to point out that we might also represent the arithmetic mean by

M= 4

standing for each value x1 first divided by N and then summed over the individual
observations i. The value M represented by either of these expressions is precisely
the same; this accords with rule I of Appendix A, that the sum of N observations
each multiplied by a constant number is the same as the sum itself multiplied by that
number. Therefore, in succeeding sections sometimes one and sometimes the other
way of expressing the mean will be used, depending on the algebraic and typograph-
ical requirements of the particular discussion in which these expressions occur.

Incidentally, it should be mentioned that other texts in statistics often use other
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symbols for the sample mean. Frequently, the sample mean is shown as X or as x,
when X is the variable of interest. Although fine for samples, these symbols do not
have clear parallels when one wishes to discuss a population mean. Since we will
frequently wish to emphasize such parallels, we will symbolize the sample mean
byM-

The definition and computation of the arithmetic mean for raw data is simple
enough, but the situation is slightly more complicated when one wishes to find the
mean of a grouped distribution of scores. You will recall (Section 2.7) that when a
distribution was grouped in class intervals the midpoint x} of each class interval j
was taken to represent the score of each of the cases in the interval. Thus, in an
interval 59-73 with midpoint 66 and frequency 16, the sum of the scores of the 16
cases falling into this interval is taken to be 66 summed 16 times, or (66) (16) =
x f,. Similarly, when all of the scores in any interval are assumed the same, their
sum is the midpoint of that particular interval times the frequency for that interval,
or xjfj. Then the sum of all of the scores in the distribution is taken to be the sum
of the values of x times f over all of the respective intervals
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M = N 2 xjfj [4.2.3*]

(Note that here xj is the midpoint of any interval, f} is the frequency corresponding
to that interval, and the sum is taken over all intervals.)

Class x f xf

74-78 76 10 760
69-73 71 18 1278
64-68 66 16 1056
59-63 61 16 976
54-58 56 11 616
49-53 51 27 1377
44-48 46 17 782
39-43 41 49 2009
34-38 36 22 792
29-33 31 6 186
24-28 26 8 208

200 10,040 = Txf

Table 4.2.2
Computation of a mean from a grouped
distribution

=1004= 50.2M N 200-= 0.

For example, consider once again the distribution shown in Tables 4.2.1 and
4.2.2. The frequency of each class interval is multipled by its midpoint, and these
are then summed and divided by N to give the distribution mean.

The mean calculated from a distribution with grouped class intervals need not
agree exactly with that calculated from raw scores. Information is lost and a certain
amount of inaccuracy introduced when scores are grouped and treated as though each
corresponded to the midpoint of some interval. The coarser the grouping, in general,
the more likely is the distribution mean to differ from the raw-score mean. For most
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practical work the rule of ten to twenty class intervals gives relatively good agree- 148
ment, however. Nevertheless, it is useful to think of the mean calculated from any CENTRAL TENDENCY
given distribution as the mean of that particular distribution, a particular set of AND VARIABILITY

groupings with their associated frequencies.
Actually, in modem statistical work it is somewhat unusual to find means calcu-

lated from grouped frequency distributions. Any extensive statistical analysis is done
by computer these days, and the computer is perfectly capable of working directly
with the raw data input, almost regardless of the number of cases involved. Even
manual computations of means are much simpler than in former days. Pocket cal-
culators are easy to use for computing means and other statistical indices, and a great
many of these calculators have built-in programs for computing means and other
statistical indices, where all you have to do is to enter in the raw numbers. These
are nice features to look for if you are shopping for a calculator.

There are also two "minor means" which are encountered, though rarely, in sta-
tistics. When the influence of extreme values is to be minimized, sometimes one
employs the harmonic mean, defined by

N

The harmonic mean makes a single appearance in this text (expression 12.12.4 and
the comment following). The other is the geometric mean, defined by

awy=(Xr'C2 *.. }

the product of all of the x, values with the Nth root taken. Then the logarithm of MA
is the average logarithm of the x values. (This mean is often used to find averages of
ratios. The geometric mean will be used in expression 13.7.4.)

4.3 / THE MEAN AS THE "CENTER OF GRAVITY" OF A DISTRIBUTION

The mean of a distribution parallels the physical idea of a center of gravity, or
balance point, of ideal objects arranged in a straight line. For example, imagine an
ideal board having zero weight. Along this board are arranged stacks of objects at
various positions. The objects have uniform weight and differ from each other only
in their positions on the board. The board is marked off in equal units of some kind,
and each object is assigned a number according to its position. This is shown in
Figure 4.3.1. Now given this idealized situation, at what point would a fulcrum

Figure 4.3.1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
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placed under the board create a state of balance? That is, what is the point at which
the "push" of objects on one side of the board is exactly equal to the push exerted
by objects on the other side? This .is found from the mean of the positions of the
various objects:

2 + 2 + 8 + 10 + 10 + 10 + 15 + 15 + 18 + 20
10

Here, the board would exactly balance if a fulcrum were placed at the position
marked 11. Note that since there were piles of uniform objects at various positions
on the board, this center of gravity was found in exactly the same way as for the
mean of a distribution, since the position (midpoint of an interval) was in effect
multiplied by the number of objects at that position (the class frequency), and then
these values were summed and divided by the number of objects (the total fre-
quency).

In short, the position of any object on the board is analogous to the score of a
case, and each case is treated as having equal "weight" in our computations. The
arithmetic mean is then like the center of gravity, or balance point. The mean is that
score about which deviations in one direction exactly equal deviations in the other.

This property of the mean is bound up in the statement that the sum of the signed
deviations about the mean Is zero In any distribution. A deviation from the mean
is simply the signed difference between the score for any case and the mean score:
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d, = (x -M); [4.3.1]

then it is easy to show that

0 2 do = X, - IM = I X - NM
I I i =

=NM - NM = 0;
[4.3.2*]

that is, the sum of the signed deviations about the mean is always zero.
A simple consequence of this fact is that the mean signed deviation from the mean

is zero:

Edi
N = N -0° [4.3.3*]

r 4.4 / "BEST GUESS" INTERPRETATIONS OF CENTRAL TENDENCY

We have just seen that the tendency for cases in a distribution to differ from the
mean in one way is exactly balanced by the tendency to differ in the opposite way.

Suppose once again that you were told to guess the score of some case picked at
random from a distribution. If you guessed the mean for each case you might be in
error to some extent on each trial, since it need not be true that the mean is exactly
the same as any obtained score. The extent of error for a given case is d, the depar-
ture of the true score from the mean. Over all possible cases that might be drawn
frm the distribution the average signed error would be 2 daN, the mean signed

deviation. But we have just seen that the mean signed deviation is always zero.
Hence, the following statement is true: if the mean Is guessed as the score for
any case drawn at random from the distribution, on the average the amount of
signed error will be zero. This is a most important interpretation of the mean: the
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4.13/ THE COMPUTATION OF THE VARIANCE AND STANDARD DEVIATION 161 :

The variance and standard deviation can be computed from a list of raw scores by THECOMPuTATION VARANC

formulas 4.11.1 and 4.12.1. This "deviation method" entails finding the mean, sub- AND STANDARD

tracting it successively from each score, squaring each result, adding the squared Section4.13
deviations together, and dividing by N to find the variance. Obviously, this can be . I,'
relatively laborious for a sizable number of cases. However, it is possible to simplify : h
the computations by a few algebraic manipulations of the original formulas. This II
may be shown as follows: For any single deviation, expanding the square gives

Il .

(x, - Al) 2 = x2 - 2xM + M2  If t

so that, on averaging these squares, we have

(x, - )2 _ z (x2 - 2xM + M2)
N N

By rule 4 in Appendix A, the summation may be distributed so that Ill

(Xi - M) _ x _x. lt F

f N ,N N N'

However, wherever M appears it is a constant over the sum, and so, by rules I and rt >
2 in Appendix A,

2~
2 (x l x; NM 2 F|R3

£ N ~ N N N ;j

or A~
M= -i- 

2  + M2 = - AlM. [4.13.11]
N N

Fmally,

- ;;. [4.13.21]
N

These last formulas, 4.13.1 and 4.13.2, give a way to calculate the indices s2 and I, i
S with some saving in steps. These formulas will be referred to as the "raw-score
computing forms" for the variance and standard deviation. For an example of the r ,;1
use of these forms, study the example shown in Table 4.13.1, based on seven cases. ' 4

I These two methods must always agree exactly with the values obtained by the de- I.1 i
I viation method, as in the example. I ,
* It is also possible to find similar computing forms for grouped distributions. Start-

M ing with the definition of the variance of a grouped distribution,

-X _ )2 freq(x)

* ~2  N

* '| ti 1 .~
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239 Fluvial Processes

Braided Channels
A basic part of the formation of the braided pattern is the division of a single
trunk channel into a network of branches (fig. 6.22) and the growth and sta-
bilization of intervening islands. Detailed studies of braided systems in both
flumes and rivers (Leopold and Wolman 1957; Fahnestock 1963; Church 1972;
Rust 1972; N. D. Smith 1970, 1974) show that divided reaches have different
channel properties than adjacent undivided segments. Braided zones are usu-
ally steeper (fig. 6.23) and shallower; total width is greater although each
channel may be narrower than the undivided trunk; and changes in channel
positions and the total number of channels are likely to be extremely rapid
(Fahnestock 1963; Church 1972; N. D. Smith 1974). Fahnestock, for ex-
ample, documented lateral shifting of the channels up to 122 meters (400 ft)
in eight days in the braided segment of the White River in Washington.

The Origin of Braids Any explanation of the origin of braids is necessarily
oversimplified because, like all fluvial processes, it involves the simultaneous
interaction of a number of factors. According to Fahnestock (1963), the most
important of these are the following:

1. Erodible banks. Most investigators of channel patterns feel that
bank erosion is perhaps the most necessary factor in creating a
braided system. If bank erosion is prohibited by material
cohesiveness or vegetation, it is unlikely that a braided pattern will Figure 6.22.

Photograph of typical braided
lp stream pattern. McKinley River,

Alaska.
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2. Sediment transport and abundant load. Almost every braided river
transports large volumes of bedload, and much of the channel
shifting is prompted by temporary deposition of bars across
entrances to branches of the network. It is incorrect, however, to
assume that braided rivers are overloaded, since many times braids
form when the channel is actively being eroded (Leopold and
Wolman 1957), and at the same time, undivided segments
immediately downstream from an evolving braided reach are being
actively aggraded. Even though the load exceeds the transporting
capacity of the channel, no braiding occurs.

3. Rapid andfrequent variations in Q. Fluctuations in discharge tend
to produce the alternating erosion and deposition that seem to be a
necessary part of braiding mechanics. However, some of the
channel shifting and much of the increase in the number of
channels may simply be a matter of reoccupying abandoned
channels during high river stages. It is also significant that
laboratory studies have produced braids under constant discharge,
indicating that discharge may sustain the pattern, not cause it.

Although slope and other channel properties of braided streams are dif-
ferent from those of meanders, they probably are not factors in the origin of
braids. More likely they represent the geometric modifications brought about
by particular sediment and discharge requirements. For example, Parker
(1976) emphasized that slope and the width-depth ratio are important man-
ifestations of the controls leading to braiding versus meandering. If slope and
wid are high under conditions of dominant discharge, the pattern will prob-
ably be braided. In addition, braids result from a river's tendency to form bars
(Parker 1976), but the type of bars developed may be a significant factor in
maintaining a braided pattern (Church and Jones 1982). Therefore, it seems
safe to say that braids do not necessarily connote instability. The pattern simply
represents another condition a river may establish in response to external con-
trols. It may be maintained for a long period of time and possibly is as close
to true equilibrium as the meandering pattern.

Experimental studies suggest that braid development follows a distinct
sequence of events, illustrated in figure 6.23 (Leopold and Wolman 1957).
During high flow a portion of the coarse load being transported is deposited
because of some local channel condition. This initial accumulation becomes
the locus of an incipient longitudinal bar because reentrainment of the par-
ticles requires a greater velocity than did their transportation and deposition
(fig. 6.7). Continued deposition here allows the bar to grow both upward and
in the downstream direction. As particles move across the reach, they are de-
posited on the lower end of the bar where depth suddenly increases and ve-
locity decreases. These changes occur because the width and discharge remain
constant over that segment of the cross section, and since q = wdv, an increase
in depth requires a decrease in velocity. Most smaller particles move easily
over the growing bar, but some may be trapped in the interstices between the
larger grains.
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As the expanding bar begins to occupy a significant portion of the channel
area, the channel is no longer wide enough to contain the total flow, and as
flow is deflected around the bar, the banks are eroded. Simultaneously, the bar
itself may be trimmed and the channel somewhat deepened. These processes
combine effectively to enlarge the channel on both sides of the bar, allowing
the water level to be lower at any equivalent discharge. Eventually the bar
emerges as an island flanked by two distinct channel branches. Bars and is-
lands do not necessarily remain fixed in position or shape since they are also
susceptible to lateral erosion (N. D. Smith 1974). In documented cases, how-
ever, vegetation may spread rapidly on the islands, especially if overbank flows
or wind provide silt as a capping layer; the rooting of vegetation tends to in-
crease the resistance to erosion. The whole process from initiation to stabili-
zation may take as little as two years. Bar growth can also begin when a river
reoccupies an abandoned channel. In such an event, an erosional remnant may
become a core upon which new bar growth will develop (Eynon and Walker
1974).

Figure 6.23.
Stages in the development of a
braid in a flume channel.
(A) Sequential development of the
pattern at various times. (B) Cross
sections at one station along the
flume. (From Leopold and Wolman
1957)
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Other bar types also are common in braided systems. N. D. Smith (1974)
recognizes transverse, point, and diagonal bars in addition to the longitudinal
type. Transverse bars are tabular bodies that grow by downstream migration
of foreset beds developed more or less perpendicular to the current. These bars
form when sand moving along the bottom encounters a shallow depression
where velocity is lowered (Jopling 1966). In response, the sand is deposited
as a "delta" that builds upward until the flow velocity increases to its former
level, and the top of the bar becomes the channel floor across which sand can
once again be transported. At low flow, transverse bars may be exposed and
dissected into a series of small channels.

Smith (1971) noted significant differences between longitudinal and
transverse bars in the Platte River in Nebraska. Transverse bars normally are
composed of sand and are better sorted and more fine-grained than longitu-
dinal bars. In addition, they show well-developed planar cross-beds in contrast

Jto the crude horizontal stratification found in the coarse sediment of the lon-
gitudinal bars (Rust 1972). A more recent analysis of the macroforms (bars)
and the meaning of their sedimentary structures is given in Crowley (1983).

Anastomosed Channels Another type of multichanneled river is an anasto-
nmosed stream. Historically, the terms "anastomosed" and "braided" have been
used interchangeably, but this practice should be discontinued because theIi normal characteristics of the two patterns and their formative mechanics are
considerably different. Smith and Smith (1976) define an anastomosed river
as one having an interconnected network of low-gradient, relatively deep and
narrow channels that have variable sinuosities and stable banks comnposed of
fine-grained sediment and vegetation. The significant point here is that these
rivers have some characteristics of both meandering and braided streams but
overall are distinct from each of those patterns. For example, the pattern is
multichanneled, indicating a relationship with braiding; however, the banks
are not erodible, which as indicated above, is a prime requisite in the for-
mation of braids.

The essential ingredients needed to form anastomosed rivers are (1) rapid
I. aggradation caused by downstream base level rise and (2) stable, cohesive

banks that retard channel migration. Under these controls, floodplain surfaces
are rapidly elevated by overbank deposition. It is also possible that gravel may
simultaneously fill the channel (Smith and Smith 1976).

The Continuity of Channel Patterns
If channel patterns reflect specific adjustments to fluvial variables, it follows
that boundaries between the patterns should be definable in terms of those
variables. It also follows that each pattern must be stable within certainI. threshold limits of the controlling factors. When the limits are exceeded, a
viable fluvial response would be a pattern change. Patterns, then, may be
ephemeral fluvial properties, especially in segments where the values of the
controlling factors are critically close to the threshold condition.



275 F/uvial Landforms
I-

. '.,, i

1'-9S't'
I'' Ij

The topography of almost every region reflects an adjustment between dom-
inant surficial processes and lithology. When the rocks have diverse resis-
tances, geomorphic processes tend to maximize the relief between regions of
greatest and least resistance. Nowhere is this more apparent than in areas
where mountains and plains adjoin, especially where the climate is arid or the
region has undergone recent tectonism. Aridity serves to buffer the smoothing
effects of vegetation; vertical tectonic activity accentuates relief by bringing
more resistant basement rocks toward the surface, where they are commonly
etched into the cores of topographic mountains.

The sloping surface that connects the mountain to the level of adjacent
plains is the piedmont. It extends from the mountain front to a floodplain or
playa, either of which can mark the base level for geomorphic processes that
function on the piedmont surface (fig. 7.16). Piedmonts consist of a number
of geomorphic landforms, but most commonly they are composed of eroded
bedrock plains called pediments and depositional features called alluvial fans.
The relative percentage of the total piedmont area occupied by either of these
features probably depends on the unique combination of local geomorphic
variables.

Piedmont
Environment: Fans
and Pediments

* II
I I

* I

Figure 7.16.
Physiographic components of a
mountain-basin geomorphic
system.

Alluvial Fans
Alluvial fans have been investigated most extensively and in great detail in
regions of arid or semiarid climate. This does not mean that fans are absent
in other climatic zones. On the contrary, humid climate fans and their deposits
have been examined in such diverse settings as humid-glacial (Boothroyd and
Ashley 1975), humid-periglacial (Ryder 1971a, 1971b; Wasson 1977), humid-
tropical (Mukerji 1976; Wescott and Ethridge 1980) and humid-temperate
(Hack and Goodlett 1960; Williams and Guy 1973; Kochel and Johnson 1984).
Fans developed in every climatic setting are linked together by a similar plan-
view geometry, but other aspects of morphology and depositional processes
may vary considerably (table 7.3).

Schumm (1977) suggests that fans can be of two major types. Dry fans
are those created by ephemeral flow, and wet fans are developed by perennial
stream flow. Clearly, the mode of formation has a climatic connotation be-
cause ephemeral flow is normally associated with low groundwater tables and
spasmodic rainfall, conditions typical in arid climates. Wet fans are obviously
more dominant in humid climates, where perennial stream flow is the norm.

In spite of their recognition in all environments, fans so dominate the
piedmont zone in arid climates that most of our detailed understanding of fan
development derives from studies in that setting. Thus, unless specified, the
treatment that follows refers to arid climate (dry) fans.

Alluvial fans are one end of an erosional-depositional system, linked by a
river, in which rock debris is transferred from one portion of a watershed to
another. Fans are largest and most well developed where erosion takes place
in a mountain and the river builds the fan into an adjacent basin. Deposits
tend to be fan-shaped in plan view and are best described morphologically as
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Table 7.3 Generalized characteristics of alluvial fans formed in different environments.

Parameter Arid Fans Humid-Glacial Humid-Tropical Virginia Humid-
Fans Fans . Temperate Fans

Fan Morphology

Plan View Broad fanlike Broad fanlike Broad fanlike Broad fanlike to
symmetrical symmetrical symmetrical elongated

Axial Segmented Smooth Smooth Segmented
Profile (20-100m/kim) (1-20m/km) (40-100m/km)

Thickness Up to 100's m Up to 100 s m Up to 100's m 5 m to 20 m

Area Small Very large Large Small

Depositional Processes

Major Debris flow Braided stream Braided stream Debris flow
Processes Braided stream Debris flow (avalanche)

Sheet flood
Sieve flood

Return 1-50 yr Discrete events 0-few days Seasonally Seasonally constant to 3000-6000 yr Discrete
Interval constant discrete events

Fan Area 10-50% 80-100% 30-70% 10-70%
Activated

Triggering Heavy rain Meltwater Heavy rain Heavy rain
Processes Snow melt Outwash Monsoon Hurricane

Discharge Flashy Seasonal Seasonal Flashy

After Kochel and Johnson 1984. Used with permission of Canadian Society of Petroleum Geolosts

a segment of a cone radiating away from a single point source (fig. 7.17). The
point source represents the spot where the master river of the watershed
emerges from the confines of the mountain; it doubles as the apex of the con-
ical shape. The point source can also shift away from the mountain front to
a position well down the original fan surface if that surface has been en-
trenched at some time during its development. In those cases, the mountain
stream, still occupying a confining channel, traverses a portion of the older
fan material. The stream eventually emerges downfan as the point source for
a still younger fan. Adjacent fans often merge at their lateral extremities; the
individual cone shape is lost, and a rather nondescript deposit is formed cov-
ering the entire piedmont. These coalesced fans are commonly referred to as
bajadas, alluvial aprons, or alluvial slopes.

The surfaces of fans can often be subdivided into major zones (Denny
1965, 1967) called modern washes, abandoned washes, and desert pavements,
which reflect their participation in modern fan processes (fig. 7.18). On the
Shadow Mountain fan in Death Valley, washes make up about two-thirds of
the surface area, but only a few contain unweathered gravel and accommodate
present-day floods. These modern washes are the primary areas of deposition
on the fan surface. Most washes have scrub vegetation and gravel coated with
desert varnish in their channels, indicating that they are abandoned channels

6
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and have not been flooded for considerable time, perhaps several thousand
years. Desert pavements are surfaces of tightly packed gravel that armor, as
well as rest on, a thin layer of silt, presumably formed by weathering of the
gravel. Pavements are the primary erosional areas of a fan. They have not
received sediment for a long time, as evidenced by the thick varnish coating
the pebbles, the pronounced weathering beneath the silt layer, and the striking
smoothness of the surface, due to obliteration of the original relief by down-
wasting into depressions. Pavements characteristically are cut by gullies that
head within the pavement area and may be meters or even tens of meters deep.
Because the gullies carry a locally derived fine-grained load, they often meander
and, importantly;may stand at lower elevations than adjacent modern washes
that head in the mountains.

The distribution of pavements and their gullies in relation to modern
washes creates a geomorphic situation quite similar to that discussed earlier
for the creation of terraces in a piedmont region (see fig. 7.12). Flow in the
modern washes is periodically diverted into the gullies, changing part of the
desert pavement area back into an active wash and shifting the position of the
modern washes. Simultaneously, the lower segment of the captured wash is
abandoned and, over a long period of time, imperceptibly converts to a desert
pavement.

Figure 7.17.
Map view of topography on
typical alluvial fan. Note
downslope deflection of contours
indicating convex cross-fan
profile.
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Figure 7.18.
(A) Large alluvial fans at the base
of the Panamint Range in the
north end of Death Valley, Inyo
County, Cal. (B) Components of
fan in Death Valley region.
(Adapted from Denny 1965)

Gravel In abandoned washes.
Varnish cover.
Gravel in desert pavement areas.
Weathered and varnished.
Gravel In modern washes.
Unweathered and no varnish.

Evaporites on floor of Death Valley.

Undifferentiated gravel.

; -. Sedimentary and metasedimentary
rocks of mountains.
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Fluvial Sedimentology of a Major
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Introduction

F luvial sandstones of the Morrison Formation in the San
Juan basin (Figure 1) host 50% of the uranium supply of

the United States and thus have attracted the interest of both
sedimentologists and economic geologists for several decades.
A chief concern has been to determine any possible sedimento-

logic controls on ore distribution in order to predict ore occur-
rence. Interest in the sedimentology of the Morrison Formation
was sparked by major uranium discoveries in Utah and Colo-
rado in the 1950s, followed by later discoveries in the Grants
uranium region of New Mexico. A sedimentologic synthesis of
the Morrison Formation on the Colorado Plateau bv Craig et al.
(1955) described regional patterns of sediment distribution
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Figure 2: Middle and UpperJurassic rocks in the southern San Juan
basin.

within the formation. Their study remains a widely quoted pub-
lication on Morrison stratigraphy and sedimentology.

With the opening of more mines in response to the uranium
boom in the early 1970s came renewed interest in the sedimen-
tologyof the Morrison Formation in New Mexico, particularly in
the Westwater Canyon Member, the main ore-bearing unit in
the San Juan basin (Figure 2). Earlier workers noted a pro-
nounced thickening of the member in the Gallup area (Figure
3). which led to the concept of an alluvial fan with an apex near
Gallup (Craig et al., 1955). At the time, this interpretation
seemed to provide the best explanation for the isopach trends
that show thinning of the Westwater Canyon away from the
Pronounced thick near Gallup. Additional isopach maps con-
firmed the thickening of fluvial sandstones near Gallup (Figure
4). The isopach thicks shown in Figure 4 have been interpreted
to indicate paleocurrent directions (Galloway, 1978, 1980), but
these directions inferred from isopach thicks do not match
paleocurrent trends obtained from paleocurrent indicators in
subsurface mines and from surface measured sections. Surface
Studies seemed to suggest northeasterly transport directions for
the Westwater Canyon along the outcrop belt from Gallup to
Grants (Campbell, 1976), whereas studies in mines north of this
Outcrop belt suggested more easterly to southeasterly transport
directions(Grangeret al., 1961; Falkowski, 1980).

A literature search revealed that available surface paleocur-
rent data from the Westwater Canyon were sparse and that
many reported subsurface transport directions were based on
iSopach trends and fossil log orientations rather than on mea-
surements of primary sedimentary structures. It became clear
that a systematic study, of paleocurrent directions was needed.

-- - Aproximste bourdaty
between fates

a Locatlon of measured section

Figure 3: Isopach and facies map of the Westwater Canyon Member
of the Morrison Formation. From Craig et al. (1955).

Preliminary results of a detailed outcrop paleocurrent study in
the Westwater Canyon Member suggested that it could be
divided into two fluvial units along the south side of the basin;
the lower fluvial unit had transport directions toward the north-
east and the'upper fluvial unit had transport directions toward
the southeast (Turner-Peterson et al., 1980). Since then, addi-
tional study along the west side of the basin revealed a middle
fluvial unit with easterly to southeasterly transport trends
(Turner-Peterson, 1981a). This chapter summarizes results
from both the west and south sides of the basin in order to
establish a regional depositional framework for the Westwater
Canyon Member.

Methods

Stratigraphic and sedimentologic data were obtained from 12
measured sections, 6 from the west side of the basin and 6 from
the south side, in an area from Gallup northward to Oak Springs
and from Gallup eastward to Laguna (Figure 1). At each locality
the Westwater Canyon Member was divided vertically into flu-
vial sandstone units. Division of the Westwater Canyon into flu-
vial units was initially based on an apparent grouping of fluvial
sandstones into units that contained cosets of crossbedded flu-
vial sandstones and that were bounded above and below by lat-
erally continuous overbank units. Determining lateral
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continuity of overbank units on the outcrop became a matter of
some subjectivity; scouring of an overbank unit by an overlying
sandstone locally obscures what otherwise might be a laterally
extensive marker horizon. Similarly, an overbank unit with
apparent local significance may not extend laterally any great
distance. However, excellent cliff exposures occur in the study
area, particularly along the southern part of the basin. Because
of good exposures, the lateral extent of overbank units could be
determined by visual inspection with binoculars, at a distance
of several kilometers from the outcrop. This method generally
resulted in subdivision of the Westwater Canyon Member into
three fluvial units (lower, middle and upper) on the west and
southwest sides of the basin and two fluvial units (lower and
upper) on the south side of the basin.

Paleocurrent directions were determined from the axes of
trough crossbeds, and an attempt was made to obtain at least 25
measurements for each fluvial unit. Both vertical cliffs and the
tendency of the Westwater Canyon to weather to round,
smooth surfaces in many places limit the availability of well-
exposed trough axes. Considerable lateral traversing, over dis-
tances of about a kilometer or more (about a mile) in places, was
required to obtain a significant number of readings in each flu-
vial unit. At some localities, preferential exposure of one trough
direction on a given cliff face also made it necessary to find addi-
tional outcrops in the vicinity to provide less biased data. A sin-
gle dip-vector resultant was calculated for each fluvial unit
individually. The consistency factor or vector-mean strength
was calculated for each set of readings.

Suites of pebbles were described from each fluvial unit at
each locality to provide information for a provenance study.
Two hundred pebbles were identified for each pebble suite, and
the percentages of each lithology were then computed. The
number of pebble suites described at each measured section
depended on the number of fluvial units and the availability of
pebbles. At Asaayi Lake (Figure 1), for instance, where the
Westwater Canyon can be divided into three fluvial units and
pebbles are abundant, several pebble suites at different strati-
graphic horizons were obtained with relative ease. Moreover,
pebbles for individual suites were collected at discrete horizons,
sometimes in one conglomeratic lens. At Laguna (Figure 1), on
the other hand, where only two fluvial units are present and
pebbles are scarce, only two pebble suites were obtained, and
only after considerable searching. Pebbles for individual suites
from this locality, and from other localities where pebbles are
rare, are representative of the entire fluvial unit from which
they were collected.

Maximum pebble size was also determined for each fluvial
unit at every locality. This parameter was determined by aver-
aging the three axes of the largest pebble or cobble that could be
found. For two of the localities (Sanostee Wash and Toadlena),
only the maximum pebble length was measured for the largest
pebble or cobble from each fluvial unit. A correction factor had
to be applied to these measurements so that the data could be
compared with the other data on maximum pebble length. If
the average length of the three axes of a pebble is determined,
the number obtained is 73.3% of the length of the longest axis
of the same pebble, with a standard deviation of 7.9% (Fred
Peterson, 1983, written communication). Thus, to correct for
those instances when only the longest dimension was obtained,
the measurement was multiplied by 0.73. Maximum pebble
size is a general indicator of the energy of the streams in each

fluvial unit. Color of various lithologies (chiefly sandstone ar
mudstone) in the Westwater Canyon Member was also note-
the Munsell color chart was used at some, but not all, localities
Color was always determined on a fresh surface.

Tectonic Setting

Reconstruction of the paleotectonic setting of the Westen
Interior during the Late Jurassic (see Santos and Turner
Peterson, this volume) suggests that a magmatic arc lay to tht
west and southwest of the present Colorado Plateau in the vicin
ity of southern Arizona and eastern California (Hamilton, 1978
Burchfiel and Davis, 1975). The abundant alteration products o
volcanic ash reported in the Morrison Formation, both in th(
fluvial sandstones of the Westwater Canyon Member (Water.
and Granger, 1953; Weeks, 1953) and in the overlying Brush)
Basin Member (Bell, 1981; Bell, this volume), record extensive
volcanic activity that accompanied emplacement of granitic
batholiths in the arc region during the Late Jurassic.

The configuration of the San Juan basin during the Middle tc
Late Jurassic was considerably different from the present, post.
Laramide configuration. An isopach map of the interval from
the base of the Todilto Limestone Member of the Wanakah For-
mation to the base of the Dakota Sandstone, an interval that
consists chiefly of Middle and Upper Jurassic rocks, shows a
thickening in the southern part of the basin (Figure 5). This
thickening is thought to represent a greater accumulation of
sediments in response to downwarping during deposition; in
fact, this area of pronounced thickening is interpreted to repre-
sent the basin axis during the Middle and Late Jurassic (Santos
and Turner-Peterson, this volume). This concept has important
implications that affect interpretations of Westwater Canyon
deposition, as will -be discussed later. The present structural
basin has an axis north of Farmington, New Mexico (Figure 1;
also see Thaden and Zech, this volume), which represents a
northward shift of the axis since the Late Jurassic.

Stratigraphy of the Morrison Formation

The Morrison Formation of Late Jurassic age is divided into
five members in the San Juan basin-the Bluff Sandstone, Salt
Wash, Recapture, Westwater Canyon, and Brushy Basin Mem-
bers (Craig et al., 1955; O'Sullivan, 1980; Condon and Peterson.
this volume). In the San Juan basin, the Salt Wash and Bluff
Sandstone Members are restricted to the extreme northwestern
part of the basin (Condon and Peterson, this volume). The other
three members are recognized throughout most of the basin
(Craig et al., 1955). The Recapture, Westwater Canyon, and
Brushy Basin Members contain fluvial, lacustrine, and eolian
sandstones as well as overbank and lacustrine sandstones and
mudstones. Although the contact of the Recapture with the
overlying fluvial sandstones of the Westwater Canyon Member
is commonly sharp and easy to recognize at the outcrop, inter-
fingering and gradational contacts occur locally. The contact
between the Westwater Canyon and the overlying Brushy
Basin is commonly marked by a vertical change from massive,
cliff-forming sandstones of the Westwater Canyon to slope-
forming, finer grained units of the Brushy Basin. In the subsur-
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Figure 4: Interpretive isopach map of the Westwater Canyon Mem-
ber. Contour interval 100 ft (30 m). From Galloway (1980).

i

face, however, interfingering between these two members is
common and placement of the contact is arbitrary (Santos,
1963; Hilpert, 1963; Kirk and Condon, this volume).

In addition to the stratigraphic units listed above, several
informal names are used for various units in the Morrison For-
mation that have economic significance in the San Juan basin.
The Poison Canyon sandstone of economic usage (Figure 6) is a
fluvial sandstone that is either within the Brushy Basin Member
or is a part of the Westwater Canyon Member but is separated
from the main part of the WVestwater Canyon by a fairly continu-
ous mudstone bed. The term was originally restricted to the Poi-
son Canyon area (Zitting et al., 1957), but it has since been
extended by industry geologists throughout much of the Grants

Figure 5: Isopach map of Middle to Upper Jurassic rocks, from the
base of the Todilto Limestone Member of the Wanakah Formation to
the base of the Dakota Sandstone (see Figure 2). This interval includes
some Lower Cretaceous rocks in the northernmost part of the basin.
Dot indicates drill hole; triangle indicates surface section. Contour
interval 100 ft (30 in). Dashed line marks southern limit of the Brushy
Basin Member as a result of pre-Dakota beveling to the southwest.
From Santos and Turner-Peterson, this volume.

i

uranium region. In the Poison Canyon area the Poison Canyon
sandstone is mineralized and consists of crossbedded sand-
stone similar to sandstone in the underlying Westwater Canyon
Member, from which it is separated by a 6.7-m (22-4t) mudstone
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Figure 6: Schematic cross section of the Morrison Formation, southern San Juan basin. Modified from Hilpert (1963).
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unit (Turner-Peterson et at., 1980). Some workers prefer not to
use the term Poison Canyon sandstone because it is difficult to
recognize away from the type area (Santos, 1970). In the subsur-
face, sandstone units in the zone of interfingering between the
Westwater Canyon and Brushy Basin Members are commonly
referred to as Poison Canyon sandstones, but equivalency to
the type Poison Canyon is difficult to establish.

Greenish-gray mudstone beds in the Westwater Canyon
Member are common in the subsurface, particularly near the
top of the member. These mudstone units are referred to as "K"
shales by mining geologists and are used as marker beds to sub-
divide ore-bearing sandstones in the Westwater Canyon. Many
of the "K" shale units are lenses with no significant lateral
extent, whereas others, as thick as 12 m (40 ft) (Santos, 1963),
can be traced for distances of many kilometers. One such "K"
shale crops out at the Blue Peak Mines section (Figure 1).

In the Laguna area, the Jackpile sandstone of economic
usage, a sandstone at the top of the Brushy Basin Member, is of
economic importance because it contains large uranium
deposits. The Jackpile sandstone is also considered a fluvial
unit, similar to the Westwater Canyon Member.

The Morrison Formation is overlain unconformably by the
Dakota Sandstone of Late Cretaceous age. Southwestward trun-
cation of the Morrison beneath the Dakota attests to a period of
uplift and beveling in the late Early Cretaceous. Beveling
beneath the unconformity increases to the southwest, where
the Brushy Basin Member was entirely removed in the vicinity
of Gallup, New Mexico (Figure 1), and the Westwater Canyon
Member is progressively thinned by truncation south of Gallup
(Saucier, 1967; Condon and Peterson, this volume). Some of the
thinning of pre-Dakota units to the south is the result of deposi-
tional thinning as well as truncation (Santos and Turner-
Peterson, this volume). On the isopach map (Figure 5), closely
spaced contours along the south edge of the basin reflect this
southward beveling and depositional thinning of pre-Dakota
units.

Westwater Canyon Member

Distribution, Lithology, and Environment of Deposition

The Westwater Canyon Member of the Morrison Formation is
a thick fluvial unit that is predominantly crossbedded sand-
stone. It forms near-vertical cliffs that can be recognized along
the entire west, south, and east sides of the San Juan basin. The
Westwater Canyon extends northwestward into Utah, to within
a few miles south of Monticello (Santos, 1970), and the type sec-
tion is 24 km (15 mi) southwest of Blanding, Utah (Gregory,
1938).

Stratigraphic sections of the Westwater Canyon along the
west and south sides of the San Juan basin show the regional
relationships of the member (Figures 7, 8). At the surface, the
Westwater Canyon attains its maximum thickness of about 110
m (360 ft) near Asaayi Lake, on the west side of the San Juan
basin (Figures 3, 7). The greatest subsurface thickness is
reported to be just east of this area (Kirk and Condon, this vol-
ume). Northward from Asaayi Lake, the Westwater Canyon
thins and generally contains more finer grained interbeds.
Southward from the Asaayi Lake section, increased beveling of
the Westwater Canyon beneath the pre-Dakota erosion surface
makes suppositions concerning its original thickness some-

what tenuous. It appears, however, that truncation is not signifi-
cant north of Window Rock, Arizona, but increases markedly
southward from that area (see Condon and Peterson, this vol-
ume). This probably reflects greater beveling at the basin mar-
gin near a bounding uplift (Zuni Mountains). The Westwater
Canyon is removed entirely by truncation a few miles south of
the area where beveling begins to increase (Saucier, 1967; Con-
don and Peterson, this volume). Eastward from Gallup, New
Mexico, the member thins from about 68 m (220 ft) near Gallup
to about 24 m (78 ft) at Laguna, New Mexico (Figure 8). The
Westwater Canyon persists along the east side of the basin
(Flesch, 1974), but that area is not included in this study.

The Westwater Canyon is predominantly poorly sorted to
well-sorted, fine- to medium-grained, locally conglomeratic
sandstone. As pointed out by Craig et al. (1955), the member is
most conglomeratic in an area north of Gallup, but cobbles and
pebbles occur as far east as Laguna and as far north as Sanostee
Wash, New Mexico. At Oak Springs, New Mexico (Figure 7), in
the northwest part of the basin, pebbles are rare.

Sedimentary structures include trough and tabular-planar
crossbedding sets (Figure 9), horizontal laminae, and low-angle
laminae. Silicified logs, scattered dinosaur bones, and clay rip-
up clasts occur at some horizons.

The Westwater Canyon Member was deposited by braided
streams, an interpretation shared by many previous workers
(Craig etal., 1955; Rapaport, 1952, 1963; Kendall, 1971; Flesch,
1974; Martinez, 1979; Turner-Peterson et al., 1980). Some
workers, however, suggest that deposition changed from domi-
nantly braided to dominantly meandering to the northeast
(Campbell, 1976; Galloway, 1978, 1980). Exposures along the
east side of the basin studied by this writer (unpublished data)
do not support that interpretation. Also, as far east as Laguna,
the Westwater Canyon retains its braided stream nature Evi-
dence for meandering streams is lacking in the area studied.
The high ratio of fluvial sandstone to overbank material, lack of
lateral accretion surfaces, absence of clay-filled channel plugs,
and lack of fining-upward sequences support a braided stream
interpretation for the Westwater Canyon on the south and west
sides of the basin.

Sandstone Color

Color data are included with the columnar sections of the
Westwater Canyon Member (Figures 7,8). Although the color of
sandstone beds is highly variable, some general observations
are possible and are important in terms of alteration history and
its implications for uranium mineralization. Some color pat-
terns resulted from processes unrelated to ore genesis, whereas
certain other color patterns may be attributed to processes that
accompanied ore formation, and it is helpful to distinguish the
two types.

In general, the Westwater Canyon is various shades of red
and brown at the outcrop along the west and south sides of the
basin, although other colors are not uncommon (Figures 7, 8).
The reddish-brown color of these rocks is largely attributed to a
Tertiary oxidation event during which rejuvenation of bound-
ing uplifts, particularly the Zuni Mountains and Defiance uplift,
resulted in increased hydrodynamic flow of oxidizing ground
water northward and eastward into the basin (Saucier, 1980).
Oxidizing ground water penetrated well into the permeable
sandstone of the Westwater Canyon (Figure 10). The boundary
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Figure 7: Stratigraphic sections of the Westwater Canyon Member along the west side of the San Juan basin (see Figure I for section locations
Arrow indicates vector resultant for crossbed readings; number next to arrow is number of readings. Kd = Dakota Sandstone; Jmb = Brush
Basin Member; Jmwl, Jmwm, Jmwu = lower, middle, and upper fluvial units of the Westwater Canyon; Jmr = Recapture Member.

between oxidized and unoxidized Westwater Canyon has been
Ped in the south'n~pait'of the basin, where mines and drill

i holes provide sufficient data to plot regional patterns (Saucier,
1980), and on the west side of the basin where data are more
lilflitej (Adams and Saucier, 1981). Redistributed ore, which

represents accumulations of uranium redistributed by oxyge
ated ground water, occurs along this redox boundary (st
Granger and Santos, this v61ume). Uranium-lead dates f
many of these redistributed (or roll-type) uranium deposits in(
cate a Tertiary age for the main oxidation event, although mu.
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Figure 8: Stratigraphic sections of the Westwater Canyon Member along the south side of the San Juan basin (see Figure 1 for section locations).
Arrow indicates vector resultant for crossbed readings; number next to arrow is number of readings. Kd = Dakota Sandstone; Jmb = Brushy
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younger ages for-some orebodies suggest that oirebdiess may
still be forming today (Ludwig et al., 1982).

Although red (or various shades of red and brown) is a promi-
nent color of sandstone in the Westwater Canyon Member
along the outcrop, it probably represents only the most recent
coloration. Tertiary oxidation was a late diagenetic event. Ear-
lier alteration events that were reducing led to bleaching of
some of the sandstones in the Westwater Canyon. Two such
reducing events occurred, one in the Late Jurassic to Early Cre-
taceous, and one during the Late Cretaceous. The-first bleach-:
ing event was related to emplacement of primary tabular
uraniuim'ore, which is associated with-humic organic matter

(Granger and Santos, this volume; Hatcher et al., this volume).
The second bleaching event, more local in nature, was related
to deposition of carbonaceous shale and coal in the Upper Cre-
taceous Dakota Sandstone (Figure 11).

The first bleaching event, associated with formation of pri-
mary uranium ore, is well displayed at the Blue Peak Mines sec-
tion, where the ore-bearing Poison Canyon sandstone can be
distinguished from barren sandstones of the Westwater Canyon
by its yellowish-gray color (Figure 1 2A). In the subsurface, simi-
lar ore-bearing sandstones are gray to white; these beds
weather to yellow at the surface as a result of the oxidation of
pyrite associated with primary ore (Granger et al., 1980). The



Westwater Canyon Member, Morrison Formatiun 55

Figure 9: Typical sedimentary structures in the Westwater Canyon
Member (see Figure 1 for locations). A. Trough crossbed, Crystal. B.
Trough crossbed, Thoreau. C. Tabular planar crossbed; Poison Can-
yon sandstone, near Poison Canyon Mine. Note flat base. D. Tabular
planar crossbed (P), White Rock Mesa. Note flat base with laminae dip-
ping toward viewer. E. Cosets of tabular planar crossbeds, Poison Can-
yon sandstone, near Poison Canyon Mine.

term 'bleached" is used here to describe rocks that were pene-
trated by-a fluid that removed and/or reduced iron- so that
these same beds were not as readily reddened during the Ter-
tiary oxidation event. Use of the term "bleached" does not nec-
essarily imply that the rocks were red before they were affected
by reducing solutions associated with primary mineralization.
Intfact, no conclusive evidence exists to suggest large-scale red-
dening of Morrison sandstones before the major reddening
event in the Tertiary. The original color of the Wetater Can-
Yon before primary mineralization may have been the drab

'gray that typifies rocks farther out in the deeper parts of the San
Juan basin, well beyond the Grants uranium region. These
rocks were apparently not affected either by the reducing solu-
tions that bleached rocks near primary ore, or by the oxidizing
solutions that subsequently reddened rocks along the southern
margin of the basin and contributed to the formation of redis-
tributed ore (Sears, Marjaniemi, and Blomquist, 1974).

A later bleaching event can be documented where cirbona-
c6us shales or coals of the overlying Upper Cretaceous Dakota
Sandstone come in contact with sandstones in the Westwater

iI
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tion and its association with Laramide uplifts. From Adams and Saucier (1981).
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ceous Lower Cretaceous units (Leopold, 1943). However,
coincidence of local bleaching of the Westwater Canyon
beneath Dakota coals and carbonaceous shales on the south-
west side of the basin suggests that bleaching in that area was a
Late Cretaceous event.

Sandstone color provides only a visual clue to the extensive
alteration of Morrison sandstones. Alteration of framework
grains and formation of authigenic minerals provide further
clues to the nature of past ground-water chemistry. For more
detailed discussion of these aspects of Morrison sandstone alter-
ation, see other chapters in this volume (those by Fishman and
Reynolds; Hansley; Reynolds et a].; and Whitney).

Fluvial Sandstone Units

Regional Trends

Three relatively distinct fluvial sandstone units can be recog-
nized in the Westwater Canyon Member along the west side of
the San Juan basin (Figures 7; 1 2B-D). Two of these units (lower
and upper) persist eastward across the basin and can be recog-
nized as far east as Laguna (Figures 8; 12E-G). The middle unit
is as thick as the others on the west side of the basin but shows
pronounced thinning to the east. Only the lower and upper
units can be recognized from the area near Thoreau and east-
ward.

Crossbed readings were compiled separately for each individ-
ual fluvial unit. In this manner, vertical changes in current
direction could be recorded at each measured section. After a
number of sections were studied and regional trends began to
emerge, the subdivision of the Westwater Canyon into three
major fluvial units on the west and two units on the south side
of the basin seemed to accommodate the major changes seen in
current direction.

Pebble suites provided one of the more interesting results; a
consistent vertical trend appeared in the relative abundance of
volcanic pebbles, chiefly rhyolite (Figure 13). This became a
valuable correlation tool that aided in distinguishing the middle
unit of the Westwater Canyon, which contained abundant vol-
canic pebbles, from the lower and upper units, which contained
far fewer volcanic pebbles. The correlation based on percentage
of volcanic pebbles corroborated the initial subdivision of flu-
vial units into lower, middle, and upper, particularly west of the
Thoreau section. To the east of Thoreau, the volcanic pebbles
are small, few in number, and difficult to recognize if badly
weathered. This probably represents a downstream destruction
of these labile clasts; consequently, their usefulness as a corre-
lation tool diminishes downstream as well. West of Thoreau,
however, they provide an extremely useful marker zone.

The threefold and twofold subdivisions of the Westwater Can-
yon could be recognized at many localities, but not everywhere
in the basin. At Oak Springs, for instance, the Westwater Can-
yon Member consists of numerous sandstone lenses that show
a considerable range in lateral extent (Figure 7). Many of the
uppermost sandstone lenses are extensively burrowed and lack
both crossbedding and pebbles. It was difficult to obtain a statis-
tically significant number of crossbeds, and those that were
obtained showed considerable scatter (Figure 7). These sand-
stone lenses at Oak Springs contrast with the laterally exten-
sive, locally conglomeratic, crossbedded fluvial sandstones
farther south. It became apparent that the threefold subdivision

Figure 11: Carbonaceous shale at the base of the Dakota Sandstone
(Kd) rests directly on sandstone of the Westwater Canyon (Jmw), White
Rock Mesa, New Mexico. White color of Westwater Canyon is attrib-
uted to bleaching by organic-rich solutions from the overlying Creta-
ceous carbonaceous shale.

Canyon beneath the pre-Dakota erosion surface. In the Gallup
area, where southwestward truncation of the Morrison beneath
the unconformity has removed the Brushy Basin Member (Fig-
ure 1), carbonaceous shale in the basal Dakota restsgdirectly on
sandstone of the Westwater Canyon Meinber (Figure 11). Here,

-bleaching of the underlying sandstone extends downward sev-
eral tehnof meters (Figure 1 2B). Names of mesas, such sWhiite
Rock Mesa and White Cliffs (Figure 1), reflect the whitish
appearance of the Westwater Canyon in this area. Fresh sur-
faces of these bleached rocks commonly have a light-purple or
light-green cast, but at a distance the rocks appear to be white.
The white color typical of the Jackpile sandstone of economic
usage in the Laguna area (Figure 6) can also be largely attrib-
uted to bleaching beneath Cretaceous carbonaceous units. This
bleaching is probably related to downward percolation of acid,
organic-rich waters which resulted in extensive kaolinitization
in sandstones beneath the Dakota (Schlee and Moench, 1961;
Granger, 1962). It has been postulated that some of the bleach-
ing may have occurred during deposition of similarly carbona-

'. 1.
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Figure 12: Exposures of Westwater Canyon Member along west and south sides of San Juan basin. Jrnr = Recapture Member; Jmwl =lower
Westwater Canyon; Jmwm = middle Westwater Canyon; Jmwu = upper Westwater Canyon; Jmpc = Poison Canyon sandstone; "K" = "K"
shale; Jmb = Brushy Basin Member;Jmj = Jackpile sandstone; Kd = Dakota Sandstone; Tc = Chuska Formation. (See Figures 7,8 for detailed
measured sections.) A. Blue Peak Mines. Note yellowish-gray color of Poison Canyon sandstone. Extensive bulldozing partially obscures Poison
Canyon sandstone and "K" shale. Note ore chute (right of center) In yellowish-gray, ore-bearing sandstone. B. White Rock Mesa. Note three fluvial
sandstone cliffs in WestwaterCanyon. LowerWestwater Canyon is red; middle and upper are buff to white due to bleaching beneath carbonaceous
shales in overlying Dakota Sandstone. A closer view of these carbonaceous shales is shown in Figure I1. C. Asaayi Lake. Note three fluvial sand-
stone cliffs separated by laterally continuous slope-forming units that are marked by trees. Tertiary Chuska Formation rests unconformably on
tilted sandstones of the Westwater Canyon. D. White Clay Springs. Note three fluvial sandstone cliffs separated by laterally continuous slope-
forming units. Dakota Sandstone rests directly on Westwater Canyon here; Brushy Basin Member has been removed by pre-Dakota erosion. E.
Outcrop just east of Goat Mountain. Westwater Canyon forms two prominent cliffs of sandstone. F. Continental Divide. Located a few miles west of
Thoreau, this outcrop typifies the generally red color of the Westwater Canyon in this area. Note the two prominent cliffs of Westwater Canyon. G.
Laguna. Two thin sandstones in the Westwater Canyon Member overlain by thick Brushy Basin Member. Jackpile sandstone on skyline.

established elsewhere in the basin could not accommodate all and to see how these
sections measured. Westwater Canyon M

The Poison Canyon sandstone posed an additional problem. fluvial epis6des'tw6
Although most workers agree that the name should be sandstone sheets (low
restricted to the Poison Canyon area, numerous sandstone yon). I will treat then
bodies at the base of the Brushy Basin Member may well be order to evaluate vert
equivalent to the Poison Canyon sandstone. time.

Even with the uncertainty that accompanies any attempt to Paleocurrent Trends
subdivide fluvial sandstones, such a subdivision is the only way
to test for possible regional trends in paleocurrent directions Trough crossbed sti

change through time' It appears that the
ember was deposited during three major
-of which resulted in-laterally extensive
ioierd 6i6riiftiof the Weistwater Can-
i separately in the rest of this chapter in
ical changes that reflect changes through

idies of the lower, middle, and upper flu-
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Figure 13: Plot of percentage of volcanic pebbles in the Westwater

Canyon Member. A. Sections from the west side of the San Juan basin.
B. Sections from the south side of the San Juan basin. Note increased
abundance of volcanic pebbles in the middle fluvial unit compared
with the lowerand upper. Solid dot, pebble suite counted. For detailed
measured sections, refer to Figures 7 and 8.

confined to the lower part of the Westwater Canyon and to the
Poison Canyon interval.
t.Paleocurrent data from the middle fluvial unit of the Westwa-

ter'Ca n n d d chiefly on the west and southwest
sides of the basin, indicate a generally easterly to southeasterly
transport direction for that interval (Figures 16, 17). This repre-
sents a shift from the dominantly northeast-flowing streams
that traversed the basin during deposition of the lower fluvial
unit.

Dispersal patterns for the upper fluvial unit of the Westwater
Canvon were similar to those for the middle fluvial unit, with
generally eat'to 6istheast directions of paleocurrent flow (Fig-
ures 18, 19). At three localities (White Cliffs, Thoreau, and
Laguna), sandstone beds in the uppermost 5 m (16 ft) of the
upper fluvial unit had more northeasterly trending transport
directions; these were plotted along with the Poison Canyon
sandstone directions, although the equivalency is difficult to
establish with the present data (Figures 20, 21). The Poison
Canyon interval, as recognized in the Goat Mountain and Blue
Peak Mines areas, suggests a return to northeasterly transport
directions.

Provenance

Pebbles and cobbles within conglomeratic sandstones of the
Westwater Canyon Member have diverse lithologies that point
to a heterogeneous source terrane. The most common litholo-
gies are feldspar (microcline), quartzite, chert, volcanic clasts
(chiefly rhyolite), granite, and quartz. Westwater Canyon
streams apparently drained areas of exposed igneous (both plu-
tonic and volcanic), metamorphic, and sedimentary rocks.-The.
overall r6bbles'uite indicates that the source of many of these
clasts was west of the present Colorado Plateau region-a point
that will become important in evaluating thefan-toncept of
Westwater Canyon deposition. ', of

vial sandstone units of the Westwater Canyon, as well as the
Poison Canyon sandstone, indicate that each fluvial unit had its
Own pattern of sediment distribution. In general, streams tra-
versed the basin from west to east; however, some streams
flowed northeasterly, and some flowed southeasterly.

Streams generally flowed to the northeast in early Westwater
Canyon time (Figures 14, 15). Outcrop studies by Campbell
(1976) indicated a northeast paleocurrent direction for the
entire Westwater Canyon Member. Subdivision of the member,
however, suggests that northeasterly transport directions are

Um , L-, O D(0
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Sanostee Wash White Clay Springs cost Mountain Assayl Lake

Thoreau

Toadlena White Cliffs Blue Peak Mines

Figure 14: Rose diagrams displaying paleocurrent data from the lower fluvial unit of the Westwater Canyon Member. Arrow indicates vector
resultant: cf, consistency factor. Number of readings shown in center of each rose diagram. Numbers on rings indicate percentage of readings in
each 300 segment.

A difference in size suggests that feldspar pebbles and granite
pebbles in the Westwater Canyon Member did not originate
from the same source rock. Feldspar pebbles are chiefly micro-
cline and are noteworthy for their large size, commonly about
0.5 cm (0.2 in.) or more in diameter. Even though granitic peb-
bles also occur in the Westwater Canyon, their fine grain tex-
ture suggests that the larger feldspar pebbles did not originate
by the disintegration of these granite pebbles. No coarse-
grained granite pebbles have been noted in the Westwater Can-
yon. Also, feldspar commonly accounts for about 15% of the
pebbles in sandstones of the Westwater Canyon, in contrast
with quartz, which accounts for about 5% of the pebbles. The
greater abundance of feldspar compared with quartz is even
more striking when their relative resistances to abrasion and
disintegration during transport are considered. f-.quartz and
feldspar were assumed to be of equal iiindance in the source
area, subsequent longqdi tainc transport would tend to 'slightly
increase the abundance of quartz relative to feldspar because of
quartz's greater hardness and resstaiiced to abrasion. All of

these observations taken together suggest that both pegmatitic
and granitic rocks occurred in the source area that was drained
by Westwater Canyon streams. Heavy-mineral studies support
this conclusion (Hansley, this volume).

A rubidium-strontium age of 1.33 4 0.02 b.y. for the detrital
microcline suggests a Precambrian age for rocks in the source
area that provided the feldspar pebbles (Lee and Brookins,
1978). Pegmatites and granites of this age were not exposed in
the Colorado Plateau region at this time; thus a source farther
west or southwest is needed to explain the feldspar and granite
pebbles in the Westwater Canyon. Coarse-grained, 1.4-b.y.-old
.granites that contain large microcline phenocrysts occur in
southwestern Arizona (Martinez, 1979; Warren Hamilton,
1983, oral communication). It is possible that pebbles derived
from these coarser granites did not survive the long distance
transport intact; their disintegration may account for the large
feldspar pebbles found in the Westwater Canyon. In contrast,
the finer grained granitic pebbles apparently survived the jour-
ney downstream intact. Comparative studies of detrital zircons
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.Senostes Wash Asasyl Lake White Rock L40e8 Toadlena

White CISY SPrings Crystal White CliffsWhite Clay SDringa Crystal

Figure 16: Rose diagrams displaying paleocurrent data from the middle fluvial unit of the Westwater Canyorn Member. Arrow indicates vector
resultant; cf, consistency factor. Number of readings shown In center of each rose diagram. Numbers on rings indicate percentage of readings in
each 300 segment.
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Figure 17: Resultant vectors (arrows) for the middle fluvial unit of the Westwater Canyon Member. Resultants taken from Figure 16.
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White Clay Springs Goat Mountain

Toadlena White Clifts Thoreau

Crystal White Rock Mesa Laguna

Figure 18: Rose diagrams displaying paleocurrent data from the upper fluvial unit of the Westwater Canyon Member. Arrow indicates vector
resultant; cf. consistency factor. Number of readings shown in center of each rose diagram. Numbers on rings indicate percentage of readings in
each 300 segment.
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in the Westwater Canyon Member and plutonic zircons in gran-
ites of the southwestern United States suggest a source for the
Westwater Canyon in western Arizona and possibly northwest-
ern Mexico (Silver and Williams, 1981).

Quartzite pebbles and cobbles in the Westwater Canyon
Member are clear, gray, brown, red, orange, green, and deep
purple. This is the only lithology among Westwater Canyon
pebbles that indicates a metamorphic source terrane. A signifi-
cant contribution by metamorphic rocks, however, is indicated
by the heavy-mineral data for sandstones in the Westwater Can-
yon; staurolite locally accounts for 30% of the heavy-mineral
suite (Hansley, this volume). If a low- to medium-grade meta-
morphic source area supplied detritus to Morrison streams, the
labile nature of these rocks might preclude their preservation as
large rock fragments or pebbles. Thus, heavy-mineral data
must be considered along with the pebble suites in determining
provenance of Westwater Canyon streams (see Hansley, this
volume).

Volcanic pebbles in the W'estwater Canyon Member are of
particular interest, both as a provenance indicator and (by their
vertical distribution) as a crude time-line indicator (Figure 13).
The marked increase in abundance of volcanic pebbles in the
middle Westwater Canyon fluvial unit appears to be regional.
The volcanic pebbles are chiefly rhyolitic. Other volcanic peb-
bles were noted, but many were altered so that precise identifi-
cation was not possible. Although the age of the volcanic
pebbles (and therefore their source) is not certain, thick, areally
extensive sheets of welded rhyolitic tuff of Mesozoic age have
been mapped in southern Arizona (Hayes, 1970; Marvin et al.,
1973), in the vicinity of the inferred source area for Morrison
streams.

Chert pebbles are ubiquitous in the Westwater Canyon Mem-
ber and tend to account for a progressively greater percentage
of pebbles downstream, reflecting a decreased abundance of
less resistant pebbles. Chert colors include gray, black, brown,
red, green, and white. Many of the white cherts contain frag-
ments of late Paleozoic fossils such as crinoids and corals,
which indicate a marine limestone source (Dodge, 1973). These
fossiliferous cherts and the other cherts suggest that sedimen-
tary source areas, in addition to igneous and metamorphic ter-
ranes, contributed detritus to Morrison streams.

Maximum pebble (or cobble) size was determined for each
fluvial unit at every measured section locality. Some interesting
regional trends emerged when the maximum cobble size for
each fluvial unit was plotted separately. In the lower unit of the
Westwater Canyon, for which sediment dispersal was toward
the northeast, the maximum cobble size decreases laterally in
both directions from a maximum at Thoreau on the south side
of the basin; however, data from three sections on the west side
of the basin (Figure 22) show no significant trends.

The middle fluvial unit, which can be recognized with confi-
dence only on the west side of the basin and in the vicinity of
Gallup, contains significantly larger cobbles than either the
lower or the upper units of the Westwater Canyon (Figures 22,
23, 24). Large cobbles in the middle unit are abundant just
north and northwest of Gallup. These were probably the locali-
ties that helped define the "conglomeratic" facies of the
Westwvater Canyon, as determined by Craig et al. (1955). It
might be noted that the lower unit of the Westwater Canyon
does not contain large cobbles in this area. The averages of all
the maximum cobble sizes obtained from each section are 50

White Cliffs-bed 6 Blue Peake Mines

--_1

Thoreau-upper 10 ft. Laguna-upper to ft.

Goat Mountaini

Figure 20: Rose diagrams displaying paleocurrent data from the Poi-
son Canyon sandstone and its possible (?) equivalents. Arrow indicates
vector resultant; cf, consistency factor. Number of readings shown in
center of each rose diagram. Numbers on rings indicate percentage of
readings in each 30° segment. Data from Goat Mountain and Blue
Peak Mines sections are from the Poison Canyon sandstone; data from
White Cliffs (Bed 5), Thoreau (upper 3 m or 10 ft), and Laguna (upper 3
m or 10 ft) represent readings from the uppermost sandstone (Poison
Canyon equivalent?) of the Westwater Canyon Member, separated
from the underlying mainbody Westwater Canyon by a scour surface.

mm for the lower unit of the Westwater Canyon, 87 mm for the
middle unit, and 67 mm for the upper fluvial unit. The largest
cobbles in the upper fluvial unit occur on the west side of the
basin (Figure 24).

Overbank And Lacustrine Units
The finer grained units interbedded with the fluvial sand-

stones in the Westwater Canyon Member represent various
lithologies, colors, and environments of deposition. These finer
grained interbeds generally form slopes or recesses between
the cliff-forming fluvial sandstone units. These less resistant
intervals contain very-fine- to fine-grained sandstone, siltstone,
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Figure 22: Maximum cobble size, lower fluvial unit of the Westwater Canyon Member. Number next to dot indicates largest clast measured (hn
mm). ', correction factor used; ?, uncertain correlation of units at the Oak Springs section (see Figure 7).
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Figure 23: Maximum cobble size, middle fluvial unit of theWestwater Canyon Member. Number next to dot indicates largest clast measured (in
't). , correction factor used; ?, uncertain correlation of units at the Oak Springs section (see Figure 7).
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Figure 24: Maximum cobble size, upper fluvial unit of the Westwater Canyon Member. Number next to dot indicates largest clast measured
(in mm).
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Figure 25: Fine-grained units in the Westwater Canyon Member. A.
Botryococcus-bearing greenish-gray, grayish-brown, and gray mud-
stones at the base of the Westwater, I km (0.6 mi) east of Kit Carson's
Cave, north of Gallup, New Mexico. Jmw = Westwater Canyon Mem-
ber. Jmr = Recapture Member. Photo courtesy of M. W. Green, US.
Geological Survey. B. Fresh exposure of greenish-gray "K" shale at
Blue Peak Mines section (see Figure 8 for detailed measured section).
C. Burrow in greenish-gray "K" shale, Blue Peak Mines. Note how "K"
shale lightens in color when dried by exposure to air. D. Red "K" shale
beneath Poison Canyon sandstone (impc) at Goat Mountain. (Taran-
tula for scale.)

and mudstone. Ripples and burrows occur in these units but are
rare. At Oak Springs, Sanostee Wash, Blue Peak Mines, and
Laguna, these slope-forming intervals contain limestone nod-
ules and in some places limestone beds.
. Generally, the interbeds between the cliff-forming sandstone
intervals are interpreted as overbank material associated with
fuvial deposition of the Westwater Canyon. 13509, mdwdV6 -

:these beds are robabl'lacuijirine in origin; North of Gallup,'fo'r
Instance, greenish-gray smectitic carbon-bearing-mudst6ne
and cdaystone interbed with fluvial sandstone of the lower.unit
of the Westwater Canyon (Figure 25A). The mudstone beds con-
tain a palynomorph suite that includes the lacustrine alga Botry-
Ococcus, and a lacustrine origin is therefore inferred. A
lacustrine origin is also proposed for greenish-gray mudstone
and claystone at Blue Peak Mines (Figure 25B). The greenish-

gray "K" shale at Blue Peak Mines contains goethite pseudo-
morphs after pyrite and rare burrows (Figure 25(). The entire
"K" shale interval at Blue Peak Mines (Figure 8) is smectitic,
and x-ray analysis of the < 2rm fraction indicates that the clay
contains as much as 80% expandable layers (Turner-Peterson
et al., 1980). This suggests that the greenish-gray claystone
intervals of the "K" shale interval may be largely altered vol-
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Figure 26: Schematic diagram showing relationship of ore-bearing
sandstone in the Westwater Canyon Member and Jackpile sandstone
to facies in the Brushy Basin Member and "K" shales. The area in
which greenish-gray mudstone predominates in the Brushy Basin is
viewed as most favorable for uranium mineralization in Morrison
sandstone. As illustrated for the Goat Mountain-Blue Peak Mines area,
fades changes in the "K" shale are also thought to be important. Verti-
cal lines indicate measured sections used to construct this schematic
diagram. From Turner-Peterson, 1985.

lacustrine-humate hypothesis for uranium ore genesis (Turner.
Peterson, 1979, 1980, 1981b; 1985; Turner-Peterson et al.,
1980). The basic premise of the hypothesis is that the pore-
filling organic matter (humate) associated with primary ura-
nium ore in sandstone (see Hatcher et al., this volume)
originated as dissolved organic substances in the pore waters of
the greenish-gray lacustrine mudstone beds that occur in close
proximity to the ore-bearing sandstone beds. In the Blue Peak
Mines area, for example, deposition of greenish-gray lacustrine
mudstone was apparently confined to the synclinal area. Upon
compaction, humic substances moved out of the reduced mud-
stone intervals deposited in the synclinal area into nearby sand-
stone beds, where uranium was then fixed from the ground
water. This model for ore genesis would explain why both the
facies change and the mineralization are coincident with a syn-
clinal area.

Green mudstone and claystone, similar to those in the Blue
Peak Mines area, are as abundant in the subsurface as they are
rare at the surface. Descriptions of uranium mines invariably
mention greenish-gray claystone and mudstone, or "K" shale
beds, that serve as marker beds to separate the ore-bearing
sandstone units. Some of these are local lenses and others
extend throughout an entire uranium mine. In general, similar
greenish-gray mudstone units in the Brushy Basin Member of
the Morrison are thought to be the main source of the dissolved
organics with a contribution from the "K" shale intervals as well
(Figure 26). (See Turner-Peterson and Fishman, this volume.)

In contrast with this close association between greenish-gray
mudstone and ore-bearing sandstone, the ore shows no prefer-
ence for sandstone of any particular grain size, sorting, or poros-
ity (Falkowski, 1980). Thus, localization of ore may be related to
facies distribution in the fine-grained units of the Morrison,
rather than to any special attribute of the fluvial sandstone host
rocks.

Discussion

Division of the Westwater Canyon Member into fluvial units
results in a modification of the depositional picture established
in previous studies. Many of the,earlier general observations
have been substantiated. Westwater Canyon streams pursued
an overall easterly course across the basin. The coarsest mate-
rial was concentrated in an area north of Gallup, New Mexico, a
conclusion similar to that of previous workers (Craig et al.,
1955; Galloway, 1978, 1980). Data from the three separate flu-
vial units, however, suggest that the overall picture of a fan
emanating from an apex near Gallup does not accurately
describe Westwater Canyon deposition, and that the fan inter-
pretation needs to be reevaluated.

Although Westwater Canyon streams generally entered the
basin from the west and southwest, their courses across~ the
basin changed with time. Early Westwater Canyon streams,
which flowed to the northeast, apparently traversed the Zuni
Mountains; middle and late Westwater Canyon streams, which'
flowed subparallel to the uplift, apparently did not. A return to
northeasterly flowing streams is recorded in the Poison Canyon
sandstone interval.

Separating the Westwater Canyon into several vertically
stacked braided stream units, as is done here, may help to
resolve some of the conflicting paleocurrent data in the litera-
ture. Northeast current directions have been reported in surface

canic ash. These day6tnes we're pro elyjdposidt in rmudflat
~envirorinments marginal toa large saline, alkaline lake (seell,
this volume). Re1ativelf little sand-and silt-size material occurs
tin these claystone and mudstone unitfKWestward fr6rifthe Blue
Peak Mines, the "K" shale becomes more sandy, and is red to
mottled red and green (Figure 25D). In general, away from min-
eralization the finer grained units in the Westwater Canyon are
red at the surface. It is interesting to note that these color and
facies changes coincide with the westerly edge of a broad, gen-
tle syncline that trends northeastward across the Blue Peak
Mines-Poison Canypn Mine area (Figure 1; see also Turner-
Peterson, 1985). Moreover, a color change that accompanies
the lateral transition from bleached, ore-bearing sandstone to
reddish-brown, barren sandstone also coincides with the west-
erly edge of this syndine (Rapaport, 1963). The synclinal fold-
ing involves the Upper Cretaceous Dakota Sandstone and is
thus a relatively young structure; however, facies changes coin-
cident with the syncline suggest that it was active during Morri-
son deposition as well and affected not only facies distribution
but also localization of ore.

Relationship of Sedimentology to Primary
Uranium Ore Genesis

The close spatial association between greenish-gray mud-
stone and bleached, ore-bearing sandstone, such as that
observed at the Blue Peak Mines area (Figure 12A), led to the
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exposures along the south side of the basin (Campbell, 1976),
and subsurface studies tend to indicate predominantly east to
southeast current directions for the Westwater Canyon
(Granger et al., 1961; Falkowski, 1980; Scott, this volume).
(harp (1955) reported predominantly east-northeast transport
directions in an area north of Gallup and suggested that they
change to the southeast a few miles away. Many of the transport
directions reported in the literature are based on fossil-log ori-

,. entations. axes of channel scours, isopach thicks, and foresets
of crossbeds other than trough crossbeds. None of these current
indicators is as reliable as trough axes, which probably contrib-
utes to the variety of current directions reported in the litera-
lure.

A greater source of error, in light of the vertical changes in
transport direction reported here, has been the tendency to
average crossbed readings from throughout the Westwater Can-
yon. If crossbed readings are confined to individual fluvial
units, paleocurrent trends may be sorted out; but extending the
subdivisions established at the surface into the subsurface may
be difficult, if not impossible, because of the criteria used to
characterize them. Statistically significant numbers of pebbles

~- and crossbeds are not as readily obtained in the subsurface as
they are at the outcrop. Subsurface data are obtained from ura-
nium mines, most of which are in the middle and upper parts of
the Westwater Canyon (Konigsmark, 1955; Santos, 1963). This

^inay account for the predominance of southeast paleocurrent
directions reported from the subsurface.

Results of this study are not compatible, for several reasons,
with the concept of a fan emanating from the southwest, as had
been proposed by other workers (Craig et al., 1955; Galloway,
1978, 1980). The thick accumulation of Westwater Canyon

:north of Gallup (Figure 3) has frequently been cited as the apex
of a broad alluvial fan. This isopach thick can be interpreted in

- another way. The greatest accumulation of Westwater Canyon
is in the Asaayi Lake area at the surface (Figure 7) and just to the

ta east of that area in the subsurface (see Kirk and Condon, this
volume). It is noteworthy, however, that this same area was the
site of thick accumulations of sediment during all of the Middle
to LateJurassic (Figure 5; see also Santos and Turner-Peterson,
this volume; and Condon and Peterson, this volume). The
thickening of Middle to Late Jurassic continental rocks in this
area is probably related to syndepositional tectonism, with
greater sediment accumulation in response to increased down-
warping. Downwarping in this same area during Morrison dep-

*. osition would account for a greater thickness of sandstones in
WestwaterCanyon time. Rather than representing the apex of a
fan, this area would be a region of greater subsidence. Similar
relationships between tectonism and sediment accumulation
were noted by Peterson (1980a, 1984), who studied the fluvial
rocks of the Salt Wash Member of the Morrison Formation in
southern Utah. In that region the thickest part of the Salt Wash
Occurs in an area that was actively downwarped during deposi-
tion, and the locus of greatest thickness is not in the most proxi-
mal part of the alluvial complex.

The interplay between structure and sandstone thickness
trends can be documented elsewhere in the San Juan basin.

long the southern margin, southeast of Grants, New Mexico,
the Westwater Canyon Member thins depositionally toward the
Zuni Mountains, and yet paleocurrent directions for the lower

[ Unit of the Westwater Canyon (Figure 15) indicate that streams
flowed over the Zuni uplift enroute to the San Juan basin. TheL.

thinning upstream and thickening out into the basin down-
stream reflect syndepositional movement of the Zuni uplift. An
isopach map in this area would not have any significance in
terms of interpreting depositional environment. Similarly,
areas of greater sandstone thickness within the basin are rea-
sonably interpreted as representing increased accumulation in
response to active structures (see Kirk and Condon, this vol-
ume). Isopach thicks cannot, therefore, be used to infer trans-
port direction. In fact, in fluvial sandstones of the Salt Wash
Member of the Morrison Formation in Utah, paleocurrent direc-
tions are commonly at high angles to linear sandstone thicks,
not parallel to them, and the sandstone thicks are thought to
reflect deposition in paleosynclines (Peterson, 1980b, 1984).

An additional shortcoming of the fan concept for Westwater
Canyon deposition is that the source of Morrison sediments was
at least 300 km (185 mi) southwest of the San Juan basin, in the
region southwest of the present Colorado Plateau. Such a dis-
tant source makes it highly unlikely that a proximal fan facies
existed in the Gallup area, as has been suggested (Galloway,
1978, 1980); in fact, no proximal deposits have been recognized
in the course of this study. Highland regions far to the south-
west may indeed have had alluvial fans issuing from them, and
the braided streams that reached the San Juan basin and depos-
ited the Westwater Canyon may well represent the more distal
portions of coalesced fans. However, the Westwater Canyon
within the San Juan basin is not an alluvial fan complex.

Conclusions

The Westwater Canyon Member of the Morrison Formation,
the main ore-bearing sandstone in the San Juan basin, consists
of several vertically stacked braided stream units, each with its
own preferred paleocurrent direction. Three fluvial units can be
recognized in many places on the west side of the basin. The
lower and upper units can be recognized along the south side of
the basin, as far east as Laguna, New Mexico. The middle fluvial
unit is as thick as the lower and upper units on the west side of
the basin but thins rapidly east of Gallup, New Mexico. This pat-
tern of Westwater Canyon deposition is not compatible with the
previous fan interpretation. The sandstone thick north of Gal-
lup, interpreted by earlier workers as the apex of a large alluvial
fan, instead reflects downwarping in an area that experienced
similar subsidence throughout the Middle to Late Jurassic.

Crossbedding studies show that early Westwater Canyon
streams flowed east-northeast, and streams of the middle and
upper units of the Westwater Canyon flowed generally east and
southeast. Volcanic pebbles are abundant only in the middle
unit of the Westwater Canyon in a zone that forms a crude time
line within the member. All parts of the Westwater Canyon
drained similar source terranes, which yielded material from
sedimentary, metamorphic, and acid igneous rocks. Igneous
rocks include both Precambrian intrusive rocks and probable
Mesozoic volcanic rocks. Sedimentary contributions include
Paleozoic fossiliferous cherts derived from marine limestones
and a variety of nonfossiliferous cherts. A metamorphic source
terrane contributed quartzites.

Even though sandstone in the Westwater Canyon hosts the
uranium deposits in the San Juan basin, facies changes in the
finer grained interbeds of the member (and in the overlying
Brushy Basin Member) may be of greater significance in con-
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trolling the localization of uranium deposits.VJrabiiite'

shiowsno preference for sandstone-of any prtilcuFgraiilsize,

esort~ng, diii ,6ooi~ibudoes slioa distinct prefereivie fbr

sandstone that is interbedded 'with'greenish-gray mudst6ne

and clayit6ie. These mudstone units may well have been the

source of the pore-filling organic material (humate) that is asso-

ciated with primary uranium ore deposits.
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ABSTRACT. Tbe Westwater Canyon Member of the Upper Jurassic
Morrison Formation in tile southern part of the San Juan Basin, New
MBexico, exhibits mincral and isotopic zonation that can be used to
infer the conditions of fluid movement and sui)sequent mnieral-fluid
reactions over a (listance of at least 60 km. The Westwater Canyon
Member is a relatively homogeneous, hydrologically continuous 100.
mn-thick sequence of massive fluvial sandstone bounded above and
below b)y relatively heterogeneous, hydrologically discontinluous units
and has served as a primary conduit for fluids within tills strati-
graphic interval. Two types of zonation are tlefined tilat reflect the
nature of the reactions: the abundance and mineralogy of the inter-
stitial autlhigenic clay minerals and their stable isotope compositions.
Within the Westwater Canyon Member, the proportion of i11ite layers
in diagenetically altered interstratified illite/sinectite ranges from 0
to 90 percent. The sandstone is most illitic at the center and becomes
progressively less illitic toward the upper and lower contacts. Fur.
tihermore, the sandstone is most illitic near the center of the basin
and becomes less illitic toward the basin margin. Abundance of
autiligenic chlorite correlates positively with the proportion of illite
layers in interstratified illite/smectite, suggesting that chlorite was
preciiaitated by the same fluid that caused the illitization reaction.
Oxygen and hydrogen isotope compositions of the clay minerals are
zoned in a similar manner. The S'O and SD values of the clays are a
function of chlorite albundance and illite content of interstratified
illite/smectite, with SUtO values ranging from +15 permil (SAMOW")
for smnectite to +11.7 for the most illitic illite/smectite. The SD val-
lies range from -116 for simectite to -77 permil for illitic illite/
siectite. The 8'"O value for the chlorite is +7.3 permil for all points
in tile study area. The degree of illitization and isotope composition
of tile clay assemblage suggest a fluid temperature near 130°C and
fluid Sl 1o and SD values of +3 and -50 permil, respectively. These
values are similar to those measured in oil field brines from other
iii(lcontilnent basins. Patterns of mineral-fluid reactions su--est a
blasinwide hydrologic regime in whlichi warm, evolved fluids migrated
up *iip from time center of time basin under the influence of a regional
hydraulic hend. Reactions probably resulted from a brief, tectonically
induced pulse of fluid. Such a fluid movement event is consistent
withl movement of petroleum-related fluids in overlying roocks during
tile Tertiary in tlhe San Juan Basin.

INTRODUCTION

Time movement of fluids over large distances in sedimientary basins
* is part of man) important geologic processes. For example. petlolellm
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migration and accumnulation, transport and deposition of economic con-
centrations of metals, and regional migration of contaminants in ground-
water all depend on migration of fluids over a scale of -tens or hundreds
of kilometers. It is difficult to monitor and document fluid movement in
modern deep basins, although we can be certain that it has occurred
in many basins throughout geologic time. It is desirable to document,
through mineralogic and geochemical evidence, the existence of large-
scale fluid migration and to describe, in certain details at least, thle
character of thle fluid.

Fluids moving through porous rocks in a basin may leave a distinctive
record indicating reaction between fluid and rock. Whether or not these
reactions represent equilibrium, the evolution of fluid-rock reactions
along the flow path may produce mineral and chemical zonation, as
proposed in the "chromatograph" model of Hayes (1979). Unfortunatel),
such zonation may be difficult to detect for several reasons. Unlike altera-
tion in and around hydrothermal systems, which may be dramatically
zoned over distances of a few tens or hundreds of meters, zonation pat-
terns in the type and abundance of sandstone cements, mineralogy of
authigenic phases, or extent of dissolution of framework grains in basin
sediments may be more subtle. Second, obtaining samples for a specified
interval is difficult oln a basinwide scale. Third, availability of samples
does not guarantee that the rocks of interest are sufficiently connected
hydrologically to permit interaction between a single rock type and a
fluid that would manifest itself over large distances. As discussed below,
we believe that the fluid movement event described in this paper is not a
recent process but probably occurred during Tertiary time and cor-e-
sponds to petroleum migration processes in adjacent units. Therefore,
preservation of the alteration assemblage is also a critical feature.

We have obtained a sample set suitable for study from the San Juant
Basin, New IsMex. The purpose of this stuedy is to define the movement and
characteristics of a fluid that has left its mark on rocks through which it
passed. Using the distribution of clay minerals and their oxygen and
hydrogen isotope compositions, we attempt to describe the nature and
movement of a fluid that migrated over a distance of more than 60 kIm
through a 100-ni-thick sandstone unit in the southern lhalf of the basin.

GEOLOGIC SETTING

The San Juan Basin is a L.aramide feature in northwest New Mexico
that provides, along its southern edge, the hydrologically. structunrally.
and sedimentologically desirable conditions for our study. Samples are
from a line of sevenl drill cores extending from the basin margin approx
60 km toward the center of the basin (fig. 1). The southernmost core
xenetrates the Upper Jurassic Morrison Formation between depths of
170 to 330 in (500-1000 ft) near the Ieasin margin. The deepest core pelne-
trates the same stratigraphic interval at dept)hs from approx 1300 to IG00
in (3900-4800 ft) near tile bzasin center (fig. 2).

The Morrison Formation in this locale consists of three members,
from top to bottom: tile Brushy Basin Member, predlominantly siltstotic
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Fig. 1. Mlap of the San Juan Basin showing the location of the series of cores sam-
pledl in this study. The outcop of the Miorrison Formation is shonwn in oustlin~e aroumd
the mtargin of the basin.

and claystonle -withl minor sanclstone, the Westwater Canyon M~ember, a
crossbvedded sandstone and conglomeratic sandstone wvithl lenses of silt-
stone, and tlle Recapttlre Mvembver, consisting of alternating b~eds of
sandlstolle, siltstone, and mudstone (Hilpert, 1963). Althloulgh the lithlol-
ogies of tlle thlree members are far from uniform, tlle Mvorrison Formation
here consists ofh ha1ydrologically contiguous sandstone unit (tlle W~estwater
Callyon Msember) sandwichled between two heteropgeneouls, finer--grained
unlits, providing a continuotls aqtlifer confined betweell two units of low
permleab~ility. Hydrologic contintlity of the Westwater'Canyon Mtemb~er
sandstolle, lvwhichl is apoprox 100 m thick, is not brok;el bzy any k~nowll
manjor faults or facies chlanges wvithlin tlle study -area. Thlerefore, tllis set-
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ting provides ill the critical elements for defining alteration zonation if
it exists.

MIETH[ODS OF INNESTIGATION

Thuis stiuldy is based entirely upon mineralogical, isotopic, and chem-.
ical coml)ositions of the autihigenic and cliagenetic clay minerals in the
Morrison Formation. Particles less than one micrometer (<I Fni) in
equivalent spherical diameter were separated by disaggregating the sanld-
stone ultrasonically, followed by centrifugation antd elutriation. (Brown
and Brindley, 1980).

Highly oriented samples of the <1 ,um fraction werc l)repared susuig
the membrane filtration techniquie of Drever (1974). Each sample was
X-rayed after drying in air, after saturation with ethylene glycol, and after
hreating to 550'C for 1 lhr. Random powder mounts of several samples
*were also X-rayed. Selected samples were first potassium saturated and
then sodium saturated and X-rayed after thorough glycolation using a
prolonged and hreated (60°C) version of the towel-glycol method of Novich
and 'Martin (1983) to detect high-charge layers in the structure.

Semiquantitative determination of the abundance of (lifferent clay
minerals in each sample was performed uising a simplified version of
Schultz's (1964) techiniqtue. These internally consistent data allow Lis to
plot variations in mineralogy throughout the area and depth interval
studied. The percentage of smectite layers (expandlability) of interstrati-

5 I S3 S4 Ss SIS Si C12
________________________ __________

Soo * CueR

r. 100_,,. CA,, 04 '.l ' .,

ii ! :- I - .- O- -. tu .. - .

Fig. 2. Schematic cross section of the Upper Jurassic Morrison lormatioi showing the tlIee memibers
and the Iclativc positions of thc corcs. The horizontal upper datum for the "S" cores is the normalized b2sC
of the Cretaceous l)akota Saidstolie. Dcpths shown arc subsurface depths in feet. Vertical exaggeratioil is
approx 175. Triatigles ma1rk sampic locations.
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fied illite/smectite was deterni ined by comparing measured diffraction
patterns to patterns calculated using the technique of Reynolds (19S()).

Interpretation of clay textures is based primarily on scanning elec-
tron microscope (SENI) imagcs obtained from freshly broken fragmelnts
of sandstone samples.

Oxygen isotope conlI)ositions of clay minerals were determined using
the techniques of Clayton and 'Mayeda (1963) or Taylor and Epstein
(1962). Oxygen was liberated by reaction with cither BrFl, or F. gas, con1-
verted to CO., and measure(1 on a Finian MAT 250 mass spectrometer.
Hydrogen isotope compositions of clay minerals were determine(l Usiln,
tlle techniqcue of Savin and Epstein (1970). Clay minerals were dricd in
a vactuum at approx 850C for more than 12 hirs, theen step-heated to
temperatures above 1220°C, liberating structural twater. The water was
reduced on uranium metal to produce hydrogen gas which was antalyzed
on a modified Nuclide 3-60 mass spectrometer. Oxygen values are accurate
to ±0.3 permil; hydrogen values, 92 permil. Isotope data are reported us-
ing standard o notation, relative to Standard Mean Ocean Water (SIMIOXV).
Fractionation factors used in calculations are from Cole (19S5), Taylor
(1979), and Savin (19S0).

Particle-size analysis was performed on a dozen samples from three
cores. Samples were disaggregated ultrasonically, and the >63 ,um frac-
tion was separated by wet sieving with a 250 mesh sieve. The <63 jun
fraction was dispersed and analyzed on a Sedigraph 5000 X-ray particle-
size analyzer. The analysis extended down to 0.2 ,um.

Chemical analyses of 203 samples of the clay fraction were performed
by inductively-cotupled plasma emission spectroscopy after HF digestion.cc 1-1
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CLAY tMINERAL DATA

Descriptive minieralogy.-Clay minerals identified in the <I jun frac-
tion of the sandstones include smectite, interstratified illite/smectite,
chlorite, and kaolinite. The fine fraction rarely contains non-clay minerals,
but quartz and feldspar were detected in very small amounts. Smectite
dominates the fine fraction of the Brushy Basin Mlember and the Recap-
ture IMember of the Morrison Formation throughout the study area.
Within the intervening Westwater Canyon Member, sniectite occurs in
pure form only in core S-l, the shallowest core, where it also dominates
the fine fraction (table 1). Only small amounts of clhlorite andi kaolinite
accompany smectite in core S-l.

Although no interstratified illite layers exist in untreated smectite from
core S-l, several samples exhibited collapse of some layers when potassium
saturated, indicating the existence of high-charge layers in the clay struc-
ture. Even when subsequently sodium saturated, some of the layers remain
collapsed, indicatinfg irreversible fixation of the potassium in illite layers
(fig. 3; table 2). This behavior has important implications for the mech-
anism 1)y which the layer charge is formed andr allows us to make inferences
about potassium availability in the system.



TAsLE I

Raw values for percent illite in interstratified illite/smectite and the
oxygen and hydrogen isotopic comI)ositiolns of the <1 ,um fraction of
samples from the 'Morrison Formation. "S" and "CC niumbers indicate

Percent is
Member 53miple Illite Percent 6 0 6D

in l/S Chlorite (permil) (permil)

Jmb Sl-541 0 0 13.C -106
................... i~zi ......... 6.......... .......... i .............

Sl-SGI 0 10 13.8 -
Sl-594 0 10 - -
S1-608 0 25 14.3 -105
SI-615 0 10 - -
Sl-636 0 10 _ _
51-640 0 20 - -
SI-667 0 20 13.7 -
SI-677 0 15 - -
Sl-726 0 15 14.7 -102

Jrrw SI-731 0 0 - -
SI-734 0 0 -
SI-738 0 20 14.3 -
Sl-747 0 15 - -
SI-782 0 30 12.7 -103
Sl-784 0 5 - -
Sl-810 0 5 - _
SI-818 0 20 12.6
Sl-861 0 5 14.0 -

............. ......... 0 ........... 0 .......................

Sl-881 0 5 13.8 -107
Sl-891 0 10 - -

Jmr SI-918A 0 0 14.5 -
Sl-918B 0 5 - -
SI-930 0 5 - -
S1-950 0 5 - -
SI-1063 0 5 - -

S3-1645 0 0 - -
S3-1679 5 0 12.5 -113

Jmb S3-1687 5 0 - -
S3-1715 40 0 14.1 -

............................ ............ ;............. ............
53-1783 50 45 .- -
S3-1798 55 S0 - -
53-1807 55 40 11.3 -
S3-1812A 60 30 12.1 -
S3-18128 60 30 - -
S3-1812C 55 30 - -
S3-1833 30 30 11.2 -99

Jew S3-1863 55 50 10.3 -
S3-1866 55 50 - _
S3-1867 S0 45 10.4 -
S3-1874 55 35 - -
S3-1882 S5 40 11.1 -102
53-1905 60 20 - -
53-1916 60 30 - -
53-1924 60 15 12.1 -
53-1939 80 5 13.4 -113
53-1957 S0 IS - -
53-1967 S0 40 - -
S3-1986 40 15 - _
S3-2016 5 5 12.6 -

............................ 6............;.........................
S3-2042 0 5 - -

Jmr 53-2074 0 5
S3-2113 0 5 14.1 -116



TABmLE I (CO11)UemCcd)

the core numl)er anld are listed with the subsurface dlepth (in feet).
Jmb = Brushy Basin Mfember, Jmw = Westwater Canyon Member,

Jmr = Recapture Member

Percent
Member Sample Illite Percent 6180 6D

in I/S Chlorite (permil) (permil)

S4-1779 0 0 12.9 -
Jmb S4-1807 0 0 -

54-1817 0 5 13.2 -
.................... i~ii....... 6.......... i............ ..........

54-lB78 70 15 - -
S4-1900 40 10 _
54-1910 45 40 - -
54-1928 60 50 8.8 -
S4-1939 45 30 7.6 -
54-1960 60 40 - -
54-1971 80 50 - -

Jow S4-1998 55 40 - -
54-2010 55 50 --
S4-2030 60 40 - -
54-2055 50 50 11.0 -
S4-2087 50 40 13.2 -
S4-2123 60 30 - -
S4-2137 55 15 _ _
S4-2159 55 30 12.3 -

.................. i.........;............. ...................
S4-2204 30 25 12.6 -

Jmr S4-2239 0 10
S4-2265 0 15 12.6 -
S4-2293 0 10 12.8 -

Jn3b S5-2323 5 0 - -

SS-2359 10 20 - -
.................... i~i;....... 6.......... 6.......................

SS-2425 70 10 - -
SS-2439 70 30 - -
SS-2477 65 40 -
SS-2510 75 40 -
S5-2519 80 10 14.9 -
S5-2533 70 20 - -

JmW S5-2587 60 20
S5-2622 65 30 - -
S5-2653 35 30 -
SS-2683 75 10 - _
S5-2698 60 40 - -
SS-2736 75 0 - _
SS-2759 60 40 - -

......................... 0 0.............. -............ .........

Jmr SS-2849 0 0

S6-2565 85 5 13.5 -
S6-2586.5 70 5 - -

Jmw 56-2587.5 60 5
56-2657.5 65 5 - -
S6-2724 70 5 - -

...................................................................

Jmr S6-2892 55 25



I
1', a

'I

* I

I.

. i.

' 1k
I' i

::. 3-

tS 714 s , P-

__ , . ,, _ . 4 A

2.34
C

714

n

.,

I I

a: 1;04

IS. 3 53 Il

!. Ii
.,II/S

28f

IA

1,{
f/S.C

; 142

l.* IS C
, f 47 . f B

714

I

I'
I
I.I

, ~'-l1

! 134

- - _ --

5 10 1= 20 .5 3

Fig. 3. X-ray cliffraction (lat:t for the <I um fraction of three rnpreselItative sam-
ples. (A) The fully expanldable smectite from the Westwater Canywon Memibr sandlstonc
from core S-l. (B) The same snectite sample from core S-l after potassitm-satturation,
followecl by sodhi saturation. Approx 22 pcrcent of the layers haie collapsel ineversi-
bly to form illite layers, indicating high layer charge. (C) A sample from core S-7 that
has ilinlergone illitization. This samplc is 50 percent iMlite layers alnd exhibits perfect
ordcring. S =smectite. I/S =interstratified iilitc/sniectite, C = chlorite. All samples
are oriented , saturated it h ethylene glycol, and were X-rayed with Cu ia ratliation.
Spacings are inhicated in A
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T..BLE 2
Percent smectite layers in several samples of interstratified illite/smectite
before and after potassitiui satu-ation. Samples were soditum saturated
after potassium saturation to confirim that the collapse of high-charge
layers was irreversil)le. Collapse of some layers on potassitnt sattl-
ration suggests that the margins of the sandstone and tile margin of
the basin were liot enough to build layer charge on the I/S butt were

potassitniii deficient

Saniplc Pr-CCilt mICtCitC ill I/S Colnlillclts

Original* Ticatce4-

SIG-15 100 78 Basin margin
S1-731 100 72 Basin margin
Si-lID 100 82 Basiil margin

S3-2016 95 S2 Sandstone margiln

S7-2978 95 82 Sanlstone margin
S7-3013 100 83 Sandstone margin
S7-3051 35 33 Sandlstone contcr
S7-3195 40 38 Santdstonc ecter

As separated froin the sandstone.
4* After K-saturation followed by Na-saturation.

Tlue clay fraction of the Westwater Canyon sfeiuber sandstone from
core S-3 toward tile basin center is composed primarily of interstratified
illite/smectite and chilorite (Whitney and Hatfield, 1985). Virtually all tile
interstratified illite/smectite exhibited perfect (R= I) ordering (fig. 3).
Both the abundance of the interstratifiedl illite/smectite and tlse propor-
tion of illite layers within the interstratified clay are zoned within the
Westwater Canyon Member. Illite/smectite comprises a larger propor tion
of the clay fraction near the basini margin antI a progressively smaller
proportion toward the basin center. Furthermore, the ploportioIl of illite
layers in interstratifiedl illite/smectite increases toward thc b.asi i center
and toward the center of the AWVestwater Canyon Member (table 1). For
example, when the percenit of illite layers in the illite/smectite is plotted
as a function of depth within core S-7, tile illite pjrO)ortion decreases
symmetrically from the center toward the sandstone margin-s (fig. -1). Using
similar plots for other cores, a two dlimensional replresentation of tile
proportion of illite layers within interstratified illite/sniectite in tile Wcst-
water Canyon Member santlstone can be constructed to reveal the zonation
patternl over the 60 kim section studied (fig. 5).

Thle distribution of chlorite within the lWestwater Canyon Mlemilber
is roughly proportional to the percentage of illite layers in interstratified
illite/smectite. A comparison of the proportiozs of illite layers in the illite/
smectite with the lproportion of chllorite in tie total clay fractioti (fig. 6)
reveals a correspondence between the illite layers and chlorite abundance.
All samples rich in chlorite have also experienced substantial illitization,
although several highly illitized samples contain little chlorite.
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Fig. 4. The tariation in thle propor-tionl of illite layers in the interstratified illitc/
sniecuite from core S-7 as a function of depthl (solidl line, is:iIng tipper scale) andtilse
%ariation in aibundance of chlorite in the samec core (dashed line, rlower scale).
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Inun valuie for prcnt jice ll itehi h casa zone (lowser innbe). Both thle Brushy Basin
iMenmber (mib) andtishe Recapture Member (1lsr) contiin zeto percent illite laters in
the <I Mm fraction.
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Fig. 6. Percent chlorite in the day assetblagc icrsus the proportioll of illitc in intcr-
stratificd illitc/smnectite for the entirc sample suite. The corrclation coefficicnt is +0.65.

Thle vertical association of chlorite with the degree of illitization of
thle illite/smectite is shown for one of the cores in figure 4. Expanding
this type of plot to include all cores, a two-dimensional distribution of
chlorite within thle Westwater Canyon 'Member sandstone is constrmcted.
Thle distribution of chlorite mimics that of the proportion of illite layers
in the interstratified illite/smectite (fig. 7). Althougih the polytype of thle
chlorite could not be determined for all samples dlue to significant
amotnts of interstratified illite/smectite, a fairly pure chlorite from tite
deepest core (CC-12) is the 11) (P=90') polytype. We saw no systematic
variation in chlorite crystal chemistry, based on the relative intensities of
basal reflections.

Kaolinite is abundant only in the shallower cores near the basin
margin. Its distribution is somewhat symmetrical within thle Westwater
Canyon Memnber sandstone, decreasing near the sandstone contacts. Ka-
olinite decreases in abundance both uplip and (ldowndip within the unit.
Because of limited occutrrence and uncertain origin, kaolinite will not
I)e discussed further.

Parlicle-size disiributZion.-Particle-size distribution for the Wcstwatcr
Canyon Member is varial)le owing to stratigraphic variations in thle pro-
portion of detrital fine-grained particles in thle sandstone (Steele, 1984).
SEMI examination shows that most of the authigenic and diagenetic clay
minerals are finer than 10 pm. The proportion of the sandstone in thle
<10 14m fraction ranged from 2.79 to 12.39 percent with a mean vaitle of
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6.04 percent. No vertical or regional trends in particle-size distribution
were observed.

Clay mineral textimres.-Scanning electron microscope examination
reveals important textural relationships among clay minerals that are
indicators of paragenesis. Smectite in the sandstone in core S-I anld tlbe
interstratified illite/smectite in core S-3 and further toward thle center of
the basin always coat sand grains. Although the mineralogy dilTers (in thle
proportions of illite and smectite layers), discrete smectite and Millite/
smectite are nearly identical texturally, forming meniscus-like bridges
between sand grains (pl. I-A, -B). Only in the deeper cores (for example,
S-7) does the illite/smectite exhibit a more fibrous, overgrowth texture
(pl. I-C). The cellular texture of smectite and the meniscus-like pore
bridges in(licate an authigenic origin.

Chlorite formed as "cabbage hleads" or rosettes (pl. ]-D) and as con-
tinuous pore linings in the "house-of-cards" texture (Wilson and Pittman,
1977). Texturally, chlorite always occurs on smectite or illite/smectite.

STABLE ISOTOPE DATA

Oxygen isotope composition and distribution.-Oxygen isotope com-
position of the total clay assemblage (<I Jim) ranges from a minimum of
+8.3 pennil to a maximum of +14.7 permil (table 1). Oxygen isotope
compositions were spatially distributed througlhout the sandstone of the
WVestwater Canyon 'Member in zones that mimic the zonation of the clay
mineralogy. Using depthl distribution curves similar to those used to define
the zonation of mineralogy, oxygen isotope data were cast into a two-
dimensional plot slowing their distribution and zonation (fig. 8). Notable
trends include: (I) higlher w'alues near the basin margin and lower values
toward the basin center, ane (2) fairly symmetrical distribution across the

i ' .iSs 5 s ,,, CC

-4-, s

Fig. 7. Zonation in the abundance of chlorite in the <I jum fraction of thc samples
from the westiwater Canyon Member. The tipper number is the maximum percent
chlorite in each zone aned the lower number is the mean percent chlorite dithin that
zonc. Symbols explained on figure 5.
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PLATE 1

A -1

A.
(A) The authigenic smectite in core S-1 showing the menisctis-like pore bridges and

the cellular surface coatings.

;1
..

C. IFi M i. R-'- - -VI5.. M

(C) An example of fibrous overgrowth on the cellular texture. This samplc is an
interstratified illite/smectite with 65 percent illite layers. The larger crystals arc authi-
genic quartz.
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Clay mineral textures.

..

, .
- r.

.,

DB.

(B) A sample from core S-3 containing 50 percent illite in interstratified illite/
smectite cxhibiting the same morphology as the precursor smectite.

I,

1.

'. .4-* 11 I

* .
D.

(D) Authigenic chlorite from core S.7 exhibiting the "cabbage head" or rosette
texture. Note that the chlorite lies atop the cellular texture of the interstratified
illite/smectite.
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I- .- . . ;; ; . .
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Fig. 8. Schematic cross section of the Morrison Formation showing the zonation of
the oxygen isotope values for the <1 1m fraction of samples from the Westatcer Cani-
yon Member. The ntumbers represent the range of values within each zone (S1.s relative
to SMOW). Symbols explained on figutre 5.

sandstone, with the more 1 80-rich clays at the contacts between the sand-
stone and adjacent members and lower &VO values at the center of the
sandstone. Oxygen isotope compositions of clays extracted from the Brushy
Basin Member and Recapture Member near contacts with the Westwater
Canyon Mlember were heavier than adjacent Westwater Canyon Member
samples.

The isotope composition of the clay fraction is controlled largely by
mineral composition of the samples. When the 51SQ value of the total
clay assemblage is plotted as a function of chlorite content in samples
consisting of binary mixtures of interstratified illite/smectite and chlorite,
each core procluces a line reflecting direct relation between the isotope
composition and mineralogy (fig. 9). The lines may be extrapolated to
enudmember valties for the two plhases. The endmember illite/smectite
oS8O values for the cores systematically decrease toward the center of the
basin. Extrapolated endmnember illite/sniectite in core S-i is approx 3.5
lpermil heavier thlan the illite/smectite in core CC-12. Second, the extrap-
olated endmeniber SO values for the chlorite are identical, within
analytical Jarecision, for all cores (fig. 10).

Hydrogen isotope conipositionz.-The range of SD values for clay
minerals is -77 to -116 permil (table 1). The distribution of raw values
forms a distinctive zonation when plotted in two dimensions. For Ihydro-
gen isotopes, however, heavier values are near the center of the basin andi
near the center of the Westwater Canyon Member sandstone; lighter SD
values are at the basin margin and at the Westwater Canyon Mlember
contacts with adjacent members (fig. 11). This distril)tltion is in contrast
to the oxygen isotope distribution which exhibits lighter valnes toward
the center of the basin and at the center of the sandstone.
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CHEMICAL DATA

Whole-rock chemical analyses show no systematic variation in chem-
ical composition within the Westivater Canyon Member sandstone (Joel
Leventhal, written commun., 1985). The <1 uin fraction exhlilits some
increase in potassium, magnesium, and iron content laterally toward the
center of the basin and vertically toward the center of the WVestwater
Canyon 'Member sandstone (table 3; Whitney and Hatfield, 1985). The
svstematic increase in these elements corresponds to the increase in illite
layers within the interstratified illite/smectite and to tile increase in
chlorite within the fine fraction.

INTERPRETATION AND DISCUSSION

A number of geochiemical and geological factors may liave contributed
to the production. of the observed zonation in mineralogy and stable
isotope compositions. Temperature variations, variations in the chemical
compositions of the sediment or fluids, reaction time, and fluid flow may
influence the course of the reactions and their products. We muist infer
tile most likely combination of variables, given geologic constraints,
that prodticed the mineralogical, cliemical, and isotope compositions we
observe.

Petrologic signifirance of interstratified illitc/smcctite.-Tlhe inter-
stratified illite/smectite almost certainly formed by transformation of a
prectirsor smectite. This conclusion is based on petrographic data, radio-
metric age data, and textural data. Thle grain-coating smectite in core S-1
occurs throughout the Westwater Canyon Mlember sandstone in this
region and probably precipitated after dissolution of abundant volcanic
ash in the Morrison Formation (Riese, Brookins, and Della Valle, 1980).
This pervasive authigenic smectite lias been assigned an age of 132 to 142
ifa, indicating that it formed almost immediately after deposition of the
sand (luring the Late Jurassic (Brookins, 1980). Althoughi we lhave no age
(lates on interstratified illite/smectite from our samples, Della Valle (ins)
has determined ages of 44 ±t7 and 41 ±t9 Mla for clay assemblages (inter-
stratified illite/smectite pilus kaolinite) from redistributed urallium ore
deposits from the Westwater Canyon Alember in this area. Texturally,
tile grain-coating, pore-bridging, cellular morphology is typical of smec-
tite (Wilson and Pittman, 1979; Welton, 1984). Because the early-formed
smectite is so widespread within the Westwater Canyon Alember and
because the interstratified illite/smectite exhibits this distinctive smectite
texture, we conclude that the interstratified illite/smectite was trans-
formed from the pre-existing smectite.

The transfornation of smectite to illite is controlled by temperature.
time, and the chemical composition of the smectite and surrounding
fluids. The relationships among these variables are still not well (lefined,
despite several studies on the reaction. Hoffman and Hower (1979) out-
lined some empirical relationships between temperature and illitization
in mudrocks, but those data were not inten(led to be applied to all situa-
tions or rock types. Iahann (1980) compiled additional data from several
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Fig. 10. A combined plot of the 8"O values versus percent chlorite for all four
cores fron the previous Ngurc Iote that the extrapolatecl value for 100 p)icent chlorite
is the same for all cores (within the analytical precision), while the extrapolated values
for the interstratified illite/sniectite vary systematically with the deeper cores exhibiting
lower values.
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rock types (including sandstones) which give a better indication of the
variability in the correlation between temperature and the ex)alildability
of the interstratified illite!smectite. Although the relationship between
temperature and expandability is not a simple one, if we apply the comr
pilations of Hoffman and Hower (1979) and Lahtann (19S0) to this system,
interstratified illite/smectite with 90 p)ercent ilMite layers reqjuires tem-
peratures in excess of 1000 C, regardless of rock type.
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It is known that sodium, calcium, and magnesium may retartd the
reaction (Roberson an(l Laliann, 1981; Eberl, 1978), and that thle (lura-
tion of the reaction may control the extent of illitization (Eberl and
Hower, 1976; Ramseyer and Boles, 1986). Other factors, such as perme-
ability and fluid-flow rates, may indirectly affect the extent of thle reaction
(Ramseyer and Boles, 1986; Dibble anid Tiller, 1981; Dibble and Potter,
1982). Given the potentially complex interplay of these variables, a num-
ber of lhypotlheses could be proposed to explain the observed zonation of
thle illite content of the interstratified illite/smectite. However, thle stable
isotope geochemistry places some further constr-aints on the system.

Texture and distribu lion of chloritc.-The textural relationsli i
between the interstratified illite/smectite andl the authigenic chllorite
could lde pro(ltce(l by independent reactions occurring at different times
or by simutltaneous reactions occurring in tdle same fluid at the same
time. Tue interstratifie(l illite/smectite was never isolated from thle pore
fluids, becatlse the aulthigenic cihlorite, which precipitated on it, (lid not
comnpletely coat the illite/smectite. In addition, the correlation between
chlorite abiundlance an(d the degree of illitization could hlave been plrO-
(luced b)y the same event or by two separate events controlled by thle sallme
varialbles, for example, permeability. The simplest interpretation appealls
to a single event for both mineral zonations, and wve will show, using
the stable isotope (lata an(l geologic data, that a single event plrol)al)ly
produticed the observed zonations.

Significance of stable isotope coinpositional trends.-Tle isotope
compositions of minerals inl aqueous environments depend on the isotope
composition of the fluid, temperature of system, and extent of equilibra-
tion. Zonation of the isotope composition of the minerals may therefore
result from (t) regional variations in the isotope composition of the fluid
with which minerals equilibrate, (2) thenral zonation, or (3) regional
differences in the extent of the fluid/miuneral reactions. The possibilities
are constrained by the data.

First, if the chlorite was precipitated from the same fluid that drove
the illitization reaction, temperature gradients and fluid isotopic varia-
tions call be ruled out, becatuse the authigenic chlorite, precipitated in
isotopic equilibrium wvith thle fluid, has thle same isotope composition
everywhere, regardless of absolute -mabundance. The abundance of chlorite
is zoned. not its isotope composition. Such uniformity requires unifolm
temperatutre and isotope composition of thle fluid througlhout thle sand-
stone.

On the other hand, the oxygen isotope compositions of the extrap-
olate(l endnmemnber interstratified illite/smectite are not Unifonm but
become progressively lighter toward the center of the basin and toward
the center of the Westwater Canyon Member sandstone. This trend
follows thle extent of illitization and probably represents incremental
resetting of tde 2:1 clay structure (luring the structural substitutions
requirled to build the mica-like layer charge (on the layers that are
transformed). This process is supported by observations that isotope re-



TABLr. 3

Concentration (expressed as elemental percent) of several major elements
in the <1 junm fraction of sanples from the 'Morrison Formation. Samiple
and memlleler designations are the same as in table 1. Numbers showxn1
as less-than (<) values are semniquanititative concentrations obtained

from small samples

Member Sample Al Ca Fe K Mg Na TI

Jmb 51-541 10.8 1.68 2.62 0.86 1.81 0.06 0.30

SI-561 10.6 1.41 6.95 0.63 2.10 0.48 0.25
51-594 10.3 1.29 5.28 1.17 2.10 0.22 0.43
Si-608 9.98 1.03 8.17 1.80 2.46 0.18 0.44
SI-615 17.4 2.18 7.61 1.60 3.60 0.19 0.73
SI-636 10.9 1.40 5.40 0.70 2.08 0.64 0.29
S1-640 10.7 1.37 6.00 0.5 2.18 0.83 0.25
SI-667 10.5 1.62 6.09 0.4 2.23 0.88 0.19
51-677 10.3 1.49 5.31 0.5 1.99 0.27 0.20

Jmw 51-726 10.3 1.39 7.16 1.1 2.26 0.31 0.23
S1-731 11.4 1.46 3.29 1.6 1.87 0.07 0.32
S1-734 11.1 1.55 4.06 1.1 1.79 0.09 0.28
S1-738 6.67 0.68 4.25 1.1 1.46 0.40 0.25
S1-747 9.46 1.16 5.00 0.7 1.94 0.41 0.19
S1-782 10.8 1.43 6.56 0.6 2.20 0.49 0.21
SI-784 11.8 1.54 5.11 1.3 2.06 0.16 0.41
SI-810 11.6 1.36 4.32 1.8 2.02 0.09 0.25
S1-818 11.1 1.31 8.83 0.6 2.59 0.17 0.12
51-861 11.4 1.56 2.99 1.0 1.85 0.35 0.51

......... i.............. ........ ...~i.... ...6i .... ... ..... ..;;.......i;...........
SI-866 11.4 1.61 3.08 2.4 1.99 0.35 0.45
51-881 11.2 1.36 3.38 1.0 2.08 0.27 0.32
S1-891 11.0 1.40 3.19 0.3 1.90 0.34 0.40

Jmr SI-918A 11.0 1.63 1.63 0.9 1.78 0.33 0.16
SI-9188 11.6 1.53 1.73 1.0 1.91 0.31 0.16
SI-930 8.48 6.78 1.35 1.0 1.13 1.55 0.10
S1-950 12.2 1.72 1.84 0.6 1.91 0.40 0.17
S1-1063 11.9 0.82 4.66 2.6 2.80 0.33 0.41

S3-1645 12.6 1.34 2.05 0.91 1.09 0.86 0.28
S3-1679 11.8 1.38 1.96 1.03 1.37 0.86 0.19

Jmb S3-1687 12.5 1.48 2.62 1.66 1.58 0.85 0.30
53-1715 10.7 0.78 2.78 3.20 1.47 0.47 0.34

............... ii.........i.......;........i....... .......... ........ ;...........
53-1783 9.98 2.59 9.52 1.4 2.06 3.95 0.57
53-1798 9.26 0.71 7.32 1.6 1.97 5.60 0.34
53-1807 9.16 0.62 4.70 2.84 1.30 6.09 0.37
S3-1812A 11.7 0.98 4.64 3.46 1.86 0.29 0.69
53-18128 11.7 0.94 4.21 3.60 1.79 0.24 0.61
S3-1812C 11.8 0.96 3.73 3.77 1.73 0.26 0.63
S3-1833 11.4 0.82 5.48 2.30 1.65 3.60 0.18
S3-1863 11.0 0.54 7.37 2.58 1.91 3.67 0.21
S3-1866 10.5 0.83 7.01 2.37 1.77 5.24 0.68
S3-1867 11.0 0.68 8.03 2.33 1.95 4.31 0.77

J.mw S3-1874 11.2 0.32 5.33 2.60 1.60 5.33 0.31
53-1882 12.4 0.40 7.87 2.69 2.02 1.52 0.73
S3-1905 12.6 0.44 5.37 3.38 1.70 1.57 0.46
S3-1916 11.7 0.30 6.37 3.12 1.69 4.19 1.17
53-1939 10.8 0.60 6.19 4.45 1.47 0.30 0.45
53-1957 12.5 0.36 5.96 2.87 1.81 2.20 0.56
S3-1967 11.3 0.44 7.19 2.45 1.93 4.42 0.67
53-1986 12.7 0.83 6.23 2.43 1.99 0.81 0.81
53-2016 12.1 1.16 2.74 2.11 1.57 0.49 0.30

............ ............ ... .... ...i.... ...i; .... ... .... ...gi......i6...........
53-2042 12.6 1.22 3.29 1.18 1.67 0.70 0.39

Jmr 53-2074 12.8 1.37 1.99 0.76 1.56 0.81 0.37
S3-2113 12.3 1.18 1.82 1.82 1.82 0.72 0.29

54-1779 11.8 0.92 1.90 1.02 1.04 0.71 0.30
Jmb S4-1807 11.3 1.34 2.04 0.90 1.28 0.50 0.23

S4-1817 11.1 0.78 2.76 1.64 1.51 0.86 0.16
........................................................ ..... ........ ..... ..



Member Sample Al Ca Fe K Mg tla Tf

S4-1878 10.4 0.68 3.60 2.6 1.75 0.49 0.56
S4-1900 11.1 1.7 3.6 <2. 2.4 1.8 1.2
54-1910 10.8 0.9 5.7 <2. 2.3 0.9 0.5
S4-1928 12.4 0.55 13.7 (1. 4.17 0.73 0.26
S4-1939 16.3 1.00 9.21 1.3 3.42 1.27 0.52
54-1960 11.4 0.9 5.3 <3. 2.1 0.7 0.9
S4-1971 12.8 0.4 16.1 <3. 4.4 0.3 0.5

Jaw S4-1998 13.6 0.90 5.00 2.6 2.13 0.79 0.44
S4-2010 11.6 0.52 10.2 1.6 3.02 1.11 0.88
54-2030 11.5 0.8 6.6 2.0 2.3 1.6 0.4
S4-2055 12.2 2.5 6.1 (2. 2.4 1.7 0.7
s4-2087 12.0 1.0 5.3 2.0 1.9 1.3 0.2
54-2123 13.7 0.91 4.81 3.0 2.21 1.02 0.44
54-2137 12.5 0.78 3.81 3.1 1.62 0.42 0.32
54-2159 12.7 1.13 3.86 2.6 1.97 1.49 0.37

................... ....... :;.......6......:6....... ......... ....... ii..........
54-2204 13.5 1.30 3.93 2.2 2.13 0.64 0.36

Jmr S4-2239 12.6 1.12 2.63 0.7 1.83 0.70 0.25
S4-2265 12.4 1.16 3.13 0.9 1.90 0.74 0.22
S4-2293 11.9 2.52 2.63 2.0 2.29 0.42 0.24

Jmb S5-2323 13.4 1.03 2.27 1.7 1.17 0.51 0.18
S5-2359 14.0 1.4 3.6 <S. 4.9 2.0 <0.5

.............. ii........6........i........ ;.................. ........ i...........
S5-2425 12.0 0.53 2.99 3.5 1.72 0.31 0.91
SS-2439 11.0 1.2 4.0 <3. 2.7 5.6 0.7
SS-2477 11.4 0.46 7.47 2.4 2.36 0.95 0.74
S5-2510 11.1 1.0 6.8 3.0 3.1 2.3 0.9
S5-2519 10.1 0.36 3.42 3.42 1.63 0.64 0.19

jmw S5-2533 12.4 0.71 3.54 3.2 1.90 1.96 0.38
S5-2587 11.8 0.76 3.28 2.9 1.67 3.52 0.82
S5-2622 11.5 0.7 5.0 3.0 2.1 2.5 0.5
SS-2653 11.4 0.59 4.10 2.2 1.64 2.81 0.58
S5-2683 12.9 0.86 4.00 3.2 1.57 2.06 0.32
SS-2698 11.8 0.64 6.05 2.9 1.81 2.03 0.57
S5-2736 11.9 0.65 5.70 3.53 1.57 0.17 0.26
SS-2759 12.6 2.9 7.6 <5. 2.5 <0.5 (0.5

.............. i........i................. ........ i................ ...........J3mr S5-2824 11.7 1.57 1.07 1.02 1.64 0.49 0.18
55-2849 12.5 1.85 1.24 0.8 1.90 0.09 0.13

56-2565 13.0 0.53 3.09 3.50 1.60 0.35 0.20
56-2586.5 12.2 0.46 3.77 3.56 1.52 0.28 0.21

Jmw 56-2587.5 13.3 0.47 3.11 3.38 1.44 0.33 0.21
S6-2657.5 13.0 0.53 2.89 3.52 1.69 0.24 0.26
56-2724 11.5 0.52 3.18 3.06 1.39 0.57 0.21

........... ........ i........i............... ........ ;........i............Jmr 56-2892 11.6 0.92 8.11 2.55 1.66 0.34 0.25

57-2855 14.7 1.53 3.34 0.15 0.87 0.13 0.44
Jmb 57-2896 12.8 1.24 2.35 0.66 1.42 0.47 0.31

S7-2941 10.4 3.00 1.91 0.39 1.46 0.50 0.15
........................ i ..... ii........ ........ ........ ........ ............

57-2978 13.8 1.34 2.06 0.88 1.35 0.48 0.20
57-3013 12.5 1.07 2.50 1.70 1.67 0.45 0.19
57-3038 13.0 0.75 2.92 2.86 1.78 0.86 0.68
57-3068 12.0 0.34 8.15 1.99 2.63 2.03 0.96
57-3091 12.2 0.65 7.25 2.2 2.43 0.95 0.94
S7-3133 12.1 0.69 7.94 1.9 2.68 2.13 0.65
57-3155 11.4 1.56 8.40 2.3 3.69 0.84 0.35

Jew S7-3190 12.9 0.76 2.53 3.33 1.70 0.21 0.34
S7-3195 12.2 0.51 10.4 1.4 3.04 1.80 0.67
S7-3213 11.0 2.51 5.50 2.1 2.26 2.69 0.64
S7-3223 11.0 3.32 11.0 1.5 2.63 0.58 0.40
S7-3247 12.9 0.46 11.7 1.17 3.00 0.94 0.51
57-3267 12.5 1.63 5.66 2.6 1.93 0.27 0.60
S7-3302 13.1 1.04 4.51 2.2 1.93 0.15 0.92
S7-3320 12.4 1.69 5.47 0.8 2.24 0.47 0.87
57-3388 13.2 1.76 4.35 0.8 1.90 0.48 0.46

......... i............ 3........i........i..........................6...........
57-3400 10.3 9.11 1.23 0.4 1.19 0.20 0.24
57-3420 11.1 6.94 0.99 0.4 1.58 0.22 0.24
57-3423 10.9 1.22 4.90 2.55 2.04 0.17 0.22
57-3426 11.3 1.42 3.60 2.99 2.31 0.20 0.24
57-3438 11.0 1.96 1.34 0.32 2.43 0.48 0.11



376 Genc 11'Iitney and H. Roy Arorthrop

setting in minerals is very slow until mineral reactions proceed (Savin,
19SO; ONeil and Kharaka, 1976; O'Neil and Taylor, 1967). Only the
most smectitic clays in core S-l near the edge of the basin. approximate
the original isotope composition of thle smectite.

If each illitizeci layer is equilibrated with the fluid, the extenit of
equilibration of the interstratified illite/smectite is proportional to tle
pxrcentage of illite layers. Tule most completely illitized clay (>90 per-
cent illite layers) lias closely approached isotopic equlilibrium wvithl basinal
,clid that caused the reaction. Since atitgiaenic chlorite is everywhere in
equilibrium with the fluid, the chlorite and the most illitic interstratifiel
illite/sniectite can lbe used as a mineral pair to approximate temperature
of equilibration. Using the encdmemnber value for interstratifie(l illite/
smectite from the deepest (most thoroughly illitized) core, CC192, and
the mean endmember valtue for autihigenic chlorite, an equilib-ration
temperature of 130°C is derived. This temperature is subject to uncer-

* tainty of about ± 40°C because of uncertainty in the fractionation factors
for the minerals involved anid from potetitial errors in measuring tile
clay proportions. Nevertheless, it is a reasonable temperatu-e, considering
tile temperatures of illitization observed elsewhere. It is also consistent
with fluid inclusion Hiomogenization temperatures of approx 1250 to

, 1300 C from authigenic carbonates in redistributed uraniumi leposit in
* the Westwater Canyon Mem-ber (R. S. Della Valle, Terradex Corp.,

written commun., 1930).
The hydrogen isotope compositions of the clay minerals cannot be

used for geothermonietry (Suztuoki and Epstein, 1976), but tile distribu-
tion of 6D values in the Westwater Canyon Member supports tile process

* of isotope resetting at elevated temperatures. If illite is analogolus to
; mu.scovite, it concentrates dieuterium relative to other hydrouis p)hases

(Suzutoki and Epstein. 1976). Thus, an increase in chlorite would cautse
a (lilution of tile illite contribution to tile bulk 8D value, anti the total
assemblage would become isotopically lighter as chlorite content increascd.
This is not observed. As chlorite content and lproportion of illite in inter-
stratified illite/smectite increase, 8D values rise. The best explailatioll
for this zonation is that the low-temperature sniectite is gradually Ie-
])lacedl by a higher temperature illite-chmlorite assemblage, pro(lucing a
systematic increase ill the SD values for thle total clay assemblage. The
slopes of the hydrogen isotope fractionation factors are positive as a
function of temperature. so tiley become less negoative as temiperature
rises. Fractionation factors for oxygen isotopes have the opp)osite slopes.
so dliverging values of oxygen an(l hydrogen isotopes ini a zonationll pl-
tern rej)resent an approach to equilibritum at Ii ihric- temperatures.

If tile illite-chlorite paair represents an c(l tul ibritilm assemlilage. Ivc
can uise f-actionation factors for the minerals at the appropriate tern-
peratutre (about 1300C. constrained by data previously discussed) to infer
the isotopic composition of the flnid. This fluid would have a 6-O -ahtile
of approx +3 permil: thle 81) value, approx -30 jiertii. These valuies arie
sinmilar to isotope compositions of fluids from continental bxasilns coin-
piled by Taylor (1979).
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AMass transfer and mctasowalisyn.-Hansley (1986a, b) demonstrated
petrographically that iron-titanium oxitles and iron-bearin' g~arnets are
corroded in the Westwater Canyon Member sandstone, and the zone of
maximum corrosion mimics the dlistribution of the authigenic chlorite.
Thus. interstitial fluids lhave attacked the iron-bearing phases in tile
sandIstone, and chlorite has apparently precipitated from the mobilized
components. Thle <10 ,um fraction of the sandstone has increased in iron.
mnagniesiull, aluminum, and potassitum at tile expense of the coarser
dletrital grains. 'Whether the reactions discussed lhere represent metaso-
matic reactions is a question of scale, because tile sandstones may remain
isocheinical oin a scale of meters blut not on a scale of micrometers.

I IIt is instructive to examine the sandstone to determine whether
I material must have lbeen added from an outside source in order to

plro(luce time clay mineral reactions observed. From chemical data of
- Leventhal (in press), tile sandstone contains sufficient iron to produce

tile observed amount of chilorite. Chlorite is concentrated in tIme <10 jum,
se fraction, which constitutes roughly 6 percent of tile rock, tind tile clay
ig mineral fraction of the rock is approx 6 percent Fe. This means that iron
it in chlorite constitutes only 0.4 percetit of the whole rock. The sandstones
to average about I percent Fe. Therefore, less than half tile iron in the rock
in would need to be mobilized to form tile chlorite. The apparent preserva-
p- |tion of whole-rock iron values indicates theat dissolution and precipitation

Iprocesses are localized phenomena. A similar argument can be uased for
be maginesitum: less than half tile magnesium in the rock is used to make
ut- |tuhigenic chlorite. Local differences in the mobility of iron, magnesium,

ess alumiim, and potassitiu may explain tile lack of perfect correlation be-
to tween the abundance of authigenic chlorite and the degree of illitization.

Ises TIle illitization reaction requires availability of both aluminum and
use potassiuIm. Steele (1984) reports that potassium feltlspar constitites 6 to
)tall 21 percent of the sandstone from the XVestwater Canyon Alemnber; pla-
ied. gioclase feldspar constittutes another I to 6 percent. Clearly, sufficient
Iter- altuminumi andl potassium are present. The quiestion is whether they are
Lion available. Based oIn activity <liagrams for ijlealized phases (Helgeson,

re- Brown, and Leeper, 1969; Bowers, Jackson, and Helgeson. 1984), solu-
a tions favoring the dissolution of potassiulm feldspar and the illitization

The of smectite are characterized by tlecreasing potassium activity (or increas-
as a ing, pH) and increasing aluminum activity (or decreasing pH). Assuming

rl ~ 0
itue IpH remains near neutral, as olbserved in other sandstone formiation waters
opes. (White, 1965). the activity of potassium must (drop relative to tile activity
pat. of altuminum, if illite is to be favored over potassium feldspar. Albitiza-

tioni patterils in these cores (Hansley, 19861)) suggest that mobilized
el ve altumminum was -mabundant in the zone of maximuim illitization. Given
tem.- tle variable degree of potassium feldspar alteration in these rocks (Hans-
infer ley 198Gp), potassittin muist have heen low relative to sodtiniu, and some
va;ltle of tile potassinm may liave been intro(ltice(l by filuids from deeper in
es are the basin.

com- rluidl duhinial rowposhiiomn-Elemental compositions of chlorite-
illite-forming waters Avere approximated by considering the likely source



378 Genc WIhitcne an d H. Roy Northrop

of thle water and phases with which it equilibrated. Starting with the
composition of oilfield brine from a Miocene sandstone, Ft. Bend County,
Tex. (White, 1965), and using the algoritlhm of Parlkhmrst. Thlorstenson.
and Plummer (1980), the equilibrium composition wvith appropriate clhlo-
rite plus muscovite (approximating illite) and quartz were calculated.
These results, calculated at 25°C, are presented in table 4. Tlhermody-
rnamic data for clilorite are for a 'Michigan clilorite reported in Kittrick
(19S2) which is close in composition to chlorite of the San Juan Basin.
With the exception of iron removal, modification of the initial brine
required to reach this equilibrium is minimal. The requirement of
jpotassium addition to reach equilibrium in this system is particularly
significant, because low potassium content of the fluid limits the smectite-
to-illite reaction along the southlern margin of thle basin. Because tllis
addition may require dissolution of another plhase (probably l)otassitim
feldspar), the dissolution process may be the rate-limiting step in the
illitization reaction. Alternatively, if the potassium is introduced from an
outside source, the consumption of potassium near the center of the basin
may have left migrating fiuid depletecl in potassium at tlhe basin margin.

Alteration zonation and the variability in fluid floze.-The vertical
and lateral variation in the degree of illitization of thle interstratified
illite/smectite, variation in thle amount of chlorite precipitated, extensive
isotopic resetting. and the parallel patterns of corrosion of the framework

TAMLt 4

Composition of fluids being equilibrated with clhlorite-ni uscovite-qulaltz
at 29S°K using the comnputer program PHREEQE of Parklhturst, Thorst-
enson, and Plummer (1980). Initial concentrations are from an oilfield
brine (Ft. Bend County, Texas) taken from White (1965). The log IAP/

kT (final) of other lplhases of interest are also shown.

Elemein AIG~ality (ixifial) Mlotlaitv (fint1}

Ca 1.57 * 1(- 1i1 * 10-O
Mg 3.06 * 10O: .05 * 10-'
Na 4.23 * 10-' 4.23 * 1f0-'
K 1.66 * 10-- 1.69 * 10'
F 1.6 * 10-' 3.59 * 10-"
Al 6.49 * 10 - 2.11 * 10'
Si 3.32 * 10' S.40 * 10-'
C,., (as Co ) 7.62 * 10-' 7.63 * 10-
pH 7.0 6.8
PE 0.0
ionic strength (t.5566 0.5561

MIialczuI log IA Ik'/l (Iiafatl

calcite 0.09-14
dlolomitc 0.6151
quartz 0.0000
ntuscovitc 0.0000
chIloritc 0.00o0
kaolittite -3.0001
hetniatite -9.3438
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"grails noted lxy Hansley (1986a, b) suggest that the center of dle West-
water Canyon Member sandstone has experienced more extensive reaction
thian the sandstone margins. Furthermore, the degree of reaction becomes
greater toward the center of thle basin. This may reflect variations in the
riate of fluid flow through the sandstone: higher fluid flow near tile center
of the sandstone could have produced the mineral zonation. Browne
(1978) lists permeability as one of the key variables (letermining altera-
tion mineralogy in hydrothermal systems. Zones of high permeabilitV are
zones of high fluid flow and exhibit more extensive reaction toward
eqJuilibrium between fluid and ]lost rock. Even at high temperatures,
poorly permeal)le rocks may not equilil)rate with reservoir fluid. Dibble
and Potter (19S2) lhave demonstrate(l this phenomenon experiimentil ly b)y
monitoring the alteration of glass and feldspars in a flow-througlhl hy-
drothermal device uinder tlifferent fluid flow rates. At higlher flow rates.
the starting soli(ls (lissolve(l more quickly, modifying the fluids, an(l the
system approached equilibrium rapidly. At low flow rates tile system
Imaintained disequilibriurm.

The zonation patterns in the Westwater Canyon iMemlber sand-
stone are reminiscent of "roll fronts." Tlhe "roll -front" geometry, known
from uranium deposits (on a different scale), is a poorly understood pre-

'nnomenon. Thle physical cause of variation in flow rates may he related to
subtle variations in grain size, sorting, porosity, and the presence of
mud(lly lenses within the sandstone. Limited cpetrogratliic- lat-:siowvno
systematic variations in grain size, sorting, or porosity (SteWelei984):olv-
eve-r16 - e flow rate) is sensitive to these

ac~t~ors, -aswell as to arrangmnient of parrticles, small2; systematic -vari-
ations in any or all of these variables could have a profound effect* on
flow rate (Bear, 1972). Furthermore, because flow through an aquifer is
normally laminar (Freeze and Cherry, 1979) and chemical dispersal is
greater along flow (lirection than transverse to it (Lerman, 1979), flow
rate and availability of dlissolved components may be increased near the
center of tile sandstone by constrictions within the sandstone or physical
flow retardants near tile upper and lower contacts of the sandstone. At
present, these are only ad hoc explanations that awvait further study.

Relationship to the tectonics and paleohydrology in the San Juan
liasin-The San Juan Basin is a structural feature that can le traced to
a late Paileozoic sedhimentary trouigh. A post-Jurassic structiral event took
place (luring late Cretaceous an(d Tertiary time, when uplift along the
northern and eastern edlges occurred (Tweto, 1975). Basin subsidence
accompanied utplift, and a thick sequence of Upper Cretaceous and Ter-
tiary sediments were deposited. The basin is asymmetric, with a steep
northern border and a more gently sloping southern margin. Thle north-
ern edige of tile basin is at a higher elevation than the souithern edge.
Therefore, the driving force for migration of fluids may have been either
throughf1 tile permeable Westivater Canyon lMemiber (dtirinlig dewatering
of overlying sediments or regional fluid migration under tie influence of
a basin-wide hydrauilic head derived from recharge along the higher
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northern edge of the basin. We (lo not believe that fluids were derived
from dewatering of the Morrison Formation itself, because mineralogical
ancl isotopic zonation cauised by fluids expelled froni the muddier Brushy
Basin Member and the Recaptiu-re Mlember would be different from those
olbserved. Absence of reaction in the smectitic Brushy Basin Member and
Recapture Mlember indicates that they have not experienced thernial
effects seen in the WVestwater Canyon Afember.

Study of petroleum generation and migration in the overlying
Dakota Sandstone by Rice (1983) shows that thermal maturity increased
to the northeast, and oil fouind within immatuire sections of tile Dakota
Sandstone has migratecl updip from northeast to southwest from the
zone of higher thermal maturity. We believe that fluid migration in the
Westwater Canyon M\emnber of the Upper jurassic Mlorrison Formnation
probably occurred at about the same time under thle influence of tile
same hydrologic controls.

SUMMARY AND CONCLUSIONS

Mineralogical and isotope compositions of authigenic and diagenetic
plhases are systematically zoned within the WNestwater Canyon Member
of the Morrison Formnation in the southern lialf of the San Juan Basin.
New Mex. Types of reactions and distribution of reaction extent lead us
to believe that reactions piroceedled under the influence of a migrating-
fluidI moving updip through the sandstone. The fluid 1)rolbal)1y had a
temperature above 100°C and a chemical composition appropriate for all
evolved basinal "oilfield" fluid. Zonation was cause(l by preferential fluid
flow at the center of the sandstone whicih accelerated atithigenic and
diaglenetic reactions there. Fluid movement probal)'y took place during
Tertiary time as part of the subsidence and (leposition processes theat
drove fluid out of the center of tile basin toward tile southern maroill.
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METHODS

The Westwster Canyon Member crops out discontinuously for about 500 km
arouDd the west and southern uplifted margins of the San Juan Basin. Pbotomosals
were produced from oblique aerial and ground photographs along a transect on the
east-west-tredig cliff forming the southern margin of the basin, exposed in
northwest New Mexico (Fig. Ib). These were used as base maps for pldting major
surface traces of the lithologic boundaries, both with the aid of binla and by
wanling the outcrop where possible Four profiles in the lit Carsonar Cave ar
were examined here the esure was flat enough to permit inspection on a morn
detailed level (Fy 4).

The outcrop shown in Fgure 5 Illustrates the ature of the Weartwter Canyon
Member at White Cliffs. The original drawings of simila cliff exposumes were
redrawn at a vrtical exaggeration of ive, and each of these proils was prcted
into the plane joining Campbell's (1976, his Fig. 2) measured setions1 and 9 (we
Fig. lb). Camlpbes proile (Fig. 3) was also redrawn to match the X5 venical

exaggertion of the profile presented here to enable direct visual comparison (Fig.
6). Sandstone color was nted and divided into three broad categories; white, buff
and red.

The descriptive terminology of sandstone bodies used here follows that of Friend
and others (1979) who introduced a classification scheme based on the
wiodthihkknes ratio of sandstone bodies. Sandstones with widthibicneas ration
le than 15:1 are termed ribbon-sandstone bodies, and sandstone bodies that have
widikihihess ratios of over 15:1 are termed sheet-andstoe bodies. Te
sandstone bodies of the Westwater Canon Member all display ratios greatly
exceeding 15 and are therefore Identified as sheet sandstones.

The ithoaddes scheme follows that of Mid (1978) with modificticas (Table 1).
Lithofaces within the sandstone shect include horiontl and parallel upper-flow-
regime stratification (Sb), inchned and parallel upper- to transitionaflow-regime
stratification (S9), low-angle cros-stratified (<10 ) upper- to transtiona-flow-
regime stratification (Sl), trough cross-stratification represents lower-flow-regime
three-dimensiona dunes (St), topset-preserved conx-up humpback cross-
strificstion (Sthb) and rare esmbing ripple cro-a aon (Sr), which was
Identified at only one location Lithofacies Si essentially represents lithotacies Sh

that formed on an inclined surface (see Paola and others, 1989, their Fig. 2). By far
the most predominant lithoacisa are Si SI and Sb which make up more than 80%
of the deposit and were diffcult to sepanrte because of complex gradadons.
Another lithofacies, Sthb, although subordinate in omrurrence, i interprted to be
the product of deposition from humpback dunes (cf. Saunderson and Lckett, 1983;
Allen, 1983a). A more detailed discussion of the gradation between these lithdacic
is presented in Cowan (1990) and Godis (1991).

The bounding-surface subdivision employed in the detailed profiles of the Mit
Canon's Cave area (FPI 4) Is modGied from Miall (19.88c). First-order bounding
surfaces that bound sets of lithofaies are not illustrated here In all proes unless
indicated. Second-order bounding surfaces are planes that separate eosets of
dissimilar ithofacies In this paper third- and fifth -order bounding surfaces re
laterally restricted and extensive, discordant erosional surfaces respectively. Sixtb-
order bounding surfaces are essentially fifth-dr surfaces, but are located between
major deposidonal systems (sucs as formationa boundaries). Third-order bounding
surfaces are commonly concave-np in secdonal view, and fifth- and sixth-order
bounding surfaces are flat across most df the exposures, but may undulate locally.
Convex-up fourth-order bounding surfaces, interpreted . by MiWll (198k) to

West trartsect covered by Figure 6 East

Fin. 3-Cross section ot the Morrison Formation according to
Campbell (1976, his Fit. 2). The rectsagle represents the re-examined
section as presented In this study (Fig. lb), and Illustrated In Fig. 6.
Stratigraphie abbrevitlons are: Recapture Member of the Morrison
Pormation ljmr), westwater Canyon Member (Jmw), Brushy Basin
Member (Omb), Dakota Sandstone (Kd). Numbers refer to the measured
sections or Campbell (1976). Vertical exaggeratlou Is x52. The upper
surface of Kd Is not the actual top of the Dakota Sandstone.
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the various shades of sandstone colors, and their vertical and lateral distsibetions.
can only be understood by examining the di3genetc history of the Westwater
Canyon Member, as discussed below.

Diageredc history of the Westwater Canyson Member. The sandstone colors
observable in the cliff exposure of the Westwater Canyon Member are the
cumulative result of three known diagenetic events that occurred during the
Jurassic to Tertiary Periods (see Turner-Peterson, 1985. 1986: rannger and
Santos, 1986; Hansley, 1986). Two episodes of bleaching, resulting In either the
reduction or removal of iron from the detrital grains, left some Westwiater Canyon
Member sandstones either gray or white. The first episode occurred in the Late
Jurassic to Early Cretaceons and was related to alkaline, organic-rich fluids, and
the second episode occurred In the Late Cretaceous, and was related to add,
organic-rich fluids. The prominent red color of the member represents the third
amid most recent coloration, which is linked to a Tertiary oxidation event. These
diagenetic events ar summarized an follows.

1. The itial alteration, during the Late Jurassic to Early Cretaceons. was
caused by organic aids expelled down from the fine-grained mudstone units in
the overlying Brushy Basin Member, which reacted with lion-titaninm oxides
(chiefly magnetite and limeorlte) In the sandstones of the Westwvter Canyon
Member (Turner-Peterson. 1986). Iron leached from the detrltal grains formed.
pyrite. More recent oxidation of pyrite (beginning in the Tertiary and continuing
today) resulted in a yellowish-gray color In surface exposures of these sandstones.
This first alteration event has been linked to the emplacment of primary tabular
uranium ore In the Westwater Canyon Member (Granger and Santos, 1986).

2. Further localized removal atd/or reduction of iron from the sandstones in the
Westwater Canyon Member sandstone was the result o the downward percolation
of acidic, organic-rich fluids frontm carbonaceous shaies of the Dakota Sandstone
during the Late Crerktos. Thhi was nnly possible in the southwestern portions
ef the basin after the pM-Dakota erosion of the lactustrine Brushy Basin Member
and deposition of carbonaceous black shales of the Dakota Sandstone directly on
permeable sandstones of the Westwater Canyon Member (Turner-Peterson, 1986)..
The acidic nature of the organic-rich fluids derived from the Dakota resulted Ila
kanlinitization of feldspars (Turner-Peterson, 1986). Pronounced localizedl
'hleaching" of the Westwater Canyon Member In the study area (e.g_ White-
Ruck Mesa) has been attributed by Turner-lctcrton (1986) to this alteration event.

3. The red coloration of the sandstone is attributed by Granger and Santos
(1°S6) to a subsequent oxidation event, which conedibuted to the formation of
redistributed uranlum ore within the member. This occurred because of an
Increase In hydrodynamic flow of oxidizing meteoric water from the pelifted
rsmthesia edge of the San Juan Basin along the Zuni uplift (Figs. l, b) during
the Tertiary associated with the regional Laramide orogeny (Granger and Santos
19B6). Sandstones that escaped earlier removal and/or reduction o Iron in the
previous reducing events were oxidized and now display a prominent red
coloration. The Intermediate buff-colored sandstones may have been partially
krached of Iron during the two earlier alteratIon events, so that these sandsuones
w-re not as readily reddened during the later Tertiary oxidation event (Turner-
rctcrson, 19S6, pers. commun, 1990).

Reassessment of Campbelrs' architectural model. The -5- to 10-m-thick
sandstone sheets, irrespective of their color, are here recognized as the largest
architectural component of the Westwater Canyon Member, wheresas te thicker
erndstones repreient Intervals of amalgamated sandstone sheets. It is apparent that .
the presence or absence of impermeable tabular overbank deposits exerted primary

control on the migration of pore fluids through the Westwater Canyon Member
during Its burial history, and hence the subsequent color variation of the member
(Figs. 5,6).

Campbell (1976) Identified two scales of channel-filling deposits. The largest,
which he termed "channel systems", are shown In his constructed profile of the
Westwater Cinyon Member (reproduced In Fig. 3 herein). He described the
'channel systems' to be.
"_ubular In cross-section with abrupt edges only at the channel edges.
Separate channel systems commonly we marked by contrasting overall colors
on outcrps such as grayish-red versus sailmon-pink venus buff' (Campbell,
1976, p. 1013).
According to Campbell's cross section, the abrupt "channel system" edges were

mostly inferred and are shown as dashed lines (Campbell. 1976, his Fig. 2). The
color differences In the sandstones were partly used In the definition of the
'channel system" boundaries as defined by Canpbell (1976). The White Cliffs
section (Fig. 5). which coincides with Campbell's saction I can be broadly
divided Into two units according to the sandstone color at any one vertical
section. These color units can be clearly correated to Campbell's ection as
representing "channel sytem" bodies (Figs. 3 6). At the location of Campbell's
measured section 3. the Westwater Canyon Member is divided into two channel
system" deposits, again corresponding to two distinct differences In sandstone
color, It is evident that the uppermoss t 'channel syts which Is represented at
Campbell's sections 2 3 and 4. coincides with the white to buff sandstone color
as documented In the upper profile of Figure 6 (6 to 10.6 km along trarct).
There is a complex of channel deposits figured In Campbcll's cross section
between Kit Carson's Cave arei and Midget Mesa (auctions 4 to 8), where the
"channel system" boundaries weea appatently established using a combination of.
Aie sandstone color amd tb presence of overbank material between the sandstone'
sheet. At section 9 (Fig. 6. 212 km along transect), however, the boundary
follows the above-mentioned color change criterion, and the "channel system"
boundasies clearly coincide with the color change seen in the eiposur

Laterail color changes were not observed to coincide with sandstone-sheet edge
and do not repnesent deposisional features. but they do seem to coincide in places
with the geometry of Campbell's (1976) "channel systems. It can be concluded,
therefore, that Campbell (1976) was partly identifying post-deposidond aquifer
conduits or permeability-pathway compartments as primary depositional featureml.
Furthermore: his cross section cannot be used as a map of post-deposltional
aquifers, since some Wt his channel boundaries am not defined solely by- the
sandstone color change, and many of the channel boundaries correspond to areasm
of no outcrop (Fig. 6). It Is evident that the deposlitional "channel sysnems'. of
Campbell (1976), In the order of tens of meters thick, do not exist; instead, the
-5- 10-m-thick sandstone shects are here recognized as te principal architectural
component of the Westwater Canyon Member.

PAr tt DNrsrSIAL AR CaURs E OP THE1 SANDSTONE sses

The sastone sheets, as described earlier, are Isternally composed of structures
that were termed "smaller channels" by Campbell (1976). These structures, as
well as large macrof orms, are deacribed sPnd Interpreted in this section.

Lateral Profiles of the Kit Carson's Cave Area

The Kit Carson's Cave ar Is located approximately I km southeast of I
Rock Mess, and 4 km north-northeast of Red Rock State Park (Figs lb, 4)'
profiles, White Rock Mesa East, Kit Carson's Cave East and Kit Carson's
West, are stratlgraphlcally located immediately above the Wentwater
Recapture Member contt, and the Hill Top Road profile lies just bNlo,
Westwater Canyon Member-Dakota Sandstone contact (fig. Ib). The strat
tilted approximtately 4 to the nonrl-nahwestL However, since the tilt Is
appreciable, and to avoid introducing error in the data processing, the Indit
azimuth data were not rotated to horizontality. The paleocurrenthzlimuth
illustrated on the detailed profiles are plotted with respect to the ou
orientation (cf. Mldl, 1988a), as Indicated on the left side of each profile
7. 10. 13 and 16). Note also the scale differences between each profile.

White Rock Mesa East (Fig. 7). The west half of this profile wan previ
documented by MMiii and Turner-Peterson (1989 Fig 15). The profile show
Figure 7 of thi paper contains paleoflow data from parting ineations
documented previously by Miall and Turner-Peterson (1989). Although the In
appears somewhat complex In ter- s of the number of subborizontal third-
fift-order urfaces that occttr ber, it I relatively simple when reduced dot
Intervals of coherent paleocurrent orientation, as indicated by the black mm
cross-sttatl dip directions (Xb) and parting llnedtion trends (Pi) (Fig
Internsay uniform paleocurrent intervals 1, 2 and 3, presentzd In Figure U1
Table 2, correspond to sandstone units bounded by fifth-order bounding suo
A-A', A'-A", and A"-A"' respectively. The succeeding sandstone she
Indicated by the fifth-order bounding surface B (surfaces not Identified
primes represent literally extensive fifth-order bounding surfaces, whicl
underlain by overbank fines. whereas surfaces with primes are laterally exte
fifth-order surfaces which are not underlain by overbank fines third-.
bounding surfaces comprise the remaining thick lines In the lateral profiles).
sandstone sheet represented by A to A"' most likely represents an amilgar
sandstone body. Judging from the presence of locally presrved rafts of intra
along bounding surface A'. and the fact that the paleocurrent trend of sand
unit I between surfaces A and A' Is highly divergent from the over
sandstone units 2 and 3 (Fig. aa). The high palenoflow dispersion was Interp
by Mi and Turner-Peterson (1989) to be the product of localized low-
concentration of flow around erosional bar remnants. This may be the case fi
middle sandstone unit 2, where orientations of parting lineations
corresponding cross-stussal dipa differ (Fig. ta), but the lower sandstone u
can be interpreted as the result of channel flow at an angle to the rest o
fluvai system (at a much wider scale than the exposure). The top sandstone
3 Is dominated by lithofacles Sh, Si and SI, and displays highly rat
orientations of paleoflow sasctues from which the exact paleoflow dire
cannot be determined (Fig. ta, Table 2).

A striking aspect of thin exposure is the presence ot concave-up features r
are bounded by discordant erosional basai third-order surfaces (8S3) (Fig
There re several of these large structures in this profi e. and they rexe
"smaller channeis" of Campbell (1976. his Fig. 5). These are commonly
with lithofades Si and Slj The large concave-up 'hollow" (resit descrl
terminology of Friend t983) marked 'VI (in Fig. 7) Is symmetrically
vertically filled from both sides (Fig. 9). Te longitudinal axial orientation ol

I
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both from the Alberta Porcland Basin, rc preservation of very deep
cl deposits in tidal to deltaic distributary settings, respectively (30 and 37 in
7). Hopkins (1985. p. 49) suggested that deep channel inielon is Independent
at level changes in deltal settings, pointlug out that channeriation of up to 60
low se level is reported froem a modern delta distributary (Meckel, 192).
cf studies of fluvial sandbody geometries may reveal other deep-river
elbelt bodies and shed light on the controls of deep river deposition and
vation.

Dlmensfons o i the Wenwoter Canyon Mem r sand tone broks

-5- 10-m-thick sheet-sandstone bodies of the Westwater Canyon Member
ent channelbelt deposits that aggraded between avulsive events (Fig. 1I). The
tent paecent trends within a sheet sandstone deposit uggest that a single
tional event created each sheetsandtone body. Te estimated sandstoe-
thicknesses of the Wentwate, Canyon Member are well within the range of
tstered values (shown at V tn Fig. 17). In contrast, the smdstone thicknesses
onred by Campbell (1976) are within the range of amalgamated or composite
one bodies (shown as W in Fig; 17). The wide range of channel-systemn

dimensions as documented by Campbell (1976) is expected it amalgamation d
more regutar channelbelt deposits occurs at random (ef. Bridge and Leeder, Y1979
see their Figs. 2e and 4c).

Cttt exposures of the Westwater Canyon Member serve as an excellent example
for illustrating the control of cverbank rme as efective barriers to pore-fluid flow.
It is appreut that on the member scale, the peeservatlia d overbak-rswe deposits
between sheet-like sandstone bodies has controlled the pore-fluid Iow,
notwithstanding the internal complexity of the sheet-sandstone architecture as
revealed by the detailed lateral profiles. Tbe sheet sandstones, with very little
Internal grain-sine variation, acted as fluid conduits, and the thicknesses of conduits
or compartments were solely dependent upon the preservation of overbank fines
between the interpreted chaninelbeht sandstone bodies. The review of published
examples of flhvial-body dimensioes Indictes a consistency of sandbody
thicknesses, namely In the 1- to 12-m range, and the tinciesses of the Westwater
sheets fit in this range (Fig. 17). The pore-fluid flow, therefore, will be largely
conFined within this thickness for sandy nuvial stems. Increases in this thicknes
range will be the resut of amalgamation of the unit sandstone sheets by erosion of
capping overbank fine whereas a decrease is likely to be associated with Increasing
heterogeneity of gra size within the sandstone channelbelt bodies (as in deposits
resulting fronm mixed-load fltvial systems).

Impifeadmu holfow presertudon

Fluval sedimentologists have concentrated on the sedimentary features formed
from the migration of positive barforms, and used these structures to decipher
styles of flavial sedimentation (A&kN 1983b1 Hasteldine, 1983; Miall, 1988a). Uttle
attention has been directed to processes in the deepest portions of David channels
until onl recently (eg, Best and others, 199). Thereticll, it is not considered.
possibe to preserve the entire thickness of the channelit deposit, Ad entire
atroforms, milesa avulsioa of the channel belt takes place (cf. Bridge and leeder,

1979). However, scour-fill prooesses, as documented by workers iuch as Best
(1987) and Cant (1976), are comparatively more ephemeral in a multichannel
fluvial system, than fife of constructional macroformss it is likely that these
structures with high prervtion potential deposited in the deepest parts of the
channel belts may dominate the geological record. Tbe abundant hollws as seen in
the Westwater Canyon Member may represent such scoun from the deepest
portions of the channel belt

CONCLUSIONS

Several significant conclusions can be drawn from this study of the large-scale
features of the Wetwster Canyon Member.

I. `hbe,chmannel system?- described by Campbell (1976. Fig. 3 herein) are trot
chtsnelbelt deposis bhut records of post-drpositiotri pore-waser condults composed of
amalgmatetd -5- 10-n-thick sheet sandstone bodies.

2. The Individual sheet-sandstone-body thickness of the Weatwater Canyon
Member falls within the thickness ranges of sandstone bodies that are of possible
channelbelt origin Sandstone body thicknesses in excess of 12 m appear to result
from channelbelt amalgamation.

3. Diagenede pore-lluid flow was primarily controlled by the presence of thick
overbank deposits which ecaped erosion during amalgamation of channelbelt
sanstone bodies. Published data on luvial deposits indicate that large-cale pore-
fluid conduits composed of homogeneous channelbelt sandbodies fall within the I-

12 us thickness rane. Deirturaes (rmn this range are esrected to be due either to
chanuelbelt amalgamation or higher heterogeneity within the sandstone sheet.

4. Internally, sheets display trough-like features 30 x 5 m it croms-scti
dimensions, commonly isolated, with varying orientations of internal fiL t. e
interpretation of these large-scale hollow features is most consistent with a scour
produced within the deepest portions of a shallow, braided-fluvial environment,
possibly duo to channel-confluencc scouring, Th variable Inclination of the ril,
with parting iinestdon on their bedding rfufaces, rc rmost consistent with a rapidly
filled scour and are less conistent with forms produced from trains of large dunes
or smal chnne4l as previoesly Interpreted.

5. Tbe member contains low-amplitude, laterally extensive macroforms bounded
by flat erosonal surfacea, consistent with the interpretation that the style ot the

luvial environment was a braided multichannel system. Hollows, on the other
hand, ar bounded by concave-up erosional surfaces and are interpreted to have
been produced in the deepet porticms o the fluviat channel belt. and bence have
greter preservation potential than conastructional macroforms.
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Uranium Deposits, Westwater Canyon Member 113

ginal marine, and nonmarine deposition during the remainder
of the Late Cretaceous, when rocks of this age were deposited in
response to several marine transgressive and regressive cycles
of sedimentation in the epicontinental Western Interior sea-
way. Tertiary sediments, present elsewhere in the basin, have
been removed by erosion within the study area.

Types of Uranium Ore Deposits

Uranium deposits in sandstone beds of the Morrison Forma-
tion can be divided into three basic types-primary ore, rem-
nant ore, and redistributed ore. This subdivision is based on the
geometry of the ore deposits, the genesis of the deposits or the
ore-forming processes, and the position of the deposits with
respect to a regional oxidation-reduction interface.

Discussions of mineralization may be found in reports by
Hilpert and Moench (1960); Granger et al. (1961); Moench and
Schlee (1967); Nash (1968); Hilpert (1969); Santos (1970); Squy-
res (1970); Adams et al. (I178); Turner-Peterson et al. (1980);
Adams and Saucier (1981); Granger and Santos (this volume);
Fishman and Reynolds (this volume); Turner-Peterson and
Fishman (this volume); and Hansley (this volume). Descrip-
tions of individual ore deposits are in two volumes published by
the New Mexico Bureau of Mines and Mineral Resources (Kel-
ley, 1963a; Rautman, 1980) and in reports by Adams et al.
(1978); Granger and Santos (this volume); and Fishman and

:, Reynolds (this volume).

Primary Ore

Primary ore deposits have been called prefault or trend-type
deposits (Granger et al., 1961; Santos, 1970) and are considered
to be the original form of ore deposition in the Grants uranium
region. Primary deposits are elongate, tabular ore deposits that

| are aligned along a series of subparallel trends oriented about
N700-80'W (Santos, 1970). Mineralization trends such as
those of the Ambrosia Lake area (Plate B) north of Grants range
in width from 1,000-3,000 ft (305-915 m) and are as much as 9
mi (14 km) long (Adams and Saucier, 1981). Uranium mineral-
ization is intimately associated with a pore-filling of organic-rich
(kerogen or humate) cement in the host sandstones (Granger et
al., 1961; Granger and Santos, this volume; Hatcher et al., this
volume). Within ore trends, the humate-rich orebodies are lat-
erally and vertically discontinuous and occur in various stacked
ore horizons in the Westwater Canyon Member. In plan view
(Plate B), individual stacked ore deposits are sinuous and cross
one another within the overall trend.

Remnant Ore

Remnant ore deposits are relict parts of primary ore deposits
that have been bypassed by a regional oxidation-reduction
(redox) interface. They are now preserved as locally reduced
sandstone orebodies updip from the redox interface in hematiti-
cally altered host rocks. Remnant deposits seem to owe their
eXistence to some peculiar local property of the host rock or its
geologic setting that enabled them to be preserved within sur-
rounding oxidized rock. These peculiar aspects include (1) the
relatfvtely insoluble nature of the organic-rich ore associated
With adjacent zones of high transmissivity that permitted
bypassing of the oxidizing ground water (Smith and Peterson,

1980); (2) downdip stratigraphic pinchouts of the host sand-
stone that effectively lowered the transmissivity; (3) a strati-
graphic pinchout of the host rock into mudstone in an updip
direction before the host sandstone reaches the outcrop,
thereby limiting the access of oxidizing ground water into the
host sandstone; (4) effective blockage of oxidizing ground-water
access by fault-bounded structures; or (5) the effect of cementa-
tion that locally reduced the transmissivity of the host sand-
stone and effectively isolated ore from oxidizing ground water.

In the case of the Mariano Lake-Ruby Wells remnant ore
trend (Plate B), several of these characteristics exist, such as lim-
ited connection between the ore-bearing sandstone and main
Westwater Canyon sandstone beds because of mudstone inter-
beds; pinchout of the host sandstone updip before reaching the
outcrop, with no area of direct ground-water recharge; folding
and faulting that may have slowed or deflected ground-water
flow patterns; and local calcite cement associated with the ore.

Redistributed Ore

Redistributed ore deposits have been formed by modification
of primary ore, mainly by oxidizing ground water that entered
the host rock, dissolved the organic material, and redistributed
the uranium down a hydrologic gradient. Two types of redistrib-
uted ore are recognized (Smith and Peterson, 1980)-
redistributed fracture-controlled ore and redistributed
geochemical-cell ore.

Redistributed fracture-controlled ore is the postfault or stack
ore of Granger et al. (1961). In these deposits, the uranium-
charged, oxidizing ground water moved down hydrologic gradi-
ents until it encountered clay-rich fracture systems or zones that
altered the ground-water flow patterns and caused uranium
precipitation along fracture zones as vertically stacked deposits
lacking abundant organic material. Examples of this type of
deposit are described by Granger et al. (1961), Gould et al.
(1963), Smith and Peterson (1980), and Granger and Santos
(this volume), from the Ambrosia Lake district north of Grants,
and may be present in the Church Rock area northeast of Gal-
lup (Adams and Saucier, 1981).

Redistributed geochemical-cell ore probably also results from
the oxidation of primary orebodies, from which the uranium is
redistributed by oxidizing ground water along a regional
oxidation-reduction (redox) interface. An outline of the redox
interface is shown on Plate B, and is reproduced for reference
on Plate A and Plates C through hi. The components of the
regional redox interface consist of an area of hematitically
altered sandstone (south of the southernmost boundary line,
Plate B), an area of limonitically altered sandstone (between the
north and south lines), and an area of regionally reduced sand-
stone north (downdip) of the northernmost line. The position of
the redox interface is modified only slightly from Saucier (1980)
and incorporates new data from A. E. Saucier (1982, written
communication). Adams and Saucier(1981) have shown a large
but weak tongue of limonitic alteration extending northward to
encompass the Nose Rock deposits (Plate B). We have not
included this change in our maps, because we have little sub-
surface data for that area. Hematitically oxidized and altered
sandstone of the Westwater Canyon Member extends in a broad
arcuate lobe northward downdip from the Morrison outcrop.
This oxidation lobe extends northward from the outcrop about
17 mi (27 knm) to a depth of about 2,600 ft (790 m) in the vicinity
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I

Introduction
The Grants uranium region in the San Juan basin of New

Mexico (Figure 1) has produced about 50% of the domestic
uranium ore and contains more reserves than any other region
in the U.S. (McCammon et al., this volume). Uranium mineral-
ization in the Grants uranium region is chiefly confined to flu-
vial sandstones of the Upper Jurassic Morrison Formation, a
relatively small section of rock within a considerably thicker
sequence of sedimentary rocks that fills the basin (Figure 2).
Preference of uranium for a specific stratigraphic interval sug-
gests that a unique combination of processes was responsible
for mineralization. Deciphering the processes that led to ura-
nium mineralization required the use of a multidisciplinary
basin analysis approach, which included topical studies that
ranged in scale from the evaluation of the regional tectonic set-
ting of the basin during the Jurassic to detailed petrographic
studies of ore-bearing rocks. Results of these studies are
included in the other chapters of this volume. It is now desir-
able to attempt a synthesis of knowledge concerning these
uranium-bearing rocks, drawing from both the new data pre-
sented in this volume and from information published else-
where. Along with the synthesis, it is possible to address the
problem of ore genesis by constructing genetic models based on

the new information; several of these possible genetic models
are included here.

We divided this chapter into two parts in order to separate
data from postulated genetic models. First, we summarize infor-
mation on the geologic evolution of the structural basin, nature
of host-rock deposition, postdepositional host-rock alterations,
and geologic controls of uranium mineralization. Second, we
present genetic models for primary ore formation in an attempt
to explain uranium mineralization, accepting as constraints the
background data presented first.

Critical in the formulation of genetic models for uranium min-
eralization in the San Juan basin is the recognition of two dis-
tinct types of uranium ores that differ in age and in chemical
and mineralogic characteristics. The older uranium deposits-
variously known as primary, prefault, tabular, or trend ores
(Granger et al., 1961)-yield radiometric ages that are consist-
ently greater than 100 m.y., indicating a Late Jurassic to Early
Cretaceous age of formation (Lee and Brookins, 1980; Ludwig,
Simmons, and Webster, 1984). These primary orebodies are
roughly tabular and typically are suspended within the host
sandstone (Figure 3), cutting across sedimentary structures and
bedding (Granger et al., 1961). Within primary ore, uranium is
everywhere admixed with a postdepositionally introduced,
noncellular organic material (Granger et al., 1961; Hatcher et
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Figure 1: Location map showing the Grants uranium region near the southern margin of the San Juan basin. An outline of Morrison outcrops
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al., this volume). The uranium-organic mixture coats detrital
grains and fills voids in the host sandstone. The intimate associ-
ation between uranium and the pore-filling organic material is
also evidenced by the positive correlation between whole-rock
abundances of uranium and organic carbon (Granger et al.,
1961; Leventhal, 1980; Fishman and Reynolds, this volume;
Spirakis and Pierson, this volume). These relationships
strongly suggest that the pore-filling organic material is the
main control for the location of primary ore (Granger et al.,
1961).

A second type of ore, which generally occurs in close proxim-
ity to primary ore (Figure 3), is variously referred to as redistrib-
uted, postfault, secondary, stacked, or roll-type ore (Granger et
al., 1961). Redistributed ores have yielded radiometric ages of
10 m.y. or less (Ludwig et al., 1982; Ludwig, Simmons, and
Webster, 1984) and thus are considerably younger than the pri-
mary deposits. Moreover, redistributed ore almost entirely
lacks the pore-filling organic material that is ubiquitous in pri-
mary ores. An additional difference that serves to distinguish
primary from redistributed ores is the relationship of the two
ore types to Laramide structures. Granger et al. (1961) recog-
nized that primary ore is locally offset by Laramide faults and
therefore predates Laramide deformation. In contrast, many
redistributed orebodies are vertically and laterally elongated
along Laramide faults and fractures and are not offset by them
(Figure 3). These structural relationships indicate both a pre-
Laramide and a post-Laramide ore-forming event, a conclusion
corroborated by the radiometric ages. In spite of the temporal
differences in ore formation, a close spatial relationship exists

Figure 2: Generalized stratigraphic section showing Middle and
Upper Jurassic rocks, southern San Juan basin.

Figure 3: Schematic diagram showing geometry of primary and redistributed orebodies and their relationship to structure. Note that primary ore
forms elongate tabular orebodies suspended within reduced sandstone, whereas redistributed ore has developed along faults and at the boundanr
between oxidized and reduced sandstone. Also note the presence of remnant primary ore surrounded by oxidized sandstone.
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between the two ore types. Redistributed deposits generally
occur in close proximity to primary ores, less than 1/4 mile (400
m) in the Ambrosia Lake district (Santos, 1970) and somewhat
greater distances elsewhere in the region (Saucier, 1976). This
close spatial relationship led Granger et al. (1961) and Saucier
(1976) to conclude that redistributed deposits represent accu-
mulations of uranium recycled from preexisting primary
deposits.

It is of fundamental importance that we understand primary
uranium ore genesis, because it is the key to understanding all
uranium ore in the Grants uranium region. Moreover, the pri-
mary ore deposits in the San Juan basin appear to represent a
unique type of ore that has not been recognized elsewhere in
the world. For this reason, our modeling efforts are focused on
the genesis of primary ore. Because uranium mineralization
can be considered a consequence of the evolution of fluids dur-
ing the history of a basin and cannot, therefore, be isolated for
study, a discussion of basin history is crucial in order to provide
the context within which mineralization occurred.

General Description of the Grants Uranium
Region

The Grants uranium region, also known as the Grants min-
eral belt (Kelley, 1963), is located in the Chaco slope region of
the San Juan basin (Figure 1). Original discoveries of ore in the
Ambrosia Lake district tended to be in three elongate subparal-
lel trends that roughly parallel the southern margin of the basin
(Santos, 1970). In this region the ore-bearing sandstones are
several thousand feet deep, beneath a thick section of Creta-
ceous rocks; however, ore locally occurs at the outcrop along
the southern fank of the basin. Individual primary orebodies,
which are commonly on the order of a few feet thick, several
hundreds of feet wide, and thousands of feet long, also tend to
be elongate northwest-southeast within the overall trend of the
Grants uranium region (Granger et al., 1961). More recent dis-
coveries of primary ore deeper in the basin have caused the
"mineral belt" to lose its beltlike characteristics. The distribu-
tion of various ore deposit types is illustrated in Kirk and Con-
don (this volume).

Virtually all of the uranium ore in the Grants uranium region
occurs in sandstone of the Westwater Canyon Member and in
sandstone similar to the Westwater Canyon in the overlying
Brushy Basin Member of the Morrison Formation (Figure 2).
The undiscovered uranium endowment in sandstone of the
Westwater Canyon and in sandstone similar to the Westwater
Canyon is estimated at 2.6 (k 0.25) x 106 tonnes of U308
(McCammon et al., this volume).

Tectonic Evolution of the San Juan Basin

Regional Structural Features

The San Juan basin is a large structural basin in northwestern
New Mexico and southern Colorado, and is part of the Colorado
Plateau physiographic province of the western United States
(Kelley, 1955). The San Juan basin owes much of its present
configuration to latest Cretaceous to mid-Tertiary, Laramide
tectonic processes. It is bounded on the north by the San Juan

uplift, on the east by the Nacimiento uplift, on the south by the
Zuni uplift, and on the west by the Defiance uplift (Figure 1).
The Acoma sag and the Gallup sag (Figure 1) are two large syn.
clinal structures that flank the southeastern and southwestern
parts of the basin, respectively (Kelley, 1951). A northward-
dipping homoclinal structure along the southern part of the
basin is known as the Chaco slope; strata on the slope, includ-
ing the Morrison Formation, have a northward regional dip of
2°-10° into the basin. The rocks that fill the basin range in age
from early Paleozoic to late Tertiary (Wengerd and Matheny,
1958).

Summary of Tectonic Evolution

Although the present San Juan basin configuration has
resulted from Laramide tectonism, the ancestral basin appar-
ently has a history that dates back to at least the mid-Paleozoic
(Wengerd and Matheny, 1958). The oldest rocks exposed along
the southern margin of the basin are Pennsylvanian(?)Permian
conglomerates (Goddard, 1966) that unconformably overlie
Precambrian basement rocks of the Zuni uplift; Pennsylvanian
strata are known to thicken away from the uplift (Kelley and
Clinton, 1960; Jentgen, 1977). Permian rocks also thicken con-
siderably away from the Zuni uplift (Baars and Stevenson,
1977). These relationships help to establish that active uplift
near the present Zuni Mountains occurred at least as early as
the Pennsylvanian-Permian.

A later period of deformation occurred during the Middle and
Late Jurassic and during the Early Cretaceous, although most of
this deformation probably occurred in the Late Jurassic. Evi-
dence for this deformation is provided by an isopach map of the
Middle to Upper Jurassic rocks in the San Juan basin (Santos
and Turner-Peterson, this volume), as well as by documented
pre-Dakota Sandstone (pre-Upper Cretaceous) folds near
Laguna, New Mexico (Hilpert and Moench, 1960; Moench and
Schlee, 1967; and Hilpert, 1969). Late Jurassic folding (Kirk and
Condon, this volume) and faulting (Phelps, Zech, and Huffman,
this volume) can also be demonstrated. Depositional thinning
of members of the Morrison Formation onto the northern and
eastern flanks of the ancestral Zuni uplift suggests that this
uplift was active at that time (Silver, 1948; Maxwell, 1976; Rapa-
port, 1952; Thaden, Merrin, and Raup, 1967). This beveling is
illustrated in Condon and Peterson (this volume).

Southwestward truncation of Upper Jurassic rocks beneath
the Upper Cretaceous Dakota Sandstone attests to a period of
uplift and beveling that spanned at least 30 m.y. in the latest
Early Cretaceous or earliest Late Cretaceous. Successively older
rocks were eroded to the southwest by this beveling; the Brushy
Basin Member of the Morrison Formation was completely strip-
ped away in the vicinity of Gallup, New Mexico (Kirk and Con-
don, this volume), and the Westwater Canyon Member is
progressively thinned and eventually truncated farther south in
the Gallup sag area (Saucier, 1967; Condon and Peterson, this
volume).

During the Late Cretaceous, the northern part of the basin
began to accumulate thick sequences of marine sediments,
which suggests that the deeper part of the basin was in this area.
Many of the source rocks for oil and gas in the San Juan basin,
although they did not generate hydrocarbons until the Lara-
mide orogeny (Rice, 1983), were deposited at this time.

The San Juan basin assumed approximately its present struc-
tural configuration (Thaden and Zech, this volume) during the
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Laramide orogeny, a regional structural event that spanned a
time from Late Cretaceous to mid-Tertiary. The Zuni, Defiance,
and Nacimiento uplifts became prominent at the same time the
north side of the San Juan basin subsided, giving the Chaco
slope its present northerly dip (Kelley, 1963). The present struc-
tural axis of the basin (Figure 1), located north of Farmington,
New Mexico, took Mesozoic rocks to burial depths sufficient to
generate hydrocarbons. Depths to the Todilto Limestone Mem-
ber of the Wanakah Formation, a Middle Jurassic source rock in
this area, are as great as 8,000 ft (2,440 m) (Vincelette and Chit-
tum, 1981). Late Cenozoic uplift of the entire Colorado Plateau
region resulted in some minor adjustments along many previ-
ously formed structures, giving the basin its present configura-
tion (Hilpert and Moench, 1960).

Structural Setting of the San Juan Basin in the Middle to
Late Jurassic

The present configuration of the San Juan basin differs from
the configuration of the ancestral San Juan basin during the
Middle to Late Jurassic. Because of our interest in the Morrison
depositional system, we want to carefully reconstruct the basin
setting during the Late Jurassic.

Distribution of the Middle Jurassic Todilto Limestone Mem-
ber of the Wanakah Formation indicates the basin shape at a
time shortly before deposition of the Upper Jurassic Morrison
Formation. A map (Rawson, 1980) showing the distribution of
the Todilto Limestone suggests that the perimeter of the basin
was similar to the present perimeter; however, the basin appar-
ently had an outlet to the north (Ridgley and Goldhaber, 1983).
By the Late Jurassic, specifically during deposition of the
Brushy Basin Member of the Morrison, a closed hydrologic
basin existed, as indicated by the alteration of ash beds in a
manner characteristic of closed basin settings (Bell, this vol-
ume). The exact extent of the basin during Morrison deposition,
however, remains uncertain. For instance, along the southern
margin of the basin, evidence exists for thinning of the Morri-
son by both pre-Dakota truncation and by depositional thin-
ning (Rapaport, 1952; Thaden et al., 1967; Santos and
Turner-Peterson, this volume). It is evident, therefore, that the
Zuni uplift was active during deposition of the Morrison as well
as at other times in basin history.

The structural axis of the Late Jurassic San Juan basin was
evidently about 62 mi (100 km) south of the present structural
axis. Net sandstone maps of the Westwater Canyon Member of
the Morrison Formation show a depocenter in the southern part
of the basin during the Late Jurassic (Lupe, in press; Kirk and
Condon, this volume). A general thickening of Middle and
Upper Jurassic rocks, including the Morrison Formation, is con-
sistent with an inferred axis of greater deposition in the south-
ern part of the basin (Figure 4). This thickening is attributed to
slightly greater syndepositional downwarping in the vicinity of
the Middle to Late Jurassic structural axis area with respect to
the rest of the basin (Santos and Turner-Peterson, this volume).
Although aggradation of Middle to Late Jurassic rocks attests to
an overall subsidence of the entire basin, some areas were sub-
siding more rapidly than others, resulting in locally thicker
accumulations of sedimentary rocks. Late Jurassic thickening
has been demonstrated in the Morrison Formation (Kirk and
Condon, this volume).

In addition to the larger scale structural axis, smaller scale
structures within the basin were periodically active and influ-

[
Figure 4: Isopach map of Middle and UpperJurassic rocks in theSan

Juan basin (from Santos and Tumer-Peterson, this volume). Isopach
Interval is from the base of the Todilto Limestone Member of the
Wanakah Formation to the base of the Dakota Sandstone (see Figure
2). Thickening of these strata in the southern part of the basin suggests
that this area was the deepest part of the basin in the Middle to Late
Jurassic. Note the subbasin in the southeast part of the area; here the
Jackpile sandstone thickens into an inferred syncline and is mineral-
ized. Dashed line in the southern part of the area marks the southwest-
ern limit of the Brushy Basin Member; pre-Dakota erosion has
completely truncated the Brushy Basin southwest of this line. Dots
indicate drill holes; triangles are surface sections. Contour interval 100
It (30 in).

enced distribution of sediments during the Late Jurassic
(Hilpert and Corey, 1957; Hilpert and Moench, 1960; Schlee
and Moench, 1961; Saucier, 1976; Kirk and Condon, this vol-
ume). Predominantly northwest-trending folds, actively grow-
ing during the Late Jurassic, resulted in similarly trending
depocenters of Morrison sediments. These depocenters, recog-
nized by Saucier (1976) and Galloway (1980), are particularly
well documented by isopach maps of the Westwater Canyon
(the main host sandstone) and Brushy Basin Members (see Kirk
and Condon, this volume). Seismic reflection surveys indicate
that reactivation of basement faults during the Jurassic resulted
in both drape-folding and local development of graben struc-
tures in overlying sediments (Phelps, Zech, and Huffman, this
volume). Areas of subsidence, which included syndines in
areas of folding and grabens in areas of faulting, accumulated
greater thicknesses of sandstone than surrounding areas (Kirk
and Condon, this volume). Most of the uranium ore in the
Grants uranium region occurs within these zones of thicker sed-
iment accumulation (Kirk and Condon, this volume).

Although tectonism within the basin, such as folding and
faulting, locally controlled sediment distribution during Morri-

- - - - - - -
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son deposition, tectonism in the source area also plaved a fun-
damental role in controlling deposition and composition of
Morrison sediments. Paleocurrent studies indicate that the
source areas for sandstone in the Morrison Formation, espe-
cially of the Westwater Canyon Member, lay to the west and
southwest (Turner-Peterson et al., 1980). Provenance studies
confirm that much of the Morrison detritus originated from
source areas hundreds of kilometers west and southwest of the
San Juan basin and off the edge of the Colorado Plateau, per-
haps in southern Arizona or northern Mexico (Cadigan, 1967;
Martinez, 1979; Silver and Williams, 1981; Hansley, this vol-
ume, a; Turner-Peterson, this volume). Reconstruction of Late
Jurassic paleogeography indicates that a large magmatic arc
existed west of the San Juan basin in the vicinity of the postu-
lated source area of Morrison sediments (Burchfiel and Davis,
1975; Hamilton, 1978; see also Santos and Turner-Peterson,
this volume). Uplift in the arc region associated with emplace-
ment of granitic batholiths must have established the topo-
graphic gradients necessary for streams to deliver detritus from
the source areas to the basin. Volcanism associated with the
emplacement of granitic batholiths probably provided the large
quantities of volcanic ash incorporated into Morrison sedi-
ments. Prevailing winds blew eastward (Poole, 1962; Peterson
and Condon, 1984), carrying the airborne volcanic ash to the
San Juan basin. Although rocks similar to detrital lasts and
rock fragments in the Morrison occur in southeastern Arizona
(Marvin et al., 1973; Silver and Williams, 1981; Kluth, 1983),
strike-slip movement in the Cordilleran area subsequent to the
Late Jurassic makes precise paleogeographic reconstructions
difficult and exact source areas impossible to identify (Hamil-
ton, 1978; Burchfiel and Davis, 1975). Although a large compo-
nent of Morrison sediments was of plutonic or volcanic origin,
the source of sediments was not exclusively igneous (Hansley,
this volume, a; Tumer-Peterson, this volume).

Stratigraphy and Depositional Environments of
the Morrison Formation

The Late Jurassic San Juan basin area was filled entirely by
continental sediments, which accumulated in the slowly sub-
siding basin. The sequence of fluvial, lacustrine, and eolian
rocks that composes the Morrison in this region reaches an
average thickness of about 500 ft (150 m) in the basin. Three of
the members (in ascending order)-the Recapture, Westwater
Canyon, and Brushy Basin Members (Figure 2)-were defined
elsewhere on the Colorado Plateau; they occur throughout the
San Juan basin. A fourth and lowest member, the Salt Wash,
although extensive elsewhere on the Colorado Plateau, occurs
only in the Four Comers region of the San Juan basin (Craig et
al., 1955) and is not discussed further. The Jackpile sandstone
of economic usage is a local unit recognized as an uppermost
sandstone at the top of the Morrison along the east side of the
basin. Discussion of the stratigraphy of the Morrison Formation
as a single depositional package is appropriate because of the
interfingering relationships of its members (Figure 5). Continu-
ous deposition of the Morrison, in both outcrop exposures and
subsurface sections, is shown by interbedding of lithologies
similar to the Recapture in the lower part of the Westwater Can-
yon and of lithologies similar to the Brushy Basin in the upper
part of the Westwater Canyon (Turner-Peterson et al., 1980;

Kirk and Condon, this volume). However, each member can be
discussed separately in terms of overall depositional environ-
ments, because each is characterized by a specific facies or
group of facies. This approach is similar to that recommended
by Green (1975), who suggested that Jurassic rocks in the San
Juan basin be discussed in terms of "paleodepositional units."

Recapture Member

The Recapture Member, the oldest member of the Morrison
in the Grants uranium region, represents a variety of deposi-
tional environments, a characteristic that had led to difficulties
in deciphering the stratigraphic relationships between the
Recapture and underlying rocks. The problem was that, in the
southwestern part of the basin, eolian beds in the Recapture are
not readily distinguished from eolian beds in underlying units
of the San Rafael Group (Figure 2), and the contact here may
locally be a paraconformity. Condon and Peterson (this volume)
believe that in spite of this local similarity in depositional envi-
ronments, a consistent boundary between the Recapture and
underlying rocks is not difficult to trace around most of the rest
of the basin.

The Recapture Member was deposited in a mixture of eolian,
fluvial, and lacustrine environments within the San Juan basin
(Saucier, 1967; Condon and Peterson, this volume). Thick
eolian sandstone units, whose crossbedding indicates that pre-
vailing winds blew to the east-northeast, are largely confined to
the southwestern part of the basin, where set thicknesses of up
to 80 ft (22 m) are known (M. W. Green, 1978, oral communica-
tion). Interbedded with eolian sandstones are abundant fine-
grained burrowed sandstones, and red siltstones and
mudstones. A low-energy fluvial and lacustrine origin has been
ascribed to most of the member, although environments of dep-
osition differ considerably, both laterally and vertically, making
detailed facies analysis difficult. For example, the Recapture
interval consists almost entirely of fluvial sandstone units along
the northwest side of the basin, in contrast with an almost
entirely eolian Recapture along the outcrop north and east of
Gallup (Condon and Peterson, this volume). Near Laguna, in
the southeastern part of the basin, the interval is occupied
chiefly by limestone beds (Turner-Peterson et al., 1980).

Westwater Canyon Member
The Westwater Canyon Member, the major sandstone ura-

nium host rock in the basin (McCammon et al., this volume),
overlies the Recapture Member and represents an influx of flu-
vial sediments into the basin. The erosional nature of the fluvial
sandstone at the base of the Westwater Canyon observed in
many outcrop exposures results in a sharp scoured contact
between the Westwater Canyon and the Recapture. Although
this relationship suggests that the boundary between the two
members is sharp, interfingering has been documented locally,
both at the surface (Green and Jackson, 1975; Robertson and
Jackson, 1975; Turner-Peterson, this volume) and in the sub-
surface (Kirk and Condon, this volume). For a more complete
discussion of this problem, see Condon and Peterson (this vol-
ume).

The Westwater Canyon Member and similar fluvial units in a
zone of intertonguing with the overlying Brushy Basin Member
consist mostly of crossbedded, fine- to medium-grained arkoses
and lithic arkoses (Cadigan, 1967; Steele, 1984) that are locally
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Figure 5: Schematic diagram of the Morrison Formation, southern San Juan basin, showing distribution of ore-bearing sandstones. (Modified
slightly from Hilpert, 1963).

conglomeratic and were deposited chiefly in braided-stream flu-
vial environments (Craig et al., 1955; Turner-Peterson, this vol-
ume; Bell, this volume). On the outcrop the Westwater Canyon
contains vertically stacked cosets of crossbedded sandstone
that are locally truncated by scour surfaces lined with clay rip-
up clasts. The streams that deposited the Westwater Canyon
drained source terranes that exposed to erosion a variety of
igneous, metamorphic, and sedimentary rocks (Hansley, this
volume, a; Turner-Peterson, this volume). Streams that deliv-
ered detritus to the basin flowed generally to the northeast, east,
and southeast (Craig et al., 1955; Turner-Peterson, this vol-
ume). As mentioned earlier, provenance studies based on clast
compositions (Martinez, 1979; Turner-Peterson, this volume)
and age of clasts (Lee and Brookins, 1978) suggest that the
source for detritus carried by Morrison streams was to the west
and southwest of the edge of the present Colorado Plateau. For
example, Precambrian dates for rmicrocline pebbles in the
Westwater Canyon, based on K-Ar age determinations (Lee and
Brookins, 1978), require that Precambrian granites or pegma-
tites were exposed in the source area. At the time of Morrison
deposition, granitic rocks of this age were not exposed in the
Colorado Plateau region, indicating that the streams necessarily
drained source terranes farther west and southwest. Similarly,
chert pebbles that contain late Paleozoic marine fossils are
found in the Westwater Canyon, and these necessarily were
derived from Paleozoic marine limestones that were exposed
only to the west and southwest of the Plateau region; rocks of
this type did not crop out in the Plateau region during the time
of Morrison deposition.

An important consequence of the provenance studies of the
Westwater Canyon is the long transport distances that appar-
ently were required to deliver detritus to the basin from source
areas at least several hundred kilometers to the west. These
transport distances require modification of earlier ideas con-
cerning Westwater Canyon fluvial deposition on an alluvial fan
(Craig et al., 1955; Galloway, 1978, 1980). This inferred fan had
been divided into proximal, mid-fan, and distal fan deposits,
with the proximal facies and fan apex located near an isopach
thick in the Gallup area (Galloway, 1978, 1980). Recent studies

suggest that this fan concept is not consistent with the nature of
fluvial deposition observed in the Westwater Canyon and that
fluvial deposition on a braided alluvial plain is perhaps a better
analogy (Turner-Peterson et al., 1980; Turner-Peterson, this
volume). For the Westwater Canyon, a braided stream model
accommodates the more distant source areas indicated by prov-
enance studies, whereas an alluvial fan model requires both
considerable relief and unreasonable source rocks to be present
in the area just southwest of Gallup. The thickening of the
Westwater Canyon, north of Gallup, formerly thought to repre-
sent the apex of a fan, can more readily be attributed to greater
sediment accumulation in response to syndepositional down-
warping (Santos and Turner-Peterson, this volume; Turner-
Peterson, this volume; Kirk and Condon, this volume). In
addition, paleocurrent directions are not compatible with the
concept of a radiating fan emanating from an area south of Gal-
lup, and no proximal fan facies is present anywhere in the San
Juan basin area (Turner-Peterson, this volume). Nevertheless, it
is possible that braided stream sediments of the Westwater Can-
yon were deposited in a distal fan environment, with the proxi-
mal facies located several hundred kilometers to the west, at the
point where streams issued from mountains in the source area.

In addition to detritus delivered by braided streams, the San
Juan basin received an air-fall volcanic ash contribution to the
sediment during deposition of the Westwater Canyon Member.
Some euhedral apatite and zircon and some titanium-rich bio-
tite(Hansley, this volume, a) were probably air-fall in origin, but
direct petrographic evidence for volcanic ash in the Westwater
Canyon is rare. That volcanic ash was originally incorporated
within the member, however, is a reasonable inference
because the sandstone beds of the Westwater Canyon interfin-
ger with the Brushy Basin, which contains discrete beds of
altered tuff (Santos, 1970; Bell, 1981, 1983; Bell, this volume).
Reworking of air-fall volcanic material in a fluvial environment,
resulting in the admixture of ash and detrital grains, would
have diluted the abundance of ash originally incorporated into
these coarser units.

1"K" shales (Figure 2), or the finer grained interbeds within
the Westwater Canyon Member, were deposited in a variety of
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overbank and lacustrine environments. Where these interbeds
are red mudstone, siltstone, and sandstone, an overbank or oxi-
dizing mudflat environment is inferred. Where these interbeds
consist of greenish-gray, locally pyritic mudstone and clay-
stone, they are interpreted to have been deposited in a reducing
lacustrine mudflat environment (Bell, this volume; Turner-
Peterson, this volume). In the Grants uranium region, beds
called "K" shale compose between 10 and 40% of the section
and are more numerous in the upper part of the Westwater Can-
yon Member than in the lower part (Santos, 1963). In the main
ore trends, "K" shales occupy less than 10% of the section (Kirk
and Condon, this volume).

Carbonaceous detritus is generally dispersed throughout the
Westwater Canyon Member, chiefly in the form of carbonized
and silicified logs and macerated plant debris (Rapaport, 1963;
Saucier, 1967; Thaden, Merrin, and Raup, 1967). Large local
accumulations of logs indicate that log jams occurred in the
braided stream channels. Plant fragments recovered from a
greenish-gray mudstone bed within the Westwater Canyon
from one of the mines ip the Ambrosia Lake district have been
identified as ginkgophytes (Sid Ash, 1982, oral communica-
tion), and large cycads have also-been reported from the mem-
ber (R. Thaden, 1982, oral communication). Preservation of the
delicate ginkgophytes suggests that long-distance transport can
be ruled out, whereas many of the larger trees and macerated
plant debris could well have been transported great distances.

Brushy Basin Member

Overlying and interfingering with the Westwater Canyon
Member is the Brushy Basin Member, a unit that rivals the
Recapture in variety of lithology. Because interfingering.
between the Westwater Canyon and Brushy Basin Members is
regionally extensive, the contact between the two is somewhat
arbitrary (Santos, 1963; Hilpert, 1963; Kirk and Condon, this
volume). Beds of greenish-gray bentonitic mudstone in the
upper part of the Westwater Canyon, identical to greenish-gray
bentonitic mudstones of the overlying Brushy Basin, are
referred to as "K" shales (Figure 2) by industry geologists, and
are used as marker beds to subdivide the ore-bearing sandstone
intervals of the Westwater Canyon. Similarly, the term Poison
Canyon sandstone of economic usage has been applied to any
fluvial sandstone within the lower part of the Brushy Basin that
compositionally and texturally resembles sandstone of the
underlying Westvater Canyon. The term was originally coined
for a specific fluvial sandstone that is similar to the Westwater
Canyon and occurs in the Brushy Basin Member in an area
north of Grants (Zitting et al., 1957). The term has since been
extended arbitrarily elsewhere in the basin to apply to any
sandstone in the Brushy Basin that is like the Westwater Can-
yon, regardless of stratigraphic position. The resulting confu-
sion has led subsequent workers to suggest that the term Poison
Canyon be abandoned (Santos, 1970), a worthwhile recom-
mendation considering the interfingering between the Westwa-
ter Canyon and the Brushy Basin (Figure 5).

The Brushy Basin Member undergoes major lateral facies
changes, from fluvial sandstone beds that are like the Westwa-
ter Canyon to low-energy lacustrine deposits (Bell, this vol-
ume). Progressive facies transitions in the member, from
alluvial plain to mudflat to playa, occur in a generally southwest
to northeast direction (Figure 6). Most of the lacustrine sedi-

ments were deposited in a saline-alkaline lake, in which vol-
canic ash was altered to a variety of authigenic minerals (Bell,
this volume).

The fluvial facies of the Brushy Basin, which consists of sand-
stones that resemble the Westwater Canyon, locally forms thick
lenses within the Brushy Basin Member. In the southwestern
part of the basin, this facies commonly occupies the entire
Brushy Basin interval and represents the alluvial plain facies of
the Brushy Basin (Bell, this volume). The alluvial plain facies of
the Brushy Basin represents the continuation of deposition of
sediments similar to the Westwater Canyon along the southern
margin of the basin during Brushy Basin time, when a saline-
alkaline lake facies developed farther basinward.

Conglomeratic sandstone and lenses of crossbedded con-
glomerate occur locally in the Brushy Basin Member. The
coarseness of some of the pebbles and cobbles rivals the coarse-
ness of those in the WVestwater Canyon. These units probably
represent periodic influxes of relatively high-energy streams,
which would be expected to accompany deposition in the semi-
arid environment envisioned for the Brushy Basin.

Not all sandstone in the Brushy Basin Member lithologically
resembles sandstone in the Westwater Canyon. Perhaps more
typical of the Brushy Basin, as might be expected in the gener-
ally lower energy environments that characterize this member,
are very-fine- to fine-grained sandstone units that were proba-
bly deposited in either a low-energy fluvial or marginal lacus-
trine environment. These sandstone units differ from those
typical of the Westwater Canyon in their fine grain size and in
their tendency to fine upward, as evidenced by their response
on geophysical logs (Kirk, Huffman, and Zech, this volume).

Away from the influence of high-energy streams, volcanic
ash that accompanied deposition of the Brushy Basin was pre-
served as discrete tuff beds. As many as 30 individual tuff beds,
from less than an inch (2 cm) to several feet (I m) thick, can be
recognized locally within the Brushy Basin Member, and much
of the rest of the unit is tuffaceous (Bell, 1981). Calcite and zeo-
lite pseudomorphs of volcanic shards have been observed,
which indicates that the ash was probably not transported or
reworked to any great extent in the low-energy environments of
the Brushy Basin. Volcanic ash deposited in the saline-alkaline
lake altered predominantly to smectite in the mudflat zone, to
clinoptilolite farther basinward, and ultimately to analcime and
authigenic potassium feldspar in the most distal or central part
of the basin.

The regional distribution of the authigenic facies in the
Brushy Basin (Figure 6) closely resembles that observed in
other saline-alkaline lakes that develop in a closed basin setting
(Bell, 1981; Bell, this volume). Discrete beds bf authigenic min-
erals, where they exist in the Brushy Basin, suggest deposition
and alteration of ash in standing water characteristic of a saline-
alkaline lake; where boundaries between beds of authigenic
minerals are diffuse, however, more playa-like conditions are
suggested (R. L. Hay, 1983, oral communication). The fades
boundaries shown in Figure 6 were determined by the first sig-
nificant appearance basinward of the diagnostic mineral for
each facies. For example, the boundary between clinoptilolite
and smectite marks the southern limit of the clinoptilolite
facies; clinoptilolite may occur anywhere north of the line, but
little or none is known to occur south of the line. One thin bed
or scattered grain-sized aggregates of a diagnostic mineral were
not considered sufficient to define the next basinward facies.
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Delimiting the first significant occurrence of each diagnostic
alteration product results in a striking regional pattern. These
facies changes occur over a distance of only a few kilometers,
even though interfingering occurs among the facies (Bell, this
volume). As a result, even though facies shifted laterally
through time, analcime remained restricted to the more distal
or central region of the lacustrine basin.

Other lithologies in the Brushy Basin include nontuffaceous
mudstone as well as local limestone and authigenic chert beds.
Charophytes, a group of nonmarine aquatic plants that live
entirely submerged in shallow water, have been reported from
some of the limestones and indicate a lacustrine origin for these
beds (Peck, 1956; Martinez, 1979).

The Brushy Basin Member locally contains organic material.
Fluvial sandstone beds within the Brushy Basin contain some
plant fragments and logs. Greenish-gray mudstone units locally
contain plant detritus (Bell, this volume) and blebs of organic
material (P. L. Hansley, 1984, oral communication); pyrite has
also been reported from-the greenish-gray mudstones (Squyres,
1970; Hicks et al., 1980).

Jackpile Sandstone of Economic Usage

The Jackpile sandstone of economic usage, recognized as a
thick fluvial sandstone unit at the top of the Brushy Basin Mem-
ber in the Laguna area and locally along the east side of the
basin, is the uppermost sandstone of the Morrison Formation in
the San Juan basin. The Jackpile is also of considerable eco-
nomic significance in that the unit contains large primary ore-
bodies. Thick accumulation of sandstone in this area probably
reflects syndepositional downwarping in the area north of
Laguna, which created a locus of deposition (Moench and
Schlee, 1967; also see Santos and Turner-Peterson, this vol-
ume). Interfingering between fluvial sandstones of the Jackpile
and greenish-gray mudstones of the Brushy Basin (Beck et al.,
1980; Aubrey, this volume) confirms the continuity of Morrison
deposition in this area.

The Jackpile sandstone is disconformably overlain, at least in
the area north of Laguna (which includes the Jackpile mine
area), by the Encinal Canyon Member of the Upper Cretaceous
Dakota Sandstone (Aubrey, this volume). The Encinal Canyon
Member is a fluvial sandstone that closely resembles the under-
lying Jackpile and commonly has been mistakenly considered
as part of the Jackpile (Landis, Dane, and Cobban, 1973; Beck et
al., 1980). The importance of distinguishing the two units, sepa-
rated by an unconformity that probably spans most of the Early
Cretaceous, is that only the Jackpile, which is part of the Morri-
son Formation, contains primary orebodies. Additionally, an
earlier field observation that primary ore in the Jackpile sand-
stone was truncated by an overlying fluvial sandstone of pre-
sumed Dakota age (Nash and Kerr, 1966), can now be
confirmed by regional recognition of the Encinal Canyon Mem-
ber of the Dakota Sandstone (Aubrey, this volume). This places
important time constraints on the age of primary uranium min-
eralization. Misplacement of the pre-Dakota truncation surface
at the base of the marginal marine Oak Canyon Member of the
Dakota Sandstone (commonly known as the "Dakota ledge")
has also led to the incorrect impression that there was little
relief on this major unconformity. Now that the base of the
Dakota is placed below the fluvial Encinal Canyon Member,
where present, this surface is known to have considerable relief
(Aubrey, this volume).

Climate During Morrison Deposition

An arid to semiarid climate probably existed during most of
Morrison deposition. Extensive eolian deposition in the Recap.
ture Member suggests that relatively arid conditions existed at
that time. Development of a saline-alkaline lake environment
during deposition of the Brushy Basin Member suggests that the
climate probably did not change significantly throughout Morri-
son deposition. Influx of fluvial sediments during Westwater
Canyon time most likely reflects uplift in the source area rather
than any significant change in climate. The inference of
semiaridity during Westwater Canyon deposition is corrobo-
rated by the extensive interfingering between the Westwater
Canyon and the Brushy Basin Members. At one outcrop local-
ity, the entire Brushy Basin interval is occupied by sandstones
that are similar to the Westwater Canyon; basinward, the same
interval contains saline-alkaline lake deposits-and it would be
unreasonable to infer two different climates for lateral facies.
Logs and plant debris that are scattered throughout the Westwa-
ter Canyon are not indicative of the amount of rainfall in the
basin during Morrison deposition, because much of this detrital
organic material may have been derived from higher efevations
closer to the source area where increased rainfall promoted
more prolific vegetation. Some of the vegetation also may have
flourished in a narrow band along stream courses.

Diagenetic Alterations of Host Rocks

After deposition of the Morrison Formation, diagenesis pro-
duced a variety of alterations, including precipitation of authi-
genic minerals and selective dissolution of both detrital and
earlier precipitated authigenic constituents. Several of these
alterations undoubtedly began soon after sediment deposition,
owing to the highly unstable and reactive nature of some detri-
tal constituents, including volcanic material and detrital carbo-
naceous debris. For this reason, the paragenetic sequence of
host-rock alterations shown in Figure 7 begins with deposition
of the Morrison Formation.

Primary uranium mineralization, itself a diagenetic alteration
event, occurred early in the temporal sequence of alterations
(Figure 7), and in fact occurred soon after Morrison deposition,
(Fishman, Reynolds, and Robertson, 1985). Authigenic smecti-
tic clays, presumed to have formed shortly after Morrison depo-
sition, and therefore approximate the age of sedimentation,
yield Rb/Sr (rubidium-strontium) radiometric ages of 131 i 26
m.y. (Lee and Brookins, 1980). Minimum ages of primary ore
within Morrison sandstones range from 115 to 132 m.y., based
on U/Pb (uranium-lead) isotopic data (Ludwig, Simmons, and
Webster, 1984). This indicates that uranium mineralization
occurred shortly after Morrison sediments were deposited.

In this chapter, precipitation of the pore-filling organic mate-
rial associated with primary ore is taken to be the ore-stage dia-
genetic event to which all other alterations are related
paragenetically (Figure 7). Uranium may have been introduced
with the organics (Fishman and Reynolds, this volume). Once
the organics precipitated, uranium enrichment probably con-
tinued over some period of time (Webster, 1983; Hansley, this
volume, b) to form the ore deposits. Therefore, it is difficult to
consider all uranium enrichment as an event synchronous with
precipitation of the organics. Nevertheless, localization of ura-
nium ore in the host sandstone began with precipitation of the
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Figure 7: Paragenetic sequence for diagenetic alterations in sand-
stones of the Morrison Formation in the Grants uranium region.

I

pore-filling organic material; for this reason, precipitation of
organics is chosen as the diagenetic event that marks the onset
of uranium mineralization and is shown as such in the parage-
netic sequence (Figure 7). Alterations that preceded precipita-
tion of pore-filling organic material are, therefore, referred to as
preore alterations; postore alterations, exclusive of the proba-
ble continued enrichment of the organics with uranium, are
those that followed precipitation of the organic material.

Data used to construct the paragenetic sequence (Figure 7)
are largely drawn from petrographic studies of mineralized
sandstones similar to the Westwater Canyon in the lower part of
the Brushy Basin Member (Fishman and Reynolds, this vol-
ume) and in the Westwater Canyon Member proper (Granger
and Santos, this volume; Hansley, this volume, b). Also
included are data from studies of unmineralized rock primarily
in the Westwater Canyon Member (Hicks et al., 1980; Adams
and Saucier, 1981; Hansley, this volume, b). Uranium mineral-
ization in the Jackpile sandstone is not discussed extensively,
because our studies were focused on the Westwater Canyon
Member.

Pre-Primary-Ore Alterations
Alterations that preceded primary uranium mineralization in

the Grants uranium region include precipitation of some iron
disulfide (FeS2j minerals (both pyrite and marcasite, with pyrite
the more abundant), and some smectite or smectite-rich mixed-
layer clays, partial dissolution of detrital plagioclase and sani-
dine, and minor quartz and potassium feldspar overgrowths
(Figure 7; Granger, 1962; Austin, 1963, 1980; Sachdev, 1980;
Adams and Saucier, 1981; Fishman and Reynolds, this volume;
Granger and Santos, this volume; Hansley, this volume, b;
Whitney, this volume). The sulfur isotopic composition of the
preore FeS: minerals in and near the Mariano Lake deposit
ranges from -20 per mil to -38 per mil (Fishman and Rey-
nolds, this volume), values that suggest the sulfide sulfur incor-

porated into these minerals was derived by bacterial reduction
of aqueous sulfate (Jensen, 1963; Goldhaber and Kaplan, 1974).
Detrital carbonaceous debris in the Morrison host sandstone
beds probably provided the food necessary for these sulfate-
reducing bacteria.

Early alteration of volcanic ash incorporated in Morrison
sandstones probably accounts for the widespread distribution
of pore-filling preore smectite and illite-smectite in the sand-
stone (Whitney, this volume). Dates on smectite are consistent
with formation of these clays soon after Morrison deposition; in
fact, the ages roughly approximate the timing of Morrison depo-
sition (Lee and Brookins, 1980). Petrographic observations con-
firm that smectite formed early in the paragenetic sequence of
alterations (Figure 7; Granger, 1962; Lee and Brookins, 1978;
Hansley, this volume, b; Fishman and Reynolds, this volume).
Similar early alteration by dissolution of unstable and highly
reactive volcanic ash grains has been documented in other
rocks (Hay, 1966; Sheppard and Gude, 1968; Zielinski, 1982).

Preore authigenic quartz and potassium feldspars occur as
small overgrowths on detrital grains. These overgrowths incor-
porate previously precipitated FeS2 minerals and are in turn
coated by pore-filling organic material (Fishman and Reynolds,
this volume).

Additional preore alterations include partial dissolution of
some detrital plagioclase grains (Figure 8; Adams et al., 1978;
Fishman and Reynolds, this volume) and more extensive disso-
lution of detrital iron-titanium (Fe-Ti) oxide grains such as mag-
netite and ilmenite, leaving TiO2 relicts (Figures 8, 9; Adams,
Curtis, and Hafen, 1974; Fishman and Reynolds, this volume;
Reynolds et al., this volume). Similar alterations have also been
observed in the Jackpile sandstone (Adams, Curtis, and Hafen,
1974; Adams et al., 1978). Dissolution of these grains is of inter-
est in that their alteration resulted in development of secondary
porosity in the form of hollowed grains, some of which were
subsequently filled by precipitation of ore-related phases. How-
ever, the absence of ore-related phases in some of these dis-
solved grains suggests that dissolution of these detrital grains
may have continued after primary uranium mineralization
(Hansley, this volume, b).

Primary Ore-Related Alterations

Precipitation of pore-filling organic material in ore zones was
the most common and important ore-stage alteration. The
organic material coats detrital grains as well as previously
formed authigenic minerals, and also fills primary and second-
ary voids formed by dissolution (Figure 8). Uranium is every-
where coextensive with organic material (Haji-Vassiliou and
Kerr, 1973; Granger and Santos, this volume; Fishman and
Reynolds, this volume; Hansley, this volume, b), but it also may
be concentrated on the peripheries of the organic material that
coats grains (Webster, 1983). The close physical association
between uranium and organic material is also indicated by the
positive correlation between whole-rock abundances of ura-
nium and organic carbon (Squyres, 1970; Leventhal, 1980;
Spirakis and Pierson, this volume; Fishman and Reynolds, this
volume; Granger and Santos, this volume). Although some of
the uranium intimately associated with the pore-filling organic
material is probably in the form of urano-organic complexes,
some of the uranium also occurs as discrete minerals within the
organic material. Coffinite, a uranium silicate mineral, was
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Figure 8: A. Photomicrograph of a detrital plagioclase grain in which uraniferous organic material (0) fills secondary voids left by postdeposi-
tional dissolution. Note that organic material also coats detrital grain surfaces. Photomicrograph taken using plane light. Bar is 0.3 mm long. B.
Photomicrograph of a completely dissolved detrital magnetite grain infilled by uraniferous organic material (0). Alteration of original magnetite
has removed iron, leaving TiO2 (Ti) concentrated along former ilmenite lamellae. Note that organic material also coats detrital grains and fills the
intergranular void shown in the lower right. Photomicrograph taken in oil using vertically reflected light. Bar is 0.07 mm long.

identified in primary ore samples by x-ray diffraction methods
(Granger and Santos, this volume; Fishman and Reynolds, this
volume; Hansley, this volume, b). In addition, microprobe anal-
yses indicate that in many areas uranium and silicon are coex-
tensive within the organic material, suggesting the presence of
cryptocrystalline coffinite (Hansley, this volume, b); however,
coffinite was not observed petrographically (Granger and
Santos, this volume), nor were discrete coffinite grains seen
during SEM (scanning electron microscope) investigations
(Fishman and Reynolds, this volume). Hence, it is unclear how
much of the uranium in the primary deposits occurs as crypto-
crystalline or submicroscopic coffinite dispersed throughout
the organic material and how much uranium may occur as an
unidentified urano-organic complex.

Iron disulfide (FeS,) minerals, dominantly pyrite, fill inter-
granular pores and are intergrown with uraniferous organic
material, and thus they are additional ore-stage alterations.
Moreover, the positive correlation between whole-rock abun-
dances of uranium and sulfur corroborates the enrichment of
FeS2 minerals in ore zones determined petrographically (Fish-
man and Reynolds, this volume). Electron microprobe analyses
reveal that ore-stage FeS2 minerals commonly contain sele-
nium (Fishman and Reynolds, this volume), which probably
accounts for the anomalous concentrations of selenium
reported in some primary ores (Granger et al., 1961). The sulfur
isotopic composition of ore-stage FeS2 minerals from the
Mariano Lake deposit is light, ranging from -25 per mil to
-45 per mil (Fishman and Reynolds, this volume), which is
suggestive of a biogenically derived origin for the sulfide sulfur.

Jordisite (amorphous MoSJ occurs in the vicinity of many ore
zones (Granger and Ingram, 1966; Granger and Santos, this vol-
ume; Squyres, 1970). Although the paragenetic relationships
between jordisite and the organic material are not clear cut, the
coating of apparently preore quartz overgrowths by jordisite
suggests that jordisite may, in fact, be an ore-stage mineral.
However, jordisite-enriched rock rarely occurs within ore zones
but is more common in unmineralized rock adjacent to ore
(Granger and Santos, this volume; Squyres, 1970).

Authigenic chlorite is found throughout the host sandstones
in the Morrison; however, it is enriched in primary ore zones
(Granger, 1962; Lee and Brookins, 1978; Fishman and Rey-
nolds, this volume; Hansley, this volume, b; Whitney, this vol-
ume). The ore-zone chlorite (in rosette habit) is typically
vanadium bearing, whereas morphologically similar chlorite in
unmineralized sandstone is not vanadiferous (Lee and
Brookins, 1978; Hansley, this volume, b; Whitney, this volume;
Fishman and Reynolds, this volume). Most of the ore-zone chlo-
rite, which is commonly intergrown with microcrystalline
quartz (Fishman and Reynolds, this volume), is also intergrown
with and superimposed upon organic material; it therefore
accompanied and partially postdated precipitation of the
organic material.

Post-Primary-Ore Alterations

Postore alterations include dissolution'of detrital plagioclase;
precipitation of large quartz and potassium-feldspar overgrowths,
authigenic potassium feldspar as replacement rims on unstable
detrital feldspar grains, and microcrystalline pore-filling potas-
sium feldspar; deep etching of detrital garnets (Hansley, this vol-
ume, a); and precipitation of carbonate and sulfate cements, ferric
oxides, and kaolinite (Austin, 1963; Squyres, 1970; Hicks et al.,
1980; Granger and Santos, this volume; Hansley, this volume, b;
Fishman and Reynolds, this volume). Dissolution of detrital cal-
cic plagioclase and sanidine grains, which began before organic
precipitation, continued along with other postore alterations, and
was accompanied locally by albitization of skeletal grains
(Hansley, this volume, b).

Precipitation of minerals related to the formation of redistrib-
uted orebodies can be considered in terms of additional post-
primary-ore alteration. Mineral associations within
redistributed orebodies include uranium, vanadium, selenium,
and FeS2 minerals (Granger, 1963; Squyres, 1970; Granger and
Santos, this volume). The spatial distribution of these minerals
throughout the basin is discussed more fully in a subsequent
section.
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A 1 3 4 a 6 7 A Figure 9: A. Stratigraphic section from core fence A-A' (see Figure
1), showing alteration zones of Fe-Ti oxide minerals in Morrison sand-
stones based on petrography of core samples and bore-hole magnetic-
susceptibility data. (See Reynolds et al., this volume for location of core
holes). The dashed line separates a zone of nearly complete destruc-
tion of Fe-Ti oxides in the uppermost Westwater Canyon from a zone
of preservation of these minerals lower in the Westwater Canyon.
(From Reynolds et al., this volume). B. Photomicrograph of dissolved
Fe-Ti oxide grain from a sandstone in the upper Westwater Canyon in
core 3, collected from the depth noted by an asterisk (1) on A (this fig-
ure). Grain is nowTiO2 concentrated along former ilmenite lamellae of
an original titanomagnetite grain. Iron has been completely removed
from this grain. Photomicrograph taken using vertically reflected light
in oil. C. Photomicrograph of unaltered Fe-Ti oxide grain (titano-
magnetite) from sandstone in the lower Westwater Canyon in core 3,
collected from the depth noted by two asterisks ( ) on A (this figure).
Photomicrograph taken using vertically reflected light in oil.
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Alteration Patterns

Mapping the distribution of diagenetic alterations is critical in
that identifying the nature and flow pathways of distinctive flu-
ids, including those associated with primary uranium mineral-
ization, places important geochemical and hydrologic
constraints upon postulated genetic models. Detailed petro-
graphic studies have revealed numerous alterations; however,
preore and ore-stage alterations are considered most important
as guides for model building because they provide information
on the hydrogeochemical conditions preceding and accompa-
nying primary uranium mineralization. In this chapter, only
those host-rock alterations confined to intervals that include
ore zones are considered important in building models that
explain primary uranium mineralization in the Grants uranium
region.

Alteration of detrital Fe-Ti (iron-titanium) oxide mineral
grains is of particular interest, because all known primary ore-
bodies occur within a zone in the upper part of the Westwater
Canyon that is characterized by completely dissolved detrital
Fe-Ti oxides (Figures 9, 10; Adams and Saucier, 1981; Reynolds

et al., this volume). Moreover, undissolved Fe-Ti oxide grains
are largely restricted to the lower part of the Westwater Canyon
Member in zones that are completely devoid of primary ore-
bodies (Adams and Saucier, 1981). In an intervening zone
between the zones of complete destruction and preservation,
partly dissolved Fe-Ti oxide grains are typical. The overall pat-
tern, therefore, indicates a downward decrease in the intensity
of Fe-Ti oxide destruction (Reynolds et al., this volume). Dis-
solved Fe-Ti oxides are also common in sandstone units in the
Brushy Basin Member that are similar to the Westwater Canyon
and that host primary orebodies (Fishman and Reynolds, this
volume); however, undissolved Fe-Ti oxides have been
reported in hydrologically isolated sandstone lenses in the
Brushy Basin (Hafen, Adams, and Secor, 1976).

The depth within theWestwater Canyon that is characterized
by dissolved Fe-Ti oxide minerals is variable. Locally, in prox-
imity to primary uranium ore zones, the zone of destruction
extends to the base of the Westwater Canyon (Adams and
Saucier, 1981). North of the Grants uranium region, however,
this zone of Fe-Ti oxide destruction gradually thins to zero (Fig-
ure 10); beyond this point only undissolved or slightly dissolved
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Figure 10: Isopach map for the interval of total ilmenite-magnetite destruction in the Westwater Canyon Member of the Morrison Formation,
Grants uranium region. Contour interval 100 ft (30m), dashed where inferred. Note that all orebodies occur in sandstones containing altered
ilmenite-magnetite grains. (Modified from Adams and Saucier, 1981; Includes data from Reynolds et al., this volume).
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Figure 11: Photograph showing outcrop of red sandstone in the
Westwater Canyon Member of the Morrison Formation along the
southern part of the San Juan basin, New Mexico.

Fe-Ti oxides exist throughout the entire Westwater Canyon
interval (Sears, Marjaniemi, and Blomquist, 1974; Hicks et al.,
1980; Adams and Saucier, 1981; Fishman, Turner-Peterson,
and Reynolds, 1984).

Other interesting alteration patterns in the Westwater Can-
yon Member include vertical and lateral trends in detrital feld-
spar alteration (Hansley, 1984; Hansley, this volume, b).
Vertical trends in feldspar alteration have also been docu-
mented in the Jackpile sandstone (Adams et al., 1978). Vertical
zonation in both the Westwater Canyon and Jackpile sand-
stones shows a gradient with increasing albitization and feld-
spar dissolution toward the intervening Brushy Basin Member
(Adams et al., 1978; Hansley, this volume, b). Lateral patterns of
feldspar alteration in the Westwater Canyon Member are also
striking (Hansley, this volume, b). Near the southern basin mar-
gin, dissolution of detrital plagioclase is the dominant type of
feldspar alteration. Farther into the basin, replacement of both
plagioclase and sanidine grains by authigenic potassium feld-
spar, along with development of potassium feldspar over-
growths, is the typical kind of feldspar alteration. Beyond this
zone, toward the basin center, albitization of plagioclase grains
becomes the characteristic form of feldspar alteration (Hansley,
this volume, b).

Patterns of illite-smectite authigenesis have been observed in
the Westwater Canyon Member (Whitney, this volume), but the
timing of illitization is uncertain. The relationship of illitization
to uranium mineralization is also undetermined.

Although not important to primary uranium mineralization,
the postore formation and distribution of ferric oxides are
undoubtedly related to redistributed uranium mineralization
(Granger and Santos, this volume); as such, this authigenic
phase warrants a brief discussion. In particular, redistributed
orebodies occur at or very near the boundary between ferric-
oxide-bearing (chemically oxidized) rock and FeS2-bearing
(chemically reduced) rock (Squyres, 1970; Saucier, 1976, 1980;
Granger and Santos, this volume). Ferric oxides are common at
the outcrop where the WVestwater Canyon is colored red (Figure
I1) and also occur in the host rocks basinward (downdip) in the
subsurface to various distances (Saucier, 1980; Granger and
Santos, this volume). Moreover, interfingering of ferric-oxide-
bearing rock with FeS -bearing, chemically reduced rock sug-.

gests that differences in porosity and permeability of Morrison
sandstone may affect the basinward distribution of ferric oxides
(Kirk and Condon, this volume). Although many ferric oxide
grains are pseudomorphous after pyrite (Fishman and Rey-
nolds, this volume), other ferric oxides coat detrital and previ-
ously formed authigenic minerals, including postore kaolinite,
and impart the yellow, orange, and red colors characteristic of
oxidized rock. Ferric-oxide-bearing rock also envelops some
primary orebodies in the Grants uranium region (Fishman and
Reynolds, this volume; Granger and Santos, this volume; Kirk
and Condon, this volume); however, ferric-oxide precipitation
clearly postdates primary uranium mineralization (Figure 7),
and this envelopment thus reflects a postore diagenetic over-
print on these orebodies.

Controls on Primary Ore Distribution

In the formulation of genetic models for primary uranium
orebodies, it is necessary to address the important features that
appear to control the local and regional distribution of these
orebodies. The most important local control remains the pore-
filling organic material with which all of the uranium in primary
ore is associated. Determining those local and regional factors
that controlled localization of this organic material in the host
sandstone is therefore important, and requires an understand-
ing of the nature of the host sandstone, position of the orebodies
in the host rock, and the overall distribution of orebodies in the
context of the sedimentologic and structural setting of the host
rocks. These features, taken together with regional alteration
patterns in the host sandstones, provide clues to ore genesis.

Humate-The Principal Ore Control

Fundamental to understanding primary uranium mineraliza-
tion in the Grants uranium region is the characterization and
genesis of the pore-filling organic material that controls the
location, distribution, and extent of the primary orebodies. This
organic material gives the ore its characteristic black color (Fig-
ure 12). The term "pore-filling organic material" describes the
organic material associated with primary ores better than other
terms that have previously been used, such as "structureless"
or "amorphous." Although "structureless" and "amorphous"
properly suggest a lack of visible cellular plant structure, which
is a distinctive feature of the organic material associated with
primary ore, these terms could also imply that the organic mate-
rial lacks molecular structure; because the pore-filling organic
material is known to have a definite molecular structure (Bre-
ger, 1974; Schmidt-Collerus, 1969; Jacobs, Warren, and
Granger, 1970; Hatcher et al., this volume), we believe that
"structureless" and "amorphous" are not appropriate. The
phrases "detrital carbonaceous material" or "organic detritus"
are used when referring to plant remains that clearly have cellu-
lar structure. The pore-filling organic material differs from the
detrital carbonaceous material not only in its lack of cellular
structure but also in its postdepositional emplacement. Hatcher
et al. (this volume) refer to the same pore-filling organic mate
rial as "noncellular organic matter." Although detrital (cellular
carbonaceous material, especially in the form of logs, is locall1
mineralized in and near ore zones, the amount of uranium con
centrated by detrital carbonaceous material is volumetricall,
insignificant.

._



372 Turner-Peterson and Fishman

studies including infrared absorption spectroscopy (Granger et
al., 1961; Corbett, 1964; Jacobs, Warren, and Granger, 1970;
Haji-Vassiliou and Kerr, 1973), pyrolysis (Schmidt-Collerus,
1969; Leventhal, 1980), elemental abundances (Hatcher et al.,
this volume), and nuclear magnetic resonance (Hatcher et al.,
this volume).

Geologic constraints provide strong evidence that the organ-
ics associated with primary ore are not oil or an oil derivative.
Timing of migration and source rock considerations suggest
that the LateJurassic and Early Cretaceous, the time of primary
uranium mineralization, which was prior to 115 m.y. ago (Lee
and Brookins, 1980; Ludwig, Simmons, and Webster, 1984),
was not a time interval favorable for hydrocarbon generation
and migration in the San Juan basin. Most of the known oil in
the San Juan basin originated from Upper Cretaceous source
rocks (Fassett and Hinds, 1971; Rice, 1983), the deposition of
which clearly postdated primary uranium mineralization. In
fact, oil generation from these Upper Cretaceous source rocks
did not occur until much later; it is associated with Laramide
deformation during the Tertiary (Fassett and Hinds, 1971; Rice,
1983). Other potential source rocks in the San Juan basin
include Pennsylvanian rocks and the Middle Jurassic Todilto
limestone Member of the Wanakah Formation (Figure 2); how-
ever, reconstruction of the Pennsylvanian and Lower Jurassic
sedimentary column of rocks that underlay the Morrison before
or during primary uranium mineralization suggests that burial
depths were not sufficient to have permitted either Pennsylva-
nian rocks or the stratigraphically higher Todilto Limestone to
have passed through the hydrocarbon generation window
(McKee et al., 1956; McKee and Oriel, 1967; McKee and Crosby,
1975; O'Sullivan, 1977). Entrapment of Pennsylvanian oil in
the San Juan basin is thought to be associated with Laramide
structures; thus migration probably occurred during or after the
Laramide orogeny (C. M. Molenaar, 1983, oral communica-
tion). Similarly, vitrinite reflectance data coupled with the distri-
butidn of oil fields related to source rocks in the Todilto
Limestone indicate that oil generation from the Todilto was
related to a post-Laramide configuration of the basin (Vincelette
and Chittum, 1981). Thus, most if not all oil in the San Juan
basin originated and migrated in response to great depths of
burial associated with the Laramide orogeny, an event that
clearly postdates primary uranium mineralization in the
Morrison.

An oil origin for the pore-filling organic material also does not
account for the preferred location of the primary uranium ore-
bodies in synclines (Kirk and Condon, this volume). Nor does it
account for the way in which the orebodies appear to "float" in
the host sandstone. Because oil typically migrates updip and
seeks higher structural positions, oil would most likely have
been pooled in anticlinal areas beneath permeability traps.
Instead, in the San Juan basin, primary ore is concentrated in
sandstone thicks that accumulated in syndepositional syn-
clines, some of which may be underlain by grabens in the base-
ment (Kirk and Condon, this volume; Phelps, Zech, and
Huffman, this volume). Additionally, although .mudstone units
occur throughout the ore-bearing stratigraphic sections, the
upper surfaces of primary uranium orebodies typically are not
in contact with these potential permeability traps (Santos,
1963). Thus, for both geologic and chemical reasons, it seems
unlikely that the organic material associated with these ore-
bodies was oil.

Figure 12: Primary ore layer insandstone o the Westwater canyon
Member. Ore-bearing sandstone contains black pore-filling organic
material that characterizes primary ore. Photo taken at a subsurface
exposure of ore in a mine in the Ambrosia Lake district; note hammer
for scale.

The pore-filling organic material has been postulated to be
either a petroleum residue such as bitumens and asphaltines
(Knox and Gruner, 1957) or a terrestrial plant derivative such as
humic acids, called "humate" upon precipitation (Granger et
al., 1961; Corbett, 1964; Schmidt-Collerus, 1969; Jacobs, War-
ren, and Granger, 1970; Haji-Vassiliou and Kerr, 1973; Hatcher
et al., this volume). Characterization of the organic material by
chemical means has been attempted, but its origin is still in
debate, owing to the possibility that radiation damage to the
organic structure may have rendered the chemical results
ambiguous (Leventhal, 1980). The issue of origin is further com-
plicated by the relative intractability of the pore-filling organic
material, which has made solubilization of the material in labo-
ratory preparations difficult (Granger et al., 1961; Jacobs, War-
ren, and Granger, 1970; Leventhal, 1980). Nevertheless, that
the pore-filling organic material has closer affinities to coal and
terrestrial plant material than to oil is suggested by analytical
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Patterns and nature of postdepositional alteration related to
primary ore, specifically Fe-Ti oxide mineral destruction, offer
the most compelling evidence to rule out an oil source for the
pore-filling organic material. Dissolution of Fe-Ti oxide miner-
als has been shown to be largely confined to the upper part of
the Westwater Canyon Member of the Morrison Formation. It is
also an ore-related event, as all primary uranium ore occurs in
this zone and the timing of this alteration suggests that it began
before, but continued throughout, primary uranium mineral-
ization. The pattern of Fe-Ti oxide destruction probably reflects
the flow paths of organic-bearing solutions (Adams, Curtis, and
Hafen, 1974), indicating that these solutions were confined to
the upper part of the Westwater Canyon. This alteration pattern
could not be related to oil migration upward through the sec-
tion, because the lower part of the Westwater Canyon would
necessarily have been exposed to these same altering fluids. In
fact, the lower Westwater Canyon contains undissolved Fe-Ti
oxide grains (Adams and Saucier, 1981; Reynolds et al., this vol-
ume), suggesting that organic-rich altering fluids have not
passed through it. Moreover, Fe-Ti oxide dissolution of the type
described here has ndt been reported in studies from oil-
bearing sandstones; in fact, the formation of authigenic magne-
tite grains, rather than dissolution of detrital magnetite grains,
occurs in rocks through which hydrocarbons have migrated
(McCabe et al., 1983).

Finally, although the asphaltic fraction of oil concentrates
metals including uranium, asphaltic constituents are only a
small fraction of the original crude oil (Shirey, 1931; Thomas,
1938; Bonham, 1950). This is consistent with the general obser-
vation that oils are known not to fix uranium in large quantities
(Erickson, Meyers, and Horr, 1954; Moore, 1954; Hyden, 1961;
Andreyev and Chumachenko, 1964; Antropov, Evsejeva, and
Poluarshinov, 1976).

In light of the geologic and chemical arguments presented, an
oil origin is clearly unreasonable for the organic material associ-
ated with primary ore. Many of the difficulties encountered by
assuming an oil origin disappear when a humic acid origin for
the pore-filling organic material is considered. First, in contrast
with oil, humic substances are known to concentrate uranium
as much as 10' times (Szalay, 1958) and thus are one of the most
effective natural concentrators of uranium known. Second, the
overall tabular orebody shape and the way the orebodies "float"
in the sandstone roughly mimics humate deposits in Pleisto-
cene and Holocene sandstones in Florida (Swanson and Pala-
cas, 1965). Moreover, humic acids have been demonstrated to
be effective agents in dissolving ilmenite in laboratory experi-
ments (Lynd, 1960). Similarly, dissolution of magnetite in sedi-
ments overlain by peat-bearing units (Mackin and Schmidt,
1955), which are likely sources of humic acids (Szalay, 1958),
suggests that humic-acid-rich solutions readily destroy magne-
tite. These studies suggest that the destruction of detrital Fe-Ti
oxides in the ore-bearing sandstones of the Morrison can be
readily attributed to alteration by humic acids. Finally, elemen-
tal abundances based on C, H, 0, N, and S analyses (Hatcher et
al., this volume), taken together with a high content of aromatic
functional groups of the pore-filling organic material, are con-
sistent with a humic acid origin (Hatcher et al., this volume).
The balance of evidence clearly favors a humic acid origin for
the organic material associated with primary uranium ore. This
organic material will be referred to as humate in the remainder
of this chapter.

Stratigraphic and Sedimentologic Controls

Certain large- and small-scale stratigraphic and sedimento-
logic features appear to have either directly or indirectly influ-
enced the distribution and localization of primary ore. The
underlying causes for primary ore localization are not always
clear, but in some cases the association between ore and a geo-.
logic feature is so strong that the relationship is probably not
fortuitous. In these cases the geologic feature can be considered
a control on primary ore localization. Controls are both regional
and local.

The Grants uranium region is located in an area that may
have been a large depocenter during Morrison deposition. The
inferred depocenter parallels the southern basin margin, and
net sandstone maps for the Westwater Canyon Member show
thickening of Westwater Canyon sandstones in this region
(Lupe, in press; Kirk and Condon, this volume). Interestingly,
this zone of thicker sandstone corresponds to a thickening of
the Middle and Late Jurassic rocks, which probably reflects the
influence of syndepositional downwarping that persisted
through much of the Middle to Late Jurassic (Santos and
Turner-Peterson, this volume).

Within the large-scale depocenter that is coincident with
thick intervals of the Westwater Canyon Member, primary ore
is restricted to sand-rich zones that appear to represent smaller
scale east-s6utheast-trending depocenters (Kirk and Condon,
this volume). These depocenters have anomalously large sand-
stone mudstone ratios, net sandstone values, and percent sand-
stone values, but have few shale interbeds (Kirk and Condon,
this volume). The sand-rich depocenters in the Westwater Can-
yon, to which ore is confined, may have influenced ore distribu-
tion by affecting hydrology associated with ore formation.

Within the Westwater Canyon Member proper, ore is typi-
cally confined to the upper part of the Westwater Canyon and
sandstone units in the Brushy Basin that are similar to the
WestwaterCanyon, including theJackpile sandstone; however,
ore does occur locally throughout the entire member (Santos,
1963). Within a given mine, multiple ore horizons can be
stacked vertically, separated by sandstone barren of ore
(Granger et al., 1961).

The nature of mudstone units that are interbedded with ore-
bearing sandstone appears to have been a critical factor in
determining favorability for mineralization and is thus an addi-
tional sedimentologic feature related to ore distribution. A close
spatial association between primary ore and greenish-gray
mudstone, deposited in mudflat environments, has been docu-
mented at surface exposures in the Poison Canyon mine area
(Turner-Peterson et al., 1980; Turner-Peterson, this volume).
Here, the ore-bearing sandstone is overlain by Brushy Basin
mudstones and is underlain by a "K" shale interval. A change
laterally from mineralized to barren sandstone is coincident
with a facies change in both the overlying Brushy Basin and the
underlying "K" shale. Where the ore-bearing sandstone is min-
eralized, both the Brushy Basin and "K" shale intervals contain
greenish-gray mudstone and claystone. Several miles west of
the Poison Canyon mine area, however, the Brushy Basin
grades laterally into a coarser-grained alluvial-plain facies, the
"K" shale grades laterally into red oxidized mudflat and flood-
plain facies, and the intervening sandstone is barren of primary
ore. This transition represents a lateral facies change at the
upstream margin of the mudflat facies, where reduced mudflat
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Figure 13: Map showing superposition of mudflat facies of the Brushy Basin Member (taken from Figure 6) on isopach map of Fe-Ti oxide
destruction in sandstones in the underlying Westwater Canyon Member (map from Figure 10). Note that orebodies and zone of greatest Fe-Ti oxide
destruction underlie the mudflat facies.
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environments grade into coarser alluvial-plain as well as oxi-
dized flood-plain and mudflat environments.

The relationship between ore-bearing sandstone and
greenish-gray mudstone that was documented at the Poison
Canyon mine area can be demonstrated on a regional scale as
well, both for the "K" shale intervals and the Brushy Basin
Member. Greenish-gray mudstone is abundant in ore-bearing
intervals (Santos, 1963), whereas red mudstone, siltstone, and
fine-grained sandstone are more typical lithologies of the finer
grained interbeds remote from ore (Turner-Peterson, this vol-
ume). Thus, these interbeds have a variety of both grain size
and color.

A striking coincidence between ore-bearing sandstone and
greenish-gray mudstone deposited in mudflat environments is
apparent when the distribution of orebodies in the Grants ura-
nium region is superimposed on a map showing the regional
facies distribution in the Brushy Basin Member (Figure 6). The
Brushy Basin mudflat facies is of particular interest because the
distribution of primary uranium orebodies in underlying sand-
stone generally coincides with the distribution of the mudflat
facies. This relationship between facies and ore takes on addi-
tional significance when the pattern of Fe-Ti oxide alteration,
an ore-related alteration in the host sandstones, is considered.
The zone of greatest destruction of Fe-Ti oxides in the Westwa-
ter Canyon, in which the interval of total destruction achieves
its maximum thickness, underlies the mudflat facies of the
Brushy Basin (Figure 13). Significantly, the zone of destruction
of the Fe-Ti oxides in the Westwater Canyon thins to zero basin-
ward, coincident with the regional change in facies in the over-
lying Brushy Basin from mudflat to playa, with the mudflat
positioned directly over the mineralized sandstone (Fishman,
Turner-Peterson, and Reynolds, 1984).

On a much smaller scale of possible sedimentologic controls
on the distribution of primary ore, mine studies have shown
that ore has a strong tendency to follow clay rip-up clast zones
along scour surfaces (Granger et al., 1961; Santos, 1963;
Squyres, 1970). Other than that, primary ore shows no particu-
lar relationship to sedimentary structures or textural features
within the host sandstone (Santos, 1963; Fitch, 1980). In fact,
attempts to relate ore to bedding, texture, and composition of
the host sandstones have not been successful (Fitch, 1980). On
the scale of a given ore-bearing sandstone, the uranium ore-
body is suspended within the sandstone and appears to "float"
within the unit, cutting across bedding regardless of changes in
permeability, in sedimentary structures, or in grain size.

Structural Controls
Although ore appears to be confined to a large-scale

downwarp in the southern part of the San Juan basin, ore
appears to be more directly associated with smaller scale synde-
positional synclines and grabens in the vicinity of the Grants
uranium region (Saucier, 1976; Kirk and Condon, this volume;
Phelps, Zech, and Huffman, this volume). Thicker sandstone
intervals, with which uranium ore is commonly associated,
accumulated in response to local downwarping associated with
graben structures (Phelps, Zech, and Huffman, this volume)
and inferred northwest-trending syndepositional folds (Kirk
and Condon, this volume). Even though an association
between local svnclinal areas and ore clearly exists, the under-
lying cause for the relationship between ore and structure is not
apparent. One possibility is that transmissivity was greater in

the synclinal areas because of the greater sandstone thick-
nesses; such increased transmissivity may have affected
ground-water flow paths, which in turn influenced uranium
mineralization.

An alternative explanation for the association between ore
and synclines is that facies changes that coincide with ore also
coincide with synclinal features. This association has been doc-
umented in the Poison Canyon area where ore occurs in out-
crop (Rapaport, 1963; Turner-Peterson et al., 1980). The
syncline affects Upper Cretaceous rocks and is therefore largely
a Laramide structure, but it may also have been active during
Morrison deposition, because both the Brushy Basin and "K"
shale change facies laterally as they enter the syncline that tra-
verses the Poison Canyon mine area. This change of facies that
accompanies deposition in synclines could account for the
observed association between ore and synclinal areas.

Genetic Models for Primary Ore Formation

Development of reasonable genetic models for primary ura-
nium deposits in the San Juan basin requires that modeling be
constrained by the basin setting at the time of mineralization
and by alteration patterns related to primary ore. In this section,
we will present three possible genetic models of primary ura-
nium ore genesis, accepting as constraints all the information
presented thus far.

Critical to the formation and distribution of all primary ore-
bodies is the humate with which the uranium is ubiquitously
admixed. In fact, the orebodies have been described as humate
deposits with some associated uranium (Squyres, 1970). Even
though the ultimate source of the humate is terrestrial plant
material, our concern centers around the specific source of the
humic acids that moved through and altered the host sandstone
in their path. The fundamental question that needs to be
addressed in any modeling effort, therefore, is the specific
source of the humate. Also critical is the precipitation mecha-
nism that controlled localization of the humate. The contro-
versy that surrounds the origin of primary ore deposits centers
around these two questions, and thus all of the models pro-
posed here will focus on these two key questions.

Formation of primary ore deposits, although directly related
to humate distribution, probably was not constrained by avail-
ability of uranium. Calculations indicate that, given an efficient
trap such as humate, and a sufficient time or volume of flow,
ground water containing low concentrations of uranium is suf-
ficient for formation of a uranium orebody (Leventhal and
Granger, 1977). Even if a uranium-rich system were required
for genesis of primary ore, abundant uranium-bearing detritus,
particularly silicic volcanic ash, was present in the Morrison
Formation. This ensured an ample uranium supply for concen-
tration by humate to form primary orebodies. Therefore,
humate, the trapping mechanism, not uranium, was the critical
factor in primary ore genesis.

Because humic acids, the soluble precursor to humate, are
soluble in alkaline solutions, they are capable of being trans-
ported in ground water. Because no precise limits can be placed
on the distances that these mobile organic acids can travel, the
search for possible sources for the humic acids can only be con-
strained by geologic reasoning. Possibilities for the source of the
humate in primary ore in the San Juan basin include sources
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both intrinsic and extrinsic to the Morrison Formation. The two
proposed intrinsic source models relate the source of the
humate to degradation of detrital plant debris, either (1) indige-
nous to the host sandstone (Granger et al., 1961; Squyres, 1970,
1980) or (2) initially incorporated in reduced mudstone of both
the Brushy Basin and Westwater Canyon Members (Turner-
Peterson et al., 1980; Turner-Peterson, 1985). An extrinsic
model proposes infiltration of humic-acid-bearing ground water
into permeable sandstone of the Westwater Canyon and Brushy
Basin from a source other than the Morrison (Granger et al.,
1961; Granger, 1968; Granger and Santos, this volume). Yet
another, earlier hypothesis, which calls upon a syndepositional
precipitation of humate (Granger et al., 1961; Fitch, 1980), has
been discounted because it fails to explain the recent observa-
tion that humate fills secondary voids in detrital grains and also
coats authigenic minerals; it is therefore clearly postdeposi-
tional (Fishman and Reynolds, this volume).

The three models presented here are considered the most
probable explanations for the origin of the humate associated
with primary ore. If it is assumed that the humate originated
from within the host formation, only two possibilities exist-
either the humate came from the detrital organic component of
the fluvial sandstone itself (internal source model), or it came
from the lacustrine mudstone units that overlie and are inter-
bedded with the host sandstone (lacustrine-humate model). If
an external source is assumed (external source model), the
humic material must have entered the host sandstone largely
through the upper part of the Westwater Canyon, suggesting an
overlying source and, perhaps, lateral movement of the fluids
once they entered the host sandstone; a source from below is
precluded by the regional Fe-Ti oxide alteration pattern. If a
source from outside the Westwater Canyon is considered, radio-
metric age constraints and geologic evidence require that the
humic material entered sandstones of the Morrison after depo-
sition of the Morrison but before deposition of the Upper Creta-
ceous Dakota Sandstone. In fact, the three models described
here are all considered feasible in terms of timing because they
all fall within the accepted age ranges for primary mineraliza-
tion as determined by radiometric means (Ludwig, Simmons,
and Webster, 1984; Lee and Brookins, 1978).

Hydrologic Constraints for Genetic Models

In any modeling attempt it becomes critical to establish paths
of movement of the soluble humic acids to the site of humate
precipitation within the host sandstone. Because of the critical
role of hydrology in movement of humic acids, we need to
establish regional ground-water patterns within the context of
the basin setting before genetic models can be developed. Thus,
we have inferred early basin hydrology for the time period dur-
ing and subsequent to Morrison deposition within the time
span that encompasses primary uranium mineralization. For
the internal source and lacustrine-humate hypotheses, deposi-
tional and early post-Morrison basin hydrology have been
developed by analogy with similar modern basin settings. Early
Cretaceous basin hydrology has been inferred for the external
source model. Discussion of humic acids with respect to
inferred ground-water flow pathways will not be discussed in
this section, but instead will be discussed in the specific model
statements.

Morrison Depositional and Early Burial Hydrology

Both the internal source and lacustrine-humate models draw
upon communication of solutions between the sandstone beds
of the Westwater Canyon and the overlying Brushy Basin. This
intraformational communication of solutions is evidenced by
alteration patterns in Westwater Canyon sandstones (Hansley,
1984; Hansley, this volume, b; Reynolds et al., this volume).
Downward decrease in the intensity of alteration of feldspar
and Fe-Ti oxide grains away from the Brushy Basin Member
suggests that the altering fluids originated in the Brushy Basin
and moved downward into the underlying Westwater Canyon.
Early timing of mineralization, as established by radiometric
ages of primary ore and paragenetic relationships, indicates
that it is necessary to model hydrologic conditions during and
shortly after Brushy Basin deposition in order to place con-
straints on the nature and flow pathways of fluids in the under-
lying host sandstones. Hence, our discussion of basin
hydrology begins with deposition of saline-alkaline lake sedi-
ments in the Brushy Basin. Westwater Canyon hydrology dur-
ing Brushy Basin time can then be discussed in the context of
regional ground-water movement through an aquifer that
underlies the Brushy Basin saline-alkaline lake sediments.

Communication between saline-alkaline lake sediments and
underlying sediments has been documented in modern-day
settings. Downward movement of pore fluids is indicated by
mineralogic and isotopic studies of sediments in and beneath
Searles Lake, California (Friedman, Smith, and Matsvo, 1982).
This downward movement of ground water in Searles Lake is a
consequence of the fact that the piezometric surface in the cen-
ter of the lake is about 30 ft (9 m) higher than that around the
edges of the lake, indicating that the natural flow of ground
water in this system is downward and away from the lake
(Hardt, Moyle, and Dutcher, 1972). Higher salinities of pore
waters toward the center of the lake results in higher pore-water
densities here than at the margins of the lake where water is
fresher (Hardt, Moyle, and Dutcher, 1972). The resulting den-
sity differences between waters in the center and waters at the
margins of the lake affect the position of the piezometric surface
in that density, in addition to elevation, controls the position of
the piezometric surface in any ground-water system. The low
topographic gradient, characteristic of saline-alkaline lake set-
tings, results in density playing a significant role in establishing
ground-water head, which explains this seemingly unusual
ground-water flow regime. A downward ground-water flow
regime, in similar ancient lake settings, has been documented
in studies by Hay (1966, 1970).

Similar communication between saline-alkaline lake sedi-
ments and underlying sediments can be inferred for the Brushy
Basin and Westwater Canyon depositional system. Alteration
patterns establish that communication occurred between over-
lying Brushy Basin lake sediments and fluvial sandstones in the
underlying Westwater Canyon, although densities of the down-
ward-moving pore fluids cannot be accurately inferred from
present mineralogic data.

In addition to movement of waters during deposition, com-
paction of fine-grained sediments during early burial, in
response to increased overburden, can also result in downward
movement of pore waters (Magara, 1978, 1980). This process is
essentially a physical forcing out of unbound interstitial forma-
tion waters. Clay sediments lose about 70% of their interstitial
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water during this first stage of dewatering (Burst, 1969), which
begins while the sediments are still being deposited. Movement
of pore waters in any direction-downward, upward, or
laterally-is possible during compaction of sediments because
pore fluids typically move in the direction of lower hydrostatic
pressure, whatever that may be (Magara, 1978). Examples in
the rock record of downward movement of pore waters include
bleaching of sandstones of various ages that underlie carbona-
ceous shales and coaly beds of the Upper Cretaceous Dakota
Sandstone (Granger et al., 1961; Peterson, in press; Turner-
Peterson, this volume). Similar downward ground-water flow is
evidenced by bleaching of the Middle Jurassic Entrada Sand-
stone immediately below the Middle Jurassic Todilto Limestone
Member of the Wanakah Formation (Adler, 1974).

Even though fluids from the Brushy Basin clearly moved
downward into the Westwater Canyon, it is difficult to distin-
guish movement of pore waters associated with depositional
hydrology from movement associated with waters expelled dur-
ing compaction. Both probably played a role in altering the
underlying Westwater Canyon sandstones. Alteration patterns
in the Jackpile sandstone (Adams et al., 1978), which interfin-
gers with and overlies the Brushy Basin, indicate that waters
moved upward from the Brushy Basin mudstones. In fact, alter-
ation patterns in the Jackpile sandstones are a mirror image of
those in the Westwater Canyon sandstones. These patterns
indicate that fluids of similar composition moved away from the
intervening Brushy Basin and into the two adjacent sand
bodies, altering both in a similar fashion, and that the intensity
of alteration decreased away from the Brushy Basin. In theJack-
pile, upward movement of altering pore waters was necessarily
driven by compaction.

Whether fluids moved in response to depositional hydrology
or in response to compaction resulting from early burial, it is
dear that chemical composition of the pore fluids that moved
into the Westwater Canyon would reflect the chemical nature of
the Brushy Basin sediment from which it was derived. A lateral
zonation of alteration facies in a saline-alkaline lake setting,
such as the one observed in the Brushy Basin Member (Figure
6), is the result of hydrogeochemical conditions associated with
this environment (Sheppard and Gude, 1968). The distribution
of facies results from a chemical zonation of pore waters in the
saline-alkaline lake sediments during early diagenesis, which
produces various alteration products of volcanic ash. Because
of fresh ground-water recharge, pore water is relatively fresh
near the margins of saline-alkaline lakes and becomes increas-
ingly alkaline and saline basinward (Sheppard and Gude,
1968). In the Brushy Basin, greenish-gray, smectitic mudstone
typical of the mudflat facies formed by the alteration of volcanic
ash in areas where recharge freshened the margins of the lake.
A pH of 7-8.5 characterizes this facies (Bell, this volume). Far-
ther into the basin and farther away from the influence of fresh
ground water, alteration of ash in environments of increasing
salinity and alkalinity resulted in formation of a dinoptilolite
facies basinward from the mudflat facies, and an analcime
fades at or near the basin center (Bell, this volume). The anal-
cime probably did not form as the initial alteration product of
volcanic ash but rather as a replacement of an earlier-formed
zeolite (Hay, 1966; Sheppard and Gude, 1968). Authigenic
potassium feldspar, also a central facies in saline-alkaline lake
settings, occurs in the Brushy Basin Member on the west side of
the San Juan basin (Turner-Peterson, 1984, unpublished data),

but it has not been reported on the east side of the basin. This
mineral may also form from a zeolite precursor rather than
directly from glass and may indicate a solution pH as high as 10
(Hay, 1966; Sheppard and Gude, 1968). Thus, pore fluids that
would migrate downward into the Westwater would reflect the
basinward increase in salinity and alkalinity associated with the
lateral facies zonation in the overlying Brushy Basin. In fact,
geochemical changes in pore waters emanating from the
Brushy Basin are reflected in the lateral trends in feldspar alter-
ation documented in the Westwater Canyon (Hansley, this vol-
ume, b).

The low topographic relief associated with the saline-alkaline
lake setting of the Brushy Basin resulted in a low hydrologic gra-
dient basinward. As a result, during Brushy Basin deposition,
recharge of the Westwater Canyon aquifer by fresher waters
from the margins of the basin was limited. Deep penetration of
Brushy Basin fluids into the Westwater Canyon was possible
because of the inferred low hydrologic head of waters recharg-
ing the aquifer from basin margins. The Brushy Basin fluids
mixed with and also displaced fresher ground water in the
Westwater Canyon. Additionally, during movement of pore
waters in response to compaction, the more transmissive sand-
stone beds in the Westwater Canyon would have behaved as
escape conduits for expelled Brushy Basin pore waters.

Earl> Cretaceous Hydrology

Compaction of sediments and expulsion of pore fluids from
the Brushy Basin probably continued for some time after the
end of Morrison deposition. By the Early Cretaceous, recharge
from the basin margins may have been greater than movement
of waters of compaction into Westwater Canyon aquifers. As a
result, a new regional hydrologic flow regime may have been
established, characteristic of a postcompactional basin hydrol-
ogy where ground-water flow throughout the basin is a result of
recharge from the basin margins (Kreitler, 1978).

Internal Source Model

Degradation of detriial organic material incorporated in the
host sandstone is the basic process by which the internal source
model explains the source of the humate associated with pri-
mary ore. The likelihood that organic detritus in the host sand-
stone was a convenient and adequate source of humate in
primary orebodies was first recognized by Granger et al. (1961),
who proposed the internal source model that was later elabo-
rated upon by Squyres (1970). The model, as initially proposed,
fails to explain two more recent observations-Fe-Ti oxide min-
eral alteration patterns, which are attributed to the passage of
humic acid-bearing waters (Reynolds et al., this volume); and
the spatial association of primary orebodies with a particular
depositional facies of the overlying Brushy Basin, in particular,
the mudflat facies (Figure 13; Turner-Peterson, 1985; Turner.
Peterson, this volume). Presented here, then, is a revision of the
internal source model; this revised model puts humate genera
tion in the context of host-rock diagenesis as a consequence o
facies distribution. The basic premise of the internal source
model as proposed here is that pore fluids derived from mud
stone of the mudflat facies of the Brushv Basin and "K" shal,
beds were responsible for mobilizing and transporting humi
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because patterns of Fe-Ti oxide destruction in sandstone of the
Westwater Canyon show that movement of alkaline, humic-
acid-bearing waters was largely restricted to a zone in the
Westwater Canyon that underlies this facies (Figure 14). As long
as lacustrine sedimentation persisted, dense alkaline pore flu-
ids continued to evolve and sink through the permeable sand-
stone units of the Westwater Canyon below. Continued
downward movement of waters from mudstone beds of the
Brushy Basin increased the volume of alkaline pore fluids in the
Westwater Canyon and thus could have allowed further degra-
dation of organic detritus indigenous to the Westwater Canyon,
contributing to the amount of humic acid in solution. These flu-
ids gradually infiltrated to increasingly greater stratigraphic
depths in the Westwater Canyon. The vertical trend in Fe-Ti
oxide destruction in Westwater Canyon sandstones (Figure 9),
which shows a decreasing intensity of alteration with depth, is
consistent with this flow pattern for alkaline, humic-acid-
bearing solutions. Solutions in lower parts of the Westwater
Canyon, away from the influence of pore fluids expelled from
the Brushy Basin, remained at a neutral pH as a result of slow
recharge by fresher waters from basin margins.

Downward movement of alkaline solutions, from the Brushy
Basin lacustrine sediments into the underlying Westwater Can-
yon, probably continued throughout Brushy Basin time. More-
over, with the onset of compaction of the lake sediments,
similar pore fluids would have been expelled into permeable
sandstones that served as escape conduits for formation waters.
Compaction is required to explain primary ore in the Jackpile
sandstone, which interfingers with and overlies the Brushy
Basin Member.
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Figure 14: Schematic diagram showing the relationship between
ore, sedimentary facies in the Brushy Basin Member, and Fe-Ti oxide
alteration patterns in Westwater Canyon sandstones (location of B-
B' shown on Figure 6).
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acids from organic detritus indigenous to the host sandstone to
sites of humate precipitation. For the purposes of the following
discussion, mention of Brushy Basin mudflat facies will be
assumed to include similar facies in the "K" shales.

Source of Humate

Detrital organic material has been noted in sandstone of the
Westwater Canyon and Brushy Basin Members at all strati-
graphic levels. Large logs, some of which form jams in the flu-
vial sandstone units, occur in Morrison host sandstones both at
outcrop exposures (Saucier, 1967; Rapaport, 1963) and in sub-
surface mine exposures (Gruner, 1956; Clary, Mobley, and
Moulton, 1963; Moench and Schlee, 1967; Falkowski, 1980;
Sachdev, 1980; Granger and Santos, this volume; Fishman and
Reynolds, this volume). Minor amounts of organic detritus have
also been noted in mudstone beds interbedded with the host
sandstones (Hatcher et al., this volume; Tschudy, Tschudy, and
Van Loenen, 1981). From data available from outcrop and mine
observations, we do not know whether sufficient organic detri-
tus was incorporated into Morrison sediments to account for the
volume of humate in primary orebodies. Nevertheless, the lim-
ited regional distribution of Fe-Ti oxide destruction within the
Westwater Canyon is consistent with a local source of the
humate responsible for this alteration, and thus an internal
source for the humate is plausible.

Downward movement of dense, alkaline pore fluids from the
mudflat facies of the Brushy Basin Member into the underlying
Westwater Canyon Member may have promoted humic-acid
formation by degradation of organic detritus indigenous to the
host sandstone, because alkaline fluids increase solubilization
of humic acids (Schnitzer and Khan, 1972). Fluids responsible
for humic-acid formation were derived from the mudflat facies,

Humate Localization

Precipitation of humic acid resulted in formation of the tabu-
lar humate masses which became primary uranium orebodies.
Although alkaline pore fluids from the mudflat facies of the
Brushy Basin would initially have solubilized humic substances
within the underlying sandstones, eventually mixing of these
humic-rich solutions with more dilute pore fluids in the under-
.lying Westwater Canyon Member would have decreased the
solubility of humic acids. The decrease in alkalinity alone, how-
ever, would probably not have been sufficient to cause precipi-
tation of the humic acids. Cation loading is an effective
mechanism for humic-acid precipitation. Polyvalent cations,
including A13+, Fe2+, Fe3+, are especially effective in causing
humic-acid precipitation (Szalay, 1958; Schnitzer and Kahn,
1972; Swanson and Palacas, 1965). In the Westwater Canyon
Member, humic acids scavenged cations (Fe2+, Fe3+, and prob-
ably V3+) from detrital Fe-Ti oxide grains in the pathway of
pore-fluid migration. As the humic acids moved downward
through the host sandstone, cation loading progressively neu-
tralized the net negative charge characteristic of humic acids
and thus decreased their solubility. Once the net negative
charge was neutralized, van der Waals forces between the neu-
tralized humic acid molecules (Weber, 1972) were then suffi-
cient to flocculate the humic acids. This affinity of neutralized
organic molecules for each other resulted in coagulation of the
humic acids into tabular layers. Similar tabular layers have
been generated in laboratory experiments (Michael Thurman,
1982, oral communication).



Uranium Mineralization, Morrison Formation 379

Summary of AModel

The basic premise of the internal source model is that detrital
organic material indigenous to the sandstone of the Westwater
Canyon Member was the source of humate associated with pri-
mary ore. Degradation of this indigenous organic detritus and
the resulting humic-acid generation were facilitated by alkaline
solutions that moved downward from the mudflat facies of the
Brushy Basin Member into underlying permeable sandstones.
This downward movement of pore fluids probably occurred
during both deposition and compaction of the Brushy Basin.

The internal source model offers an adequate explanation for
the Fe-Ti oxide alteration patterns observed in the host rocks
and is consistent with downward movement of pore waters
from the Brushy Basin into sandstones of the underlying
Westwater Canyon, as inferred from the alteration patterns. Not
as readily understood is the observed relationship between
facies and primary ore, an observation that suggests that fluids
of the proper alkalinity to solubilize organics were generated
only in the mudflat facdes of the Brushy Basin; it is not clear why
alkaline solutions farther basinward would not have had the
same effect. In fact, the lateral zonation of facies within the
saline-alkaline lake deposits of the Brushy Basin suggests that
the alkaline pore fluids necessary to mobilize humic acids
should have been available basinward of the mudflat facies.
Perhaps the effects of alkalinity and salinity, both of which were
increasing basinward because of the known hydrogeochemical
gradients in saline-alkaline lakes, have opposing effects on the
mobility of humic acids. In a basinward direction, the effect of
greater mobility of humic acids expected with rising alkalinity
(Schnitzer and Khan, 1972) may well have been overridden by
a corresponding increase in the salinity. High salinities readily
cause humic-acid precipitation (Swanson and Palacas, 1965).
Hence, humic-acid mobility in sandstones of the Morrison, by
degradation of organic detritus indigenous to host sandstones,
may have been confined to a zone beneath the mudflat facies
where alkalinity was sufficiently high to mobilize humic acids,
but salinity was not high enough to inhibit transportation. In
contrast, higher salinities basinward from the mudflat facies
would have inhibited movement of any solubilized humic
acids. Without such an explanation the internal source model
cannot readily account for the relationship between primary
ore and either alteration patterns or facies. Another potential
drawback to the internal source model is that it is unclear
whether sufficient organic detritus was available within the
host sandstone to provide the volume of humate present in pri-
mary orebodies.

Lacustrine-Humate Model
The basic premise of the lacustrine-humate model is that the

humate associated with primary ore deposits originated by deg-
radation of organic detritus originally contained within
greenish-gray lacustrine mudstone units deposited in the
mudflat facies of the Brushy Basin Member and similar "K"
shale intervals of the Westwater Canyon Member (Turner-
Peterson et al., 1980; Turner-Peterson, 1985; Turner-Peterson,
this volume). The model was first proposed to explain signifi-
cant facies changes that coincided with a change from barren
ground to mineralized areas, a relationship documented at sur-
face exposures of primary ore in the Poison Canyon area north
of Grants, New Mexico (Turner-Peterson et al., 1980). The

model was later expanded to explain all primary ore in the
Grants uranium region (Turner-Peterson, 1985).

Source of Humate

Organic material was clearly available during Morrison depo-
sition, based on the abundance of logs and carbonaceous debris
incorporated into the sandstone units. Detrital material
(whether plant material delivered by streams or from plants
growing along lake margins) would likely have collected and
been preserved in the reduced, low-energy mudflat zone mar-
ginal to a playa. Plants and palynomorphs have been found in a
few greenish-gray mudstone beds in the Morrison Formation;
these samples provide information on the probable nature of
organic material, which initially may have been more plentiful.
Carbonized fragments of ginkgophytes occur in a mudstone
recovered from the Johnny M mine in the Ambrosia Lake dis-
trict (Figure 1). Nuclear magnetic resonance (NMR) analyses of
both the ginkgophytes and the kerogen recovered from this
mudstone are similar, suggesting that the kerogen in the mud-
stone may have been derived from degradation of the
ginkgophytes (Hatcher et al., this volume). Interestingly, the
kerogen from the mudstone yielded NMR spectra similar to the
spectra for the organic material associated with primary ore
(Hatcher et al., this volume). These data are compatible with the
idea that organic material in mudstone could have been the
source of humate in primary ores.

Diagenetic alterations that probably occurred in mudflat sedi-
ments during early burial made this environment particularly
favorable for the generation of alkaline pore fluids envisioned
to have carried humic acids into neighboring sandstones.
Hydrolysis of volcanic ash incorporated into the mudflat facies
may have raised the pore-water pH sufficiently to effectively dis-
solve any plant remains within the sediment. An increase in
alkalinity of the pore waters is an important requirement of the
lacustrine-humate model, because alkaline solutions would
favor a greater degree of solubilization of humic substances
(Schnitzer and Khan, 1978).

Once solubilized within pore fluids of the mudflat facies,
humic acids would have been carried into permeable sand-
stone below in response to downward movement of pore
waters in a saline-alkaline lake setting. Regional patterns of Fe-
T, oxide destruction (Figure 10) and vertical trends (Figure 9) in
the degree of destruction indicate that the Brushy Basin is a
likely source for the humate associated with primary ores. First,
zones that are characterized by both Fe-Ti oxide destruction
and primary ore are confined largely to the upper part of the
Westwater Canyon, which indicates that humic-acid-bearing
fluids were similarly restricted largely to the upper part of the
Westwater Canyon. Moreover, the vertical trend of Fe-Ti oxide
destruction (decrease in the intensity of destruction with depth)
is compatible with the idea that fluids bearing the humic acids
emanated from the overlying Brushy Basin (Figure 14).

Humate Localization

The lacustrine-hurmate model differs from the internal source
model only in the inferred source of the humate associated with
primary ore. Cation loading, in a manner similar to that pro-
posed to explain humate localization in the internal source
model, can also be inferred as the dominant mechanism
responsible for humate precipitation in the lacustrine-humate
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model. Similarly, flocculation of humate in discrete layers, due
to the affinity of organic molecules for each other, explains the
tabular nature of the humate associated with primary ore.

Summary of Model

The basic premise of the lacustrine-humate model is that
greenish-gray lacustrine mudstone units of the Brushy Basin
Member and "K" shales of the Morrison Formation were the
source of humic acids that formed the humate masses associ-
ated with primary ore. During deposition and compaction of the
Brushy Basin, pore waters derived from lacustrine mudstone
units carried dissolved humic acids into underlying sandstone
beds where the humic acids were precipitated, forming the
humate deposits that concentrated uranium. The model
explains both the patterns and the trends of Fe-Ti oxide destruc-
tion in the upper part of the Westwater Canyon. Vertical move-
ment of pore fluids away from the Brushy Basin mudflat facies is
indicated by Fe-ri oxide destruction, decreasing with depth, in
sandstone of the Westwater Canyon. Furthermore, the mudflat
facies of the Brushy Basin, the main source of humic acids in
this model, is positioned directly over the zone of greatest
destruction of Fe-Ti oxides in the underlying Westwater Can-
yon (Figures 13, 14). This coincidence is noteworthy because
the Brushy Basin changes from mudflat to playa basinward,
and thus the potential source for humic acid disappears. There-
fore, preservation of undissolved Fe-Ti oxides throughout the
Westwater Canyon basinward from the mudnat/playa facies
boundary in the Brushy Basin could simply reflect the lack of a
source for humic acids that would alter these grains. Hence, this
model explains both the facies control of primary orebodies and
the pattern of destruction of Fe-Ti oxide minerals.

Ore-stage pyrite in the host sandstone can also be explained
by movement of pore fluids from greenish-gray mudstone into
sandstone during compaction. Initial pore waters in the pyrite-
bearing, greenish-gray mudstone of the Brushy Basin and "K"
shales likely contained aqueous sulfides (HS-) as well as humic
acids (Turner-Peterson et al., 1980). Aqueous sulfides are the
product of sulfate reduction that accompanies degradation of
organic matter in an alkaline environment (Goldhaber and
Kaplan, 1974). Thus, in a pore fluid that was both alkaline and
reducing, solubilized humic acids and aqueous sulfides would
have been important constituents of the downward-moving
pore waters. These constituents were probably directly respon-
sible for both the dissolution of Fe-Ti oxides and the formation
of ore-stage pyrite. As pore fluids moved into the sandstone
intervals, iron removed by humic-acid-caused dissolution of
detrital Fe-Ti oxide grains would have become available to form
pyrite by reacting with HS- ions in the same pore waters. Pyrite
locally occurs within dissolved Fe-Ti oxide grains but more
commonly is associated with humate in primary orebodies,
suggesting that the humic acids out-competed the aqueous sul-
fides for iron until precipitation of the humate. Upon precipita-
tion of the humate, iron was released by the organic complexes
to join with the bisulfide to form ore-stage pyrite. Light values
for sulfur isotopes reported for pyrite for some uranium deposits
in the Grants uranium region indicate a probable biogenic ori-
gin for the sulfide sulfur (Jensen, 1963; Fishman and Reynolds,
this volume). This is consistent with the idea that the HS- ions
formed as a result of sulfate reduction that accompanied bacte-
rial degradation of organics in mudstone beds.

Even though we have reason to believe that these mudstones
originally contained greater quantities of organic matter, the
only direct evidence comes from limited core material (P. L.
Hansley, 1984, oral communication) and a few mine samples.
Otherwise, abundant organic matter has not been noted in
mudstones of the Brushy Basin Member. In Dinosaur National
Monument in northeastern Utah, plant productivity is pre-
sumed to have been reasonably high during deposition of the
Brushy Basin Member, based on food requirements of the giant
herbivorous dinosaurs whose articulated remains are pre-
served in the mudflat environment (Dodson et al., 1980). Here
again, direct evidence of abundant plant matter in the Brushy
Basin is now lacking. One possible explanation for the lack of
abundant organic matter anywhere in the Brushy Basin is that
hydrolysis of volcanic ash during diagenesis may have raised
the pore-water pH sufficiently high to completely dissolve the
plant remains. Evidence for this type of total removal of original
organic carbon is provided by the scattered silicified logs in the
Morrison Formation that presently contain no organic carbon
because of complete replacement by silica. An additional clue
to the former presence of at least some organic material in the
mudstones is the pyrite within these units. Bacterially mediated
sulfate reduction requires an organic substrate, and pyrite in
mudstone beds indicates that sulfate reduction did occur within
these units. Nevertheless, the general lack of comminuted plant
debris in the greenish-gray mudstones of the Brushy Basin and
"K" shales remains a problem for this model.

External Source Model

That humic-acid-bearing recharge waters infiltrated permea-
ble Morrison aquifers during the Early Cretaceous is the funda-
mental premise by which the external source model explains
introduction of pore-filling organic material associated with pri-
mary ore into the host rocks. Granger et al. (1961) had earlier
suggested that abundant carbonaceous material, which col-
lected in the swampy environment characteristic of the Upper
Cretaceous Dakota Sandstone, contributed the humic-acid-
bearing waters into underlying Morrison aquifers. Interforma-
tional communication of waters was postulated on the basis of
the intense kaolinitization of sandstones in the Morrison, an
alteration that Granger (1968) attributed to infiltration of humic-
acid-rich solutions percolating from carbonaceous units in the
lower part of the Dakota that unconformably overlie the ero-
sional edge of the Morrison host sandstone units. Although this
postulated source is appealing in that rocks of the lower Dakota
undoubtedly contain an abundant source of organic material,
geologic relationships determined since the original proposal
by Granger et al. (1961) clearly indicate that deposition of the
Dakota postdates primary uranium mineralization. This is well
documented in the Jackpile mine area, where erosional trunca-
tion of ore in the Jackpile sandstone by fluvial sandstone units
in the Upper Cretaceous Encinal Canyon Member of the Dakota
Sandstone (Aubrey, this volume) indicates that primary ore-
bodies were emplaced before deposition of these overlying flu-
vial sandstone units (Nash and Kerr, 1966). Moreover,
radiometric age determinations that yield ages ranging from
100 to 130 m.y. for primary ores (Ludwig, Simmons, and Web-
ster, 1984) are consistent with a pre-Dakota timing for primary
uranium mineralization. Hence, timing constraints imposed
upon primary orebodies in the Grants uranium region rule out a



Uranium Mineralization, Morrison Formation 381

Late Cretaceous source for the humic acid. An external source
model for the humic substances is still possible within timing
constraints of primary ore mineralization only if it is assumed
that carbonaceous Lower Cretaceous sediments overlay Morri-
son sediments in the southern San Juan basin. Sedimentary
rocks of this age are not now present in the southern San Juan
basin. Downward percolation of humic-acid-bearing recharge
waters from these postulated Lower Cretaceous sediments is
the premise of the revised external source model presented
here. Essential elements of this model are largely adapted from
ideas proposed by Granger et al. (1961) and Granger (1968).

Source of Humate
Potential humic-bearing source rocks of Early Cretaceous age

include the Burro Canyon Formation, which was deposited on
a large alluvial plain that extended over much of the Colorado
Plateau (Craig, 1981). The former presence of the Burro Canyon
in the southern San Juan basin must be inferred because it is
not present there today. Either the Burro Canyon was never
deposited there, or perhaps it was removed by erosion in this
area by the regional unconformity at the base of the Dakota
Sandstone (Craig, 1981). Burro Canyon rocks are present in the
northern part of the San Juan basin (Craig, 1981), as are
stratigraphic- and time-equivalent rocks in the adjacent Chama
basin (McPeek, 1965; Grant and Owen, 1974; Ridgley, 1977;
Owen and Siemers, 1977).

The occurrence of smectitic mudstone in Lower Cretaceous
sediments elsewhere on the Colorado Plateau (Craig, 1981) sug-
gests that volcanic material may have been an important com-
ponent of the mudstone beds. More important, carbonaceous
mudstone, although not common, does occur in Lower Creta-
ceous sediments on the Colorado Plateau (Shawe, 1976; Craig,
1981), as does carbonaceous detritus in sandstone (Ridgley et
al., 1978). Therefore, carbonaceous material was at least locally
a detrital component of the postulated Lower Cretaceous sedi-
ments along the margin of the southern San Juan basin.

Humic acids produced from degradation of carbonaceous
material in the inferred Lower Cretaceous mudstone and sand-
stone may then have become constituents of recharge waters
that infiltrated downward into Morrison aquifers from the over-
lying sediments.

The Early Cretaceous timing for these humic-acid-bearing
solutions is permissible with the timing constraints placed on
primary uranium rriineralization by radiometric age determina-
tions. In addition, downward infiltration and northward move-
ment of these humic-acid-bearing solutions into the basin could
explain the preore timing of Fe-Ti oxide destruction observed in
the host rocks (Adams and Saucier, 1981; Fishman and Rey-
nolds, this volume), an alteration attributed to passage of
humic-acid-bearing waters. Fe-Ti oxides in hydrologically iso-
lated sandstones would not have experienced extensive altera-
tion by these humic-acid-bearing solutions.

Alteration of detrital volcanic material in the Lower Creta-
ceous sediments could have produced the neutral to slightly
alkaline pH of the pore fluids necessary for humic-acid solubili-
zation. Mixing of these alkaline recharge waters with ground
water of the Morrison aquifers, themselves slightly alkaline
from the diagenetic alteration of incorporated volcanic mate-
rial, ensured continued solubility of the humic acids. The alka-
linity of the ground w aters, along with the high transmissivity of

the Morrison aquifers, allowed mobility of the humic acids from
points of recharge downward to the unique horizons where the
humate precipitated and formed primary orebodies.

Humate Localization

Filling of functional sites by cations renders humic acids
insoluble and causes precipitation. Precipitation by cation load-
ing can occur when metal cations compose about 10% by
weight of the humic-acid molecule (Leventhal, 1980). In the
external source model, it was postulated that loading of the
humic acids with cations occurred when the humic-acid-
bearing recharge waters encroached upon a chemically dis-
tinct, probably cation-rich water in the host sandstone
(Granger, 1968). The interface separating the two chemically
distinct solutions would have been a zone in which diagenetic
alterations were favored (Runnells, 1969), in that it defined an
interface separating two solutions in chemical disequilibrium.
Movement and restabilization of the interface would have
marked horizons at which humate precipitation occurred.
Upward fluctuation of the interface was invoked to explain the
vertical stacking of orebodies in the host rocks (Granger et al.,
1961; Granger, 1968), whereas downward fluctuation would
result in partial destruction of previously precipitated humate
masses (Granger, 1968; Granger and Santos, this volume).

The tabular, in places undulate, nature of the postulated
interface could explain the tabular, somewhat undulate geome-
try of the humate masses. Moreover, the tendency for primary
ore to "float" in a host sandstone can be attributed to the pres-
ence of a two-solution interface at various horizons in the host
sandstone. It is noteworthy that humate masses, deposited at a
freshwater-saltwater interface in Pleistocene and Holocene
Florida coastal sandstones (Swanson and Palacas, 1965), have a
similar tabular geometry and also appear to "float" in the host
sandstone. The salt water apparently contributed cations neces-
sary for humate precipitation. Similarly, humate precipitation
between two chemically distinct fluids has been observed in
laboratory experiments (Ethridge et al., 1980).

The zone of altered Fe-Ti oxides (Reynolds et al., this vol-
ume), confined largely to the upper Westwater Canyon, sug-
gests that humic-acid-bearing waters occupied the upper
Westwater Canyon. A postulated cation-rich solution, in which
the Fe-Ti oxide minerals persisted, may have occupied sand-
stone in the lower part of the Westwater Canyon, although evi-
dence for this is lacking. The interface necessarily fluctuated in
order to account for orebodies at various stratigraphic levels in
the Westwater Canyon Member.

In addition to humate precipitation, other diagenetic altera-
tions, including precipitation of FeS2 minerals, could have
occurred at the interface between the two chemically distinct
solutions. Reduction of sulfate to isotopically light sulfide, prob-
ably accomplished by bacteria metabolizing organic material,
may have provided the aqueous sulfide for the ore-stage FeS2
minerals. The iron necessary for the ore-stage FeS2 minerals
was probably leached from detrital Fe-Ti oxides in the host
rocks and brought to the interface by the humic acids. Desorp-
tion of iron from the humate and subsequent combining of this
iron with aqueous sulfide could explain precipitation of ore-
stage FeS2 minerals. That primary ore-stage FeS2 minerals are
enriched in ore zones (Fishman and Reynolds, this volume) fur-
ther suggests that iron necessary for FeS2 precipitation was pro-
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vided by the humate. Similarly, other elements transported to
ore zones by the humic acids, especially vanadium, were
desorbed from the humate in ore zones.

Vanadiferous chlorite, although properly a postore alteration
(see Figure 7), deserves mention in that morphologically similar
postore chlorite in zones barren of primary uranium mineral-
ization is rarely vanadiferous (Lee and Brookins, 1978;
Hansley, this volume, b; Fishman and Reynolds, this volume).
This suggests that the vanadium incorporated in the chlorite
was derived from the humate. Thus the humate was instrumen-
tal in providing both iron and vanadium that were incorporated
into ore-stage FeS2 minerals and postore chlorite, respectively.

Summary of Model

In summary, the external source model calls upon infiltration.
of Early Cretaceous humic-acid-bearing recharge waters into
Morrison aquifers and postulates that humate precipitation
occurred at the interface between the humic-rich solution and a
second, cation-rich, solution. Although this model can accom-
modate observed alteration patterns in the host rock and can
explain the geometry of the primary orebodies in the host rock,
it is not without problems. First, the presence of Lower Creta-
ceous sediments in the southern San Juan basin is conjectural,
as is the inferred carbonaceous nature required for generation
of humic acids. Additionally, once generated, the humic acids
would have had to migrate tens of kilometers from points of
recharge to account for primary uranium ore in the Grants ura-
nium region. The availability of cations in the migration path-
way makes it unlikely that the humic acids could have migrated
such great distances without precipitating because of cation
loading. Secondly, the presence of unaltered detrital Fe-Ti
oxide grains in the lower part of the Westwater Canyon requires
that humic-acid-bearing solutions from an external source
moved laterally during their passage through the host sand-
stone, an inferred paleohydrology that does not explain the ver-
tical trends in Fe-Ti oxide destruction. Furthermore, in order for
the humic-acid-bearing solution to have continued to move lat-
erally through the host sandstone, a denser solution must have
occupied the lower part of the'Westwater Canyon. There is pres-
ently no mineralogic or isotopic evidence to support this con-
tention, and the presence of the denser solution is therefore
speculative.

An additional drawback to the external source model is its
failure to explain the observed facies-related distribution of pri-
mary uranium ore deposits. The external source model was first
formulated by Grangeret al. (1961) before the more recent stud-
ies of facies-related alteration patterns (Fishman, Turner-
Peterson, and Reynolds, 1984) implicated the Brushy Basin
Member in pore fluid movement and primary ore genesis.
Therefore, we conclude that the external source model can no
longer be considered a feasible model for ore genesis.

Uranium Localization in Primary Ores

During or after formation of tabular humate masses in the
host sandstones, uranium was fixed by the organic material.
The abundance of altered volcanic ash in the host formation,
particularly as discrete ash beds in the Brushy Basin Member,
indicates that a ready source of uranium was available during
the time primary uranium mineralization occurred. Alteration
of uranium-bearing rock-forming minerals in detrital grains in

the host sandstone by intrastratal leaching (Walker, 1975) could
have provided additional uranium to the ground water.
Because of the ease with which uranium is mobilized under dif-
ferent geochemical conditions (Langmuir and Applin, 1977), it
is not certain that a source particularly rich in uranium is even
necessary. It is possible that, with time, passage of ground
waters that are not rich in uranium could enrich a humate mass
to ore grade (Leventhal and Granger, 1977). Perhaps the strong-
est argument in favor of inferring a short-lived, uranium-rich
ground water, however, is that with time humate progressively
loses the functional groups that are capable of fixing metals
(Huc and Durand, 1977). Passage of ground water rich in ura-
nium through the host rock, in solutions possibly containing
either uranyl-dicarbonate ions or urano-organic complexes,
during or shortly after humate deposition, would have ensured
that the functional groups were still available to fix large quanti-
ties of uranium. Uranium can be readily fixed by organic mate-
rial in the +6 (oxidized) state (Szalay, 1958, 1964;
Schmidt-Collerus, 1969; Jennings and Leventhal, 1977) in a
process that does not require immediate reduction of uranium.
Reduction of uranium to the +4 state can occur at some later
time (Kochenov et al., 1977).

Several possibilities exist concerning the nature of uranium
enrichment of the humate masses. One possibility is that ura-
nium traveled as a urano-organic complex and thuswas precip-
itated with the humate. Fission track maps indicate that
uranium is homogeneously distributed throughout humate in
some primary ores, which is consistent with the idea that ura-
nium traveled with the humic acids (Fishman, Reynolds, and
Robertson, 1985). On the other hand, x-ray fluorescence maps
of carbon, silicon, and uranium in primary ore indicate that ura-
nium is commonly coextensive with silicon within the humate.
This association suggests that the uranium may not have been
transported in the form of a humic acid complex (Hansley, this
volume, b). The possibility remains that passage of oxidizing,
uranium-bearing ground waters through the host sandstone
after humate precipitation enriched the humate to ore grade
over time. Less homogeneous distribution of uranium with
respect to humate (Webster, 1983; Hansley, this volume, b) is
compatible with this idea of slightly later introduction of ura-
nium.

A limiting factor for uranium enrichment of the humate was
the availability of sites for uranium fixation by the humate. If
many of the functional groups on the humic acid macrormole-
cule were attached to cations other than uranium, a more lim-
ited number of sites would then have been available for
uranium. Cation loading, the probable mechanism by which
humic acids were precipitated, would certainly have accounted
for many of the sites on the humic acid molecule. In addition,
release of certain cations after precipitation of the humic acids
would have freed additional sites for uranium. Iron and vana-
dium, two elements believed to have been instrumental in
causing initial precipitation of the humate, may have been sub-
sequently released to form authigenic minerals in ore zones.
Iron is thought to have contributed to formation of ore-stage
pyrite, and vanadium was apparently incorporated into authi-
genic chlorite associated with primary ore (Lee and Brookins,
1980; Fishman and Reynolds, this volume). This release of cat-
ions after precipitation would have enabled the humate to scav-
enge additional uranium from uranium-rich ground water that
passed through the humate masses.
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Other elements that are enriched in primary ores, particu-

larly selenium and molybdenum, could have been derived

from alteration of volcanic ash. Experimental leaching of vol-

canic glass by alkaline solutions, similar to those envisioned for

the host sandstone beds, can liberate selenium and molybde-

num in addition to uranium (Goodell and Trentham, 1980;

Zielinski, 1982). The anomalous concentrations of vanadium in

primary ores, as mentioned earlier, can be attributed to the

release of vanadium from sites in detrital Fe-Ti oxide grains by

their alteration during the passage of humic-rich solutions

through the host sandstone.

Uranium Redistribution Associated with Late
Tertiary Oxidation

Genetic models presented in the previous section provide

several different explanations for the origin and precipitation of

humate associated with primary uranium mineralization in the

Grants uranium region. Although the models differ in explain-

ing the origin of the humate, they are all consistent with a Late

Jurassic to Early Cretaceous age for primary uranium mineral-

ization as indicated by radiometric age determinations (Ludwig,

Simmons, and Webster, 1984).
A second stage of uranium mineralization, resulting in the

formation of redistributed uranium deposits, has also been doc-

umented in sandstone of the Morrison in the Grants uranium

region. Radiometric ages that are consistently less than 10 my.

for these orebodies (Ludwig et al., 1982) indicate that this min-

eralizing event occurred in the late Tertiary to Holocene in

response to infiltration of Morrison aquifers by oxidizing

ground water (Granger et al., 1961: Squyres, 1970; Saucier,

1980). The incursion of destructive oxidizing fluids into Morri-

son host sandstones can be related to changes in basin hydrol-

ogy in response to uplift of the Zuni Mountains (Saucier, 1980)

and the establishment of a discharge area located well into the

basin that resulted from a change in the course of the San Juan

River (Berry, 1959). Uranium in redistributed deposits was

probably leached from preexisting primary deposits upon

destruction of primary ore by the oxidizing ground water

(Granger et al., 1961; Squyres, 1970; Granger and Santos, this

volume). Faults of Laramide age provided conduits for oxidiz-

ing ground waters to infiltrate Morrison sandstone and leach

uranium from primary deposits, only to reprecipitate it in redis-

tributed deposits.
In addition to their considerably younger age, redistributed

deposits differ mineralogically and chemically from primary ore

deposits. For instance, the humate associated with primary ores

is rare or nonexistent in redistributed deposits studied thus far

(Fishman and Reynolds, 1983; Granger and Santos, this vol-

ume). Accordingly, redistributed ores contain very low whole-

rock abundances of organic carbon (Granger et al., 1961;

Fishman and Reynolds, 1983). Also, uraninite is sparse or lack-

ing in primary ores but is common in redistributed ores

(Granger, 1963). Vanadium oxide minerals, not present in pri-

mary ores, abound in some redistributed deposits (Granger,

1963). Vanadium contents in excess of those of uranium, as evi-

denced in Ambrosia Lake redistributed deposits (Granger et al.,

1961), can thus be attributed to the abundance of vanadium

oxides in these deposits.

Redistributed orebodies commonly occur on the reduced side

of a regional reduction-oxidation (redox) interface and thus

closely resemble roll-type uranium deposits. Indeed, redistrib-

uted deposits probably formed by chemical redox processes

similar to those responsible for roll-type uranium mineraliza-

tion (Granger et al., 1961; Squyres, 1970; Granger and Santos,

this volume). Redistributed deposits do differ from roll-type

deposits, however, in that they consist of uranium that may

have been derived from a precursor primary ore deposit. In

addition, redistributed orebodies commonly lack the well-

defined limbs of ore common to roll-type deposits (Cranger and

Santos, this volume). Advancement of the regional redox inter-

face was partly inhibited by primary orebodies themselves, in

that humate-cemented sandstone decreases permeability of the

host sandstone sufficiently to retard movement of the interface.

In places, the regional redox interface has advanced beyond

parts of primary orebodies, leaving them stranded as pods of

primary ore surrounded by oxidized sandstone. These pods are

referred to as "remnant" ore (Kirk and Condon, this volume).

Ferric oxide minerals, precipitated in response to the infiltra-

tion of oxidizing ground waters (Saucier, 1980; Granger and

Santos, this volume) are abundant in sandstones along the out-

crop (Figure 11) and in some subsurface sandstones in the

southern San Juan basin. That these minerals precipitated in

response to late Tertiary to Holocene oxidation is consistent

with their position late in the paragenetic sequence of altera-

tions (Figure 7) determined petrographically. In fact, some of

the redistributed ore related to redox processes yields radiomet-

ric ages that suggest that ore is still forming today (Ludwig et al.,

1982), making the associated hematite the result of one of the

last diagenetic events that can be documented for the Morrison

Formation.

Summary

Our goal was to summarize the current state of knowledge on

the Morrison Formation in the Grants uranium region of the

San Juan basin and also to propose genetic models for primary

uranium ore formation. Three models are presented that

address the source of the humate with which uranium is inti-

mately associated in these deposits. The models were designed

to identify all feasible potential sources for the humate within

the constraints established by a complete basin reconstruction

during the time of primary uranium mineralization. In two of

these models, the internal source and lacustrine-humate

models, the humate in mineralized Morrison sandstones is pos-

tulated to have been derived from within the Morrison Forma-

tion itself. As a result, these models seem more plausible

because they place humic acid migration and thus uranium

mineralization in the context of early diagenesis of the host

rock. Both models have as a basic premise the idea that fluids

responsible for transporting humic acids originated in the

mudflat facies of the Brushy Basin Member; in the lacustrine

humate model, the mudflat facies is considered both as the

source of the solubilizing fluids and the humic acids, whereas ir

the internal source model pore fluids that emanated from the

mudflat facies are thought to have solubilized organic detritu:

in the host sandstone itself. A third model, the external souro

model, requires that uranium mineralization be viewed as

later, imposed alteration independent of the early diageneti

evolution of the host sandstones.
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An advantage of the internal source and lacustrine-humate
models is that all of the constituents necessary for primary ura-
nium mineralization were available within the host rock during
early diagenesis. Moreover, the only fluids inferred to have
played a major role in mineralization are those inherent in the
host rock; the nature of these fluids can be inferred by recon-
structing paleoenvironments, associated paleohydrology, and
the resulting alteration patterns in the host sandstones. These
models focus on diagenetic reactions that occurred early in the
burial history of the Morrison host rocks, which included altera-
tion of unstable and reactive constituents, specifically volcanic
ash and organic detritus. Early alteration of these two highly
reactive constituents was of fundamental importance in creat-
ing the hydrogeochemical system conducive to primary ura-
nium mineralization. Alteration of volcanic ash played a key
role not only in providing uranium to the system but also in
modifying pore water chemistry-an increase in pore water
alkalinity in mudstones of the mudflat facies favored mobiliza-
tion of organics, so that pore waters carried soluble humic acids
(derived either from the mudflat facies or the host sandstone
itself) through the host sandstone. Passage of these humic-rich
pore fluids through the host sandstone was an early diagenetic
event. The entire mineralizing process, as envisioned here,
links distribution of sedimentary facies with subsequent evolu-
tion of pore fluids and resulting sandstone alteration. Thus, pri-
mary uranium mineralization is viewed as a product of a unique
combination of depositional and diagenetic processes that
acted in concert at a specific, critical time in basin evolution.

The multidisciplinary basin analysis approach to understand-
ing uranium mineralization, used here, can be usefully applied
to the study of other sediment-hosted ore deposits. Knowledge
gained by studying a commodity in its broadest regional setting,
as well as its specific associations in the host rock, allows
greater insight into the interplay of tectonic, sedimentologic,
and diagenetic factors that ultimately determine if a particular
sequence of sedimentary rocks is favorable for mineralization.
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Staff Exhibit 1

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )

HYDRO RESOURCES, INC. ) Docket No. 40-8968-ML
2929 Coors Road, Suite 101 )
Albuquerque, New Mexico 87120 )

AFFIDAVIT OF WILLIAM H. FORD

I, William H. Ford, being duly sworn, declare as follows:

1. I am competent to make this affidavit, and the factual statements herein are true and

correct to the best of my knowledge, information, and belief. The opinions expressed herein are

based on my best professional judgment. This declaration will serve to present my understanding of

the health, safety and environmental effects of in situ leach (ISL) uranium mining at the Crownpoint

Uranium Project of Hydro Resources Inc. (HRI). A summary of my expertise pertaining to ISL

issues has previously been submitted in this proceeding. Additionally, with respect to the FEIS

excerpts included herein, I was the principal author of those excerpts.

2. Below, I answer questions 1, 2, and 3 propounded by the Presiding Officer in his

order dated April 21, 1999 (April 21 Order).

I



Ouestion I

3. Question I states as follows:

Based on the experience of Uranium Resources, Inc. (URI) and of the in situ leach
mining (ISL) industry generally, as well as the laboratory work reported in the Final
Environmental Impact Statement, NUREG-1508, February 1997 [FEIS], Tables 4.8
and 4.9 at pp. 4-32, 33, what important difficulties (including unlikely but
foreseeable difficulties) may reasonably be considered for the Crownpoint Uranium
Project (CUP) concerning restoration of ground-water quality at Church rock [sic]
Section 8? What environmental costs may reasonably be expected to result from
foreseeable difficulties?

April 21 Order, ¶ 1, at 1-2 (footnote omitted) (emphasis in original).

4. Given the poor water quality now present in the ore zone at Church Rock Section 8

as a result of uranium and radium concentrations, the chemical inability of these groundwater

constituents to move outside the well field area, the requirement for a restoration demonstration, and

the license provision for annual surety updates, it is extremely likely that after in situ leach mining

is completed. the groundwater quality will be restored to acceptable levels so that the water use of

the aquifer is maintained.

5. Based on Mobil Section 9 pilot data (discussed in detail in ¶¶ 16-23) in the 9-10 pore

volume range as a cut-off to judge successful restoration (see I I 1), it is unlikely that groundwater

restoration activities at the Church Rock site will achieve baseline concentrations for all groundwater

parameters. During the Mobil demonstration, approximately42% ofthe monitored parameters were

returned to baseline concentrations after 9-10 pore volumes of restoration effort.

6. However, it is likely that most, if not all, of the groundwater parameters will achieve

the secondary groundwater restoration goals stated in HRI License Condition 10.21. Approximately

*2



74% of the parameters monitored in the Mobil demonstration met the secondary groundwater

restoration goals after 9-10 pore volumes of restoration effort.

7. Regarding the six parameters that did not meet their respective secondary

groundwaterrestorationgoalsduringtheMobil demonstration after9-10pore volumes of restoration

effort, half of them (calcium, sodium, and molybdenum) do not have primary or secondary drinking

water standards, because they are not considered hazardous to humans. Molybdenum is primarily

a concern for cattle uptake, while sodium and calcium are considered nutrients. At 9.7 pore

volumes, total dissolved solids (TDS) concentrations were at 587 parts per million (ppm), which was

close to the secondary drinking water standard for total dissolved solids of 500 mgAL. See HRI's

1993 summary of the Mobil data.' Therefore, it is very likely that the TDS secondary goal will be

achieved at Section 8, even though it cannot be accomplished without leaving some of the major

parameters which are not a threat to public health and safety at higher than background

concentrations.

8. During the Mobil demonstration two parameters, radium and arsenic, did not achieve

baseline, or meet their respective drinking water standards, after nine pore volumes of restoration

effort. In addition, after nine pore volumes, uranium was not restored to baseline or the NRC

standard of 0.44 mg/L. At the end of the mining phase of the Mobil demonstration, but prior to

restoration, arsenic was for all practical purposes at the primary drinking water standard of

0.05 mg/L (see pregnant lixiviant column, FEIS Table 4-13). During the restoration phase, arsenic

concentrations fluctuated slightly above and below the primary standard. See Mobil Mining and

' HRI's six-page "Section 9 Pilot Summary Report" (Pilot Report) is located at the end of
Notebook 6.2 of the HRI Hearing File, and additionally includes Attachments A-F. The FEIS
references this report as "HRI 1993b." See FEIS, at 7-5.
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Minerals Company's 1986 report. At 9.7 pore volumes of restoration effort at the Mobil

demonstration, the arsenic level was 0.079 mgfL, which is very close to the primary drinking water

standard of 0.05 mg/L. See id.

9. Uranium and radium are two parameters that often make the water quality from the

ore zone unsuitable for drinking water use, even prior to any in situ leach mining. At 9.7 pore

volumes of restoration effort at the Mobil demonstration, uranium was nearly in compliance with

the NRC standard. and radium concentrations were restored to anticipated baseline conditions.

Moreover. parameters like arsenic, radium, molybdenum, and uranium are readily retarded by rock

water interactions, as explained in ¶d 12-14, and 24, below. Therefore, it is extremely unlikely that

after restoration activities, arsenic, radium, molybdenum, or uranium levels would impact water

quality outside the restored well field area. These conclusions are supported by the FEIS excerpts

set forth below.

10. FEIS Table 4.8 shows the results from two core leach tests conducted with ore

samples from the Church Rock site. The Staff stated its concerns about relying on such small-scale

core tests to represent a site-scale groundwater restoration demonstration. See FEIS, at 4-29. The

core tests may have been influenced by the process of obtaining, transporting, storing, and testing

the core. Furthermore, the groundwater chemistry used to represent water conditions underground

may not accurately represent actual baseline water quality for that particular section of core. To help

address these concerns, HRI is required to perform a groundwater restoration demonstration at its
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Church Rock site.2 In this regard, the FEIS states at page 4-39 as follows:

In order to address concerns with the lack of a site-specific representative groundwater
restoration demonstration, HRI proposes to complete a concurrent restoration demonstration
at each of the three proposed project sites within 18 months of the date on which mining
commences (HRI 1996b). The demonstration would include:

1. An isolated restoration demonstration pattern, completed in a mine unit, constructed
to the same basic configuration as the proposed production well field pattern, and
operated under the same conditions as the proposed mining procedures.

2. Leaching of the pattern would be run for at least 3 months under commercial
activity conditions using leaching agency concentrations equal to or greater
than those expected to be required for production.

3. After the leaching phase, a complete chemical description of the produced fluid
would be obtained and a demonstration of a restoration would be initiated.

4. Sample analysis of fluids would be completed at least every week during the
restoration demonstration to allow observation of the concentration of various
restoration parameters. Progress reports would be submitted to NRC every 6 months
after the demonstration was initiated.

5. Restoration would continue until the groundwater was restored to levels consistent
with baseline.

6. With each progress report, the operator would calculate and submit the volume of
groundwater affected. Factors to be considered would include aerial extent, formation
thickness, and porosity. Upon the completion of the restoration demonstration, HRI
would submit the data, analysis, and conclusions in a final report.

7. Authorization for expansion of mining into additional mine units would be
contingent upon the results of the restoration demonstration within the 18-month
period (HRI 1996b).

2 See HRI License Condition 10.28. Prior to conducting this groundwater restoration
demonstration, HRI will have established the primary groundwater restoration goals, pursuant to
HRI License Condition 10.21. Following groundwater restoration activities, HRI License
Condition 10.21 states that for each listed parameter, the primary goal is that the water quality of
groundwater should be no worse than the original baseline water quality of the impacted aquifer.
HRI License Condition 10.21 also specifies the secondary groundwater restoration goals, which
are based on public drinking water standards already in force.
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11. The Staff explained in the FEIS its basis for requiring nine pore volumes to be used

for HRI's Church Rock demonstration, as follows:

Depending on the parameter and the test chosen, the pore volumes required to achieve the
lower water quality of the secondary restoration goal or background ranged from less than
I pore volume to greater than 28 pore volumes. However, plots of [total dissolved solids]
TDS concentrations and specific conductivity values (an indirect measure of TDS) show
little improvement with continued pumping after 8 to 10 pore volumes. The Mobil Section
9 pilot is the largest restoration demonstration conducted in the project area to date. During
groundwater restoration activities in the Mobil demonstration, TDS concentrations were
close to the secondary restoration goal of 500 mg/L after 6.9 and 9.7 pore volumes. On the
basis of the data submitted by HRI, the staff conclude that practical production-scale
groundwater restoration activities would at most require a 9 pore volume restoration effort.
Accordingly the staff have calculated groundwater impacts assuming the use of 9 pour [sic]
volumes for groundwater restoration. Furthermore, surety should be maintained at this level
until the number of pore volumes required to restore the groundwater quality of a production-
scale well field has been demonstrated by HRI.

FEIS. at 4-40.

12. Most of the parameters that caused problems with groundwater restoration at the

Mobile Section 9 pilot site are the redox-sensitive chemical constituents, as discussed in the

following FEIS excerpts:

Contamination of groundwater from sodium-based alkaline lixiviant uranium leaching arises
from (1) the addition of sodium bicarbonate and oxygen (lixiviant) to the groundwater, (2)
the addition of chloride to the groundwater by the processing plant, and (3) the interaction
of these chemicals with the mineral and chemical constituents of the aquifer being mined
(most significantly uranium, potassium, sulfate, arsenic, selenium, molybdenum, and other
trace metals) (Deutsch 1985).

FEIS, at 4-15. However, as explained in the FEIS excerpt below, redox-sensitive constituents such

as uranium, molybdenum, selenium, and arsenic, should not migrate very far from the well field, if

for some reason they are still elevated after groundwater restoration activities:

A study sponsored by the NRC (Deutsch 1983) was conducted to investigate the ability of
natural geochemical processes to restore water quality after ISL mining activities in an
aquifer. Tests were conducted to simulate lixiviant migrating down-gradient from a mined
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area into the area of an aquifer where reducing conditions occur naturally. The study
indicated that major ion concentrations elevated during ISL mining, such as sodium,
chloride. and sulfate, are affected very little when the lixiviant migrates into the undisturbed
reduced zone. As a result, concentrations tend to remain at the level to which the water was
restored for some distance from the area of former mining. Conversely, redox-
(oxidationlreduction) sensitive ions such as uranium, arsenic, selenium, and molybdenum
precipitate from solution if the restored water moves into a reducing zone. Therefore, after
restoration activities, if groundwater moves into a reducing area, concentrations of these ions
should rapidly decrease in the groundwater.

FEIS at 4-39.

13. However, previous underground mining activities on Section 17, conducted by United

Nuclear Corpdration (UNC), may have influenced the natural reducing capacity of the aquifer near

the old mine workings, as described in the FEIS as follows:

An active uranium ore body is one where reducing conditions exist on one side of the ore
body and oxidizing conditions exist on the other side. Current research (Deutsch 1985:
Deutsch 1983) indicates that for active ore bodies, the redox-sensitive ions (such as uranium)
which have been mobilized by uranium solution mining would rapidly be adsorbed and
removed from groundwater when they encounter reducing conditions in the rock. So if the
post-mining groundwater flow direction is from the oxidized side of the ore body to the
reduced side, these ions should be rapidly attenuated after solution mining activities.

However, as recognized by HRI (I 996a), the dewatering effects of the-old mine workings [on
Section 17] have subjected the Westwater Canyon Member to oxidizing conditions. The
implication is that for some distance around the old Church Rock mine working (i.e., into
areas that were not mined by the underground operation), dewatering may have significantly
diminished or eliminated reducing conditions in the aquifer. Therefore, uranium may move
a longer distance than would normally be predicted before it encounters reducing conditions
in the aquifer.

FEIS. at 4-57 to 4-58. The extent to which the aquifer under Section 8 could have been impacted

by the dewatering effects of the UNC mine on Section 17 is uncertain. However, the non-linear

nature of groundwater drawdown should mean that dewatering impacts should have decreased very
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rapidly with distance from the old UNC mine. Therefore, it is reasonable to expect that the reductive

capacity of the aquifer underlying Section 8 has only been marginally affected, if at all.

14. Moreover, with respect to radium, at the end of groundwater restoration efforts, this

groundwater constituent would not tend to migrate very far in oxidizing or reducing conditions,

because it has a high tendency to chemically react (adsorb) with solid material in the aquifer. This

tendency for radium to adsorb is described in the FEIS, as follows:

One of the common methods used to model geochemical absorption is through the use of the
distribution coefficient commonly known as Kd (Freeze 1979). The Kd approach attempts to
predict the partitioning of solutes between the liquid and solid phases in a porous medium.
A Kd reflective of reducing conditions was conservatively chosen for radium because radium
is more mobile under reducing conditions. Current groundwater flow modeling indicates that
groundwater from the Crownpoint or Unit I site could flow through either the reduced or
oxidized side of the roll front, or both. Radium Kds for oxidizing -environments fall in the
range of 500 mLJg (Sheppard 1990; Allard 1979; Krishnaswami 1982; Serene 1982; Meijer
1995; Wescott 1995; Barney 1984). For reducing conditions in sandstone with low organic
matter. Barney (1984) determined a radium-226 Kd of 55 mUg. It was this lower Kd that was
used to model the retardation of radium-226. Distribution coefficients of this magnitude
indicate that for all practicable purposes radium-226 is immobile in the premining and post
restoration groundwater chemistry.

FEIS. at 4-48. The FEIS additionally stated as follows regarding the restoration failure for radium-

226 during the Mobil Section 9 pilot site test:

After 16.7 pore volumes in the Mobil Section 9 pilot, radium had not been restored
to the EPA drinking water quality standard of 5 pCifL. HRI anticipates that the
restored value for radium at the Church Rock, Crownpoint, and Unit I sites would
be [above] baseline values (HRI 1996a). This is because HRI believes that average
pre-mining well field radium concentrations would exceed the U.S. EPA and State
of New Mexico drinking water standard for radium (HRI 1996a).

HRI's beliefs are supported by radium concentration values gathered from sampling
groundwater in the Westwater Canyon aquifer at the Unit I and Crownpoint sites. For the
Unit I site, a maximum radium-226 value of 200 pCi/L and an average value of 10.3 pCi/L
is reported (HRI 1996b). Both of these values exceed the EPA maximum concentration limit
for radium (HRI 1993b). At the Crownpoint site, a minimum radium concentration of 0.1
pCiAL and a maximum value of 806 pCi/L is reported. Using data from Crownpoint site wells
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CP-2, CP-3, CP-5, CP-6, CP-7, and CP-8, an average value of 65 pCi/L is calculated (HRI
1992b). This exceeds the U.S. EPA and State of New Mexico drinking water standards.

FEIS, at 4-37.

15. Should the Presiding Officer nevertheless determine that the FEIS needs to be

supplemented (see April 21 Order, ¶ 6, at 4), I offer the following discussion:

16. The largest scale restoration demonstration in the CUP area was performed for the

Mobil Section 9 pilot plant. Water containing lixiviant was passed through a small well field of nine

injection wells and four production wells. The pore volume data from this demonstration is reported

in the second column of FEIS Table 4.9, at page 4-33. More extensive data from the Mobil

demonstration is reported in FEIS Table 4.13, at page 4-3g.3 Table 4.9 was constructed using data

from HRI s Pilot Report, and reported results obtained by Mobil through September 16,1985. Table

4.9 thus presents data taken during active restoration activities. FEIS Table 4.13 was constructed

using data from Mobil Mining and Minerals Company's 1986 report, and reflects data from wells

sampled in September 1986, at the end of restoration activities. The discrepancies (cited in the

There are some discrepancies between FEIS Tables 4.9 and 4.13. For example, FEIS
Table 4.9 shows nitrate and lead reaching baseline in less than one pore volume, whereas in FEIS
Table 4.13 these parameters are shown as slightly above baseline at the end of restoration.
Similarly. Table 4.9 shows zinc reaching baseline in seven pore volumes, but FEIS Table 4.13
shows zinc as being higher than baseline at the end of restoration. Additionally, data for silver
levels was inadvertently excluded from FEIS Table 4.9, which should have indicated that silver
was restored to baseline in less than 1.87 pore volumes. Cobalt, cyanide, and aluminum are
listed in FEIS Table 4.13, but not in Table 4.9. These parameters are not expected to be
significantly affected by the sodium bicarbonate lixiviant proposed for use at the CUP, and are
thus not among the list of parameters to be monitored in HRI License Condition 10.21. FEIS
Table 4.13 shows baseline data for ammonia, but it appears that since ammonia was not used in
the lixiviant at the Mobil Section 9 pilot test, it was not sampled for by Mobil during or after
restoration.
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footnote) between the two tables thus appear to be the result of the fact that each is based on a

different report, and each summarizes data collected at different locations and times.

17. 1 consider the data from the Mobil demonstration to be the most accurate information

available, in terms of predicting baseline and post-restoration groundwater quality at HRI's Church

Rock Section 8 site. Moreover, the Mobil data is the most complete of the data sets reported in

FEIS Table 4.9. Accordingly, the following discussion of test results pertains only to the Mobil

demonstration test data. To properly interpret this data, reference must also be made to the

information in FEIS Tables 3.19, 4.6, 4.7, and 4.10, as discussed below.

18. As shown in the second column of FEIS Table 4.9, When read together with the third

column of FEIS Table 4.13 (this latter column is headed "Restored" on FEIS page 4-38)4, the

average well field baseline concentration (which is HRI's primary groundwater restoration goal for

each parameter, pursuant to HRI License Condition 10.21) was restored for bicarbonate, cadmium,

chromium, copper. fluoride, iron, lead, manganese, nickel, selenium, silver, and zinc after 9.7,6,12,

1.8. 1. 1, 1. 16, 1.8, 5, 1.87, and 7 pore volumes of restoration effort, respectively. 5 After 16.7 pore

volumes of restoration effort, average well field baseline concentrations could not be restored for

aluminum. arsenic, barium, boron, calcium, chloride, mercury, molybdenum, radium-226, sodium,

sulfate, total dissolved solids, and uranium, as reflected in FEIS Tables 4.9 and 4.13.

4 The column headed "Restoration standard" on FEIS Table 4.13, page 4-38, reflects
restoration criteria previously established for the Mobil Section 9 Pilot test, but these criteria are
not relevant to the CUP, and accordingly should be disregarded. The relevant public drinking
water standards are listed in FEIS Table 4.7, at page 4-30.

S Table 4.9 also shows that it took 16 pore volumes for magnesium to reach baseline
during the Mobil Section 9 pilot test. However, this reflects an error made when Table 4.9 was
constructed. To my knowledge, magnesium concentrations were not reported as part of the
Mobil Section 9 pilot test, as reflected by magnesium's absence from FEIS Table 4.13.
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19. By contrast, FEIS Table 4.10, at 4-34 (second column), shows the number of pore

volumes needed to restore the Mobil water quality parameters to the relevant drinking water

standards (listed in FEIS Table 4.7, at 4-30), which are the secondary groundwater restoration goals

pursuant to HRI License Condition 10.21. Compliance with these drinking water standards was

achieved after various pore volume levels of restoration effort, as shown in FEIS Table 4.10. As

reported there, for the monitored parameters of barium, cadmium, chromium, copper, fluoride, iron,

lead, mercury, nickel, nitrate, and zinc, levels were in compliance at less than one pore volume of

restoration effort: chloride was in compliance at 3.9 pore volumes; selenium was in compliance at

five pore volumes; manganese, sulfate, and total dissolved solids, were in compliance at 9.7 pore

volumes: and uranium was in compliance at 12 pore volumes.6

20. Some of the water quality parameters that could not be restored to the average well

field baseline levels during the Mobil test are not subject to any primary or secondary drinking water

6 Only arsenic and radium-226 are reported in FEIS Table 4.10 as not being in
compliance with the applicable drinking water standards at the end of the 16.7 pore volume data
collection effort at the Mobile Section 9 pilot site. As to arsenic, there may be one or more errors
in the reported data. Arsenic is reported in FEIS Table 4.13, at 4-38, as being restored to a
concentration of 0.14 mg/L, which is larger than the 0.05 mg/L standard of the primary standard.
See FEIS Table 4.7, at 4-30. However, this is a typographical error carried into the FEIS from the
Draft Environmental Impact Statement. In Attachment 1 of the 1986 Mobil Mining and Minerals
Company report (referenced in footnote "a" of FEIS Table 4.13), it is stated that arsenic was
restored to 0.014 mg/L, which is less than 0.05 mgfL standard. However, according to HRI's
Pilot Report. arsenic levels did not go below the 0.05 mg/L standard until 16.7 pore volumes of
restoration effort.
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standards. For example, calcium, sodium, and molybdenum,' fall into this category. There are no

primary or secondary drinking water standards for calcium, sodium, or molybdenum, because these

are not considered hazardous to humans. Molybdenum is primarily a concern for cattle uptake, while

sodium and calcium are considered nutrients. Parameters like sodium and calcium can have a large

impact on total dissolved solids (TDS) calculations. The FEIS explained as follows that if any

parameters not subject to primary or secondary drinking water standards cannot be restored by HRI

to the well field baseline average, HRI would need to request a license amendment:

HRI has stated that, consistent with relevant statutory and regulatory provisions and the
provisions of other NRC ISL licenses, if it found that it were impracticable to restore to
primary or secondary goals, it might request a license amendment that would allow some
change in restoration requirements on a parameter-by-parameter basis (HRI 1996g).

If a groundwater parameter could not be restored to its secondary goal, HRI would
have to make a demonstration to NRC that leaving the parameter at the higher
concentration would not be a threat to public health and safety and that, on a
parameter by parameter basis, water use would not be significantly degraded. This
situation might possibly arise with respect to the TDS parameter at the proposed
project. TDS is a measure of the total sum of all dissolved constituents, but it is most
affected by the majorconstituents (sulfate, chloride, calcium, bicarbonate, carbonate,
fluoride, sodium, and potassium). However, not all the major constituents have a
secondary or primary drinking water standard (for example bicarbonate, carbonate,
calcium. magnesium, potassium). Consequently, it is possible that after groundwater
restoration, the TDS secondary goal might be achieved, but the secondary goal for
individual major ions that contribute to TDS might not be achieved. If such a
situation occurred, HRI would have to make a demonstration to NRC that leaving a
parameter at higher than secondary goal concentrations would not be a threat to
public health and safety and that water use would not be significantly degraded. For
groundwater with TDS concentrations less than the secondary goal, NRC staff have
assumed that worst-case groundwater restoration would return water quality to the
secondary goal, even though it cannot be achieved without leaving some of the major

' As indicated in FEIS Table 4.6, at 4-28, the primary and secondary restoration goals are
the same (i.e., well field baseline average) for parameters lacking a public drinking water
standard. See also FEIS Table 4.7, at 4-30 (listing the primary and secondary drinking water
standards in force for various parameters).
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parameters at higher than background concentrations (i.e., between primary and
secondary goal concentrations).

FEIS, at 4-27 to 4-29.

21. As is evident from the data reported in FEIS Table 4.13, uranium and radium proved

to be the biggest restoration challenges during the Mobil pilot test. As reported in FEIS Table 4.13,

at 4-38. at the end of the restoration effort for the Mobil pilot test in September, 1986, uranium had

a concentration of 0.319 mg/L, which is less than the NRC standard of 0.44mg/L. Radium measured

in 1986 had a concentration of 59.9 pCi/L,8 which is higher than the 5.0 pCi/L EPA standard, and

higher than the baseline value of 10.225 pCi/L now present at HRI's Church Rock site. See FEIS

Table 3.19. at 3-36. Radium and uranium are the two parameters that often make the water quality

in ore zones unsuitable for drinking water, even prior to any uranium extraction activities, and, as

further discussed in paragraph 16, below, this is the case at HRI's Church Rock site.

22. Regarding these two parameters, it must first be recognized that at the Mobil site, only

15 percent of the orebody was subjected to ISL mining. Since the orebody being mined was not

leached to completion (contrary to the situation when Church Rock well fields would be subject to

restoration activities), mobilized levels of uranium were quite high when the restoration effort began.

See HRI's Pilot Report. at pages 4-5 (pages not numbered). Additionally, at HRI's Church Rock

site, the mean level of radium-226 (10.225 pCi/L) already exceeds the 5 pCi/L EPA standard, and

the mean level of uranium (1.8 mg/L) already exceeds the NRC's 0.44 mgfL standard. See FEiS

Table 3.19, at 3-36 (reporting water quality data collected at HRI's Church Rock site), and HRI

8 This 1986 radium level contrasts with Mobil's 1985 radium measurement of 37.4 pCifL,
as reported by HRI in its Pilot Report.
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License Condition 10.21. These high ore-zone concentrations now present at HRI's Church Rock

site reduce the difficulties in restoring the uranium and radium levels in the groundwater to baseline,

since the baseline level for uranium and radium is already so high.

23. In this proceeding, I had previously stated in this regard as follows:

The staff recognizes that for uranium and radium, greater than 12 and 16 pore volumes,
respectively, was needed to achieve relevant Federal standards. However, at 9.7 pore
volumes, post-mining concentrations were greatly reduced [referencing, in a footnote, HRI's
Pilot Report]. After achieving 9.7 pore volumes, uranium was at 0.54 mg/L, which was
nearly at the NRC standard of 0.44 mg/L. Admittedly, radium was at 46.7 pCi/L, which is
higher than the 5.0 pCiIL EPA drinking water standard. Because the injection and
production wells will be completed in the ore zone within the Westwater Canyon aquifer, the
NRC staff has concluded that the baseline values for radium will be elevated above the EPA
standards.

Affidavit of William Ford, dated February 20, 1998, submitted as Staff Exhibit 9 to "NRC Staffs

Response To Motion For Stay, Request for Prior Hearing, And Request For Temporary Stay," at 1

42 (excerpt). HRI had similarly noted in its Pilot Report that radium is "ubiquitous to uranium

orebodies, and is known to generally exceed health standards" in such geochemical environments.

Pilot Report. at 4.

24. Moreover, movement of mobilized uranium, radium, molybdenum, and arsenic away

from a well field is readily retarded by the type of rock-water chemical interactions discussed in the

FEIS, at pages 4-39, 4-48, and 4-57 to 4-58 (quoted in 1¶ 12,13, and 14, supra). For example, this

lack of movement is shown by the fact that prior to uranium extraction, wells in the ore body record

high concentrations of uranium and radium, while wells outside the ore body do not. By contrast,

an anion like chloride, which is not prone to such retardation, is usually found in nearly the same

concentrations in wells inside or outside the ore body. Thus, I believe it is highly unlikely that
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uranium, radium, or arsenic will impact water quality outside the restored well field area at HRI's

Church Rock section 8 site.

25. Accordingly, given (I) the high pre-mining levels of uranium and radium now in the

ore zone at HRI's Church Rock site; (2) the chemical inability of these groundwater constituents to

move outside the well field area; (3) the requirement for a restoration demonstration; and (4) the

annual surety updates, I believe it is extremely likely that the groundwater quality will be restored

to acceptable levels following ISL mining at HRI's Church Rock Section 8 site. Accordingly, the

risk that groundwater at Church Rock Section 8 will be permanently impacted, or that other such

environmental costs will result from any lixiviant excursions that may occur, Ijudge to be very low.

Question 2

26. Question 2 states as follows:

Based on local geology, what assurance is there concerning the likelihood of the
existence of shears, fractures, and joints that could transmit appreciable quantities of
water above or below the Westwater aquifer? How much greater assurance may
reasonably be anticipated prior to commencing ISL operations at Church rock [sic]
Section 8? What environmental costs may reasonably be expected to result from
foreseeable difficulties at Church Rock Section 8?

April 21 Order, ¶ 2, at 2 (footnote omitted).

27. There is little likelihood that any faults at the Church Rock site would act as vertical

pathways for groundwater migration, because of the projected thickness and rock type of the

overlying confining units. Furthermore, as well fields are constructed, testing will be performed to

look for any faults or fractures that could act as vertical pathways. If open vertical fractures or faults

are detected. the well field design can then be adjusted to account for these structures prior to in situ

leach mining. Therefore, pre-lixiviant injection testing in well fields will further reduce the potential
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for vertical excursions to occur from faults or fractures. Should a vertical excursion occur, the

excursion will very likely not impact water quality, in any overlying aquifer beyond the well field

area. This is because if any vertical excursions occur, they would most likely be caused by injection

wells, and because upper aquifer monitor wells are located directly over the well fields. Therefore,

any vertical excursions that might occur should be detected in a timely manner, limiting the volume

of overlying aquifer impacted. Finally, if any vertical excursions occur, license conditions

adequately ensure that the excursion would be corrected in a timely manner, thereby meeting the

primary and secondary groundwater restoration goals. Therefore, the environmental risks, impacts,

and costs associated with vertical excursions caused by faults and fractures at the Church Rock

Section 8 site. should be very low. The following FEIS excerpts support these conclusions:

Given the projected thickness and rock type of the overlying confining units, there should
be little likelihood that any faults in the Church Rock site would act as vertical pathways for
groundwater migration from the mining zone to an overlying aquifer. HRI has not discovered
any faults within the Church Rock site (HRI 1993a). The overlying confining unit consists
of weakly indurated clay and shale, so that there is little potential for faults to act as vertical
pathways (i.e., the faults are less likely to be open) for groundwater migration to an overlying
sand. However, the potential for faults to act as vertical pathways is not non-existent. This
is because stratigraphic observations cannot detect a fault if it has minor stratigraphic
displacement or determine if the fault is open to groundwater flow. Therefore, HRI would
conduct pre-mining tests to confirm aquifer confinement. Pre-mining tests for confinement
at the Church Rock site would be the same as those described for the Crownpoint site.

FEIS, at 4-55. The relevant'Crownpoint site description referenced above is found at FEIS page 4-

43, and states as follows:

HRI has stated that after a mine area has been identified, monitor wells (both overlying and
in the production zone) and baseline mining wells would be installed (HRI 1996b). A
hydrologic test would then be designed and conducted by pumping a single well relatively
central to the proposed mining area. This well would be pumped at a constant flow rate so
that the pressure drawdown (cone-of-depression) caused by water production would stress
the formation and any potential hydraulic boundaries or barriers, such as the overlying
confining clays and possible non-sealing faults.
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If the proposed mine area is sufficiently small, then the stress induced by pumping from a
single well would test potential barriers. However, if it is determined that the observed
maximum water level drawdowns across the proposed mine area are inadequate to test for
confinement, a second pump test would be conducted (HRI 1 996b). This test would involve
producing multiple wells concurrently across the area, and observing the composite effect
of the resulting pressure drawdown on the various monitor wells.

Plots of the water levels versus time of pumping would be made for the overlying monitor
wells and evaluated for pressure responses to pumping from the mine zone. Maximum
drawdowns would be tabulated for each of the production zone monitor wells to ensure that
adequate response was achieved for those wells (HRI 1996b). A Mine Unit Hydrologic Test
Document would be assembled and submitted to the New Mexico Environmental
Department for review. In accordance with NRC requirements, the Mine Unit Hydrologic
Test Document would be reviewed by an HRI Safety and Environmental Review Panel to
ensure that the results of the hydrologic testing and the planned mining activities are
consistent with technical requirements and do not conflict with any requirement stated in the
NRC license (HRI 1996b). After appropriate review of the Mine Unit Hydrologic Test
Document and subsequent authorization by the New Mexico Environmental Department and
HRI's Safety and Environmental Review Panel, injection of lixiviant would begin in the new
mining unit (there would be no field recirculation prior to adding oxygen). Water levels
would be taken on all monitor wells prior to each routine, bi-weekly water sampling and
reviewed for unusual water level changes denoting any hydraulic connection with the mining
zone.

28. Additional detail on hydrologic testing procedures is also provided on pages 82-84,

and page 94. of the Crownpoint Uranium Project Consolidated Operations Plan, Revision 2.0, dated

August 15, 1997.

29. If, despite all of the precautions described or referenced above, a vertical excursion

occurs during ISL mining, the FEIS describes the steps which would be taken, as follows:

In the event that an excursion were not corrected within 60 days of confirmation, HRI would
terminate injection of lixiviant within the well field until aquifer cleanup was complete, or
would provide an increase to the reclamation surety in an amount that was agreeable to NRC
and which would cover the full cost of correcting and cleaning up the excursion. The surety
increase would remain in force until the excursion was corrected. The written 60-day
excursion report would state and justify which course of action would be followed .

FEIS, at 4-22.
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30. Should the Presiding Officer nevertheless determine that the FEIS needs to be

supplemented (see April 21 Order, i 6, at 4), I offer the following discussion:

31. There is little likelihood that any faults, shears, fractures, joints, or other such

structures at the Church Rock site would act as vertical pathways for groundwater migration, due to

the projected thickness and rock type of the overlying confining rock units at the site. Furthermore,

during HRI's well field construction, HRI will perform pump testing to detect any minor structures

that could act as vertical pathways, pursuant to HRI License Condition 10.23. If open vertical

structures are detected during HRI's pump testing, the well field design would be adjusted as

necessar' to account for these structures. Therefore, by the time HRI is ready to inject lixiviant into

the first well field at its Church Rock site (i.e., before any groundwater is contaminated byHRI's ISL

operations), a greater certainty will exist as to whether there are any minor faults, shears, fractures,

joints. or other such structures there that could act as vertical pathways. Accordingly, by that time,

HRI will have gained additional geologic and hydrologic knowledge of the site, further reducing the

chance that unknown structures are present which could serve as significant lixiviant pathways in

the event any vertical excursions occur.

32. During HRI's ISL operations, all overlying aquifers would be monitored at the

Church Rock site every 14 days, pursuant to License Conditions 10.22 and 11.3. If a vertical

excursion is confirmed pursuant to License Condition 10.12, the sampling frequency of the monitor

wells on excursion is increased pursuant to License Condition 11.3. In this situation, additional

wells are often drilled into the overlying aquifer to determine the extent of the excursion, and to help

determine the cause of the excursion. See FEIS, at 4-17.
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33. If a vertical excursion occurs, the escaped lixiviant would be detected by monitor

wells completed in the overlying aquifers. At HRI's Church Rock site, these monitor wells would

be completed in aquifers directly over the well field at a density of one well per eight acres, as

explained in the FEIS, at page 4-56, and detailed in HRI License Condition 10.20. Compliance with

these requirements mean's that the upper aquifer monitor wells would be placed within the well

fields, which is where vertical excursions would occur. This is because vertical excursions are most

likely to happen when vertical pathways exist within or close to injection wells. Therefore, I believe

most vertical excursions would be detected by the monitor wells in a timely manner, thereby limiting

the volume of overlying aquifer impacted. Moreover, HRI License Condition 10.13 provides

incentive to promptly treat contamination from any vertical excursions.

34. An excursion is considered corrected when upper control limit parameter

concentrations are reduced to their upper control limits, pursuant to HRI License Condition 11.3.

However. final restoration of groundwater impacted by ISL mining (whether by normal operations

or by excursions) is judged to be successful when it meets the primary or secondary groundwater

restoration goals of HRI License Condition 10.21. Therefore, as I explained in the response to

question 1. it is extremely likely that after cleanup of a vertical excursion, the groundwater quality

would be restored to acceptable levels, thereby ensuring that the water use of the impacted aquifer

is maintained.

35. Restoration of the groundwater quality is further assured by License Condition 9.5,

which requires a yearly reevaluation of the restoration surety, so that the surety may be increased to

account for the cleanup of groundwater impacted by a vertical excursion. Therefore, I believe the
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risk is very low that groundwater in an aquifer affected by a vertical excursion would be permanently

impacted.

36. Accordingly, given the requirements stated in HRI's license, as outlined above, the

chance that vertical excursions will occur at the Church Rock Section 8 site, go undetected, and

result in permanent impact to overlying or underlying aquifers, or otherwise produce significant

environmental costs, I judge to be very low.

Ouestion 3

37. Question 3 states as follows:

Qualitatively and, if possible, quantitatively, what are the effects on the quality of
water that may reasonably be foreseen at the closest private water wells to Church
rock [sic] Section 8, resulting from the poorest foreseeable condition of groundwater
after restoration is completed?

April 21 Order, ¶ 3, at 2. The FEIS describes the location of the nearest private well, as follows:

With the exception of HRI-owned wells, there are no wells within the Church Rock site
boundary. This site is far away from any towns, and any operating private wells in the area
are widely dispersed. The nearest operating private well is located just outside the southern
boundary of the site and is completed in the Dakota Sandstone.[9 ] There are no other wells
within 1.6 km (I mile) of the site.

38. The referenced private well is more than one-half mile south of the southern boundary

of Church Rock Section 8, and is identified as well "16. 16. 17" in Figure 2.7-1 (titled "Water Wells

Within I Mile") of HRI's 1993 revised environmental report for Church Rock."0 The Dakota

Sandstone aquifer is the second overlying aquifer above the Westwater Canyon aquifer. Therefore,

9 HRI's 1993 revised environmental report for Church Rock, at 86, inaccurately indicates
that this well taps "the Westwater Formation." I have verified that the subsequent FEIS reference
to the Dakota Sandstone is accurate.

10 This 1993 HRI report is located in Notebook 6.1 of the HRI Hearing File. The FEIS
references this report as "HRI 1993a." See FEIS, at 7-5.
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only vertical excursions could possibly impact this private well, since the groundwater from which

this well draws does not come from the aquifer to be mined by HRI at Section 8. Furthermore, it is

not clear whether this private well is even being operated, as reflected in HRI's 1993 revised

environmental report for Church Rock, at page 86.

39. Moreover, as stated in the FEIS:

HRI believes that the lateral direction of groundwater flow in the Dakota Sandstone at the
Church-Rock site is northerly (HRI 1996a). However, lateral groundwater flow has not been
determined accurately at this time due to the lack of sufficient monitoring wells (HRI 1 996a).

FEIS, at 3-35. If the groundwater flow in the Dakota Sandstone aquifer is to the north, well

16.16.17 would not be impacted even by vertical excursions of lixiviant. In the unlikely event that

the groundwater flow direction in the Dakota Sandstone aquifer is to the south, well 16.16.17 would

still be very unlikely to be impacted by any vertical excursion, for the reasons stated in my response

to Question 2.

40. The statements expressed above are true and correct to the best of my knowledge,

information and belief.

William H. Ford

Sworn and subscribed to before m e.
this I Ith day of May, 1999 OTAR

z a. sz \NOTARY~
t tm (2 i& \Lo- i UVBUC

Notary Public
My commission expires:03/O//?17C
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Staff Exhibit 1

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION /

BEFORE THE PRESIDING OFFICER

In the Matter of

HYDRO RESOURCES, INC. | Docket No. 40-8968-ML
P.O. Box 15910. )
Rio Rancho, New Mexico 87174 )

AFFIDAVIT OF WILLIAM H. FORD

I, William H. Ford, being duly sworn, declare as follows:

1. I am competent to make this affidavit, and the factual statements herein are

true and correct to the best of my knowledge, information, and belief. The opinions

expressed herein are based on my best professional judgment. A summary of my expertise

pertaining to in situ leach (ISL) uranium mining issues has previously been submitted in this

proceeding, in which I have previously submitted several affidavits. My present affidavit will

serve to present my views on the affidavits of Mr. Steven C. Ingle (Ingle Affidavit) and

Dr. Richard J. Abitz (Abitz Affidavit), submitted on behalf of Eastern Navajo Dine Against

Uranium Mining and Southwest Research and Information Center (collectively, Intervenors),

as part of the Intervenors' December 21,2000, response to Hydro Resources, Inc.'s (HRI's)

Restoration Action Plan (RAP), dated November 21, 2000.

2. In preparing this affidavit, in addition to the RAP, the Ingle Affidavit, and the

Abitz Affidavit (and the exhibits attached thereto), I have reviewed the following materials:
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A. Section 9 Pilot Summary Report -- containing Westwater Canyon Aquifer

groundwater restoration data compiled at Mobil's Section 9 site about 20 miles northeast

of HRI's Church Rock Section 8 site -- which was part of HRI's March 1993 revised

Environmental Report (a copy is contained in HRI Hearing File Notebook 6.2).

B. HRI's Crownpoint Uranium Project Consolidated Operations Plan (COP),

Revision 2.0., dated August 1997 (a copy is contained in HRI Hearing File Notebook 10.3).

C. Lafferty, A., Ingle, S., and Hoy, R., Pore Volume Estimate, Permit 603 -

Power Resources, Inc. (1996) (copy attached to the Ingle Affidavit as Attachment B).

D. NUREG-1508, Final Environmental Impact Statement to Construct and

Operate the Crownpoint Uranium Solution Mining Project (FEIS), dated February 1997 (a

copy is contained in HRI Hearing File Notebook 10).

E. NUREG-1569, Draft Standard Review Plan' for In Situ Leach Uranium

Extraction License Applications.

- F. 10 C.F.R. Part 40, Appendix A, Criterion 9.

G. My Affidavit, dated May 11, 1999, attached as Exhibit 1 to 'NRC Staff

Response to Questions Posed in April 21 Order," filed in this proceeding.

H. HRI License Condition (LC) 9.5, LC 10.21, and LC 10.24 (a copy of HRI's

License containing these conditions is in HRI Hearing File Notebook 11).

' A final version of this Draft Standard Review Plan for ISL license applications has,
to date, not been published.
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I. My Affidavit, dated March 12,1999, attached as Exhibit 12 to "NRC Staff's

Response to Intervenors' Amended Presentation on Groundwater Issues," filed in this

proceeding.

J. My Affidavit, dated February 20, 1998, attached as Exhibit 9 to UNRC

Staff's Response to Motion for Stay, Request for Prior Hearing, and Request for Temporary

Stay," filed in this proceeding.

K. Excerpts from Final Report on Phase I (Aquifer Restoration) of Bison

Basin Decommissioning Project, submitted to State of Wyoming's Department of

Environmental Quality, Land Quality Division, by Altair Resources Inc. (1 988)(an excerpted

copy of which is attached hereto as Attachment A).3

Groundwater Restoration ComDonent of HRI's Initial Surety Amount

3. HRI's RAP proposes to establish as the initial surety an amount representing

one-third of HRI's estimated costs for restoring all of its planned Section 8 well fields. As

more Section 8 well fields are constructed and put into operation, the surety amounts may

2 Therein, at % 2-4, I set forth my qualifications to express opinions regarding ISL
mining.

3 The excerpted copy contains the cover page, Table of Contents, List of
Appendices, Sections 1.0 and 2.0, Attachment (1) (Restoration Water Quality Data for
Stability Period), and Attachment (2) (Energy Laboratory Analytical Report, dated February
23, 1988).
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be adjusted annually as necessary,4 and these updated amounts will be based on more

accurate estimates of surety requirements. For an ISL facility that is not yet operational,

such as HRI's, the initial surety amount established is for well fields which have yet to be

designed and constructed. The final design of an ISL well field is not known until after the

well field is constructed. This is because as each well is drilled, further information about

the aquifer and the uranium ore body therein is obtained. In turn, this information is used

to plan the remainder of the ISL well field. Once an ISL facility is operating, the annual

surety amount is based on the extent of the existing operations, and activities that are

projected to occur in the forthcoming year. In addition, if areas of the ISL facility have been

deemed reclaimed or restored by the NRC, the surety amount is accordingly reduced.

4. As an additional check on how much surety should be required, HRI

committed to completing a groundwater restoration demonstration within two years of the

date on which mining commences. See HRI's COP (Section 10.4.4), at 165-67. HRI stated

there that the key elements of the groundwater restoration demonstration would be:

A. An isolated restoration demonstration pattern, completed in the ore
zone, constructed to the same basic configuration as the proposed production well field
pattern, and operated under the same conditions as the proposed mining procedures.

'See 10 C.F.R. Part 40, Appendix A, Criterion 9 -- and LC 9.5, which incorporates
into HRI's license the relevant Criterion 9 requirements -- whereby HRI's surety would be
reviewed annually by the NRC to assure that sufficient funds are available for completion
of HRI's reclamation plan. These annual reviews check whether the surety liability should
be adjusted to reflect any increases or decreases resulting from inflation, changes in
engineering plans, activities performed, and any other conditions affecting costs. Required
surety amounts are based on the assumption that reclamation work will have to be
performed by an independent contractor.
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B. Leaching of the pattern will be run for at least three months under
commercial activity conditions using leaching agent concentrations equal to, or greaterthan
is expected to be required for production.

C. After [the] leaching phase, a complete chemical description of the
produced fluid will be obtained, and a demonstration of a restoration will be initiated.

D. Sample analysis of key parameters, and fluids will be completed at
least every week during the restoration demonstration.

E. Restoration will continue until the groundwater is restored to levels
consistent with baseline.

F. With each progress report, HRI will calculate, and submit the volume
of groundwater affected, expressed in pore volumes. Factors to be considered include:
aerial extent, formation thickness, and porosity. Upon the completion of the restoration
demonstration, the data, analysis, and conclusions will be compiled into a final report.

G. Authorization for expansion of mining into additional areas will be
contingent upon the results of the restoration demonstration within the 24-month period.

COP, at 166. Results from this groundwater restoration demonstration will provide

additional data that can be used to revise the surety in NRC's annual updates.

The Concept of Pore Volume

5. LC 9.5 states in partthat aSuretyfor groundwater restoration of the initial well

fields shall be based on 9 pore-volumes." 5 A pore volume is an indirect measure of the

volume of water that must be pumped or processed to restore the groundwater quality. See

NUREG-1569, the Draft Standard Review Plan for ISL license applications, at pages 6-2

and 6-3. A pore volume represents the water that fills the void space inside a certain

5 The nine pore-volume requirement stated in HRI's license was based on data from
the Mobil Section 9 pilot test. This Mobil 9 data is discussed in ¶ 8-9, infra. See also the
FEIS, at page 4-40; and 11 42-43 of my affidavit dated February 20, 1998 (identified in i
2.J above).
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volume of rock or sediment. The pore volume parameter is used to represent how many

times the contaminated volume of water in the rock must be displaced or processed to

restore groundwater quality. For equal volumes of rock, it provides a means of comparing

the level of effort required to restore the groundwater at different locations. For example,

if it is determined that ten pore volumes are required to restore the groundwater in aquifer

X, and five pore volumes are required to restore the groundwater in aquifer Y, then it can

be concluded that for an equal volume of aquifer, twice as much effort will be required to

restore the groundwater quality of aquifer X. The concept of a pore volume is useful in

comparing equal volumes of rock or aquifer.

6. For the pore volume concept to be useful in estimating the cost of restoring

the groundwater quality at a given site, there must a method to relate this concept to the

volume of water that must be pumped or processed to achieve adequate restoration. Such

a relationship may be established by (1) defining the volume of water in a pore volume; and

(2) determining the volume of water required to adequately restore the groundwater at a

given site. At this time there is no universally agreed upon method or formula for

calculating the volume of water in a pore volume in a uranium well field. This situation has

led ISL operators either to derive their own method for calculating pore volumes, or adopt

a method already used by another ISL operator. However, in making the initial estimate

of how much water will be required to adequately restore affected groundwater following

ISL mining in a well field, the best data to use is from actual restoration experience at an

analogous site. In my opinion, in order to properly extrapolate groundwater restoration

experience from one site to another using the pore volume concept: (1) the restored site
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should be representative of conditions in the areas of future ISL mining; (2) the volume of

contaminated groundwater requiring restoration should be known; and (3) the same

method for calculating the volume of water in a pore volume should be used at both sites.

7. In applying the pore volume concept to estimate restoration costs at Church

Rock Section 8, HRI used the "ore area" method to determine the volume of water that a

pore volume for each well field represents. In using this method, determinations are made

for each well field regarding (1) the area of the well field; and (2) the thickness of the

uranium ore body therein which is considered economic to mine. To account for horizontal

flare, the ore area method multiplies the well field area by 1.5. To account for vertical flare,

this method multiplies the ore body thickness by 1.3. These area and thickness

calculations are then multiplied by the porosity of the host rock, to finally determine the

volume of water that a pore volume for each well field represents. NUREG-1569 states that

estimates of groundwater restoration pore volumes should take into account the effective

porosity of the contaminated region, and the lateral and vertical extent of contamination.

See NUREG-1569, at page 6-3. Accordingly, in my opinion, the ore area methodology

used by HRI satisfies the NUREG-1569 guidance. Furthermore, the ore area methodology

employed by HRI in the RAP relied on actual groundwater restoration data (i.e., the Mobil

Section 9 data discussed below), to estimate the number of pore volumes required to

adequately restore groundwater quality at HRI's Section 8 site. Of course, should HRI's

restoration experience prove that the nine pore-volume estimate is inadequate, the value

of the surety will be adjusted upwards pursuant to the requirements of LC 9.5.
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Mobil Section 9 Data

8. As indicated in 1] 2.A above, data on the volume of water pumped and the

pore volumes that were required to restore the groundwater quality at the Mobil Section 9

site -- located about 20 miles northeast of HRI's Church Rock Section 8 site -- were

contained in HRI's Section 9 Pilot Summary Report.6 As discussed in ¶¶ 5-6 of my affidavit

dated May 11, 1999 (identified in 11 2.G above), after nine to ten pore volumes of restoration

effort at the Mobil 9 site, 42% of the monitored water quality parameters were returned to

baseline, and approximately 74% of these parameters met the secondary restoration goals

described in LC 10.21 of HRI's license. Therefore, the basis of the nine pore volume

restoration requirement stated in HRI's license is that after this amount of flushing, most if

not all of the parameters are expected to be in compliance with either the primary or

secondary groundwater restoration goals.

9. The Mobil Section 9 test is the largest groundwater restoration

demonstration of a uranium ore body subjected to ISL mining in the Church Rock area.

The ore bodies mined at Mobil's Section 9 are in the same aquifer -- the Westwater Canyon

Aquifer -- as those that would be subjected to ISL mining at HRI's Section 8 site. The

porosity value at the Mobil Section 9 site was identical to the porosity value used in HRI's

pore volume calculations for Church Rock Section 8. Likewise, the horizontal and vertical

flare factors used at the Mobil Section 9 site were identical to the horizontal and vertical

flare factors used by HRI for its pore volume calculations at Church Rock Section 8.

61 extensively summarized the Mobil Section 9 data in 11 16-22 of my affidavit dated
May 11, 1999 (identified in II 2.G above).
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Moreover, the pore volumes needed to restore the Mobil Section 9 groundwater were

calculated using the same ore area method (described in 11 7 above) that HRI used to

develop its surety estimate for Church Rock Section 8.

10. I am therefore of the opinion that HRI's estimates of the volume of water, the

length of time, and the attendant costs to restore Church Rock Section 8 groundwater,

should strongly correlate with actual groundwater restoration experience at the Mobil

Section 9 site. Further, as indicated above in m 9, I consider the data from the Mobil

demonstration to be the most accurate information currently available in terms of predicting

post-restoration groundwater quality at HRI's Church Rock Section 8 site. Likewise, for

the same reasons, I consider the Mobil data to be the most reliable indicator of how much

it will cost -- in terms of the number of pore volumes required -- to restore the groundwater

quality at HRI's Section 8 well fields once those fields are mined out.

11. Rather than using the Mobil Section 9 groundwater restoration data from

New Mexico, Mr. Ingle and Dr. Abitz base much of their cost opinions on groundwater

restoration experiences in Wyoming and Ohio, respectively. As discussed below, neither

Mr. Ingle nor Dr. Abitz establish that this out-of-state information is more reliable in

predicting HRI's Section 8 groundwater restoration costs than the Mobil Section 9 data.

Accordingly, contrary to the opinions of Mr. Ingle and Dr. Abitz, I believe that the Wyoming

and Ohio data they rely on have minimal relevance to HRI's Section 8 site.

-

7 See also l 17 of my May 11, 1999 affidavit (identified in 1 2.G above).
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Mr. Ingle's Opinions

12. Mr. Ingle contends that HRI's RAP, in relying on a horizontal flare factor of

1.5 in its pore volume calculations, "significantly underestimates the volume of water

necessary for restoration." Ingle Affidavit, at ¶ 10. In Mr. Ingle's opinion, HRI should have

used a horizontal flare factor of 3.0 in its pore volume calculations. See Ingle Affidavit, J11

10, 16, 18-19. Mr. Ingle bases this opinion largely on the results of groundwater modeling

studies of the Wyoming Highland Uranium Project A and B well fields, operated by Power

Resources, Inc. (PRI). Using the U.S. Geological Survey's MODFLOW computer program,

Mr. Ingle developed a model to estimate the horizontal flare factor for a portion of one of

PRI's well fields. See Ingle Affidavit, at Ai 12-14. Application of this model to the PRI

Highland mine suggested that the horizontal flare factor should have been 2.94, not 1.4 as

PRI had claimed. See Ingle Affidavit, at ¶ 13. Citing similarities in ore zone lithology,

baseline water quality, well field and ore body dimensions, and aquifer porosity, Mr. Ingle

concluded that "the conditions at the PRI Highland Project are sufficiently analogous to

those at the HRI Section 8 site to conclude that HRI should have used a much larger

horizontal flare factor.' Ingle Affidavit, at 1 16.8 Mr. Ingle uses the 2.94 value obtained from

his modeling studies at the Highland mine in recalculating the volume of restoration water

for the Church Rock Section 8 site. See lngle Affidavit, at 1 18.

B Note, however, Mr. Ingle's admission that a reasonable estimate of pore volumes
cannot be determined without a site-specific evaluation of the horizontal flare factor. See
Ingle Affidavit, at 119. Such an evaluation relies on a detailed knowledge of the well field
design, which may not be known until the well field is constructed. As noted in 1 3 above,
no well fields have yet been designed and constructed at Church Rock Section 8.
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13. As discussed in 1 6 above, the extrapolation of groundwater restoration

experience from one site to another using the pore volume concept is subject to at least

three criteria, in my opinion. Mr. Ingle's attempt to project groundwater restoration volumes

and costs for Church Rock Section 8 based on his groundwater modeling studies of PRI's

Highland B-Well Field fails to satisfy any of these criteria, as shown in 11 14-16 below.

14. First, the restored site should be representative of conditions in the areas

of future mining. Mr. Ingle's models for the B-Well Field merely predicted water levels and

groundwater flow paths during uranium extraction at this site. As stated on page 6 of the

Wyoming Department of Environmental Quality Control memorandum (identified in 1 2.C.

above), PRI had not completed any production-scale restoration of its well-fields.

Moreover, the PRI Highland well fields are located in Wyoming, not New Mexico. In

contrast, the data upon which HRI's pore volume estimates are based (i.e., the Mobil

Section 9 data, discussed in IN 8-9 above) pertained to actual production-scale

groundwater restoration of the same aquifer to be mined at HRI's Section 8, and this data

was obtained at a site only 20 miles away from HRI's Section 8 site.

15. Second, the total volume of water required to adequately achieve restoration

of groundwater quality should be known. This volume of water is obviously unknown for the

PRI site, because, at the time of the Wyoming study, PRI had not completed restoration of

contaminated groundwater underlying its well fields. On the other hand, the total volume

of water required for restoration in the Mobil Section 9 pilot test was known, and was used

in calculating the total number of pore volumes required for restoration of the initial well

fields at HRI's Section 8 site.
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16. Third, when comparing groundwater restoration data (which is not available

for the PRI site) from two sites, the same method for calculating the pore volume of water

in a well field should be used at both sites. Mr. Ingle's attempt to recalculate the costs of

groundwater restoration at HRI's Section 8, by using a horizontal flare factor of 3.0, fails to

satisfy this criterion. HRI's estimate of the total volume of water (and cost) required for

restoration used the same method as was applied to the Mobil Section 9 data. By roughly

doubling the 1.5 horizontal flare factor used by HRI (and Mobil) in their pore volume

calculations, without adjusting the number of pore volumes accordingly, Mr. Ingle

effectively redefined (i.e., doubled) the volume of water contained in a HRI/Mobil pore

volume. As indicated in 1 5 above, however, redefining the volume of water contained

within a pore volume does not change the volume of water that must be restored within a

well field. Thus, if a flare factor of 3.0 instead of 1.5 had been used to analyze the Mobil

Section 9 test data, the number of pore volumes calculated for restoration purposes would

have been cut in half, but the amount of water actually pumped for restoration would have

been the same. Therefore, instead of using nine pore volumes as the minimum number

of pore volumes in its calculations, HRI would now be using 4.5 pore volumes -- a critical

fact overlooked by Mr. Ingle.

17. At 1 44 of his affidavit, Mr. Ingle states that the HRI restoration cost estimate

is not, at this time, based on what it will cost to attain baseline groundwater quality after ISL

mining is done, but on the NRC's determination that the groundwater will have to be flushed

nine times before the acceptable standards are attained. The FEIS assumed that
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worst-case groundwater restoration would, on a parameter-by-parameter basis, return the

water quality to the higher of the primary goal (average pre-uranium extraction water

quality) orthe secondary goal. See FEIS Section 4.3.2.1, at pages 4-58 to 4-60. LC 10.21

requires HRI to establish a primary and a secondary restoration goal. If a parameter cannot

be returned to the primary goal, then the parameter should be returned to the secondary

goal. Therefore, returning the concentration of a water quality parameter to either its

primary or secondary goal satisfies the conditions stated in HRI's license. Accordingly, in

my opinion, it is unreasonable to require a licensee to post as its initial surety an amount

necessary to restore groundwater qualityto criteria stricter than those stated in the license,

especially where, as here, HRI's license criteria are supported by analyses in the FEIS.

18. Mr Ingle claims that HRI's RAP does not include costs for mechanical

integritytesting. SeelngleAffidavit, at 1143. LC 10.24 requires HRI to perform mechanical

well integrity tests on each injection and production well: (a) before the well is first used to

extract uranium; (b) after each time the well has been serviced with equipment or otherwise

subjected to procedures that could damage well casing; and (c) at least once every five

years the well is in use. However, mechanical integrity tests may not be as important

during the restoration phase of ISL operations. Mechanical integrity tests are intended to

help prevent the movement of fluids into overlying aquifers (vertical excursions) through

breaks in the well casing. During uranium extraction, injection well casing failures are much

more likely to cause vertical excursions than production (pumping) well casing failures.

This is because in an ISL injection well, lixiviant may be in direct contact with the casing

over the full length of the well and will likely be under pressure. But in an ISL production
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well, water is pumped to the surface from a pump at the bottom of the well through a pipe

inside the well casing. If an injection well's casing was to fail during uranium extraction,

contaminated water might be injected into an overlying aquifer. However, during

groundwater restoration, injection wells would be injecting clean water. A casing failure at

this time might decrease the efficiency of the restoration effort by a small amount, but is

unlikely to degrade the water quality of overlying aquifers.

19. Mr. Ingle claims that HRI fails to account for cleanup of leakage from

evaporation ponds that HRI proposes to construct and operate at the Church Rock Section

8 satellite plant, and at the Crownpoint processing plant. See Ingle Affidavit, at 1139. In my

opinion, Mr. Ingle inappropriately assumes that (1) a pond will not be adequately designed;

and (2) if pond failure occurs, contaminated groundwater will automatically result. Of

course, should a pond failure result in groundwater contamination, HRI's surety would be

adjusted upward pursuant to LC 9.5.

20. Relying on previously submitted opinions, Mr. Ingle states that no

commercial-scale uranium ISL mining operation in Wyoming has successfully restored

groundwater to premining, baseline conditions. See Ingle Affidavit, at 1145. However, as

indicated in 11 17 above, the NRC does not view a "successful" restoration of groundwater

as requiring that all measured parameters be returned to baseline conditions. Similarly, as

discussed in 1121 below, and contrary to Mr. Ingle's opinion, the State of Wyoming does not

(or did not) view a "successful" restoration of groundwater as requiring that all measured

parameters be returned to baseline conditions.
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21. As reflected in Attachment A to this affidavit, the Wyoming Bison Basin

uranium ISL mine was restored on a parameter-by-parameter basis to premining primary

and secondary restoration goals. The first production well field was restored by contractors

(Altair Resources, Inc.) hired and administered by the State of Wyoming when the owner

of the Bison Basin site went bankrupt. This site was a production scale operation and

involved 70 production wells and 140 injection wells. SeeAttachment A, at 5. Groundwater

restoration activities included use of reverse osmosis water treatment equipment. Id., at 3.

It took 13 months (August 1, 1986-September 22, 1987) to restore the water quality from

the date of contract award by the State of Wyoming. Id., at 1 and 3. Restoration of the

groundwater took six pore volumes, with most groundwater quality parameters restored in

four pore volumes. Id., at 3. The State of Wyoming used surety money from the former

licensee to restore the groundwater quality to the requirements in the license (either the

secondary or primary goal). See Tables in Attachment 1 of Attachment A. This was

successfully done, and restoration of the groundwater was approved by the State of

Wyoming and the NRC. I had summarized the above Bison Basin activities in the following

excerpt from my March 12, 1999, affidavit:

On page 21 of his January 11, 1999, affidavit, Dr. Staub states that
Wyoming Department of Environmental Quality officials he interviewed
asserted that no commercial well field at any uranium ISL facility has been
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successfully restored.9 This information is incorrect. At the Bison Basin ISL mine site in
Wyoming, restoration of groundwater was approved by the State of Wyoming and the NRC.
See letter from Ramon E. Hall, Director, Uranium Recovery Field Office, NRC, dated
February 20, 1990, a copy of which is attached hereto as Attachment C.

Exhibit 1 to "NRC Staff's Response to Intervenors' Amended Presentation on Groundwater

Issues," at 1 16 (footnote number changed).

Dr. Abitz's Opinions

22. In D 8 of the Abitz Affidavit, Dr. Abitz states that the Fernald site near

Cincinnati, Ohio, provides a uuseful reality check" against which to evaluate HRI's projected

groundwater restoration costs at its Section 8 site in New Mexico. Dr. Abitz further states

that the water quality and geochemistry of the Fernald site are similar to that of Church

Rock Section 8, but that the extent of contamination at the Fernald site is of a much smaller

magnitude than what could be expected as the result of the proposed ISL mining at Church

Rock Section 8. In 11 9 of the Abitz Affidavit, Dr. Abitz states that the present goal of the

Fernald restoration project is to reduce contamination levels by one order of magnitude.

He notes in comparison that HRI will have to reduce contamination levels by two to five

orders of magnitude at Section 8, depending on the quality of the mining fluids and on the

groundwater restoration standards. See 1 10 of the Abitz Affidavit. Dr. Abitz further states

9 This is consistent with page 4-37 of the FEIS, where it is stated that 'the NRC has
approved the restoration of several test patterns used to explore the feasibility of ISL mining
or demonstrate the feasibility of production-scale restoration. However, NRC has not yet
approved the successful restoration of a production-scale well field at any of its licensed
sites.' I learned after the FEIS was published that groundwater was successfully restored
by the State of Wyoming at the Bison Basin ISL mine site. This site was a production scale
operation that was restored by the State of Wyoming when the company that owned the
mine went bankrupt.
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that the restoration costs at the Fernald site exceed the costs estimated for the Church

Rock Section 8 site. See 11 11-12 of the Abitz Affidavit.

23. I find that Dr. Abitz's comparison of the Fernald site to HRI's Section 8 site

is misleading and without foundation, for the three major reasons set forth below in ¶¶ 23-

25. First, Dr. Abitz presents few details to support his contention that the Fernald site

experience in Ohio is relevant to the Church Rock Section 8 site in New Mexico. Crucial

pieces of information essential to a valid comparison of the two sites are conspicuously

absent. The methodology used to calculate a pore volume at Fernald is not presented.

Moreover, aquifer descriptions, the extent of contamination, contamination history, and the

contamination source term at Fernald are omitted. Data on the number of wells at Fernald,

the location of those wells, pumping efficiencies, management efficiencies, and contractor

administration costs there are similarly absent. Additionally, Dr. Abitz does not discuss

whether any of the costs included in his calculations for the Fernald site would already be

accounted for at the Church Rock Section 8 site. Many costs associated with the cleanup

of the type of contaminant plume present at Fernald - such as full delineation of a plume

of unknown dimensions -- are simply not part of groundwater cleanup at an ISL mine. This

is because activities associated with uranium production will have already covered these

costs.10 Furthermore, because any Section 8 injection and production wells will have been

10 For example, plant buildings; fences; utilities (electrical, water, and sewage);
injection, production, and monitoring wells; pumps; well field piping; well field control
equipment (computers, valves, measuring instruments); ponds; and water quality
restoration equipment, would all be in place if ISL operations begin at Section 8, and these
items would therefore not have to be purchased.
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placed to mine the ore body quickly and effectively, these wells should be well-placed to

restore the groundwater quality changed by ISL mining. Any wells present at the Fernald

site may not be so well-placed.

24. Second, Dr. Abitz assumes that uranium will be restored to a level of 0.44

mg/L or less within HRI's Section 8 well fields. However, he fails to acknowledge that

existing baseline levels of uranium at HRI's Section 8 site may be higher than (1) HRI's

secondary restoration goal for uranium of 0.44 mg/L stated in HRI's license (see LC

10.21A); and (2) EPA's new drinking water standard for uranium. As discussed in 1122 of

my affidavit dated May 11, 1999 (identified in 11 2.G above), this will make restoration of the

uranium parameter at Section 8 less of a problem. Moreover, as discussed in 11 9 of my

affidavit dated May 11, 1999, uranium is a contaminant" that often makes the water quality

in an ISL ore zone unsuitable for drinking water use, even prior to any ISL mining.

25. Third, Dr Abitz's testimony ignores the fact that the efficiency of groundwater

restoration is concentration-dependent and nonlinear. Thus, for groundwater containing

high levels of uranium or other contaminants -- such as one would expect to find at an ISL

mining site before any groundwater clean-up occurs -- restoration efforts can achieve much

greater reductions in contaminant levels than the same efforts would yield for groundwater

containing lower levels of contaminants. As lower contaminant levels are approached, a

The behavior of uranium in aquifers is discussed extensively in 1119, 12-13,18-19,
and 21-25, of my affidavit dated May 11, 1999. Additionally, in 11 10 of my affidavit dated
March 12, 1999 (identified in 112.1 above), I address contentions made earlier by Dr. Abitz
in this proceeding regarding the behavior of uranium in aquifers. In his most recent
affidavit, Dr. Abitz does not challenge or otherwise reference my earlier statements.
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"threshold" point in groundwater restoration is eventually reached, where little reduction in

contaminant levels is achieved relative to the effort expended on restoration. This

phenomenon is analogous to the law of diminishing returns, and could explain what might

be occurring at the Fernald site, where the United States Department of Energy contractors

are attempting to reduce uranium concentrations in the groundwater there from a

maximum level of 1.0 mg/L to a level of 0.02 mg/L. This latter level is even lower than the

new United States Environmental Protection Agency drinking water standard for uranium.

If contractors at the Fernald site are trying to restore groundwater concentrations at the 'flat

end" of the cleanup curve, then they may be achieving very little cleanup for their efforts.

Thus, Dr. Abitz's implicit assertion that likely groundwater restoration rates at Section 8

would be as slow as those observed at Fernald is misleading. Accordingly, for the reasons

stated above in 11 23-25, the Femald site experience is not in fny opinion "technically

analogous to the Church Rock site, as claimed by Dr. Abitz.

26. The statements expressed above are true and correct to the best of my

knowledge, information and belief.

William H. Ford IRA/

Sworn and subscribed to before me
this 22nd day of January, 2001

Notary Public
My commission expires:
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Figure 5. Heterogeneous Ground Water Model. Model shows channelized zones of
different degrees of hydraulic conductivity (K). Model also depicts a portion of the
proposed mining area (around and about the 'cp' pump test wells) and the nearby
Crownpoint water supply wells which are completed in the same aquifer.
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Figure 10a. Drawdown Trough Resulting from HRI Crowinpoint Pump Test(Spring 1991). Note that drawdowvn is greater at CPS than it is at C:P7, even thoughit (CP8) is further from the pumping well CPS.
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Figure 26. Detail of Results of the Pumping Test Simulations Using Heterogeneous
Hydraulic Conductivity (ENDAUM's conception).
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Figure 27. Results of Unit 1 Heterogeneous CaseTransport Simulations at 63 yrs
since the Beginning of Operations (Simultaneous Injection and Pumping for first 27
years) (see Figure 21 for concentration color profile legend)
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EXCERPTS FROM HRI PUMPING TEST REPORTS

Environmental Assessment, Unit 1 Allotted Lease Program, Eastern Navajo District,
NM, January 6,1992

(Page 2-62)

HRI, Inc. Crownpoint Project, In Situ Mining Technical Report, June 12,1992

(Pages 47-55)

HRI, Inc., Churchrock Project, Revised Environmental Report, March 1993

(Note: Pages 109,112,113 and 114 of the March report need to be read
in that order. Oversize page 111 is not included. Page 110 of the March
report is replaced by page 113.5, date-stamped October 11, 1993. Both
pages are included. Page 113 of the March report is replaced by page
113, date-stamped October 11, 1993. Both pages are included).
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2.7.2.6 Crevasna Canyon Formation

The Crevasse Canyon Formation, consisting of four members, composed of Interbedded sandstone, shale,
and coal, overlies the Gallup Sandstone. The total thickness Is 490 to 750 feet. These sandstones usually
yield small amounts of water to domestic and stock welrs: however, data on water-bearing characteristics are
sparse. Source beds of medium and coarse-gralned sandstone In the lower part of formation may
potentially yield a good aquifer. However, drilling data Indicate there Is no ground water to a depth of 200
feet through the Gibson Coal and Dalton Sandstone Members.

2.7.3 Hydrologic Testing

An aquifer test In the Westwater Canyon Member was made on Sections 15 and 16, T17N, RI 3W (portions of
the prospective Unit I Project Area) In March-April 1977. Locations of wells are shown In Figure 2.7-2. Water
levels measured on March 25, 1977 In the test well and monitor well network were used to construct a
contour map of the potentiometer surface In the Westwater Canyon Aquifer before pump testing operations
began (Figure 2.7-3). The observation well network consisted of ten observation wells (rable 2.7-1). They all
penetrated the Westwater Canyon member to near the base of the aquifer. Plezometric water levels In the
pumping and observation wells ranged from 207 to 290 feet (Table 2.7-1). The 13-day test, at a constant rate
of about 560 gpm, Indicated an average transmissivity of about 2,000 gpd/ft and a storage coefficient of 1 X
I0 . A summary of this test Is given InTable 2.7-2.

Subsequent to the hydrologic testing noted above, additional testing was completed In Section 15 In August
of 1982 by Thomas A. Pricket & Associates. Data reduction and compilation services were provided by
Comp Dresser & McKee. For the sake of brevity, the Su mnmary and ConclusIons section of the Thomas A.
Prlckett study Is given below while a complete copy of the original report Is attached In the appendbi

SUMMARY AND CONCLUSIONS

Thomas A. Prickett & Associates

Based upon an evaluation of the pumping test date In the South Trend Development Area, we

conclude that the average aquifer transmIssMty and storage coefficients of the Westwater Canyon

sands tested Is 1,230 gpd/ft and 6.7x10S, that hydraulic communications between sand zones of

the Westwater Canyon Member of the Morrison Formation Is good, and the pumping test data are

not sufficiently definitive to differentiate hydraulic conducthrities of Indhivdual sands.

We have also concluded that wells 16P80, 15M67, and *15L17 are partially clogged or affected by

completion problems and are In need of development. Leakage through or from the Brushy Basin

Shale was not measurable during the pumping test. No drawdown Impacts were measures In the

Dakota Sandstone during the period of this test.
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2.3.2.4 Town of Crownpoint Water Supply Wollf

The town of Crownpolnt has six water supply wells, any of which may be on or off at a particular time. These
water supply wells are close enough to HRI's Crownpoint Project that this on/off operation might Interfere
with the detailed fluid level measurements In a pump test (see Appendix A, Table 4). As a result, and in
preparation for our Area Pump Test, Mr. Salvador Chavez, Environmental Coordinator at HRI's Crownpolnt
Project, contacted the Navalo Tribal Utility Authority (NTUA) and the U.S. Department of Interior's Bureau of
Indian Affairs (BIA) In September 199, to ask H they would share the details of the completions and
production histories for the town water supply wells. They graciously provided us with the information they
had at hand. Although they did not Include geophysical logs, It was enough to allow a general determination
of the open zones (see Appendix A, Table 2). In addition, they allowed HRI continuous access to their
metering facilities so that we could compile detailed flowrate data, and Judge the Interference to our Area
Pump Test. HRI gratefully acknowledges their cooperation.

HRI began reading the flow meters from the Individual Crownpoint town water wells In late October, 1990.
Initially these meters were read twice daily, In the early morning and late afternoon, except weekends. These
readings were rescheduled in mid-January, 1991 (partly because of weather) to just morning. The flowrates
(in gallons per minute or 'gpm') from November, 1990, through April, 1991, are shown for the NTUA wells In
Appendix A. Figure 3. and for the BIA wells In Appendix A, Figure 4. Note that during this time each well
produced over 80 gpm Intermittently and four of the wells produced over 110 gpm. These flowrates were
calculated as an average over the period between a particular meter's totalizer readings.

Transmissivity and Storage Coefficient are two aquifer parameters normally calculated from a pump test.
This Is usually done most easily and accurately with a single well pumping at a constant flowrate. However,
several pump tests (USGS, 1977; Mobil. 1980) have already been conducted In the area of our proposed
Crownpoint ISL site and the transmissivity and storage coefficient of the Westwater evaluated. As a result,
HRI felt It was not reasonable to interfere with the normal operation of the Town of Crownpolnt water wells
during our pump test, but to concentrate Instead on demonstrating the Integrity of the Brushy Basin Shale,
and on showing the continuity between our monitor wells.

2.3.2.5 Pump Test Design

This Area Pump Test wasto be conducted in either one or two phases. Phase One would be the primary
Investigation and would Involve producing from Well CP-5 at 100 + gpm for 72 hours, followed by a build-up
of the same duration, unless Interference from the Crownpoint Town water wells Indicated that the build-up
(recovery) could be shortened. This would lest the continuity between the Mine Zone monitor wells an,
through the degree of pressure response, determine the quality of the overlying confining clay.

Wells CP-8 and CP-10 are twinned wells (see Appendix A, Figure 2) completed In the Westwater and Dakota.
respectively. If the overlying aquiclude (Brushy Basin) was not adequately stressed In Phase One, as
determined by the differences and the character of the drawdowns In CP-8 and CP-10, then Phase Two
would Involve producing well CP-8 while monitoring the Dakota well, CP-10.

A number of factors can substantially Influence the results from a pump test. Among these are:

- Interference from other producing wells (mentioned above);

- antecedent conditions (Le., significant trends noted before and continuing through the test);

- barometric and diurnal (tidal) effects;

- quality of the data recorded.
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Fluid level measurements In the monitor wells typically begin two to three days prior to the pumping phase In
order to determine antecedent conditions. If considerable and predictable, these trends are then scorrected'
out of the subsequent test results. Because of possible and significant Interference from the Town of
Crownpoint water wells, HRI planned to begin monitoring for antecedent conditions at least sbc days prior to
pumping.

The strength of barometric and diumnal effects can also be noted from the antecedent measurements. If
these effects are large In relation to the resultant drawdowns, they too should be corrected out

2.3.26 Pump Test Dtalls

Steven's Chart Recorders had been Installed on a number of the monitor wells weeks prior to the actual
pumping In preparation for the test. During that time, Mr. Chavez had excellent results In operating the
Steven's Recorders at the 400+ feet water levels typical for the monitor wells In the area. Therefore,
recorders were installed on the Mine Zone wells (CP.6, CP-7 and CPR8) and the Dakota well (CP-10). All of
the recorders were converted from Bday clocks to 24 hour. In addition, the recorders on the Mine Zone
wells were geared at 1:5 (i.e., one revolution of the drum to five feet of fluid level movement) and on the
Dakota well at the more sensitive 1:1 ratio.

Mine Zone monitor wells CP-2 and CP-3 were expected to have considerable drawdown while producing
CP-5, so the fluid levels In those wells were measured manually during Phase One. Manual fluid level
measurements were taken from specific points marked at the top of the well casing. The same E-Vine was
used for all readings on a particular well in order to remain consistent and minimize error. manual readings
were also taken prior to Installing a recorder on a well and at other times during the test when a check of the
recorder seemed appropriate.

Antecedent data collection began on Thursday, April 4, 1991. Barometric pressures were measured on a
recording barometer which was maintained throughout the test at the existing Crownpoint facility. The
weather was poor (snow, wind) during much of the test, which was not unexpected, and various precautions
had been taken, such as the construction of small sheds over some of the Steven's Recorders which were In
locations unprotected from the wind.

The pump In Well CP-5 and Phase One were started at 1100 hours, April 17, 1991. The existing 30
horsepower, 1 stage, REDA submersible pump In Well CP-5 draws power from the local electric utility,
providing a reliable power source and making Interruption of pumping much less likely than with a portable
electrical generator. Twentyfour hour coverage was provided to continuously monitor and maintain a
constant pumping flowrate, to ensure that the Steven's Recorders were tracking properly in the wells and on
the charts, and to take the various manual fluid levels required.

A single, three-Inch McCrometer flow meter (Model MW 503), with a totalizer and gpm Indicator (0 to 250
gpm). was used to measure the flowrates on well CP-5. Typically, HRI uses a double meter system which
allows the test to continue if meter problems develop. However, this meter was newly purchased a few
months earlier and the e"isting meter run was left Intact rather than modifying It for a backup meter. The
Initial target flowrate for OP-5 was 110 gallons per minute (gpm), but the pump was not able to maintain that
rate and It was lowered to 105 gpm, and finally to 101.1 gpm over the entire 72 hour drawdown period and
100.7 gpm over the last 24 hours. These rates are tabulated In Table B.5-A and shown graphically In Figure
Ch.1.
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Phase One proceeded as scheduled until an Instantaneous power outage (or power bump', as It Is called
locally) occurred at 0545 hours, 4-18-92, and caused the pump to stop. It was off for less than two minutes
before being restarted at the 100-101 gpm flowrate. This was the only Interruption during the 72 hour
pumping period. The pump was shut off manually at 1 100 hours, 4-20-91 (after 4320 minutes of drawdown),
and the recovery portion of Phase One begun. Two representatives from the New Mexico Environmental
Department (ED) visited the she during the drawdown of CP-5 to observe the monitor wells, equipment.
personnel, and test procedures. In addition, two representatives of the NTUA (Crownpolnt office) visited and
observed the test.

The drop In fluid level at the Westwater monitor well CP-8, due to pumping of C1P-5, was -14.21 feet (as
measured, see Appendix A, Table 5). This compares to a rise In fluid level over the same period of +0.053
feet (Table 5) In Well CP-10, which monitors the overlying Dakota Sandstone. The large drawdown In CP-8
coupled with the actual rise In water level in CP-10 caused HRI to end the test at this point (as discussed
above) and not proceed Into Phase Two.

2.3.2.7 Analysis and Results

All Steven's Recorders had twenty-four hour clocks Installed for this pump test, which means that twenty-four
hours Is required to completely track across the time scale of the chart. All charts were manually digitized
Into two-hour Increments and Input Into computer files. Files were also built for the manual fluid level and
flowrate readings. This data was then plotted versus time and scrutinized for obvious errors and those errors
corrected or that Information deleted.

Well locations were corrected for drill hole elevation to the mid-point of the Westwater Canyon Sandstone
and are shown for wells CP-1 through CP-8 in Appendix A, Table 3. Since well CP-10 is shallower than the
Westwater and extends to just above the top of the Brushy Basin, the correction for deviation was made to
the bottom (TD) of the well. The elevations to the top of the casings for those same wells are also shown In
Appendix A, Table 3. Surface locations and elevations for the Crownpoint town wells were estimated from
USGS Topographic maps and are also noted In that Table. Distances between various wells. using the
locations of the wells at the mid-point of the Westwater Canyon (Appendix A. Table 3), were calculated and
are tabulated in Appendix A, Table 4.

The following are some abbreviations used in the various tables and plots for this reprt

antec a ntecedent;
baro . barometric;
cor - correction;
feet H20 . feet of water;
F.L - fluid levels
gpm . ilowrate In gallons per minute;
MSL feet above Mean Sea Level Elevation;
regress linear regression;
S . storage coefficient (dimensionless);
T transmisstvIty (gpd/ft).

A note on the precision of the various estimates of transmissivity and storage coefficient In this analysis. The
transmissivity Is typically carried to four digits and the storage coefficient to three digits here. This was not
Intended to Imply that all of those digits are significant. Although an error analysis was not undertaken, the
range of the numbers themselves Indicates that, at most, two digits would be significant, and In some cases,
possibly just one digit. In general, the numbers were reported In this form as a matter of convenience in
transferring them from the various computer programs to this report.
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As discussed earlier, the primary objectives of this test were to show the degree of communication between
the Westwater and the First Overlying Zone, the Dakota Sandstone; and to show continuity In the Westwater
Canyon Sandstone In that monitor wells will communicate easily across our Initial proposed project area. A
secondary objective was to estimate the various formation flow parameters (transmissivity and storage
coefficient)..

Fluid levels, calculated to Mean Seal Level elevation and just prior to starting the pump In CP-5 on 4-17-91,
are shown In Appendix A, Table 5. Typically, when static fluid levels and chemical water quality differ
markedly for different sands or zones, the degree of hydraulic connection between them is negligible or
nonexistent. As can be seen from Table 5, the beginning fluid levels In the twin wells CP-8 (Westwater) and
CP-10 (Dakota) are very dissimilar, a 98.87 feet difference. In addition, the ground water chemistry
(Appendix A. -Table 9) from Individual well water samples reveals a marked contrast In water quality
(compare sodium, sulfate, TDS, conductivity) for the Westwater and Dakota aquifers. The fluid levels and
water quality strongly Indicate that the Dakota and the Westwater Canyon are Indeed hydraulically Isolated
from each other. The results shown In Figures C.10-A and C.8-A and in the composite Figure 8, Appendix A,
bears this out and Is discussed In more detafi below.

Barometric readings taken at the project site during the pump test were converted from 'inches of mercury'
to 'feet of water and plotted In Figure 7, Appendri A. As atmospheric pressure changes and Is charted by
the barograph, the water level In a well typically goes up or down by some fraction of the change In
barometer. This fraction Is known as 'barometric efficiency". The weilbore fluid level moves In reverse to the
atmospheric pressure. As the atmospheric pressure goes up (an Increasing barometer), the wellbore fluid
level will go down and vice versa. Note the large changes In the barometer reading In Figure 7 during the
pumping of CP-5.

Figure C.10-A shows that the fluid levels in well CP-10 (Dakota) are affected considerably by the barometric,
diurnal, and antecedent conditions. The measured fluid levels were adjusted and re-plotted with various
fractions (barometric efficiency) times the Inverse of the barometric readings and a barometric efficiency of
0.35 settled upon. This Is plotted In Figure C.10-A as the curve 'Corrected for Baro.'. The importance of
accounting for changes in barometric pressure is especially evident when considering the trend of the
measured fluid levels while pumping well CP-5, as compared to the corrected levels (see Figure C.1-A).

The recurring daily fluctuations In CP-10 demonstrate the diurnal or tidal Inaluences on the water levels. As
can be seen from Figure C.10-A, these cyclic changes do not take away from the overall, upward trend of the
fluid levels corrected for barometric pressure and as a result no diurnal corrections were made.

The general upward trending slope In Figure C.i0-A is Indicative of antecedent conditions, In other words,
the continuing and outside Influence on the pressure response of a well. A 'best' line fit was developed
using linear regression through the curve corrected for barometric changes. This 'best' line fit to the
antecedent rise In fluid level gave a slope of +0.022 feet/day and is plotted In figure C.10-A as 'Antec. by
Regress.'.

The wells CP-1 0 (First Overlying Zone monitor) and CP-8 (completed In the Westwater) were drilled as twins
and are 72 feet apart The drawdown In well CP-8 while pumping OP-5 was substantial, at 14.21 feet (see
Tables 5 & B-8, Appendix A, and Figures C.8-A and C.8-B). A composite plot of CP-B and CP-10 on the left
side and those for CP-8 on the right side of the graph. Thus, the scale for CP-10 covers 1.0 feet. while that
for CP-8 covers 20.0 feet. The large drawdown in CP-8 coupled with the attendant, overall rise In fluid level
and lack of response in CP-10, and the disparity in beginning fluid levels and the water qualities of the two
wells show that the Dakota Sandstone and the Westwater Canyon are, for all practical expectations,
separated hydrologically.

As an additional comment to the composite graph, Figure 8, note the general rise In fluid levels in CP-10
beginning about 4-8-91, and the corresponding decrease In levels In CP-8. The drop In level In CP-B most
reasonably could be attributed o pumping of the .Crownpoint Town water wells, which would affect a very
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large region. The coincident and opposite rise In levels In CPA1D Is typical of zones hydraulically
disconnected from, but vertically close to, the pumping aquifer and Is called the Moordbergum or Mandel-
Cryer effect.

Typically, a well not affected by pumping and which reacts strongly to barometric and diurnal fluctuations Is
used to develop corrections for other wells which do not respond to the pumping. In this case, with no
response In CP-10 from pumping of CP-5, corrections for the various cyclic and random changes In fluid
levels could be made to other wells from CP-10. This was done In the first part of the analysis for this Area
Pump Test.

The pump test analysis proceeded in two parts. The first portion Involved an examination of the data and
calculation of the various formation flow parameters (transmissWvlty and storage coefficient) using data
corrected for barometric, diurnal and antecedent conditions, but not modified for the Interference caused by
otherflowing wells. Exceptforwell CP-1o, the barometric and diurnal corrections turned out to be negligible
as compared to the larger corrections made for the production from the Town of Crownpoint water wells. As
a result, only the second portion of the analysis is presented here and 'uncorrected' In the various tables and
figures of this report refers to the fluid levels as measured', while "corrected' refers to those corrections for
the Town water wells determined from computer simulation.

As noted above, the various flow characteristics for the Westwater has been estimated In other studies and
was not a primary objective here. However, by Investigating the Influence of the producing Town water wells
on the HRI observation wells, the degree of scale of those effects could be determined. Obviously, this
would Involve computer simulation, and selection of the best computer model for this effort had to be
considered. Models were avallable and on hand utilizing either the Theis solution or numerical techniques
(specifically finite difference) to solve the radial diffusivity equation. The single, most Important difference
between the solution methods for these models is that the Theis model assumes homogeneity in the system,
whereas the numerical models allow the formation characteristics (transmissivlty, thickness, etc.) to vary.

The Thels solution model was ultirnately selected for use for the following reasons. In order to take
advantage of the non-homogeneity aspect of the finite difference model, data as to the variabilty of the
system must already be available, and then the model set up and calibrated. Over the relatively small region
that this Area Pump Test was to encompass, even when Including the area of Crownpoint Town water wells,
the detail Is simply not available and the finite difference model would run as a homogeneous system, lust as
the Theis solution model.

The changing flowrates of the Town water wells have to be included In any analysis. As it happened, any
change In rate lingers for some time and is usually accounted for mathematically using a special technique
called superposition. Thus, any model chosen would have to handle the may changes In flowrates
represented by the Town water wells. The available Theis model does so and provides an Immediate graphic
comparison of measured versus estimated drawdowns for any combination of the producing wells. The
finite difference model accounts for changing flowrates, but In a manner more unwieldy for the user.

Two other considerations let to choosing the Theis model for this study. Generally, the Theis models re
much easier to set up and very fast to run and re-run. Secondly, most analyses of pump tests Involve using
the Thels solution and various semi-lot techniques, which were developed as extensions of that theory, to
solve for the formation flow parameters, and are all based on the same limiting assumptions. Even with
these restrictions, these analytical methods have proven to give excellent results as to general formation flow
characteristics and are used extensively even to providing the Input data for finite difference/finite element
models.

All analyses for the Westwater observation wells were made in the same general manner. Consequently, that
method will be described In detail for one well, arbiranly CP-7, with the similarities to other wells understood.
The fluid levels for Well CP-7 from early to late April, 1991 are tabulated in Table B.7-A and plotted In Figure
C.7-A
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All flowrates for the Town or Crownpoint water wells from November, 1990 through April, 1991 (see Appendix
A, Tables 3 & 4 and Figures 5 & 6) and varying on a daily basis were Included In the computer simulation
using superposition. Also included In this model were the flowrates from Well CP-5 (Table B.5-A) and well
CP-6 (Table 6.6-B). in addition, for the sake of completeness, the following were Included: the 124 minute
flow of well CP-5 for 103.3 gpm on 2-19-91, and'again for 79 minutes at 107.6 gpm on 4-1-91. as well as the
60 minute flow of CP-6 at 18.7 gpm on 4-23-91. The Individual start and stop times for flowrates In the model
can be set to the second.

The most prominent feature of Figure C.7-A, as well as the region of most Interest, is the drawdown and
recovery caused by producing well CP-5. As a result, this was the feature chosen to be history-matched and
the area most closely observed during the ensuing trial and error pressure matches with the simulator. All
production wells were Included from November, 1990, and transmissivity and storage coefficient were varied
until the best match, of the CP-5 drawdown and the other fluid level changes, occurred. A transmissivity of
2556 gpd/ft and a storage coefficient of 1.39e-4 (dimensionless) achieved the best results here and was
plotted as the simulation' curve in Figures C.7-A and C.7-G. The simulation was then run with only the Town
of Crownpoint water wells and the resulting estimated drawdown noted as Town Wells' on the various
figures (again, Figures C.7-A and C.7-B). The estimated effect of the Town wells was then subtracted from
the measured fluid levels and the "corrected' curve plotted (Figure C.7-B). Table 6, (Appendix A) contains a
summary of the transmissivities and storage coefficients used to history-match fluid levels for the various
Westwater monitor wells.

Figure C.7-D is the log-og Theis-type curve match for the uncorrected drawdowns in well CP-7 during the
water production from CP-S. Also shown In that plot Is the match of the pressure derivatives, that Is, the first
derivatives of both the Theis curve and the uncorrected, measured fluid levels. As can be seen from Fighre
C.7-D. the first derivative has a more pronounced curvature than its parent (the Theis solution) and actually
reverses slope on the log-.og plot. When both the Theis and its derivative curve are moved at the same time,
a more firm match will usually result than with'the Theis curve alone, since there Is normally a much smaller
area In which a fit Is good for both curves, especially If the match depends on data at the later times. This
technique has gained considerable popularity since 1979 and is used extensively In the petroleum Industry
since It provides a more certain diagnostic tool for many of the complex geologic systems normally
encountered, such as double porosity, fracture leakage dominated, and bounded (rlab and Kumar, 1980:
Bourdet et ea., 1983; Bourdet et a/., 1989; Ehlig-Economides et at., 1990). There are many additional
publications, and some describe extending the technique to using the pressure integral and the second
derivative.

The transmissivity calculated from the curve match In Figure C.7-D is 1734 gpd/ft and the storage coefficient
Is 1.37e-4 (dimensionless). ft should be noted that, although a computer was used to facilitate the curve
matches presented In this report the selection of each match was done manually. Figure C.7-E presents the
log-log match to the Ocorrected' drawdown data for the Theis curve and its derivative over the same time
period as Figure C.7-D. The transmissiMty in this case is 2198 gpd/ft and the storage coefficient, 1.54e-.

A straight line at the later times In a seml-og plot of drawdown versus log of time determines the
transmissivity and storage coefficient. This provides estimates of those parameters which are preferable as
compared to the log-log plots discussed earlier. This Is so because the number of reasonable straight liens
through the later times is usually much smaller than the possible curve matches In a log-log plot and this
results In a smaller range of possible transmissivities and storage coefficients from seml4og plots.

However, the proper straight line forms in a semil-log plot only after a specific, minimum time has passed,
which itself Is dependent on the flow characteristics of the formation. In ground water terms, the time must
be such that u c, .025 and In petroleum termns, dimensionless time (tD) > -10. This minimum time was
estimated from the log-log Theis curve matches and then shown on the seml-log plots. Unear regression
was used to determine the Obest' straight line fit for points with times greater than the calculated minimum
time. The transmissivity was then calculated from the slope of that straight line and the storage coefficient
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from the X-intercept. Figure C.7-F shows that results for the uncorrected fluid levels and Figure C.7-G for the
corrected data (corrected for the concurrent water production from the Town of Crownpoint water wells).

Seml-log analysis of the recovery or buildup data (after drawdown has ended) is favored over that of the
drawdown analysis because the recovery data is less affected by changes In flowrate of the pumping well,
which might have occurred earlier, than Is the drawdown data. The time on the abscissa or X-axis is
replaced by a ratio of the production time to shut-In time, t/t'. Proceeding to an even more Important
buildup plotting technique, the Residual Drawdown curve simply takes the difference between the initial and
the shut-in fluid levels and plots this on the ordinate or Y-axis. The transmissities are then calculated from
the slopes of the Obest straight lines beyond a certain minimum time, as explained eadier. This Is shown for
both the uncorrected and corrected fluid levels In Figure C.7-H and the resulting transmiss ties noted.

The analysis as described above wa Identical for all of the Westwater observation wells (CP-2, CP-3, CP-6,
CP-7 and CP-8). The transmisslvtties calculated from the various plots for those wells are summarized tin
Table 7 (Appendix A) and the storage coefficients in Table 8. (Appendix A)

The semi-fog Residual Drawdown curve was chosen for the pressure buildup plot because It has the
significant advantage of resulting in straight lines which pass through the X-axis at the origin (zero) if there
are no unusual effects, either within the zone being tested or from* outside Influences. A number of
Influences might cause displacement from the zero point, but In particular, the continued depressurization
from other production wells will cause a shift to the left. This provides one means of validating the
corrections made earlier for the Town of Crownpolnt water wells: the lines through the corrected points
should fall closer to the zero point than those for the uncorrected points.

This does happen for wells CP-2, CP-6 and CP-7 Figures C02-H, CAMH and C.7-H, respectively). Figure C.3-.
H shows the lines to be about equidistance on either side of the zero point, but both are fairly close to zero.
The difference Is considered to be negligible when considered the proximal location of CP-3 and CP-2 and
that CP-2 showed an X-intercept of the corrected data vary dose to zero.

Well CP-8 (Figure C.8-H), on the other hand, also has straight lines on both sides of the zero point, but both
are further from zero than for CP-3. As can be seen from Table E, the wells with the lowest storage
coefficients are wells CP-3 and CP-B, with well CP-8 about half of CP-3 and about 2-1/2 times less than the
average of CP-2, CP-6 and CP-7. Considering that a line drawn from CP-S to CP-S (Appendsx A, Figure 2) Is
between wells CP-3 and CP-8 and that well CP-6 has an estimated storage coefficient close to 1.0e.4, It
appears that the lower storage coefficient at CP-8 Is a local phenomenon. Whether It extends further to the
west from CP-B Is unknown.

This lower storage coefficient at CP-8 was also reflected In the computer simulations described earlier
(Appendix A, Table 6). The simulations matched the most dominant feature of the fluid level curves, the
drawdown caused by CP-S, and by their very nature, would most closely reflect the conditions between CP-S
and the Individual observation well. If the storage coefficient used In the simulation was lower than the
regional average, then the drawdown attributed to the Town wells would be too large, a as would be the
resulting correction, and the line In the plots, such as Figure C.B-H, would be shifted to the right. If the
formation parameters (transmissIvIty and storage coefficient) local to the monitor wells were near the
regional average, then the correction determined by the simulation would place the X-Intercept on the semi-
log residual drawdown plots very near to zero, as for CP-2. CP-6 and CP-7. This Indicates that regionally,
between wells CP-2, CP-G, and CP-7 and the Town water wells, the storage coefficient Is about 1.0e-4.

As a note, another simulation was run for well CP-B with the storage coefficient doubled to 9e-5. In that case,
the effects of the Town wells were decreased by just over 40%, which would shift the *corrected line In
Figure C.8-H to the left and closer to the zero point

One final set of figures was constructed for the drawdowns associated with the production from well CP-5
and are called seml-log distance drawdown plots. The drawdown for a particular time and monitor well is
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plotted against the Inverse of the distance squared from the pumping well. The greater the homogeneity (the
less the anisotropy) of a formation, the closer the points will fall to a straight line. The lines determined from
linear regression on the seml-log drawdown plots were used to compute the drawdowns at 2880 and 4200
minutes Into the pumping of CP-5. Thiseuncorrected' and ecorrected" data were then plotted af Figures 10
and 11, Appendix A.

Two times (2880 and 4200 minutes) were used to ensure that time would not drastically affect the pressure
relationship of the Mine Zone monitor wells one to another, which In turn would cause Figures 10 and 11 to
differ markedly from each other in overall appearance. Both figures area reasonably the same. Note that the
points for CP-2, CP-3, CP-6 and CP-7 lie, generally in a straight line, Indicating homogeneity between those
wells. Unear regression was used to determine the "best line fitt using the points from those four wells
(excluding CP-8) and the resulting transmissivitles and storage coefficients are shown In Figures 10 and 11
and In Tables 7 and S. Not surprisingly, CP-8 lies off the line represented by the other wells.

If It is assumed that the points In Figure 10 and 11 (Appendix A) are not adequately represented by straight
lines, then the system is non-homogeneous. One common method of depicting such a system is with
variabletransmissivfties that can be separated by direction to obtain maximum and minimum values which
are mutually perpendicular (an anisotrophic system). Such an analysis was conducted here to allow
comparison of the various estimated parameters for the different systems. This method assumes a constant
storage coefficient with a variable transmissivIty and, as noted above, there is evidence of just the opposite
at well CP-8. As a result, the values shown below are averages with and without well CP-8 Included. The
angle (in degrees) of the average major transmissivty Is measured such that zero Is to the east and
Increases counterclockwise (e.g., an angel of -45 degrees would be to the southeast and +45 degrees, to
the northeast).

Using the uncorrected data:

Excluding Including
Well CP-8 Well CP-8

Storage Coefficient 9.100-5 7.93e-5
Major Transmissivity 2,453 4,039
MinorTransmissIvty 1,749 1,164
Angle of Major Transmissivity -27 -27

Using the data corrected for the Town water wells:

Excluding Including
Well CP-8 Well CP-8

Storage Coefficient 8.48e-5 7.42e-5
Major TransmissIvIty 4,303 5,772
MinorTransmissivity 1,959 1,526
Angle of MajorTransmissivity .9 -17
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2.3.2.8 Conclusions

1. The Dakota Sandstone Fornation Is hydrologically separate from the Wesmwater Canyon Sandstone.
This is borne out by the water quality and fluid levels of the two sands, as well as, by the negatie
response of the Dakota during this Area Pump Test.

2. The continuity of the Westwater Is excellent across the area of the projected ISL mine. Production
Zone Monitor wells will respond readily to changes within the Mine Area.

3. Transmisslvity for the Westwater Canyon Sandstone, corrected for the coincident production from
the Town of Crownpoint water wells, averages about 2600 gpd/ft through the area and the storage
coefficient, about 9e-5 (dimensionless).
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cemented into the underlying zone (the AA sand) and then perforated. In addition, well CR-8 was
drilled, cased and perforated into the Westwater Canyon sand to provide an intermediate analysis
point between the pumped well CR-3 and well CR-6 to the south.

A 15 horsepower Grundfos SP1 6-16 pump, equipped with a check valve, was set on 2
7/8" tubing to a depth of 690 feet in well CR-3. A double meter system (two meters, 4 pressure
valves) plus an upstream pressure gauge were placed near CR-3 to allow measurement of flowrates
and surface flowing pressures during the test. In addition, a stopwatch along with a calibrated 5
gallon container were placed at well CR-3 to be used as the final check of flowrates.

During the January, 1988 pump test, the water level measurements were taken manually
using the conductance of electric line placed into the wells as indicator of the fluid level. While this
method is commonly used for hydrologic tests and is satisfactory, it is subject to more random error
at the deep water levels encountered at Churchrock (about 450 feet) than are down hole electronic
piezometers or pressure transducers. Because of this and to ensure confidence in the overall test,
pressure transducers were used in all of the observation wells during the Fall, 1988 regional
hydrologic test.

The pressure transducers were connected to a single multi-channel data logger at the
surface which surveyed the piezometers at preset times, storing those readings in computer
memory. In addition, a transducer was placed in a thirty inch PVC tube, vertically set into the
ground and open to the air, to record barometric pressure. This was also connected to the data
logger. The data logger and transducers were leased from Resource Technologies Group, Inc.
("RTG1). RTG also supervised the installation and setup of the system and gave instruction as to its
operation during the test.

Manual water level measurements were used only in the pumping well CR-3. The
pumping fluid level is very sensitive to flowrate changes, thus, a continual check of this level helps
in maintaining a constant fldwrate' durirnga'pump test. - One inch I.D., plastic tubing had been
attached to the drop pipe holding the pump in CR-3. An electric line was then dropped through this
continuous length tubing until water was reached and the level measured.

2.7.2.3 Antecedent Conditions

The aquifers in the Churchrock area had been depressurized somewhat due to dewatering
for the underground mining taking place nearby. The mining was stopped in the early Eighties, but
the pumping continued for some time. The last facility to stop dewatering was the Kerr-McGee
plant to the north of Churchrock in January, 1986. Since that time, water levels have been rising in
the Churchrock area. The Potentiometric Surface Map is shown in Figure 2.7-16.

Recording of antecedent conditions with the downhole pressure transducers began at
12:30 p.. on 9-27-88, three days prior to starting of the pump in CR-3. The average rise in fluid
level in the Westwater Canyon during those three days was calculated to be 0.27 feet per day.

2.7.2.4 Hydrologic Testing

Pumping of CR-3 started at 9:20 a.m. on 9-30-88. The pumping continued for just over
72 hours until 9:24 a.m., 10-3-88 at an average flowrate of 61.1 gpm. Recovery measurements
continued until 9:03 a.m. on 10-6-88. During drawdown and buildup, manual water level
measurements were made on the pumped well CR-3, while computer controlled readings were
collected on all observation wells.

Twenty-four hour surveillance was maintained throughout the test on the computer
equipment, flowrates, and fluid levels with one man per shift during the antecedent period and a
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two man crew during drawdown and recovery.

2.7.2.5 Analysis and Results

After the recovery portion of the test, the data logger and other equipment were
collected and expressed to RTG for data reduction. The raw computer data, both barometric and
monitor well, were dumped from the data logger by RTG and put in a form compatible with HRI's
computer programs. This was then sent to HRI for analysis.

The data was tabulated, corrected for barometric and antecedent conditions, and plotted.
Table 2 Appendix E lists the various tables and figures corresponding to the individual wells. Figure
3 Appendix E is a composite graph of over/underlying monitor wells CR-, CR-2, CR-7 and
Westwater well CR-6 showing the fluid level change from antecedent through recovery time on a
Cartesian plot. Figure 4 Appendix E is the same except plotted for the overlying well CR-1 and
Westwater wells CR-5, CR-6, and CR-8. From Figures 3 and 4 Appendix E it can be seen that while
there was substantial drawdown during pumping in all Westwater observation wells, there was
actually buildup in over and underlying monitor wells at the same time. This was due to the
Noordbergum effect and verifies the integrity of the clays which confine the Westwater Canyon
aquifer.

During the time of the test, the aquifers were static in that no injection or withdrawal
was taking place in our project area, other than from our pumping well, CR-3. As a result, the only
corrections to the data are due to barometric fluctuations, antecedent conditions (regional
discharge/recharge), and diurnal effects. The barometric information was provided as part of the
basic data gathering facility. ALL PLOTS have been corrected for this, although the tabulations do
include the raw data without that modification. The diurnal effects (for example, see Figure B.4b
Appendix E) were considered negligible and disregarded in the analysis.

' As noted -abbve; -only the Westwater Canyon observation wells drewdown during the
pumping phase of the test and as a result, only those wells were corrected for the antecedent
recharge effect. The change in water levels for the full test, antecedent through recovery times are
shown in Figure B.4a Appendix E for well CR-5. Only barometric fluctuations were corrected for in
this figure. This same information is presented in tabular form as Table B.4. The fluid rise during
the 68.8 hours prior to pumping was plotted on an expanded scale as Figure B.4b Appendix E. The
straight line drawn through the points was done by regression and indicates a recharge of .297
ft/day. The water levels, adjusted by this amount, were re-plotted as Figure B.4c Appendix E.
Figure B.4d Appendix E is the Theis curve fit of the data from Figure B.4c Appendix E in log-log
format. A computer was used to facilitate the analysis of this data. However, the Theis curve was
MANUALLY matched to the data on the computer. After this, a computer program was used to
calculate the transmissivities and storage coefficients.

Water levels from the Westwater Canyon monitor wells CR-6 and CR-8 were examined in
the manner of CR-5 and are shown in the Figure groupings of B.5a-B.5d Appendix E and B.7a-B.7d
Appendix E, respectively. The calculated transmissivities and storage coefficients for the three
Westwater Canyon observation wells are presented below. The permeabilities were calculated using
an aquifer thickness of 200 feet and a water viscosity of 1.06 cp.

Storage
Transmissivity Coefficient Permeability

Well (podIft) (dimensionless) (md)

CR-5 926 8.90e-5 239
CR-6 1208 4.13e-4 312
CR-8 1326 3.00e-4 342
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2.7.2.6 Confining Clays and Leakage Potential

,Test analysis of the regional pump test shows excellent confining shales for the
Westwater Canyon aquifer. This was evidenced by the lack of drawdown in the over and
underlying observation wells while pumping of CR-3 and by the excellent match of the data from
the Westwater monitor wells using the non-leaky Theis curve.

In addition, core analysis was performed on cores retrieved from the 'AA Clay'
separating the Westwater Canyon Member from the underlying AA in well CR-7. Three samples
were examined by Core Laboratories, resulting in an average permeability of 4.1 x 10o6 millidarcies
(5.5 x 10-6 md, 5.6 x 10i6 md, and 1.3 x 10-6). This is 72 million times less than the 298 md
average calculated using the Theis curve fit.

Both the hydrologic test and the core information make it apparent that the potential of
our leachate migrating to zones outside our production horizon is very low.

2.7.3 Exploration Boreholes

In Churchrock, the exploration holes were drilled during the 1950's before plugging
regulations were in place and the natural drill mud must be relied upon as an adequate plugging
medium, additional actions will be undertaken before beginning wellfield construction to verify the
adequacy of the natural mud. To state the case, natural drill mud plugging of the drill holes has
been demonstrated to be sufficient to prevent hydraulic connectivity in pump tests conducted by
HRI. Also, prior to operations and after completion of injection, extraction and monitor wells,
additional pump tests will be undertaken. In Churchrock an additional extra step of coring the
abandonment mud in selected holes to evaluate the gel strength of the drill hole across the confining
clays will be undertaken. The gel strength is a measure of the shearing stress required to overcome
the tendency of the wellbore fluid to remain static. This stress can be converted to pressure, in psi,
estimated for a certain depth from the following equation:

Pressure, psi = .003 X GS X H/D

Where GS = gel strength MMb/ 00 sq. ft.)

F depth (ft.)

D wellbore diameter (in.)
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2.7.2.6 Confining Clays and Leakage Potential

Test analysis of the regional pump test shows excellent confining shales for the Westwater
Canyon aquifer. This was evidenced by the lack of drawdown In the over and underlying observation
wells while pumping of CR-3 and by the excellent match of the data from the Westwater monitor wells
using the non-leaky Theis curve.

In addition, core analysis was performed on cores retrieved from the "AA Clay" separating the
Westwater Canyon Member from the underlying AA In well CR-7. Three samples were examined by
Core Laboratories, resulting In an average permeability of 4.1 x 10-6 millidarcies (5.5 x 106 md, 5.6 x
10-6 md, and 1.3 x 10-6). This Is 72 million times less than the 298 md average calculated using the
Theis curve fit.

Both the hydrologic test and the core Information make it apparent that the potential of our
leachate migrating to zones outside our production horizon is very low.

2.7.3 Exploration Boreholes

In Churchrock, many exploration holes were drilled during the 1950's, (see listing in Appendix G)
before plugging regulations were In place and the natural drill mud must be relied upon as an adequate
plugging medium, additional actions will be undertaken before beginning wellfield construction to verify
the adequacy of the natural mud. To state the case, natural drill mud plugging of the drill holes has been
demonstrated to be sufficient to prevent hydraulic connectivity in pump tests conducted by HRI. Also,
prior to operations and after completion of Injection, extraction and monitor wells, additional pump tests
will be undertaken. In Churchrock, since hole locations are documented, an additional extra step of
coring the abandonment mud In selected holes to evaluate the gel strength of the drill hole across the
confining clays will be undertaken. The gel strength is a measure of the shearing stress required to
overcome the tendency of the wellbore fluid to remain static. This stress can be converted to pressure,
in psi, estimated for a certain depth from the following equation:

Pressure, psi = .003 X GS X H/D

Where GS = gel strength (lb/100 sq. ft.)

F = depth (ft.)

D = wellbore diameter (in.)

This equation Is taken from the paper "Factors Affecting the Area of Review for Hazardous
Waste Disposal Wells", presented by Ken E. Davis & Associates. The presentation was made at the
March, 1986 proceedings of the Intemational Symposium on Subsurface Injection of Liquefied Wastes.

Once the above mentioned coring Is completed, computer simulation runs will calculate the
pressures exerted by the mining operations at these unplugged locations. This information will be used
to evaluate the advisability of drilling out and plugging these abandoned locations before mining.
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2.7.5 Differential Pressures Between Zones

The fluid pressure within the Westwater Canyon Sandstone In the Old Churchrock area Is
considerably lower than that In either the first overlying sand (The Poison Canyon) or the second
overlying sand (the Dakota) as evidenced by fluid levels measured In observation wells In Section 8, just
to the north of the Old Churchrock mine workings. This will cause water movement out of these
overlying sands and Into the Westwater Canyon, If a hydraulic connection exists between the zones. The
fluid levels in the Section 8 observation wells have been recorded periodically since early 1988, and
show that presently (January,1 993) the pressure In the Poison Canyon sand is 30.7 feet (of water) higher
than that In the Westwater Canyon, while that In the Dakota sand is 58.9 feet greater than in the
Westwater. These piezometric pressures have been adjusted for elevation.

The differences In pressure potential between these three zones was probably caused by
dewatering of the aquifers at differing flowrates for underground mining. The dewatering In the area
stopped about January, 1986. Although the water levels have been recovering since then, this pressure
recovery has slowed considerably with time, which Is normal. The difference In piezometric levels
between the Poison Canyon and the Westwater Canyon sands had an average change, month-to-month,
from January, 1992 through January, 1993 of 0.046 feet or 0.55 feet calculated on a yearly basis. Thus.
the differential pressure with the Dakota and the Poison Canyon greater than the Westwater would
extend decades Into the future (30.7 feetl0.55 feet/year) before equilibrium is accomplished, even
discounted that the changes would naturally become smaller with time, Increasing the time to
equivalence significantly.

Presently, these differential pressures would cause a substantial recharge of the Westwater
Canyon with water from the overlying aquifers, If any of the mine workings at the Old Churchrock site
extend up and Into the Poison Canyon, and then into the Dakota sand. This natural migration of water
into the Westwater would take considerably pressure to reverse at the Old Churchrock site, and such a
reversal would not be expected during the normal ISL operations surrounding the site.

2.7.6 Water Level Rebound

Since HRI began measuring water levels In the Churchrock area In 1988, the water levels
have Increased significantly (Figure 2.7-17). This rebound is the result of the cessation of mine watering
as discussed In 2.7-5.

- 113.5 - OCi 1 1993



2.7.5 Differential Pressures Between Zones

The fluid pressure within the Westwater Canyon Sandstone in the Old Churchrock area is
considerably lower than that in either the first overlying sand (The Poison Canyon) or the second
overlying sand (the Dakota) as evidenced by fluid levels measured in observation wells in Section 8,
just to the north of the Old Churchrock mine workings. This will cause water movement out of
these overlying sands and into the Westwater Canyon, if a hydraulic connection exists between the
zones. The fluid levels in the Section 8 observation wells have been recorded periodically since
early 1988, and show that presently (January,1993) the pressure in the Poison Canyon sand is
30.7 feet (of water) higher than that in the Westwater Canyon, while that in the Dakota sand is
58.9 feet greater than in the Westwater. These piezometric pressures have been adjusted for
elevation.

The differences in pressure potential between these three zones was probably caused by
dewatering of the aquifers at differing flowrates for underground mining. The dewatering in the
area stopped about January, 1986. Although the water levels have been recovering since then, this
pressure recovery has slowed considerably with time, which is normal. The difference in
piezometric levels between the Poison Canyon and the Westwater Canyon sands had an average
change, month-to-month, from January, 1992 through January, 1993 of 0.046 feet or 0.55 feet
calculated on a yearly basis. Thus, the differential pressure with the Dakota and the Poison Canyon
greater than the Westwater would extend decades into the future (30.7 feet/0.55 feet/year) before
equilibrium is accomplished, even discounted that the changes would naturally become smaller with
time, increasing the time to equivalence significantly.

Presently, these differential pressures would cause a substantial recharge of the
Westwater Canyon with water from the overlying aquifers, if any of the mine workings at the Old
Churchrock site extend up and into the Poison Canyon, and then into the Dakota sand. This natural
migration of water into the Westwater would take considerably pressure to reverse at the Old
Churchrock site, and such *a reversal would not-be expected during the normal ISL operations
surrounding the site.

2.7.6 Water Level Rebound

Since HRI began measuring water levels in the Churchrock area in 1988, the water levels
have increased significantly (Figure 2.7-17). This rebound is the result of the cessation of mine
watering as discussed in 2.7-5.
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CHURCHROCK PROJECT
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ATTACHMENT P

GEOPHYSICAL LOGS FOR BORINGS 41/36 AND 46/38

(TAKEN FROM OCTOBER 1993 REPLACEMENT PAGES TO THE MARCH 1993
REVISED ENVIRONMENTAL REPORT)
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ATTACHMENT 0

RON C. LINTON AFFIDAVIT
JUNE 25,2004



Staff Exhibit 1

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )
) Docket No. 040-08968-ML

HYDRO RESOURCES, INC )
P.O. Box 777 )
Crownpoint, New Mexico 87313 )

AFFIDAVIT OF RON C. LINTON

I, Ron C. Linton, being duly sworn, declare as follows:

1. I served as the Project Manager for the Hydro Resources, Inc. (HRI) license from

August 2003 to June 12, 2004, and thus became familiar with the technical issues pertaining to the

Crownpoint Uranium Project (CUP). I am competent to make this affidavit, and the factual

statements herein are true and correct to the best of my knowledge, information, and belief. The

opinions expressed herein are based on my best professional judgement. This affidavit will serve

to present my views on the affidavits of Michael G. Wallace (Wallace Affidavit) and Alan Eggleston

(Eggleston Affidavit), submitted on behalf of Eastern Navajo Dine' Against Uranium Mining and

Southwest Research and Infomiation Center (collectively, Intervenors"), as part of the "Intervenors'

Motion to Supplement the Final Environmental Impact Statement for the [CUP] Church Rock

Section 17," dated May 14, 2004 (Intervenors' Motion).

2. In addition to the Wallace and Eggleston Affidavits, among the items I have

reviewed in preparing this affidavit are the following:

A. The Environmental Assessment (EA), dated June 2003, prepared by Howard

Bitsui, regarding the proposed Springstead Estates Project.
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B. NUREG-1 508, the "Final Environmental Impact Statement to Construct and

Operate the Crownpoint Uranium Solution Mining Project, Crownpoint, New Mexico," dated

February 1997 (FEIS).

C. Affidavit 6f William H. Ford, dated February 20, 1998 (Ford's 1998 Affidavit)

(attached as Staff Exhibit 9 to "NRC Staff's Response to Motion For Stay, Request for Prior

Hearing, and Request for Temporary Stay," also dated February 20, 1998).

D. Affidavit of William H. Ford, dated May 11, 1999 (Ford's 1999 Affidavit)

(attached as Staff Exhibit 1 to UNRC Staff's Response to Questions Posed in April 21 Order," also

dated May 11, 1999).

E. Affidavit of Craig Bartels, attached as Exhibit B to "EHRI's] Response to

Intervenors' Motions to Supplement the [FEIS] for Sections 8 and 17 and to Re-Open and

Supplement the Record for Section 8," dated June 21, 2004.

Professional Qualifications Regarding ISL Mining

3. I am an employee of the United States Nuclear Regulatory Commission (NRC) in

the Office of Nuclear Material Safety and Safeguards (NMSS). Until my recent transfer within

NMSS to the Division of Waste Management and Environmental Protection, I worked as a

hydrogeologist in the Division of Fuel Cycle Safety and Safeguards, Fuel Cycle Facilities Branch,

Uranium Processing Section. In that position, I reviewed license amendment requests and issued

Technical Evaluation Reports (TERs) related to in-situ leach (ISL) mining for both the COGEMA

Irrigary/Christensen Ranch facility in Wyoming, and the Crow Butte Resources facility in Nebraska.

Additionally, I have reviewed reports related to the A-wellfield restoration activities at the Power

Resources, Inc. (PRI) Smith Ranch ISL facility in Wyoming, and agreed with the Wyoming

Department of Environmental Quality's decision to declare PRI's A-well field restored. My resume,
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attached hereto as Attachment 1, accurately describes my general background, training, and other

qualifications to express the opinions stated herein.

4. Below, and in the following paragraphs, I address some of the opinions stated in the

Wallace Affidavit. In doing so, I believe it is important to first set forth some of the relevant geologic

features present at HRI's Churchrock site. The stratigraphic column depicted in the FEIS

(Figure 3.7 at p. 3-19) provides the names for the layers of rock which contain the aquifers of

interest (an aquifer commonly takes its name from the name of its host rock, and that holds true

here), and shows the vertical positions of the local rock strata relative to each other. The

Westwater Canyon Member of the larger Morrison Formation (both are depicted in Figure 3.7) is

the sandstone rock unit that contains the uranium mineral deposits at Churchrock Sections 8

and 17. As indicated in Figure 3.7, the Dakota aquifer overlies the Westwater aquifer, which in turn

overlies the Cow Spring aquifer. Because of the mudstone beds in the layer of rock known as the

Brushy Basin Member (Iocated between the Dakota and the Westwater, as shown in FEIS

Figure 3.7 and discussed at p. 3-18), this part of the rock column acts as an aquitard to hydraulicly

separate the Dakota aquifer from the Westwater aquifer by restricting water movement vertically

between these aquifers. HRI conducted pumping tests, which verified that no aquifer

interconnection exists between the Westwater and the Dakota. See FEIS, at p. 3-35. Since the

Dakota is hydraulicly disconnected from the Westwater, in my opinion local water-supply wells

completed in the Dakota would not likely be affected by ISL mining in the Westwater. As stated

above, the Cow Spring aquifer lies beneath the Westwater. The limited water quality data available

suggests that the Cow Spring aquifer contains good-quality water, although transmissivity values

are low. See FEIS, at p. 3-25. The Cow Spring aquifer is separated from the Westwater by an

aquitard -- the 1 80-foot thick rock unit known as the Recapture Shale - (see FEIS, at p. 3-35), so

that a hydraulic connection between the Westwater and Cow Spring aquifers is unlikely. However,
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as a prerequisite before any ISL mining occurs, HRI will be required to prove this aquifer

disconnection. See HRI Licence Conditions (LCs) 10.32 b, and 10.25.

5. In his affidavit, Mr. Wallace references the Westwater, Dakota, and Cow Spring

aquifers as being 'the most likely choice" to provide the proposed Springstead Estates housing

development with its domestic water supply. Of these aquifers, Mr. Wallace states that the

Westwater -- the one in which HRl's proposed ISL mining would occur - is the most likely aquifer

to be used as a water supply because of its quality and hydraulic properties. Wallace Affidavit, at

1 12. I view this as unsupported speculation on his part, since the EA lacks any relevant

information (e.g., it contains no discussion of engineering issues, nor references any hydrological

studies) on where the proposed housing development might get its water. Similarly, neither the EA

nor Mr. Wallace addresses the possibility that all (or a significant amount of) water needed by the

proposed housing development could be drawn from aquifers other than the Westwater.

6. Regionally, the Westwater aquifer is a viable source of water for a large population,

as shown by the fact that six of the town of Crownpoint's wells are completed in the Westwater

sandstone. See FEIS, at p. 3-22. As discussed in the Bartels affidavit at ¶1 11 and 12, the

Westwater outcrops at or near Section 30 where the housing development is proposed. I have not

been to the site or reviewed the geologic maps cited by Mr. Bartels, but his statements in this

regard seem consistentwiththefactthatthe rocks in this area dip 3 degrees northward. SeeFEIS,

at p. 3-18. The Westwater is found at a depth of approximately 460 to 760 feet at Sections 8

and 17, and dips to the north-northeast. See FEIS, at p. 3-18. Towards the proposed housing

development, to the south and southwest, the rocks would become shallower. If the Westwater

outcrops at Section 30, the amount of water it could provide there would be much more limited than

the amount of water found in the Westwater at the town of Crownpoint, or even at Sections 8

and 17. The Westwater would essentially be an unconfined water table aquifer, and would likely
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produce much less water than where it can be utilized as a confined aquifer, such as at the town

of Crownpoint.

7. Mr. Wallace also looks to the Dakota as a potential source for water for the housing

development. See Wallace Affidavit, at 1 12. As I stated in ¶ 4 above, the Dakota overlies the

Westwater. If the geology cited my Mr. Bartels is correct and the Westwater outcrops at

Section 30, there is obviously no possibility that the housing development would use the Dakota

aquifer as a water source, since that aquifer would not be present there.

8. The Cowspring is the other aquifer cited by Mr. Wallace as a potential source of

water for the Section 30 housing development. See Wallace Affidavit, at T 12. As I stated in ¶ 4

above, the Cowspring underlies the Westwater and should thus be present at Section 30. The

Cowspring is a questionable source of water as reported transmissivity values are low (see FEIS,

at p. 3-25), and, accordingly, production values would likely be low. Limited water quality data

indicate that its water quality is good. See FEIS, at p. 3-25. The town of Crownpoint has one well,

BIA-5, developed in the Cowspring (see FEIS, at p. 3-22), indicating it may be a viable aquifer.

However, specific to the Section 30 housing development, the Cowspring's water quality and water

quantity are unknown, as no engineering or hydrological studies have been performed by the

developer to determine if this is or is not a viable aquifer.

9. But for purposes of further addressing Mr. Wallace's opinions, I will hereafter

assume that if the proposed Springstead Estates housing development goes forward, it will draw

its water from the Westwater or Cowspring aquifers. Mr. Wallace states that at Crownpoint, wells

pumping at a combined rate of under 300 gpm alter the general groundwater flow direction in areas

as far away as HRI's Unit 1 site; and that the potentiometric surface and groundwater flow direction

at Unit 1 (formerly to the north by northeast) was altered to almost due east due to the influence

of Crownpoint's water supply wells. Wallace Affidavit, at m 17, citing FEIS Figure 3.10, at p. 3-28.
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10. In my opinion, while Section 30 aquifer withdrawals could possibly alter groundwater

characteristics at HRI's. Churchrock site, such a change would not be comparable to the

Crownpoint example referenced in 119 above. At Crownpoint, the flow direction was changed from

north-northeast to east, a change I calculate as approximately 67.5 degrees in compass direction.

HRI's Sections 8 and 17 are located to the north-northeast of Section 30. The potentiometric

surface and approximate ground-water flow direction at HRI's Sections 8 and 17 is also to the

north-northeast (see FEIS Figure 3.11, at p. 3-37), and such flow thus moves in the opposite

direction and away from Section 30. Moreover, to affect the water quality in any Section 30 wells

that maybe drilled in the future - and assuming such wells would drawfrom the Westwateraquifer

-- the proposed housing development's water usage would have to reverse by nearly 180 degrees

the potentiometric surface and groundwater flow direction at HRI's Sections 8 and 17 mining sites.

In my opinion, this scenario would be highly unlikely given that (1) the proposed housing

development's water-supply well(s) would be located hydraulically up- gradient from HRI's

operations; and (2) such wells would be 1.5 miles distant from HRI's operations -- conservatively

assuming that such wells would be drilled in the portion of Section 30 located closest to HRI's

Section 17 mining site. The concern over groundwater gradient change would, of course, have

even less basis if the Section 30 wells are completed in the Cowspring aquifer. For as I discussed

in 1 4 above, the Cowspring is most likely hydraulicly disconnected from the Westwater.

11. Mr. Wallace states that groundwater pumping from either Section 8 or Section 17,

combined with use of wells at the Springstead Estates development, could result in vertical

excursions. Wallace Affidavit, at 11 19. Mr. Wallace does not offer any evidence of how

groundwater use at the proposed housing development could cause vertical excursions at HRI's

Churchrock sites. Moreover, the possibility that vertical and horizontal excursions will occur is well

known in the ISL industry regardless of the surrounding land uses. By placing excursion monitoring
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wells around ISL mine units in both the vertical and horizontal directions, and by constantly

monitoring specific groundwater parameters for signs of lixiviant solution, the ISL mining industry

acts to minimize the effects of vertical and horizontal excursions. Additionally, mechanical integrity

tests are performed on injection wells before such wells are placed in service, as well as

periodically during operations, to minimize the chance of well failure that may lead to an excursion.

Such methods to prevent excursions would be used at HRI's Churchrock site, as required by HRI's

licence. See LCs 10.12, 10.17, 10.20, and 10.24. Mr. Wallace does not address these preventive

measures in his affidavit.

12. Mr. Wallace references the "potential" Pipeline fault (said to trend southwest

through Section 17), and he is concerned that groundwvater pumping from the housing development

could affect groundwater flow, causing lixiviant from HRI's operations to flow toward this fault,

ultimately causing contamination of overlying or underlying aquifers. Wallace Affidavit, at T¶ 20-21.

The FEIS casts doubt on the Pipeline fault's existence at Section 17, stating as follows:

A more recent detailed geologic map (Kirk and Zech 1987) indicates
that the fault does not occur at all. This geologic map indicates no
offset structural contours in the area. This interpretation is repeated
by several regional geological studies including Sears and others
(1936), O'Sullivan and Beaumont (1957), and Cooley and others
(1969). No evidence for the fault is found in any of the site drilling
data, and HRI indicates that if it exists, it is probably found some
distance to the east.

FEIS, at p. 3-21. As indicated, the existence of the Pipeline fault is speculative, and Mr. Wallace

offers no new evidence of its existence at HRI's Churchrock site. Moreover, the subject of vertical

lixiviant migration due to structural shears, fractures, and joints, has previously been raised in this

proceeding. Mr. Ford discussed why there is little likelihood that any faults at HRI's Churchrock

site would act as vertical pathways for groundwater migration, due to the projected thickness and

rock type of the overlying confining units. See Ford's 1999 Affidavit, at 11 27-36.
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13. Mr. Wallace suggests that the NRC staff should analyze how groundwater pumping

from Springstead Estates could affect HRI's ability to control excursions and restore groundwater

quality at the old uranium mine workings on Section 17. Wallace Affidavit, at m 22. These pre-

existing workings are analyzed in the FEIS at pp. 4-55 through 4-57 (discussing horizontal

excursions, vertical excursions, and groundwater restoration issues in light of the old uranium mine

workings on Section 17). See also Ford's 1998 Affidavit, at ¶11 36-38. Additionally, the staff

incorporated into HRI's license a requirement to place excursion monitoring wells as if the old mine

workings were injection or production wells. See LC 10.17. Mr. Wallace fails to address the

above-referenced analyses and licence condition in his affidavit.

14. Mr. Wallace relates his concern that -- as noted in the FEIS at p. 4-58 - dewatering

effects of mine workings on Section 17 could have significantly diminished or eliminated reducing

conditions in the surrounding aquifer. Wallace Affidavit, at ¶ 25. He further states that

groundwater pumping from Springstead Estates could further exaggerate movement of uranium

in the aquifer before reducing conditions are encountered, thereby complicating HRI's restoration

efforts. Wallace Affidavit, at ¶126. He postulates that should Section 17 groundwater reach

Springstead Estates' drinking water wells before encountering reducing conditions, the

development's drinking water source could be jeopardized. Wallace Affidavit, at ¶ 26. Since

Mr. Wallace thus apparently believes that any wells at the proposed Springstead Estates could be

threatened even if HRI mining never occurred, the Intervenors may want to request that the Fort

Defiance Housing Corporation investigate this concern independently. However, in my opinion, any

new Section 30 wells would face no threat from any Section 17 groundwater, whether or not ISL

mining occurs there. As stated in the FEIS, research has shown that reducing conditions in rock

which commonly surrounds uranium ore bodies acts to quickly absorb and remove any redox-

sensitive ions -- such as uranium -- from local groundwater. See FEIS, at p. 4-57. Mr. Wallace
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provides no evidence that such reducing conditions are absent in the Westwater in relation to the

uranium ore body located in Sections 8 and 17.

15. For the reasons stated above, I disagree with Mr. Wallace's general opinion that,

in light of the proposed housing development, the environmental effects of HRI's Churchrock

operations should be re-evaluated in a supplement to the FEIS. Wallace Affidavit, at ¶ 13. The

proposed housing development does not raise any groundwater or other environmental issues

significantly different from those previously evaluated in the FEIS.

16. Below, and in the following paragraphs, I address some of the opinions stated in the

Eggleston Affidavit. Dr. Eggleston is concerned about radiological impacts from ISL mining at

Section 8 and 17, and that the airborne particulate modeling being relied on was not inclusive of

persons living in the proposed housing development. Eggleston Affidavit, at 11 7-10. Seventeen

airborne receptors were modeled near HRI's proposed Churchrock facility. See FEIS, at p. 4-83,

and Figure 4.5 at p. 4-84. Calculated airborne concentrations of radon and its daughters at the HRI

site boundary and nearest downwind residence (based on Gallup wind rose) are shown in FEIS

Table 4.24, at p. 4-85. Additionally, the FEIS states on p. 4-83 as follows:

For the Churchrock analysis, emission controls would reduce the
airborne radon concentration by approximately a factor of 10 (see
Table 4.24). The resulting values at the nearest residence are
approximately 0.5 percent and 7.6 percent of the exposure limit, with
and without the emissions controls, respectively. The calculated
exposures and potential concentrations, with emission controls, are
a small fraction of the regulatory limits.

Exposures were based on the nearest residences in the prevailing downwind direction (i.e.,

northeast) from HRI's Churchrock site. The proposed housing development is located over

1.5 miles away and in the opposite prevailing wind direction (i.e., southwest)from HRI's Churchrock

site. Thus, in my opinion, radon exposures at the proposed housing development -- due to any ISL
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mining -- would be much less than for the neighboring residences at Sections 8 and 17 which have

already been modeled. See FEIS, at p. 4-83.

17. At ¶ 1 1 of his affidavit, Dr. Eggleston states thatthe current radiological assessment

is not based on an industry standard processing plant such as the one at the ISL uranium mining

facility at Kingsville Dome in Texas. Instead, he complains, the evaluation performed for HRI's

proposed ISL facility assumed a type of processing plant that has never been tested.

Dr. Eggleston rejects the statement that HRI's proposed processing plant will have close to zero

emissions (see FEIS, at p. 2-15), because any gases and particulate matter generated during

production would be re-circulated through a closed loop system. Dr. Eggleston agrees that

although a facility of this type is highly desirable and may even be technologically possible, it has

no track record. Dr. Eggleston is further concerned that any radon re-circulated during production

would have to be released during the groundwater restoration phase. Eggleston Affidavit, at 1112.

18. In my opinion, the above concerns of Dr. Eggleston are not well-founded. HRI

proposes to minimize radon emissions by removing radon in intermediate holding tanks using a

vacuum pump, compressing the gas, and dissolving it in the lixiviant injection system. Radon gas

would then be re-circulated back into the well field mining solution. See FEIS, at p. 2-15. The

radon that would be re-circulated during production would not be released at the restoration phase,

contrary to Dr. Eggleston's above-stated concern. Moreover, any particulate matter generated by

HRI's operations would be trapped by a bag filter - with a 99 percent efficiency -- and would be

returned to the uranium production circuit in the processing plant. The remaining one percent

would be trapped by condensing and cooling all water vapor from the drying chamber. The vapor

would be drawn through a water jacket and condensed, thereby capturing virtually all of the

particulate matter escaping the bag filter. The condensate would then be returned to the uranium

precipitation circuit in the processing plant. See FEIS, at p. 2-15. The above-described radon
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re-circulation and yellowcake vacuum dryer technology to be used by HRI is very similar to that now

being used at PRI's Highland-Smith Ranch ISL facility in Wyoming. I am personally familiar with

this ISL technology, which has been proven to produce virtually zero radon emissions at this site.

19. The primary radon emissions that would occur at the Churchrock facility would be

from radon releases when excess vapor pressure is vented by relief valves at numerous outdoor

locations, when ion exchange columns are opened for resin transfer and elution, and when waste

water is treated. See FEIS, at p. 2-15. Each of these scenarios has been adequately modeled for

in the FEIS. See FEIS, at pp. 4-82 through 4-85.

20. Finally, from my review of the EA, I note that EA Section lIl.L, TAir Quality

(HUD Environmental Factor)," identifies no air emissions issues relevant to statements made in the

Eggleston Affidavit. EA Sections III.D ('Water (HUD Environmental Factors)"), 111.1 ("Sole Source

Aquifers (HUD Environmental Factor)"), 111.0 ('Toxic Chemicals & Radioactive Materials

(HUD Compliance Factor)"), and IV.E ('Water Resource Impacts") pertain to various hydrological

issues, but none identify any underground contaminant problems related to ISL mining, and these

EA sections are thus not relevant to statements made in the Wallace Affidavit. EA Section 111.0

references an old uranium mine southeast of Section 30 as having the potential 'to release

radioactive particles" into tributaries of the Puerco River (EA, at 11), but this mine has no

connection with HRI's Churchrock site.1 EA section Ill.U.7 discusses vehicular traffic issues, and

states that no impact is anticipated from the proposed housing project. EA, at 15-16.2 Thus, in

my opinion, the EA does not support the opinions of Mr. Wallace and Dr. Eggleston, who are thus

forced to speculate on impacts ISL mining could have on the proposed housing project.

I I also note that EA Section 111.0 also references findings made by the Environmental
Protection Agency that Section 30 is not "adjacent to any other known or suspected sites
contaminated with toxic chemicals or radioactive materials." EA, at 11.

2 Transportation issues are addressed in TM 7-9 of Dr. Weller's affidavit (Staff Exhibit 2).
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21. Based on my review of the documents listed in 11 2 above, it is my professional

opinion that the CUP FEIS does not need to be supplemented. The EA for the proposed

Springstead Estates development lacks any discussion of engineering issues, and contains no

references to any hydrological studies. The EA thus does not raise any environmental issues

significantly different from the relevant hydrology, hydrogeological, and air emission control issues

previously evaluated in the FEIS. For this and all of the other reasons set forth above, I conclude

that preparation of a supplement to the FEIS -- based on the environmental concerns set forth in

the Intervenors' Motion, the Wallace Affidavit, and the Eggleston Affidavit -- would not further the

purposes of the National Environmental Policy Act.

The statements expressed above are true and correct to the best of my knowledge,

information, and belief, and are based on my best professional judgement.

Ron C. Linton

Sworn and subscribed to before me
this wday une, 20

Elva Bowden Berry
NOTARY PUBUC

Montgonery County. Maryland
My Commission Expires 12/1/07

My commission expires:
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Ron Curtis Linton
Hydrogeologist/Project Manager
United States Nuclear Regulatory Commission
Office of Nuclear Material Safety and Safeguards
Division of Waste Management and Environmental Protection
Environmental and Performance Assessment Directorate
Environmental and Low-Level Waste Section
Washington, DC 20555

Education:

West Virginia University, Morgantown, WV, Master of Science, Geology, May 1992.

James Madison University, Harrisonburg, VA, Bachelor of Science, Cum Laude, Geology, May
1984.

Employment History:

United States Nuclear Regulatory Commission (NRC), Rockville, Maryland, Hydrogeologist and
Project Manager, 2/16/2003-present. As a Hydrogeologist, my duties include reviewing Site
Observational Work- Plans (SOWPs) and Ground Water Corrective Action Plans (GCAPs) for
Department of Energy Uranium Mill Tailings Radiation Control Act (UMTRCA) Title I
facilities. I have reviewed, analyzed and written either Technical Evaluation Reports (TERs) or
Requests for Additional Information (RAIs)for SOWPs and GCAPs for Title I sites located in
Shiprock, NM, Rifle, CO, and Lakeview, OR. I have experience with the NRC licensing process
as related to hydrogeology and ground-water issues. I have reviewed and written TERs on
licensing amendment requests associated with in situ leach (ISL) facilities. The licensee's
requests were for changes related to ground-water restoration or ground-water stability
parameters and goals. I have developed clear, concise, balanced and well-founded technical and
policy positions and recommendations in the TERs and RAIs written. The conclusions in the
TERs and RAIs were based on complex and diverse opinions, facts, scientific literature and
governmental regulatory policies. I have facilitated scientific, technical, and policy discussions
to explain issues to colleagues, management, licensee personnel, clients, and representatives of
Federal, state and local government agencies. I am familiar with Reclamation Plans and
Restoration Plans and their content. I have participated in inspections at NRC licensed facilities
and written findings for inclusion in inspection reports. I am knowledgeable of NRC laws,
regulations, and guidance as related to UMTRCA Title I and Title II uranium mill tailings sites
and ISL facilities. I have been involved with the development of a Memorandum of
Understanding between the states of Wyoming and Nebraska relating to the deferral of active
NRC ground-water regulation of ISL facilities to these states, which is a Commission directed
initiative. I am currently serving as a team member actively reviewing the laws, regulations, and
implementation of ground-water regulations related to ISL facilities in Nebraska and Wyoming
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to insure they are consistent with NRC laws, regulations, and guidance. I was project manager
for the Hydro Resources, Inc, Crownpoint Uranium Project, planned ISL facility, Crownpoint,
New Mexico from August 2003 to June 12, 2004.

Commonwealth of Virginia, Department of Environmental Quality (DEQ), Woodbridge,
Virginia, Senior Geologist and Project Manager, 7/1995-2/2003. Reviewed Site Characterization
and Corrective Action Plans for petroleum contaminated underground storage tank and above
ground storage tank facilities. Analyzed the risk to human and environmental receptors at each
site and reviewed soil and groundwater remedial strategies for on-site implementation. Inspected
leaking petroleum storage facilities and directed corrective action activities for responsible
persons to comply with both federal and state law and regulation. Managed all aspects of project
development from initial abatement to site closure. Assisted with the administration of the
Virginia Petroleum Storage Tank Fund. Handled project management for various DEQ state
agency lead sites including supplying permanent safe drinking water supplies to impacted parties.
Effectively communicated both orally and in writing on a daily basis with citizens, private sector
consultants, and public officials.

Commonwealth of Virginia, Department of Conservation and Recreation, Environmental
Specialist, Warrenton, Virginia, 2/1989-7/1995. Reviewed and approved erosion and sediment
control (E&S) plans and civil drawings for state agency projects. Participated in project
preconstruction meetings, monitored project development and insured environmental
compliance. Met with local government officials to review environmental programs for
compliance with state law and prepared technical reports. Responded to citizen questions and
concerns, assessed environmental conditions, and resolved problems.

Prince William Soil and Water Conservation District, Conservation Specialist, Manassas,
Virginia, 4/1988-211989. Reviewed E&S plans for the City of Manassas and Prince William
County. Reviewed county rezoning requests for soil suitability and various environmental
concerns. Responded to citizens complaints and negotiated solutions between parties.
Participated in meetings with local, state, and federal agencies. Conducted environmental
programs for primary and secondary schools.

Interstate Commission on the Potomac River Basin (ICPRB), Consultant. Spring 1988. Assisted
with core logging and analysis of floodplain sediments for a U.S Geological Survey and ICPRB
sponsored project at Petersburg and Moorefield, West Virginia.

West Virginia University, Research Assistant, Teaching Assistant, 1986-1987, Morgantown,
West Virginia. Researched debris-flow phenomenon initiated during November 1985 flooding in
West Virginia. Taught college laboratory classes in physical geology, historical geology, and
geomorphology.
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United States Geological Survey, Hydrologic Field Assistant (contract), 1985, Reston, Virginia.
Surveyed the research area and created a topographic map of the Catoctin watershed for the Acid
Rain Project. Assisted with water sampling, well pump tests, and particle-size analysis of soils.

United States Geological Survey, Physical Science Aid (summer intern), summer 1983.
Generated maps form computerized databases using mechanical mappers.

Other Qualifications:

NRC security clearance (yellow badge). Training received at NRC: MARSSIM; Fuel Cycle
Processes; Root CauselIncident Investigation Workshop; Introduction to Risk Assessment;
Introductory Health Physics; Site Access Training; Natural Attenuation, Risk Assessment, and
Risk Based Corrective Action; Geochemistry of Metals; How to Manage the NEPA Process,
Writing Better NEPA Documents; Technical Writing; and Conducting and Participating in
Meetings, various WordPerfect, Word, ADAMS and GroupWise classes.
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Figure 1: Map showing locations of drill holes in relation to outcrop of the Morrison Formation, San Juan basin and vicinity.

of the uranium-bearing host rock, the Westwater Canyon Mem-
ber of the Morrison Formation. They had also proposed models
for the formation of primary uranium deposits in reduced sand-
stone beds, for primary deposits entirely redistributed by oxi-
dizing ground waters into roll-type deposits, and for remnants
of primary-type deposits preserved in the zone flushed by oxi-
dizing ground waters. Although information to formulate and
support these hypotheses had accumulated over many years,
no one had designed a specific study to examine the subsurface
characteristics of the Morrison Formation and the relationship
of its alteration patterns, mineralogy, structure, depositional
environments, and geochemistry to the distribution of all types
of deposits. The project planners determined that the best way
to test the various deposit models was to obtain a set of cores
and geophysical logs from a series of drill holes extending from
Morrison outcrops, northward 32 mi (52 km) out into the
deeper part of the basin along a line designed to cross known or
suspected depositional and ore trends. Specific goals of this
drilling project were, therefore, to obtain cores and geophysical
logs for petrographic, stratigraphic, geochemical, and geophysi-
cal studies of the uranium-bearing UpperJurassic Morrison For-
mation; and to provide information to assist in resource
assessment and evaluation of uranium (McCammon et al., this
volume) and other commodities on Navajo tribal lands. Other
objectives included stratigraphic correlation and delineation of
coal-bearing intervals of Upper Cretaceous rocks (Kirk, Huff-

man, and Zech, in press); and hydrologic studies such as
ground-water flow patterns, volume measurements, and.:
ground-water quality monitoring in the vicinity of uranium
mines. The drilling program was also designed to provide strati-
graphic and petrophysical data for control of a detailed seismic
study in the vicinity of Crownpoint, New Mexico (Northrup,
1984; Huffman, et al., 1984; Phelps, Zech, and Huffman, this
volume).

General Drilling Plan

Drill-hole locations were selected to evaluate depositional
and uranium ore deposit trends to coordinate with surface stud-
ies of the Morrison Formation, to provide control for future seis-
mic work, and to accommodate landowners and owners of
mineral rights. Holes were drilled from Mariano Lake to Lake.
Valley, New Mexico (Figure 1), along a north-south line approx-
imately perpendicular to the east-southeast-oriented sandstone
depocenters and uranium-ore trends in the Morrison Forma-
tion (Galloway, 1980; Kirk, Condon, and Indelicato, 1982; Kirk
and Condon, this volume) and also perpendicular to a line of
detailed measured sections in the Morrison near Pinedale, New,
Mexico (Figure 1). A line drawn between Mariano Lake and
Lake Valley crosses, or nearly crosses, all three types of ore
deposits. Location, depth, and other information on each hole
are listed in Table 1.
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examination of the hydraulic properties in Table 1 reveals a fairly

consistent set of transmissivities and storage coefficients. The

range of transmissivity in Table 1 is from a low of 819 gallons per

day per foot (gpd/ft) to a high of 1563 gpd/ft. Storage coefficients

in Table 1 range from a low of 3.3x10-5 to a high of 2.8x10-4. If

suspected clogged monitor wells are excluded (as discussed below),

the average transmissivity is about 1,230 gpd/ft and the average stor-

age coefficient is about 6.7xlD-5. No particular difference is noted

when comparing time-drawdown and time-recovery data.

Eydraulic Communication Between Sand Zones

Several of the time-drawdown plots revealed early-time deviations

from the Theis curve. Among the wells completed in single zones (A,

B, C, or D), deviations from the Theis curve were observed in wells

15L17A and 15L36(zone A), 15M35(zone B), 15M39(zone C). 15M67(zone D),

and 16185(zone B), although the recovery plot for well 16185 showed

no such deviation. At first inspection, these apparent deviations

resemble those described by Javandel and Witherspoon (1969) for mul-

tilayered aquifers. According to these authors, at early tiie away

from the pumped well, significant differences in potential develop

between layers in a two-layer aquifer, for example, because of the

more rapid removal of water from the higher permeability layer. This

contrast of potential at a fixed radius, which leads to so-called

"cross-flow", diminishes with time, and the deviation from the Theis

curve also diminishes. The smaller the contrast in permeability be-

tween adjacent layers, the less the degree of cross-flow and the

11



more rapidly the results will converge on the Theis curve. It exam-

-ning the plots from single-zone wells, therefore, there should appear

a consistent deviation from the Theis curve in the early data, the

direction and magnitude of which should depend upon the relative per-

meabilities of the adjacent layers. Since the individual zones are

supposedly separated by layers of lower permeability, (as defined by

Mobil study of electric logs), it would seem reasonable to expect

that all deviations for single-zone wells would reflect the relatively

higher permeability of the zone itself. The results, however, were

inconsistent, in that some data deviated above the Theis curve, some

deviated below the Theis curve, and still others showed little or no

deviation at all (see 1SL64 recovery data for example). Since several

of the wells open through zones A-D also exhibited apparent deviations

from the Theis curve, the inferences concerning multilayered aquifers

of a noncommunicating nature are inconclusive. What appears to be

more consistent, on the other hand, are the transmissivities deter-

mined from both single-zone and multi-zone wells. Mobil indicates

that the single-zone wells will be recompleted to multi-zone wells prior

to wellfield startup.

Figure 4 shows the statistical distribution of transmissivity values

selected from Table 2 for single sand wells (A, B, B-C, and D) and

for those wells which are open to zones A-D. In general, one can

note from Figure 4 that the range of values for each category is not

greatly different from one another and that the median value (5D-per-

cent value) span is between 115D and 1250 gpd/ft. The single-zone

tranamissivity values have a slightly lower median value compared

with the fully penetrating A-D tone transmissivities. In our opinion,

.
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this difference is not significant. Finally, the values of transmissivity

of Table 1 were plotted on a map of the South Trend Development Area.

A study of that map showed an apparent random distribution in trans-

missivities. (See CDX Report)

A study was made of the available electric logs of the area and of

the apparent separations and relative permeabilities of the A through

E sands. While there appears to be a fairly well defined separation

between the individual sand zones, the relative permeability of the

separating layers compared to those of the A-E sands is not great.

In addition, the thickness of the deposits separating the A-D sand

zones varies significantly from place to place and in some areas dis-

appears. Under these conditions it is mot surprising that hydraulic

communication is good and that the transmissivity variation between

zone evaluations is not large. In our opinion, the pumping test data

are not sufficiently definitive to differentiate hydraulic conductiv-

ities of individual sands. Since well 16P80 exhibited well completion

problems, the vertical hydraulic connection between the D and E sand

zones could not be determined.

In summary, the analysis of the test data suggest that the multi-

zoned aquifer actually exhibited radial flow, especially in the latter

stages of the test and that the multiple zones (A-D sands) behaved

hydraulically nearly as a single layer. No evidence of aquifer bound-

aries appeared in the data, and it can reasonably be inferred, there-

fore, that the aquifer has generally consistent hydraulic properties of

substantial areal extent and hydraulic connection.
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Bet Dagan, Israel

PAUL A. WITHERSPOON

Department of Civil Engineering, University of California
v iBerkeley, California 94720

4bstract. A new field method is proposed for determining the hydraulic properties of
aquifers and aquitards in leaky systems. Conventional methods of analyzing leaky aquifers

V usually rely on drawdown data frow the pumped aquifer alone. Such an approach is not
[t- sufficient to characterize a leaky szsem; our new method requires observation wells to be

placed not only in the aquifer being pumped but also in the confining layers (aquitards)
above and/or below. The ratio of the drawdown in the aquitard to that measured in the
aquifer at the same time and the same radial distance from the pumping well can be used
to evaluate the hydraulic properties of the aquitard. The new method is supported by theory
and has been applied to the coastal groundwater basin of Oxnard, California. The field

L.-, results are in good agreement with laboratory measurements.

> 1raditiobally, groundwater hydrologists have hydrology of multiple aquifer systems, and we
tended to focus their attention on the more shall mention here only. a few examples. Al-
permeable aquifer layers of a groundwater basin though groundwater recharge is often believed
in developing water supplies. However, sedi- to occur in areas of aquifer outcrops, Gill [1969]
i- mentary groundwater basins usually consist of has recently reported that substantial amounts
-a series of aquifers separated by confining lay- of water produced from ihe Potomac-Raritan-
ers of relatively low permeability, which may Magothy aquifer system are coming through the
act as conduits for the vertical migration of aquitards. Earlier, Walton [1965] had shown
m.ater from one aquifer to another. Since fine- how the Maquoketa formation in Illinois, which

- ,igrazned sediments often tend to be much more is essentially a shale bed, serves as an effective
! compressible than associated coarse-grained transmitter of water between aquifers. Land

aquifer materials, they also can release large subsidence in the San Joaquin Valley and other
.,. quantities of wrater from storage and thereby areas in California has been shown to be asso-

increase the supply available to the aquifer. ciated with water- withdrawal from multiple
The combined effects of these phenomena are aquifer systems and is generally attributed to
known as leakage. the resulting compaction of fine-grained aqui-

Usually, when the effects of leakage can be tard sediments [Poland and Davis, 1969]. Sim-
detected by observing drawdown in the aquifer ilar situations exist in Venice, Japan, and other
being pumped, the confining beds are called parts of the world.
'aquitards,' and the aquifer is referred to as For the past 20 years, aquifers at depths
being 'leaky.' When such effects cannot be easily below 500 feet have been used for storing nat-
detected in the aquifer, the confining beds are ural gas in the United States and Europe. Where
called 'aquicludes,' and the aquifer is termed the properties of the aquitards-were not prop-
'slightly leaky' [Neuman and TI'itherspoon, erly investigated, the gas industry has on oc-
1968]. casion witnessed the spectacular and dangerous

Aquitards play an important role in the effects of gas leakage. The storage of other fluids.
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as well am the disposal of waste products under-
ground, requires the role of aquitards to be
thoroughly understood if the degradation of
groundwater supplies and the pollution of the
surface environment are to be avoided. The
role of aquitards may also be important in de-
termining the rate at which the seawater from
a degraded aquifer may migrate vertically to an
uninvaded zone. An interesting situation in
which the effectiveness of aquitards in prevent-
ing seawater intrusion is largely unknown occurs
where the construction of shallow harbors and
marinas requires the removal of a part of the
aquitard that normally provides a natural bar-
rier between the ocean and the freshwater aqui-
fer beneath [California Department of Water
Resources, 1971, p. 10].

Although the importance of aquitards is be-
ing recognized more and more, there is no re-
liable method for their investigation, abd very
little is known about their hydraulic properties.
This report describes an improved field method
for evaluating the hydraulic properties of aqui-
fers and aquitards in leaky multiple aquifer sys-
tems. The new approach is simple to use and
applicable to a wide range of hydrogeological
situations. We shall describe in detail one par-
ticular investigation performed in the coastal
groundwater basin of Oxnard, California.

PROBLEMS IN ANALTZING PUMPING TESTS

WITH CURRENT METHODS

In analyzing results of water pumping tests
the well-known Theis [1935] solution is often
used to determine the permeability and the spe-
cific storage of the aquifer under investigation.
As long as the aquitards do not leak significant
amounts of water into the aquifer, this method
of analysis produces reliable results.

However, groundwater hydrologists noted
many years ago that deviations from the aquifer
behavior, as predicted by the Theis solution,
arc not uncommon. These deviations are often
caused by water leaking out of the confining
beds, and this led to the 'leaky aquifer' theory
of Hantush and Jacob [1955]. This theory and
its later modifications [iHantush, 1960] relied
only on an examination of aquifer behavior and
attempted to relate such behavior to the proper-
ties of the adjacent aquitards.

Unfortunately, this. approach has not been
entirely, satisfactory. As .has recently becn

. s . ...

pointed out by Neuman and lWitherspoon
[1969b], field methods based on the leaky aquifer
theory of Hantush and Jacob [1955] may often
lead to significant errors. These errors are such
that one tends to overestimate the permeability
of the aquifer and underestimate the permeabil-
ity of the confining beds. Uinder some circum-
stances, one may also get the false impression
that the. aquifer is inhomogeneous. Further-
more, the method does not provide a means of
distinguishing whether the leaking beds lie above
or below the aquifer being pumped.

A new theory of flow in multiple aquifer sys.-t
tems has recently been developed by Neuman.'
and W'itherspoon [1969a; California Depart--
ment of Water Resources, 1971, pp. 24-3S].-
This theory shows that the behavior of dras%,-::, U
down in each layer is a function of several :-!.

dimensionless parameters fi,, and r/B,,,:which- C
depend on the hydraulic characteristics of the
aquitards as well as those of the aquifers. The
new theory clearly indicates that the observa-
tion of drawdown in the pumped aquifer alone :",
is not always sufficient to determine uniji :;;
the values of 8 and r/B. For example, Han-i
tush's 11960] modified theory of leaky aquifers '- '
provides an analytical solution in terms of P.':.i
that we know is applicable at sufficiently small
values of time. Nevertheless, since this solution
relates only to drawdown in the aquifer being
pumped, its usefulness in determining uniquely
the properties of each aquitard or even in
determining a unique value of (1 is very limited
[California Department of Water Rczources,-'
1971, p. 327; Riley and McClelland, 1970]. Our -

theory indicates that otie should be able to de-
velop improved methods of analysis by installing
observation wells not only in the aquifer being
pumped but also in the confining layers enelos-.'-
ing it. Indeed, as will be shown later, a series of.,
observation wells in more than one layer is a
prerequisite for any reliable evaluation of aqui-
tard characteristics.

The idea of placing observation wells in a
low permeability layer (aquiclude) overlying a
slightly. leaky aquifer was originally proposed
by Wit herspoon et ad. [19G2] in connection with -
the underground storage of natural gas in aqui- .
fers. Their purpose was to determine how effec-
tive a given aquiclude would be in preventing .'
gas leakage from the intended underground :, .'...
storage rcseryoir. Usitig results obtaine finr a.

†V



V i 8 ~ *" IM~UMAb. A ND VITHEMtPOON

'i t 'nite. difference Eimuuit'n'rodel, Witherspoon observition' well has been perforated close to
' t al. were able to suggest a method for evaluat- such an aquifer. Thus, although the single step

V,^ ing the hvdraulic diffusivity of an aquiclude by function approach renders the method inappli-
.. N: means of a pumping test. cable at small values of time, the assumption

-vLer, so theoretical analysis of flow in aqui- of zero drawdown in the unpumped aquifer
I eludes adjacent to slightly leaky aquifers was introduces an additional restriction at large

I developed by Neuman and Witherspoon [196S]. values of time.
f This theory led to an improved method for In the special case where the thickness of the

t,'t 'determining the hydraulic diffusivity of aqui- aquitard is known, one can determine its diffu-
.ludes under slightly leaky conditions [Wither- sivity directly from the step function type
spoon and Neuman, 1967; Witherspoon et al, curves without the need for graphical curve

I ; 1967, pp. 72-92]. Since the method relies on the matching. Quite often, however, the effective
ratio between drawdown in the aquiclude and thickness of the aquitard is unknown. For ex-

W4drltwdown in the pumped aquifer, it will hence- ample, the aquitard may contain unidentified
'.'forth be referred to as the 'ratio method.' or poorly defined layers of highly permeable

t.. A method for evaluating the hydraulic diffu- material that act as a buffer to the pressure
six ity of an aquitard under arbitrary conditions transient and also as a source of leakage. Another

If .of leakage, which also uses observation wells possibility is that the aquitard is situated below
completed in the confining layer itself, was the pumped aquifer and that its lower limit has
recently described by Wolff [1970]. In his never been adequately defined. Then the step

.analysis Wolff assumed that, at any given radial function approach requires the graphical match-
distance from the pumping well and at a suffi- ing of aquitard drawdown data with Wolf's
ciently large value of time, one can represent [1970] type curves.

F'/ drawdown in the pumped aquifer by a step However, the intermediate parts of these
i *function. Assuming also that drawdown in the type curves are essentially parallel, and therefore

-. unpumped aquifer remains 0, Wolff arrived at a they cannot be matched uniquely with field
.,set of type curves that he recommended for results. On the other hand, neither the early
aquitard evaluation. nor the late parts of the type curves can be

, Although this method gave satisfactory re- used with confidence. Thus there may be a
sults for the particular site investigated by significant element of uncertainty when TW'olff's
.Wolff, we think that the step function approach [1970] method is applied to real field situations.
may lead to difficulties when it is applied to Since the currently available direct field

; arbitrary multiple aquifer systems. Fundamen- methods appear to be limited in their applica-
' tally, drawdown in the pumped aquifer cannot tion, there is an obvious need for a new

1 be reliably represented by a single step function approach that would enable one to determine
'ti: tnless a quasi-steady state is reached within a the characteristics of multiple aquifer systems

, sufficiently short period of time. The quasi- under a wide variety of field conditions. We
steady state will be reached only if the trans- shall attempt to demonstrate that a rational

' missibility of the aquifer is large and if the basis for such an approach is provided by our
observation wells are situated at relatively new theory of flow in multiple aquifer systems
small radial distances from the pumping well. [INeuman and Witherspoon, 1969a]. We will
To minimize the effect of early drawdowns, start by showing that the ratio method, which

- Wolff's method further requires that the dura- we originally thought was limited in application
tion of the pumping test be sufficiently long only to aquicludes under slightly leaky condi-
and that the vertical distance between the tions, can in fact also be used to evaluate the
pumped aquifer and the aquitard observation properties of aquitards under very leaky condi-
wells not be too small. tions.

From our new theory of flow in multiple aqui-
fer systems, we now know that at large values of APPLICABtLITY OF THE RATIO METHOD

time the results in the aquitard may be affected TO LEAKY CONDITIONS

significantly by the influence of an adjacent To develop a method for determining the
unpumped aquifer, especially where the aquitard hydraulic properties of aquitards, we shall first
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consider a two-aquifer system (Figure 1). A
complete solution -for the distribution of draw-
down in such a system has been developed by
Neuman and Witherspoon 11969a]. In each
aquifer the solutions depend on five dimensionless
parameters P r/B 1, 02i, r/B2 , and tD,. In the
aquitard the solution involves one additional
parameter z/bl'. This large number of dimension-
less parameters makes it practically impossible
to construct a sufficient number of type curves to
cover the entire range of values necessary for
field application. For a set of type curves to be
useful, they are normally expressed in terms of
not more than two independent dimensionless
parameters.

One way to significantly reduce the number of
parameters is to restrict the analysis of field
data to small values of time. In particular, we
want to focus our attention on those early
effects that occur prior to the time "when a
discernible pressure transient reaches the un-
pumped aquifer. At such early times the un-
pumped aquifer does not exert any influence on
the rest of the system, and therefore drawdowns
are independent of the parameters P and r/B2 1.
Furthermore, the aquitard behaves as if its
thickness were infinite, which simply means that
the parameters rIB11 and z/b 2' also have no
influence on the drawdown. Thus the resulting
equation will depend only on a D and an
additional parameter tD,'.

In the pumped aquifer, drawdown is then
given by Hantush's [1960] asymptotic equation
[Neuman and Witherspoon, 1969a].

()4 tl i149D, Y

*erfc ( y(4t0I 1) dy (1)

In the aquitard the solution is

"i '(r z, f) = QFa /t.4rTj Ji/4i1e, yt

*erfc (O. + ( t/t4 ,l , )2 dy (2)

Theoretically, (1) and (2) are limited to those
small values of time that satisfy the criterion

ID, • 1.6e 11 V'(r/Bji)' (3)

In terms of real time this criterion may also be

2
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Fig. 1. A schematic diagram of a two-aquifer
system.

expressed by

t < 0.1S..'6 1"/K 2' (4)

indicating that the limiting value of time is
independent of the radial distance from the
pumping well.

From a practical standpoint the criterion
given by (3) or (4) is overly conservative. For
example, Figures 2-S in Neuman and Wither-
spoon [1469o] reveal that the effect of the
unpumped aquifer is felt in the rest of the sys-
tem at times that are always greater than those
predicted by (3). Note further that in these
figures the effects of 8,, and'r/B, are negligible
as long as the log-log curve of drawdown versus
time for the unpumped aquifer does not depart
from its initial steep slope.

This effect of the unpumped -aquifer provides
a useful criterion for determining the time limit
beyond which the asymptotic solutions may no
longer be applicable. If an observation well can
be provided in the unpumped aquifer, a log-log
plot of drawdown versus time should enable
the hydrologist to identify this time limit.

Note that there may be field situations in
which the procedure above is not applicable.
For example, when the transmissibility of the
unpumped aquifer is large in comparison to
that of the aquifer being pumped, drawdowns
in the unpumped aquifer will be too small to
measure, and one would not be able to determine
the time limit as outlined above. This procedure
may also fail when the water levels in the
unpumped aquifer are fluctuating during the
pumping test owing to some uncontrolled local
or regional efrect. Then a more conservative
estimate of the time limit can be established
from drawdowr data observed in onc'of the

. ~. .;
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aquitard wells. In general, the smaller the verti- ' value of 8 from 0.01 to 1.0 has practicall
cal distance between the perforated interval in effect on the ratio s'/a. The isame is true I
tpth aaquitard well and the boundary of the increases, a-id this relationship is shown b3
pumped aquifer is, the more conservative the additional results for to = 10'.
time indicated by the procedure above is. If we now usC our theory for slightly I
'Having established a practical method for situations [Neuman and Witherspoon, 1
estimating the time within which (I) and (2) where e' is given by
are valid, we can now proceed to show how
these equations lead to the ratio method for (T2 ) Q 2
evaluating aquitards. Remember that Ilantush's 4TT 2

equation does not by itself lead to a reliable - E - LDX
method for determining a unique value of Pat f (Ei t 4y - TJs e

-from field results. The same can be said of (2), i(4lo'" tD(4tD Y - 1,
because it involves three independent parameters
p,6, tI,, and tD,. However, the usefulness of and 8 is obtained from the Theis solution
these two equations becomes immediately evi- have in effect the special case where P Z
dent when one considers Ji'l/,, i.e., the ratio of This is represented by the two solid line
drawdown in the aquitard to that in the pumped Figure 2.
aquifer at the same elapsed time and the same We also examined the case where P =
radial distance from the pumping well. and found that the values of s8ls deviate sig

In the discussion that follows we shall be cantly from those shown in Figure 2. Thus
dealing with only one aquifer and one aquitard, may conclude that for all practical values
and for the sake of simplicity we shall omit all the ratio e/s is independent of P as loni
subscripts. Figure 2 shows the variation of '/ls 8 is of order 1.0 or less. Since f8 is dire
versus tn for a practical range of to and 8 proportional to the radial distance from
values. Note that at t1 = 0.2 changing the pumping well, its magnitude can be kept wi

y no
is to
y the

eaky
96S]

* dy

(5)
, we
= 0.
s in

10.0
:nifi-
one

of to
g as
*ectly
the

thin

0

4

Uny Precnueu L)UUUS UsZrply LY placing Lue
observation wells close enough to the pumping
well. A quick calculation will show that distances
of the order of a few hundred feet will be
satisfactory for most field situations.

Thus we arrive at the very important con-
clusion that the ratio method, which we origi-
nally thought was restricted to only slightly
leaky situations, can in effect be used to deter-
mine the hydraulic diffusivities of aquitards
under arbitrary leaky conditions. We therefore
decided to adopt the ratio method as a standard
tool for evaluating the properties of aquitards.

USE OF THE RATIO M6IETHOD IN
AQUITARD EVALUATION

The ratio method can be applied to any
aquifer and its adjacent aquitards, above and
below, in a multiple aquifer system (see sketch
in Figure 3). The method relies on a family of
curves of sI/s versus t9', each curve correspond-
ing to a different value of to as obtained from
(5) and the Theis equation. The curves in
Figure 3 have been prepared from tables of
values published previously by 11Witherspoon et
al. (1967, Appendix G].

*0 D t,. sLi7  10 T0

Fig. 2. The variation of a/s with to' for p
= OD (solid lines), p = ODI (squares), and
p = ID (circles).
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In the ratio method, one first calculates the
vable of eis at a given radial distance from
the pumping well r and at a given instant.of
time t. The next step is to determine the
magnitude of tD for the particular values of r
and t at which sls has been measured. When
to < 100, the curves in Figure 3 are sensitive to
minor changes in the magnitude of this param-
eter, and therefore a good estimate of tl is
desirable. When tv > 100, these curves are so
close to each other that thev can be assumed
to be practically independent of tD. Then even
a crude estimate of t. will be sufficient for the
ratio method to yield satisfactory results. A
procedure for determining the value of t. from
drawdown data in the aquifer will be discussed
later in connection with methods dealing with
aquifer characteristics.

Having determined which one of the curves in
Figure 3 should be used in a given cardulation,
one can now read off a value of tV-' corre-
sponding to the computed ratio of e/s. Finally,
the diffusivity of the aquitard is determined
from the simple formula

O.

r-a'g. 3~ ::. *h vrato of el wit la.-' fo asei

infi LiJehq r.TT 2  ..__::..H, .. _.

ffi----.L...1 '' [Jj....... - _ . _I_.

i ii

Fig. 3. The variation of a'!. with La' for a semi-.-
infinite aquitard.

- _ L _2 1% . falt
a o~ / PD tUJ method. Experience indicates that permeability

Note in Figure 3 that, when esa < 0.1, the may vary by several orders of magnitude from
value of tD` obtained by the ratio method is one aquitard to another and even from one
not very sensitive to the magnitude of e/ls elevation to another in the same aquitard. A
As a re ult the value of a' calculated from (G) much more stable range of values is usually
depends very little on the actual magnitude of encountered when one is dealing with specific
the drawrdown in the aquitard. Instead, the storage.
critical quantity determining the value of c? at Recent field measurements in areas of land'
a given elevation 2 is the time lag t between the subsidence (F. S. Riley, personal communication,
start of the test and the time when the aquitard 1971) have shown that the specific storage of
observation well begins to respond. The time fine-grained sediments depends on the relation-
lag is very important because in using the ratio ship between the load generated by pumping
method one need not worry about having ex- and the past history of loading. When this rela-
tremelv sensitive measurements of drawdown tionship is such that the sediments react elasti-
in the aquitard observation wells. A conventional cally, the value of S.' is relatively small. Whe
piezometer with a standing water column will
usuall give sufficientlyv accurnte information the sediments are undergoing irreversible con-
for most field situations. The time lag between solidation, the value of S. may be larger by I
a change in pressure and the corresponding or 2 orders of magnitude. Presently, the most
change in water level in the coluhmn is usually reliable measurements of S.' are performed in
so small in comparison to the time lag between the field by using borehole extensometers.
the start of the test and this change in pressure Another way to determine approximate values
that its influence can be safely ignored. of S.' is to perform standard consolidation tests

To evaluate the permeability and specific on core samples in the laboratory. In the total
storage of an aquitard from its hydraulic diffu- absence of field and laboratory measurements,
sivity, one of these quantities must first be SI can be etimated by correlating published
determined bj.-means other than the ratio itiltion smilar sediiieis; Once the value of -

., .- .. , ., *- ,I;; * * ;- i XS
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S/ has been determined, ' is easily calculated reader "ill recognize that such a restriction is
from K' = cMS.'. not necessary and that the ratio method is

We also studied the effects of aquitard hetero- acjually applicable to arbitrary multiple aquifer
geneity and anisotropy on the value of K' ob- systems. The only requirement is that the sum
tained by the ratio method at a given elevation of the A,, values with respect .to the overlying
a. In our investigation we used the finite element and underlying aquitards be of order 1 or less.
method to examine the behavior of a two-aquifer In summary, note once again the following
system when: (1) the aquitard was a homogenc- features of the ratio method.
ous anisotropic layer with a horizontal permea-
bility as much as 250 times greater than the 1. The method applies to arhitrary. leaky
vertical and (2) the aquitard consisted of three multiple aquifer situations.
different layers, each of which was homogeneous 2. The pumped aquifer can be either con-
and anisotropic. The results of this study indi- fined or unconfined.
cated that for homogeneous anisotropic aqui- 3. The confining layers can be heterogeneous
tards the ratio methed will always give a value and anisotropic. Then the ratio method gives
of K' that corresponds to the vertical permeabil- the average vertical permeability over the thick-
ity of the aquitard. For a heterogeneous aqui- ness z of the aquitard being tested.
tard, K' is simply the weighted average vertical 4. The method relies only on early drawdown
permeability over the thickness z. If there are N data, and therefore the pumping test can be of
layers of thickne s b^ and vertical permeability relatively short duration.
k.t inside this interval, K' represents the aver- 5. The drawdown data in the unpumped
age value aquifer or in the aquitard provide an in situ

/ ,. ,, indication of the time limit at which the ratio
K' =-/ -z K,) (7) method ceases to give reliable results.

st A.~ 6. Since the method is more sensitive to time
Boulton [1963] and Neuman [1972] have lag than to the actual magnitude of els, the

shown that, at early values of time, drawdown accuracy with which drawdowns are measured
in an unconfined aquifer can safely be approxi- in the aquitard is not overly critical.
mated by the Theis solution. At later values of 7. The method does not require prior knowl-
time, drawdown is affected by the delayed re- edge of the aquitard thickness.
sponse of the water table, and the effect is S. The ratio method is simple to use and does
similar to that of leakage in a confined aquifer. not involve any graphical curve-matching pro-
Thus, if the ratio method is applicable to aqui- cedures. This lack of curve-matching procedures
tards adjacent to confined leaky aquifers, it is an advantage because curve matching is often
should also be applicable to situations in which prone to errors due to individual judgment and
the pumped aquifer is unconfined. This conclu- because a more reliable result can be obtained
sion is further supported by the fact that the by taking the arithmetic average of results from
ratio method depends less on the actual values several values of the ratio /ls.
of drawdown in the aquifer than on the time
lag observed in the aquitard. To test this METHOD FOR EVALUATING AQUIFERS

applicability of the ratio method to an uncon- When the pumped aquifer is slightly leaky,
fined aquifer, we took data from Wolff [1970] one can evaluate its transmissibility and storage
for a pumping test in which observation wells coefficient by the usual procedures based on the
were placed in a confining layer underneath a Theis equation. When leakage is appreciable,
water table aquifer. We analyzed these data by these procedures will not always yield satisfac-
using the ratio method, and the results are in tory results. Alternative methods for analyzing
excellent agreement with those obtained by the results of pumping tests in leaky aquifers
Wolff. were proposed by Jacob [1946] and Ilentush

When we showed that our slightly leaky [1956, 1960]. Still another method based on the
theory nas applicable to the so-called leaky rIB solution has recently been proposed by
aquifer, our previous discussion was restricted Narasimhan [196S]. All these methods rely on
to a two-aquifer system. By now, however, the drawdown data from the pumped aquifer alone.

;r : -7
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Their purpose is to determine not only the
properties of the aquifer but also the so-called
'leakage factors' r/B and ,B that depend on the
characteristics of the confining layers as well as
on those of the aquifer. We have shown earlier
that these methods have a limited application
and that they can often lead to erroneous results.

Since we have introduced the ratio method
as a means for evaluating aquitards, the only
remaining unknowns to be determined are the
aquifer transmissibility T and the storage coeffi-
cient S. When the aquifer is leaky, the use of
methods based on the Thcis solution will lead to
errors whose magnitudes are a function of ,B and
r1B. A look at Neuman and Witherspoon
[1969a) will reveal that the smaller the values
of P and r1B are, the less the drawdowns in the
pumped aquifer deviate from the Theis solution,
and therefore the smaller the errors introduced
by such methods are. At this point -we must
recognize that fi and r1B do not necessarily
reflect the amount of water that leaks into the
aquifer. In fact, both these parameters are
directly proportional to r, which simply means
that their magnitude in a given aquifer varies
from nearly 0 at the pumping well to relatively
large values further away from this welL Thus
the extent to which leakage can affect the be-
havior of the drawdown in any given aquifer
is a function of the radial distance from the
pumping well. Thus the closer one is to this well,
the smaller the deviations of drawdown from
the Theis curve are. On the other hand, the rate
of leakage is obviously greatest near the pump-
ing well where the vertical gradients in the
aquitard are largest and diminishes as the radial
distance from this well increases. Therefore, in
a given system, ,B and r1B increase with radial
distance, whereas the actual rate of leakage

small in the immediate vicinity of the pumping
well but becomes increasingly important at larger
values of r. In addition, the water that leaks
into the aquifer at smaller values of r tends to
act as a buffer to the pressure transient. This
transient cannot propagate as fast as it other-
wise might have had there been no increase in
aquifer storage. The effect is to reduce further
the drawdown at points farther away from the
pumping well. The net result is a situation in
which larger values of r are associated with less
leakage but also with greater deviations from
the Theis curve.

Thus we arrive at the important conclusion
that one can evaluate the transmissibility and
storage coefficient of a leaky aquifer by using.
conventional methods of analysis based on the
Theis solution. The errors introduced by these
methods will be small if the data are collected -

close to the pumping well, but they may become
significant when the observation well is placed
too far away. Therefore a distance drawdown
analysis based on the Theis curve is not gen-
erally applicable to leaky aquifers and should
be avoided whenevei possible. ;. -

Ideally, the values of T and S should be.. .:.i.
evaluated by using drawdown or buildup data'
from the pumping well itself because here the
effect of leakage is always the smallest. We
recommend this approach whenever the effective
radius of the pumping well is known (e.g., wells
in hard rock formations). However, when a
well derives its water from unconsolidated
materials, its effective radius usually remains
unknown owing to the presence of a gravel pack.
In these situations the approach above can still
be used to evaluate T but cannot be used to
determine S.

As a general rule. early drawdown data are
decreases. affected by leakage to a lewser degree than data

At first glance, we seem to be faced with a taken at a later time are. Therefore wre feel that
paradox: The greater the leakage is, the less in performing the analysis most of the weight
the deviations from the nonleaky Theis solution should be given to the earliest data available, if,
are. However, a closer examination of the flow of course, there is confidence in their reliability.
system will show that there is a simple physical Once S and T have been determined, one can
explanation for this phenomenon. The reader calculate the dimensionless time at any given

will recognize that, although vertical gradients radial distance from the pumping well by
in the aquitard do not vary appreciably with
radial distance from the pumping well, the same =
cannot be said about draidown in a pumped D /S (8)
aquifer. As a result the rate of leakage per unit Equation 8 can then be used with the ratio
area relative -to this drawdown is negligibly. method ai we discussed earlier.

.. .. dis c usse d
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'' g.-.'f .' -'->. -sev en piezometers should hav e been arranged
along a circular arc with its center at the

; - pumping well so that responses would be given
at various elevations but at only one unique
value of r. However, this arrangement was not

E PIZOMETEM possible under the local conditions, and we
t 23EE 1 / therefore had to design the well field according

z22"5s to the scheme shown in Figure 4. For details
of the construction, the completion, and the
development methods, the reader is referred to
California Department of Water Resources
[1971, pp. 63-68].

PICA WELL The following is a brief description of the
t2Jsi lithology in the vicinity of the test area. The
the piezometers used in semiperched zone is composed of fine- to me-

ping tests. dium-grained sand with intetbedded silty clay
lenses. The upper aquitard is made up of pre-

TS TN THE OXNARD, dominantly silty and sandy clays, mainly mont-
*A, BAS O Xmorillonite. The Oxnard aquifer, which is the

*ASI most important water producer in the Oxnard
irtment of Water Re- basin, is composed of fine- to coarse-grained sand
investigated the Oxnard and gravel. Silty clay with some interbedded
*ith seawater intrusion sandy clay lenses makes up the lower aquitard.
d several wells at various The material that forms the Mugu aquifer is
For our field studies we fine- to coarse-grained sand and gravel with some
ocation in the city of interbedded silty clay. Figure 5 shows an electric
capacity pumping well log through this series of sediments.

Fig. 4. The locations of
field pumn

FIELD PUMPING TES

CALIFORN

The California Depr
sources had previously
basin in connection M
problems and coinstructei
locations in the basin. ]
selected a particular I
Oxnard where a large
(Figure 4, 22J5) was av
from the Oxnard aquif(
zometers (22112, 22115,
available to monitor wa
aquifer at radial distamn

In addition, seven
installed at various elevi
the Oxnard aquifer. T
vertical distances above
each piezometer and al
tances from pumping

ailable to produce water
!r. Four additional pie-
22K2, and 23E2) were
ter levels in the Oxnard
.es of 502-1060 feet.
new piezometers were
Itions relative to that of
able 1 summarizes the
or below the Oxnard for
so gives the radial dis-
well 22.J5. Ideally, the

ANALYSIS OF PUMPING TEST RESULTS

Two pumping tests were performed in the
field. Their purpose was to determine the hy-
draulic characteristics of the Oxnard aquifer and
the confining layers above and below it and to
confirm our theoretical concepts [Neuman and
Witherspoon, 1969a] regarding the response of
multiple aquifer systems to pumping.

The first pumping test lasted 31 days. Figure
6 shows the response in the Oxnard aquifer at

TABLE 1. Location of Piezometers

Distance from Vertical Distance,
Piezometer 22J5, feet Depth, feet feet Layer

1 100 120 ... Oxnard aquifer
IA 100 239 ... Mugu aquifer
2 91 225 -26 lower aquitard
3 81 205 -6 lower aquitard
4 72 95 +11 upper aquitard
4A 72 58.5 +50 semiperched aquifer
5 62 84 +22 upper aquitard

The vertical distance is the distance above the top of the Oxnard aquifer at a depth of 105 feet or below
the bottom at a depth of 198 feet.

t Failed to operate satisfactorily.
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various radial distances from the pumping well.
Piezometer 1, which is nearest to the pumping
well, demonstrated an anomalous behavior dur-
ing the first 6 min of pumping. This was appar-
ently due to a surging effect in the pumping well.
At about 6000 min the entire basin started
experiencing a general drop in water levels
probably due to the beginning of intermittent
pumping for irrigation at this time of the year.
Table 2 gives the values of T and S as calculated
from these data by using Jacob's [1950] semi-
logarithmic approach.

Table 2 shows that in general the values of T
become progressively larger as r increases. This
relationship can be explained as follows. Since
the Oxnard aquifer is obviously leaky, the actual
drawdown curve at any given well will lie below
the Theis solution, as is shown diagrammatically
in Figure 7. To demonstrate this positioning, we
shall choose a particular point on the data curve
that corresponds to some given value of a and 1.
If we could match the data to the true type
curve where I and r1B are not 0, we would
obtain the true value of aD. for the point chosen.

However, such type curves were not available
for this investigation, and we used a method
that is essentially equivalent to matching the
field data to the Theis curve. Therefore the field
data are being shifted upward from their true
position, and our chosen point vill now indicate
an apparent value of SD. > 

8
D,.

From the definition of SD it is clear that since
s remains unchanged the value of T is increased.
The greater the radial distance r, the larger G
and r1B become, and therefore the larger the
difference between the true type curve and the
Theis curve is. In other words, as r increases,
the magnitude of T should become more and
more exaggerated, which is clearly evident in
Table 2.

With' regard to errors in S, the shifting of
field data as indicated on Figure 7 may be either
to the left or to the right. Thus the effect on
the calculated values of S is not predictable
(Table 2). With this unpredictability in mind,
we decided to select the results from piezometer
I of T = 130,600 gpd/ft and S = 1.12 X 10-'
as being most representative of the Oxnard
aquifer, at least in the area of the pumping test.

Having estimated the properties of the
pumped aquifer, we shall now consider the
results fr'om other parts-of this three-aquifer

.. .- ;..i

_ -j . , ,.,-A, ,ma, .. _., _-,;

400 -

Fig. 5. The electric log from the first exploratory
hole.

subsystem. Figure S shows the response at one` )
particular point in the lower aquitard (well 3) "'
as wenl as the responses in the Oxnard above
(well 1) and the Mugu below (well lA). Figure
9 shows the response at two different elevations
in the upper aquitard (wells 4 and 5) as well as
the response in the overlying semiperched aqui-
fer (well 4A). Since piezometer 1 is located
farthest from the pumping well, we do not '.
have the response in the pumped aquifer directly
below the piezometers where drawdowns in the
upper aquitard were measured. However, from
distance-drawdown curves in the Oxnard aquifer
and from the behavior of piezometer 4, we'
concluded that the aquifer response was approxi-
mately as shown by the dashed curve in Figure.
P. Remember that the ratio method for evaluat-
ing aquitards is more sensitive to the time lag
than to the actual magnitude of drawdown in
the aquifer. Therefore the dashed curve in
Figure 9 can be considered sufficiently accurate
for our purposes. Note that the shapes of the' ':
curves in Figures S and 9 are quite similar to - a

those of our theoretical curves [Neuumn and
Witherspoon. 1969a). .8

To evaluate the lower aquitard, vwe shall -'
determine the ratio se/s at two early values of.,-

.. C

-
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Fig. 6. The fluid levels in the Oxnard piezometers during the first pumping test. The
diamonds represent well 1. the squares represent well 22112, the triangles represent well 22H5,
the circles represent well 22K2, and the inverted triangles represent well 23E2.

i:time, t = 80 min and t = 200 min. At t = 80
min, one can read on Figure 8 that e' = 0.078
and s = 6.6 feet. The ratio is simply s"/s =

0.078/6.6 = 1.18 X 10'. To obtain to, one can
use the equation

f, = 9.28 X 10'Tt/r2 S (9)

where T is in gallons per day per foot, t is in
minutes, and r is in feet. Then, using the known
values of T and S and noting from Table 1 that,

: at piezometer 3, r = 81 feet, one can calculate

(9.28 X 10-')(130,600)(80)
CD - (81) (1.12 X 10 -)

- = 1.32 X 10 3

TABLE 2. Results of Oxnard Aquifer Using
Jacob's Semilog Method

T,
Well r, feet gpd/ft S

1 100 130,600 1.12 X 10-'
22H2 502 139.000 3.22 X 10-'
22115 722 142.600 3.08 X 10-'
2?2K2 748 136,.700 2.48 X 10-'
23E2 1060 157,000 2.53 X 10-'

Referring to Figure 3, one finds that these values
of 'li and to correspond to to, = 0.086. From
the definition of to', one can verify the formula

a' = 1.077 X 10 4tD'z'/t (10)

where a' is in gallons per day per foot, z is in
feet, and t is in minutes. One notes from Table I
that, for piezometer 3, z = 6 feet, and therefore

' a = (1.077 X 10')(0.086)(6)'
(80)

= 4.17 X 10' gpd/ft

Similarly, one finds that, at t = 200 min, a =
3.39 X 10' gpd/ft. Since the method gives more
reliable results when t is small, we adopted a' =
4.17 X 10' gpd/ft as the representative value
for the top 6 feet of the lower aquitard. The
results of similar calculations for both aquitards
are summarized in Table 3. Note that the diffu-
sivity of the Oxnard aquifer is

a T 130,600 1.17 X 10' gpd/ft
S 1.12 X< 10-4

which is more than 1 million times the values
obtained for the aquitards.
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The results of the second pumping test were
essentially the same as those of the first test and
will therefore not be presented here.

DETERMINATION OF AQUITARD PROPERTIES

USING FIELD AND LABORATORY RESULTS

Having determined the hydraulic diffutsivities,
we can evaluate the permeability K' of each
aquitard if the storage factor is known. The
values of S.' were calculated from consolidation

TABLE 3. Results for Hydraulic Diffusivity of
Aquitards from First Pumping Test

Section K'/S.', K" S,',
Layer Tested gpd/ft cm2/sec

Upper bottom 1.02 X 102 1.47 X 10-'
aquitard 22 feet

Upper bottom 2.44 X 102 3.51 X 10-'
aquitard 11 feet

Lower top 4.17 X 102 5.919 X 10-'
aquitard 6 feet

tests performed in the laboratory (California
Department of Water Resources, 1971, pp. 106-
110] by using the formula

S.' = a.Y./(l + e) (11)

These values were then used to calculate K'
according to

K' = a'S.' (12)

and the results are summarized in Table 4.
Direct measurements performed on undis-

turbed samples in the laboratory indicated that
the aquitard permeabilities vary within a range
of at least 3 orders of magnitude. The results
in Table 4 fall on the high side of this range and
thus are an indication that the average permea-
bility in the field cannot always be reliably
estimated from laboratory measurements.

It is interesting to compare the specific storage
and permeability of the aquitard with those of
the Oxnard aquifer. Using an aquifer thickness
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TABLE 4. Hydraulic Properties of Aquitard LAyers

Specific Sturage S.' Permeability K'
Section

Layer Tested cm-1  ft-' cm/sec gpd/f t

Upperaquitard bottom 7.88 X 10-' 2.4 X 1O-' 1.11 X 10-J 2.45 X 10'
21 feet

Upper aqtfitard bottoin 7.88 X 10-' 2.4 X 10-4 2.66 X 10-' 5.85 X 10I
11 feet

Lower aquitard top 3.2S X 10-' 1.0 X 10-' 1.89 X 10'4 4.17 X 10'
6 feet

of 93 feet, one has

K = T = 130.600 1405 gpd/ft'

and

S 1.12 X 10 = 1.20 X 10-" ft

Thus the permeability of the aquifer exceeds
that of the aquitards by more than 4 orders of
magnitude. However, note that the specific stor-
age of the aquifer is less than S.' in the aqui-
tards above and below by 2 orders of magnitude.
In other words, for the same change in head a
unit volume of aquitard material can contribute
about 100 times more water from storage than
a similar volume of the aquifer can. This statistic
cornfirms our belief that storage in the aquitards
must be considered when one deals with leaky
aquifer systems.

NOTATION

a,, coefficient of compressibility, equal to
- te/Ap, LT'M-1;

bi, thickness of ith aquifer, L;
bi', thickness of jth aquitard, L;

a, void ratio;
Ki, permeability of ith aquifer, LT-';
Kit, permeability of jth uquitard, LT-;

p, pressure, ML-'1-2;
Q., pumping rate from ith aquifer, L'T-';

r, radial distance from pumping well, L;
rIBi1 , dimensionless leakage parameter, equal

to r(Ki'/Kib,bj'W)";
sD, dimensionless drawdown, equal to 4rT~s/

Qi;
J,, drawdown in ith aquifer, L;
Jj', drawdown in jth aquitard, L;
Si, storage coefficient of ith aquifer, equal to

S.,bi;
S.,, specific storage of ith aquifer, L-';

S.,', specific storage of jth aquitard, L-1;
A,- pumping time, T;

2,

a,#,

Pip..

dimensionless time for pumped ith
aquifer, equal to Kil/S.,r';
dimensionless time for jth aquitard,
equal to K'tI/S.,'z';
transmissibility of ith aquifer, equal to
Kibi, VT-';
vertical coordinate, L;
hydraulic diffusivity of ith aquifer,
equal to K,/S,., LIT-';
hydraulic diffusivity of jth aquitard,
equal to Kil/S, I ,LT-';
dimensionless leakage parameter, equal
to r/4bj(K'S,,'/KjSj)'.'t;
specific weight of water, ML-T-.
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UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )

HYDRO RESOURCES, INC ) Docket No. 40-8968-ML
P.O. Box 777 )
Crownpoint, New Mexico 87313 )

AFFIDAVIT OF WILLIAM VON TILL

I, William von Till, being duly sworn, declare as follows:

1. I am competent to make this affidavit, and the factual statements herein are true

and correct to the best of my knowledge, information, and belief. The opinions expressed

herein are based on my best professional judgment. This affidavit will serve to present my

views on the affidavits of (1) Dr. Spencer G. Lucas dated February 25, 2005 (Lucas Affidavit);

and (2) Dr. John W. Leeper, dated March 1, 2005 (Leeper Affidavit), submitted on behalf of the

Eastern Navajo Dine' Against Uranium Mining, Southwest Research and Information Center,

Grace Sam, and Marilyn Morris (collectively, "Intervenors"), as part of the Intervenors' written

presentation dated March 7, 2005.

2. A summary of my general experience as a hydrogeologist, and my specific

familiarity with in situ leach (ISL) uranium mining issues, is as follows. I currently serve as a

Senior Hydrogeologist within the NRC's Uranium Processing Section. My responsibilities

include the oversight of all groundwater-related technical reviews associated with NRC-

regulated ISL uranium operations. These operations include the PRI-Smith Ranch-Highland

Uranium Project in Wyoming (Source Materials License SUA-1 548), and the Crow Butte

Resources Site in Nebraska (Source Materials License SUA-8943). As part of my job duties, I

have reviewed ISL licensee groundwater restoration plans and related financial sureties, and
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have reviewed the completion of groundwater restoration efforts. Additionally, I have

participated in an inspection at the Crow Butte facility, and have also visited the PRI-Smith

Ranch-Highland Uranium Project as well as the Hydro Resources, Inc. (HRI) sites at issue in

this proceeding. I am familiar with the technical issues pertaining to the Crownpoint Uranium

Project. Further details regarding my educational background and professional career to date

are reflected on my resume (a copy of which is attached as Attachment 1).

3. In addition to the Lucas and Leeper Affidavits (and the exhibits attached thereto),

I have reviewed the following items during the preparation of this affidavit:

A. Code of Federal Regulations, Title 40, Part 144 - Underground Injection

Control Program.

B. Code of Federal Regulations, Title 40, Part 146 - Underground Injection

Control Program: Criteria and Standards.

C. Code of Federal Regulations, Title 10, Part 40, Appendix A - Criteria

Related to the Operation of Uranium Mills and the Disposition of Tailings or Wastes Produced

by the Extraction or Concentration of Source Material from Ores Processed Primarily for their

Source Material Content.

D. NUREG-1508, Final Environmental Impact Statement to Construct and

Operate the Crownpoint Uranium Solution Mining Project, Crownpoint, New Mexico

(February 1997) (FEIS).

E. HRI's Revised Environmental Report, March 1993 (HRI(a)).

F. HRI's Consolidated Operations Plan, Rev 2.0 (COP) August 15, 1997.

G. HRI's Section 17 Restoration Action Plan, July 23, 2001.

H. Environmental Assessment, HRI, Inc., Unit 1 Allotted Lease Program.
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Eastern Navajo District, New Mexico. U.S. Department of Interior, Bureau of Indian Affairs.

Window Rock, Arizona. January 6, 1992.

I. Affidavits of William H. Ford

I. Dated February 20, 1998

ii. Dated March 12,1999

iii. Dated May 11, 1999

iv. Dated May 24, 1999

v. Dated January 22, 2001

J. HRI's response to comments, April and August 1996

K. Turner-Peterson, C.E., Fishman, N.S. Geology Synthesis and Genetic

Models for Uranium Mineralization in the Morrison Formation, Grants Uranium Region, New

Mexico. AAPG Studies in Geology No. 22. The American Association of Petroleum Geologists.

1986.

L. Whitney, G. and Northrop, H.R. Diagenesis and Fluid Flow in the San

Juan Basin, New Mexico.- Regional Zonation in the Mineralogy and Stable Isotope Composition

of Clay Minerals in Sandstone. American Journal of Science, Vol. 287. April 1987, pg. 353-382.

M. Kirk A.R. and Condon, S.M. Structural Control of Sedimentation Patterns

and the Distribution of Uranium Deposits in the Westwater Canyon Member of the Morrison

Formation, Northwestern New Mexico - A Subsurface Study. MPG Studies in Geology No. 22.

The American Association of Petroleum Geologists. 1986.

N. Turner-Peterson, C.E. Fluvial Sedimentology of a Major Uranium-

Bearing Sandstone - A Study of the Westwater Canyon Member of the Morrison Formation,

San Juan Basin, New Mexico. AAPG Studies in Geology No. 22. The American Association of
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Petroleum Geologists. 1986.

0. Cowan, E.J. The Large-Scale Architecture of the Fluvial Westwater

Canyon Member, Morrison Formation (Upper Jurassic), San Juan Basin, New Mexico.

Concepts in Sedimentology and Paleontology, Volume 3. Society for Sedimentary Geology.

1991. pgs. 80-93.

P. NUREG-1 569, Standard Review Plan for In Situ Leach Uranium

Extraction License Applications, Final Report U.S. Nuclear Regulatory Commission. June 2003

(SRP).

0. Affidavit of Frank Lichnovsky February 19, 1999.

R. Affidavit of Mark S. Pelizza February 19, 1999.

S. Condon, S.M. and Peterson F., 1986 Stratigraphy of Middle and Upper

Jurassic rocks of the San Jaun Basin: Historic perspective, current ideas, and remaining

problems: American Association of Petroleum Geologists Studies in Geology 22:7-26.

T. Hilpert, L.S., 1969. Uranium Resources of Northwestern New Mexico.

U.S. Geological Survey Professional Paper 603.

U. United Nuclear Corporation, 2004. Northeast Church Rock Mine

Closeout Plan, prepared by MWH.

V. USNRC Materials License, Hydro Resources, Inc. January 1998 (a copy

of which is attached to the Intervenors' written presentation as Exhibit A).

W. Affidavit of Frank Lichnovsky dated April 21, 2005 (attached as Exhibit C

to HRI's response to the Intervenors' written presentation).

X. Affidavit of Dan W. McCarn dated April 15, 2005 (attached as Exhibit D to

HRI's response to the Intervenors' written presentation).
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4. In the following sections of my affidavit, I address some of the specific claims

now made by Dr. Lucas. For ease of reference, I set forth (in single-space) the subheadings

used by Dr. Lucas in making the claims I address.

Recapture "Shale" is Not a True Shale, and Therefore,
Not a Confining Layer

5. Dr. Lucas uses literature references and stratigraphic outcrop observations

outside HRI's proposed ISL mining areas to make conclusions about how the Recapture

Member would behave during ISL operations. In ¶11 12-14 of his affidavit, Dr. Lucas states that

the Recapture Member has been described as a unit of rock composed of interbedded

sandstone, siltstone, mudstone, claystone and limestone layers. I do not dispute his lithological

description as it is well documented in the literature, and is consistent with the FEIS description

of the Recapture Member as a "sequence of interbedded siltstone, mudstone, and sandstone

strata". FEIS, page 3-8.

6. But whether the lithological description of the Recapture Member supports its

designation as a "true shale" is not the important question here. The more important question

in this ISL mining context is whether the Recapture Member will act as an aquitard (confining

layer). I conclude that the pump testing - required by HRI's license prior to the injection of

lixiviant - will adequately demonstrate whether the Recapture Member will act as an aquitard.

My opinion in this regard is discussed in more detail below.

Outcrop Analogue Studies Conducted for
[Dr. Lucas'] Declaration

7. Dr. Lucas asserts that "Geologists have long known that much more can be

learned from the study of rock outcrops than can be learned from subsurface data from

boreholes and geophysical well logs." Lucas Affidavit, at ¶ 16. He thus appears to be taking an
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academic approach to an applied situation. Studying outcrops can be very useful in

distinguishing one geologic unit from another, and Dr. Lucas' outcrop studies (Lucas Affidavit,

Section B, . 15-29) describe the lithology of the rock units in question (i.e., the Cow Springs

Sandstone, Recapture Member, Westwater Canyon Member, and Dakota Sandstone) at the

locations in his study. But in my opinion, site specific pump test data and geophysical logs are

the best tools for purposes of determining how geologic units will behave under groundwater

hydrodynamic flow conditions in an ISL mining operation. I note that Mr. McCarn (for HRI) and I

hold the same opinion on this point. See Exhibit D to HRI's response to the Intervenors' written

presentation, at ¶ 18.

8. Dr. Lucas recites a conclusion by Peterson (1980) that the "Recapture Member

does not occur and that the Westwater Canyon Member lies directly on the Cow Springs

Sandstone." Lucas Affidavit, at 1120, citing FEIS at 3-18. But Dr. Lucas fails to acknowledge

that Peterson was referring to Section 13, which is west of HRI's Church Rock site and thus not

in the proposed ISL mining area. More to the point here, based on information submitted by

HRI, the NRC staff stated in the FEIS that "the Recapture Member is at least 45 m (150 ft) thick

in the mine area and overlies the Cow Springs Sandstone;" further, that based on data from

wells along the Church Rock ore body, the total thickness of the Brushy Basin Member at the

site "averages 19 m (63 ft)." FEIS at 3-18 (emphasis added).

9. Additionally, in my opinion, the most important factor in determining if the

Recapture Member will act as an aquitard is the data obtained from pump testing. For ISL

mining, most of the data (including that obtained from pump tests) are collected just prior to

setting up a well field for mining. This is reflected in the SRP (see reference in ¶ 3.P above),

which states that "once a well field is installed, it should be tested to establish that the
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production and injection wells are connected to the perimeter horizontal excursion monitor wells

and are hydraulically isolated from the vertical excursion monitor wells" (emphasis included).

NUREG-1569, page 5-43. The site-specific data needed to confirm proper baseline water

quality values, and whether existing rock units provide adequate confinement, cannot be

collected until an ISL well field is installed and the licensee is ready to begin ISL mining. HRI is

no different than any other ISL licensee in this regard. Under the following license conditions

imposed by the NRC staff, HRI is required to conduct additional pump testing, and thereby

acquire additional characterization of the rock units overlying and underlying the uranium ore

zones before any ISL mining occurs:

10.23 Prior to injection of lixiviant in a well field, groundwater pump tests shall be
performed to determine if overlying aquitards are adequate confining layers, and
to confirm that horizontal monitor wells for that well field are completed in the
Westwater Canyon aquifer.

10.25 If it is determined that a vertical connection exists in a well field between the
Westwater Canyon aquifer and the Cow Springs aquifer, monitor wells will be
completed in the Cow Springs aquifer within that well field at a minimum density
of one well per 4 acres (1.62 ha) of well field. Groundwater restoration goals
and upper control limits will be established for these wells, pursuant to LCs 10.21
and 10.22. Sampling frequencies for all monitor wells completed in the Cow
Springs aquifer shall be as stated in LC 11.3.

10.32 Prior to the injection of lixiviant at any of the sites, the licensee shall: (a) collect
sufficient water quality data to generally characterize the water quality of the Cow
Springs aquifer beneath each of the project sites, by completing and sampling
wells for the following water quality parameters: alkalinity, ammonium, arsenic,
barium, bicarbonate, boron, cadmium, calcium, carbonate, chloride, chromium,
copper, fluoride, electrical conductivity, iron, lead, magnesium, manganese,
mercury, molybdenum, nickel, nitrate, pH, potassium, combined radium-226 and
radium-228, selenium, sodium, silver, sulfate, total dissolved solids, uranium,
vanadium, zinc, gross Beta and gross Alpha (excluding radon, uranium, and
radium); and (b) conduct sufficient pumping tests to determine if the Cow
Springs aquifer beneath each of the sites is hydraulically confined from the
Westwater Canyon aquifer.

My opinion is that collecting site-specific stratigraphic and pump test data - at the location of
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ISL mining -- are the best methods of determining whether a hydraulic connection is present

between the Westwater Canyon Member and the Dakota Sandstone and Cow Springs

Sandstone formations, and that the license conditions set forth above adequately ensure that

such data will be collected. It is my further opinion that Dr. Lucas' outcrop data is of limited use

in this regard, and is certainly no substitute for what HRI's license already requires. I also find

that Dr. Lucas' reliance on outcrop data is inconsistent with certain statements made by Mr.

Wallace which were submitted on behalf of the Intervenors as part of their written presentation

dated March 7, 2005. Specifically, Mr. Wallace states that aquifer pump tests "are the most

commonly used assessment tool to determine if there is a hydraulic connection between the

mine zone and overlying aquifer" (Wallace Affidavit, at i 44); and he further states that

t interconnections between aquifers are usually discovered "by pumping a well in one aquifer,"

and then monitoring water levels in observation wells completed in the overlying or underlying

aquifers. Wallace Affidavit, at T 46.

Absence of a Confining Unit Under the Westwater Canyon Member at
Section 17: HRI's Misinterpretation of Geophysical Well Logs.

10. Dr. Lucas attempts to compare the Recapture Member to another shale

formation (the Whitewater Arroyo Shale) to discount earlier interpretations of the Recapture

Member. Lucas Affidavit, Section C, ¶m 27-35. In my opinion, Dr. Lucas has not made a

convincing argument in this regard, as I discuss below.

11. In his February 19, 1999 affidavit filed on behalf of HRI, Mr. Lichnovsky

addressed similar issues at length. Regarding the Recapture Member's presence, he provided

evidence of over 100 boreholes drilled in the Church Rock area, and identified the key items as

being the geophysical log from bore hole #2.8/17.7, and the geophysical log from bore hole
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#53/41. In his 1999 affidavit (attached as Attachment A to Mr. Lichnovsky's 2005 affidavit), he

stated that the geophysical log from bore hole #2.8/17.7 penetrated the entire Recapture

Member, and showed that the Recapture Member here is 169 feet thick. Attachment A to Mr.

Lichnovsky's 2005 affidavit (HRI's Exhibit C), at page 19. Dr. Lucas has not provided a

convincing argument that Mr. Lichnovsky's interpretation of this borehole's data is incorrect.

12. Dr. Lucas disputes Mr. Lichnovsky's interpretation of geophysical log from bore

hole #2.8/17.7, but in doing so Dr. Lucas only addresses the spontaneous potential (SP) curve

for this log, and he does not mention the Resistivity curve. Lucas Affidavit, Section C, 1 29. 1

reviewed the geophysical log from bore hole #2.8/17.7, and I agree with Mr. Lichnovsky's

interpretation of it. It is important to note that this geophysical log consists of Gamma, SP, and

Resistivity curves. Looking at the SP and the Resistivity curves, it is apparent that there is a

direct break of major lithology where Mr. Lichnovsky draws the contact between the Westwater

Canyon Member and Recapture Member. At the break between the Cow Springs Sandstone

and the Recapture Member there is little difference with the SP curve, but a definite trend with

the Resistivity curve is present, which suggests a sandy unit. Dr. Lucas' Figure 7 is

unconvincing. In fact, for most of the length of Dr. Lucas' ushale baseline" within the Recapture

Member (as depicted in his Figure 7), his line is directly adjacent to the SP for the Recapture

Member. When I compared this "shale baseline" and the Recapture Member to the sandstone

in the Westwater Canyon Member, I found a marked difference. Based on Dr. Lucas' own

"shale baseline," the Recapture Member is much more consistent with his baseline shale (i.e.,

the Whitewater Arroyo shale member of the Mancos shale) than it is with the Westwater

Canyon Member. When comparing the Recapture Member and the Cow Springs Sandstone

(as Dr. Lucas has attempted to do), one must also look at the Resistivity curve. The change in
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Resistivity at the intersection between the Recapture Member and Cow Springs Sandstone

supports Mr. Lichnovsky's interpretation. A geologist must look at all information available to

make a valid lithological interpretation.

Brushy Basin May Not Be Present
at Section 17

13. Dr. Lucas' argument here is again based mainly on (1) field observations of

outcrops outside of the mining area, and (2) his dispute with Mr. Lichnovsky's interpretation of

the geophysical log from bore hole #53/41. Lucas Affidavit, Section D, ¶11 36-39. He does not,

however, address the on-site pump test data and other permeability data previously collected

by HRI (which I discuss in the next paragraph). I conclude that the pump testing - required by

HRI's license prior to the injection of lixiviant - will adequately demonstrate whether the Brushy

Basin Member will act as an aquitard between the Westwater Canyon Member and the Dakota

Sandstone. Furthermore, Dr. Lucas does not take notice of the above-quoted license

conditions (10.23 and 10.32) that require additional pump testing before any ISL mining occurs.

14. The FEIS describes the results of pump tests already performed at the Church

Rock sites in October 1988, when water was pumped from the aquifer within the Westwater

Canyon Member to determine hydraulic properties and the degree of vertical confinement

between the Dakota Sandstone and the Brushy Basin Member "B" Sandstone. Based on that

data, and on other permeability data, the NRC staff stated the following conclusions in the

FEIS:

"No aquifer interconnection was detected by the test (i.e., no draw down
was detected by the Dakota Sandstone or Brushy Basin UB" Sand monitor
wells). To further verify the properties of the aquitards, HRI undertook a
laboratory study. Through this study, HRI tested core samples of the
aquitard materials and found that they have sufficiently less vertical
permeability than the Westwater Canyon aquifer."
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FEIS at 3-35.

15. Dr. Lucas' dispute with Mr. Lichnovsky's interpretation of the geophysical log

from bore hole #53/41 does not call into question the above FEIS conclusions, in my opinion.

Dr. Lucas states that the Brushy Basin Member Mr. Lichnovsky identifies in the geophysical

logs "looks to me to be very sandy (that is, it's made up of at least 50 percent sand)...'. Lucas

Affidavit, 1 38. As I indicated above, Mr. Lichnovsky identified the Brushy Basin Member in this

borehole as being comprised of two shale units in direct contact with the Westwater Canyon

Member and Dakota Sandstone, with a thin layer of sand in between. My interpretation of the

#53/41 borehole data shows the Brushy Basin Member to be broken into a B clay directly below

the Dakota Sandstone, a thin B sand, then a thicker A clay. After reviewing this geophysical log

I am not persuaded by Dr. Lucas"'50 percent sand" argument, and I find his above-quoted

statement to be somewhat misleading. Moreover, as I stated earlier in this affidavit, the more

important question is whether the Brushy Basin Member here acts as an aquitard.

Furthermore, the terms of license condition 10.23 (quoted in full above) require the collection of

data from additional pump testing to confirm that the Brushy Basin Member will act as an

aquitard.

The Westwater Canyon Member Is heterogeneous locally at proposed ISL
mining sites in Church Rock and Crownpoint

16. In trying to rehabilitate the "channel" theories (Lucas Affidavit, Section E, T1 40-

51), Dr. Lucas reiterates arguments that have already been litigated concerning the

characterization of the Westwater Canyon Member. But in doing so I find that Dr. Lucas is

again looking at the Westwater Canyon Member from a strictly academic standpoint, as when

he points out that outcrops of the Westwater Canyon Member display interbedded layers of
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rock. Lucas Affidavit, T 43. I do not dispute that the Westwater Canyon Member is an

interbedded unit. What Dr. Lucas fails to address, however, is the more important aspect here

of how the Westwater Canyon Member behaves from a groundwater and hydrodynamic flow

standpoint. In this regard, Dr. Lucas does not address the pump test results showing that on a

larger-scale hydrodynamic groundwater flow perspective, the Westwater Canyon Member

behaves in a homogeneous manner. In the ISL mining context here, this hydrodynamic

behavior of groundwater flow in the Westwater Canyon Member is the key factor, but Dr. Lucas

does not address it.

17. In my opinion, Dr. Lucas takes an HRI map (Attachment E-2-2, from HRI's

Restoration Action Plan) out of its proper context. Lucas Affidavit, ¶ 44. This map depicts the

ore zones in Section 8, but is not illustrative of how groundwater flow occurs during present day

static or pumping conditions. Dr. Lucas is again trying to argue sedimentary geology in a

groundwater application. The final resting location for the uranium ore zones is highly

dependent not only on past sedimentation patterns, but also on geochemical conditions, which

Dr. Lucas does not address. How groundwater flows within the Westwater Canyon Member

during ISL mining is what is important here.

18. Dr. Lucas concentrates on small scale features of the Westwater Canyon

Member (Lucas Affidavit, at 11 46), but he does not address the pump test data showing that

from a hydrodynamic flow application perspective, the Westwater Canyon Member behaves in a

homogeneous manner, and the additional pump testing of the Westwater Canyon Member

required by the license prior to the injection of lixiviant. This issue has been previously litigated

at length, and in my opinion Dr. Lucas brings no new technical information to bear on the

subject. Mark Pelizza, on behalf of HRI, addressed these issues in detail when he discussed
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the Southtrend pump test data (included in the Unit 1 Environmental Assessment) generated in

January 1992 at Mobil's Section 9 site. Pelizza Affidavit, at ¶¶ 11-12 (February 19, 1999). This

pump test demonstrated radial flow, and the results do not suggest any influence by channels,

in my opinion. Data from this pump test can be correlated to conditions at Church Rock for the

Westwater Canyon Member.

19. Dr. Lucas provides no basis for his conclusion that heterogeneity in the

Westwater Canyon Member "will accelerate groundwater flow, inhibiting containment of

lixiviant". Lucas Affidavit, at 11 52(g). Throughout his affidavit, Dr. Lucas uses only traditional

geology arguments without addressing hydrogeologic information generated by pump tests.

Such information is the most important tool available to determine hydrodynamic flow within the

Westwater Canyon Member. Dr. Lucas instead focuses on sedimentary geology literature and

his outcrop observations, and fails to address hydrodynamic flow issues. In performing ISL

mining evaluations, pump testing is the key.factor for assessing the hydrodynamic flow

characteristics of a particular sandstone, in this case the Westwater Canyon Member.

20. In the following sections of my affidavit, I address some of the specific claims

made by Dr. Leeper. For ease of reference, I set forth (in single-space) the sub-headings used

by Dr. Leeper in making the claims I address.

During the next 40 years, the Navajo Nation will Increase its utilization of
the Morrison and Cow Springs formations.

21. I have no basis to dispute the claim that in the coming years, the Navajo Nation

will require access to an increased amount of groundwater. The aquifers in the Morrison

Formation are a potential future source of drinking water, as discussed in the FEIS. However,

Dr. Leeper mainly discusses regional groundwater use and, with the exception of Crownpoint,
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does not address the specific areas adjacent to the proposed ISL mining sites at issue here.

An important fact that Dr. Leeper does not address is that ISL mining will occur only in small

areas of the aquifer within the Westwater Canyon Member. Such mining will occur in

documented ore zones where the existing groundwater quality is poor due to the high levels of

uranium and radium.

22. In my opinion, the FEIS and HRI's license adequately evaluate and provide for

the protection of groundwater resources outside of the proposed ISL mining areas. The

combination of (1) excursion monitoring, (2) requirements for restoration, (3) the restoration

demonstration test at Section 8, (4) the pump tests required to demonstrate vertical

containment, and (5) the requirement to relocate the town of Crownpoint's municipal water

wells, are adequate to protect present and future water resources within the local aquifers. Dr.

Leeper fails to consider these points in his affidavit.

The Westwater Canyon Member and Dakota Sandstone Aquifers are used
extensively for drinking water In the Eastern Navajo Agency and meet the
definition of underground sources of drinking water.

23. In discussing the Safe Drinking Water Act (SDWA), Dr. Leeper states his opinion

that "the Dakota and Westwater Canyon [Member] Aquifers in the Church Rock-Crownpoint

regions qualify as [underground sources of drinking water (USDWs)]." Leeper Affidavit, at ¶ 28.

He cites the 40 CFR § 144.3 definition of a USDW - part of the Underground Injection Control

(UIC) program's regulations implementing the SDWA - but as I discuss further below Dr.

Leeper ignores one of the USDW definition's key terms. Moreover, Dr. Leeper fails to address

the related UIC requirement at 40 CFR § 146.4, "Criteria for exempted aquifers," and does not

discuss HRI license condition 10.27.
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24. The 40 CFR § 144.3 definition states in relevant part that a USDW "means an

aquifer or its portion" (emphasis added). This provision is not addressed by Dr. Leeper, but it is

important here because one portion of an aquifer may qualify as a USDW, while another portion

of the same aquifer may not qualify as a USDW. In this regard, under the SDWA, the EPA has

the authority to classify an ISL mining area within an aquifer as an "exempted aquifer," in

accordance with 40 CFR § 146.4. Specifically, the EPA may exempt a portion of the aquifer

within the Westwater Canyon Member pursuant to the following criteria:

An aquifer or a portion thereof which meets the criteria for [a USDW] ... may be
determined ... to be an "exempted aquifer" if it meets the following criteria:

(a) It does not currently serve as a source of drinking water; and

(b) It cannot now and will not in the future serve as a source of drinking water because:

(1) It is mineral, hydrocarbon or geothermal energy producing, or can be
demonstrated by a permit applicant as part of a permit application for a Class II
or IlIl operation to contain minerals or hydrocarbons that considering their
quantity and location are expected to be commercially producible.

40 CFR § 146.4(a-b)(1). It is important to point out that pursuant to this UIC requirement, only

the ISL mining area where the uranium ore zone is present would be exempted. Other portions

of the Westwater Canyon Member and other aquifers where water supply wells are located

would not be exempted and would continue to be protected pursuant to the SDWA and in

accordance with the terms of HRI's license. For example, at HRI's Crownpoint site, HRI license

condition 10.27 requires HRI to first relocate the town of Crownpoint's wells before conducting

any ISL mining at the site.

25. Moreover, in my opinion, HRI license conditions pertaining to the restoration of

mined aquifers, the placement of excursion monitoring wells, and the collection of data from

further pump testing to demonstrate vertical containment, are sufficient to adequately protect
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existing and future sources of nearby drinking water within the Westwater Canyon Member,

Dakota Sandstone, and Cow Springs Sandstone formations.

26. Dr. Leeper admits that use of the aquifer within the Cow Springs Sandstone is

now limited. Leeper Affidavit, at 11 29. The NRC staff previously found that this aquifer has

poor production rates and its use is now limited. FEIS, at 4-19. Dr. Leeper nevertheless claims

that the aquifer within the Cow Springs Sandstone is the most likely aquifer to be tapped for

supplying water to the proposed Springstead Estates Housing Project. Leeper Affidavit, at

1 29. Dr. Leeper provides no basis for this conclusion. Moreover, the proposed housing project

is still in the planning stages and may never be built. But regardless of these uncertainties, the

terms of HRI license condition 10.32 (quoted in full above in addressing some of Dr. Lucas'

opinions) requires HRI - prior to the injection of lixiviant at any of its proposed ISL mining sites

- to (a) complete wells and collect sufficient data therefrom to assess the water quality of the

aquifer within the Cow Springs Sandstone beneath each of the project sites; and (b) conduct

sufficient pumping tests to determine if the aquifer within the Cow Springs Sandstone beneath

each of the sites is hydraulically confined from the aquifer within the Westwater Canyon

Member.

27. Therefore, as I indicated above, it is my opinion that regardless of whether the

proposed Springstead Estates Housing Project moves forward, the conditions in HRI's license

are sufficient to adequately protect existing and future sources of drinking water within the

aquifers of the Westwater Canyon Member, Dakota Sandstone, and Cow Springs Sandstone

formations.
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28. The statements expressed above are true and correct to the best of my

knowledge, information and belief.

William von Till IRA!

Sworn and subscriOF d to before me
this 20day 20A 0

Notary Pubic
My commission expires:.
MY Comtssion ErTr
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EDUCATION:

M.S. East Kentucky University - August, 1993, Richmond, Kentucky
Major: Geology/Hydrogeology
Thesis: Hydrogeology of the Sinking Creek Valley, Craig County, Virginia

B.S. Radford University - May, 1986, Radford, Virginia
Major: Geology

PROFESSIONAL EXPERIENCE:

NUCLEAR REGULATORY COMMISSION

Senior Project Manager/Hydrogeologist, 5-10-99 to present (GG-15 since 12-2004)

Rotation: Section Chief for the Uranium Processing Section (UPS), 8-22-04 to 11 -13-04

I successfully completed the formal qualification program as a Project Manager and Technical
Reviewer on May 16, 2002.

In my current position as Senior HydrogeologistlProject Manager I manage.all groundwater
related work and either review or delegate the work to two lower level Hydrogeologists or an
NRC contractor. In this capacity I develop groundwater policy and work with management on
budget allocations for groundwater related work.

I have provided input and review to Standard Review Plans (NUREG 1620 "Standard Review
Plan for the Review of a Reclamation Plan for Mill Tailings Sites Under Title II of the Uranium
Mill Tailings Radiation Control Act," and NUREG 1569 "Standard Review Plan for In Situ Leach
Uranium Extraction License Applications") and Alternate Feed Guidance.

I have been a technical groundwater reviewer for Title I and Title II uranium mill tailings sites
under the Atomic Energy Act and for in-situ leach uranium mining sites. Reviews have included
ISL mine unit restoration, groundwater corrective action plans and site characterization reports
involving complex fate and transport groundwater modeling and risk assessments, Site
Observational Work Plans, groundwater compliance monitoring plan license amendments, and
license amendments for Alternate Concentration Limits.

I took over the Commission directed initiative of deferring groundwater regulation at in-situ
leach facilities. I worked with another senior project manager to develop a guidance for the
comparison of state programs with NRC's program and successfully conducted the
comparability review with the State of Nebraska as the Comparability Review Team Leader.
This project is a challenge due to it being a first case of this type and having to quicky learn the
State's program, guidance, and statutes on ISL mining. The team spent a week in each State
reviewing the State's ISL program and visiting several ISL mining sites. In spite of a major



comparability issue between the two programs he was able to work with the State of Nebraska
to develop a path forward to carry out the Commission's directive.

I have participated in several inspections of operating ISL mining facilities in Wyoming and
Nebraska and have visited all potential mining areas of the HRI ISL Project.

In my capacity as a project manager I have worked with multiple Indian Tribes including
Navajo, Hopi, Ute Mountain Ute, and Cherokee. I have presented information to Navajo Tribal
Elders in Church Rock, New Mexico regarding the UNC Church Rock uranium mill tailings site
and have worked extensively with the Navajo EPA on issues relating to the UNC Church Rock
site, Shiprock site, Mexican Hat site, Monument Valley site, and Tuba City site.

In my job as a Hydrogeologist and Project Manager I have worked with NRC attorneys on
multiple hearings preparing Affidavits and filings. Additional information in listed below under
Legal Experience.

VIRGINIA DEPARTMENT OF ENVIRONMENTAL QUALITY

Program Manager/Senior Hydrogeologist, 8-1-91 to 5-10-99

I managed groundwater investigation/remediation projects and programs including Department
of Defense facilities and base closures, chlorinated solvent leaks, and high profile Leaking
Underground Storage Tank sites within the regulatory framework of the Resource Conservation
and Recovery Act, and Comprehensive Environmental Response, Compensation, and Liability
Act. I managed four hydrogeologists and up to eight summer interns, contracts, and over 130
projects. I managed highly complex, large scale multi-million dollar projects. I gave
presentations to major oil companies, consultants, public, state delegates, and worked directly
with the press.

HANDEX INC.

360 Morgan Road, Odenton, MD 21113-1208
(Worked out of Newport News, Virginia satellite office)

Senior Hydrogeologist, 1-1-91 to 8-1-91

I managed and conducted various subsurface investigations including Site Characterizations,
Corrective Action Plans, Underground Storage Tank Site Closure Assessments, Site Checks,
Initial Abatement Reports, Phase II preliminary Site Assessments, Property Relinquishment
Assessments, and Quarterly Reports for major oil companies such as Exxon, Amoco, Shell,
and Southland Corp. As part of this job I conducted and analyzed groundwater pump tests.



VIRGINIA DEPARTMENT OF ENVIRONMENTAL QUALITY

Northern Virginia Regional Office
13901 Crown Court, Woodbridge, Virginia 22193

West Central Regional Office
3019 Peters Creek Road
Roanoke, Virginia 24019

Regional Geologist, 5-1-88 to 1-1-91

I administered and implemented the regional Underground Storage Tank program. I
supervised several positions to oversee the investigations of leaking underground storage tank
sites and database management. I conducted site investigations in response to Underground
Storage Tank releases and coordinated investigative and remedial actions. I reviewed
Corrective Action Plans, Site Characterization Reports, Alternate Water Supply sites, State
Lead Sites, Underground Storage Tank closure reports, and other environmental
investigations. I managed over 400 projects and reviewed over 500 reports in this period.
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UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )
) Docket No. 040-08968-ML

HYDRO RESOURCES, INC )
P.O. Box 777 )
Crownpoint, New Mexico 87313 )

AFFIDAVIT OF RICHARD A. WELLER

I, Richard A. Weller, being duly sworn, declare as follows:

1. I am the Project Manager for the Hydro Resources, Inc. (HRI) license, and I am

familiar with the technical issues pertaining to the Crownpoint Uranium Project (CUP). I am

competent to make this affidavit, and the factual statements herein are true and correct to the

best of my knowledge, information, and belief. The opinions expressed herein are based on my

best professional judgement. My affidavit will serve to present my views on the affidavit of Mr.

Gary Konwinski (Konwinski Affidavit), submitted on behalf of Eastern Navaho Din6 Against

Uranium Mining and Southwest Research and Information Center (collectively, "Intervenors"),

as part of the "Intervenors Eastern Navajo Din' Against Uranium Mining's, Southwest

Research and Information Center's, Grace Sam's and Marilyn Morris' Written Presentation in

Opposition to Hydro Resources, Inc.'s Application for a Materials License With Respect to:

Groundwater Protection, Groundwater Restoration, and Surety Estimates," dated March 7,

2005 (March 7 Brief). In addition, over a period of several days, I carefully evaluated Section V

of "HRI's Response in Opposition to Intervenors' Written Presentation Regarding Groundwater,

Groundwater Restoration, and Financial Assurance," dated April 21, 2005, and the affidavit of

Mark Pelizza, the HRI expert on surety cost estimates for decommissioning, decontamination
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and closure issues. I agree with the statements, opinions, and conclusions expressed in the

above-referenced materials. My following statements are meant to supplement HRI's

comments, as they either address points not covered by HRI, or express opinions in addition to

those contained in the above-referenced materials.

2. In addition to the Konwinski Affidavit, among the items I have reviewed in

preparing this affidavit are the following:

A. The HRI Crownpoint Restoration Action Plan, dated November 19, 2001,

submitted to the NRC in a filing from Counsel to HRI, dated November 21, 2001 (Crownpoint

RAP).

B. NUREG-1508, the "Final Environmental Impact Statement to Construct

and Operate the Crownpoint Uranium Solution Mining Project, Crownpoint, New Mexico," dated

February 1997 (FEIS).

C. The Crownpoint Uranium Project Consolidated Operations Plan (COP)

submitted by HRI letter dated August 18, 1997, from M. Pelizza, HRI, to B. Carlson, NRC.

D. The NRC letter approving the Crownpoint RAP, dated December 20,

2001, from M. Leach, NRC, to M. Pelizza, HRI.

E. Prior Presiding Officer and Commission decisions in this proceeding

relating to cost estimates and groundwater restoration.

Professional Qualifications Regarding In Situ Leach (ISL) Mining

3. I am an employee of the U. S. Nuclear Regulatory Commission (NRC) in the

Office of Nuclear Material Safety and Safeguards, Division of Fuel Cycle Safety and

Safeguards, Fuel Cycle Facilities Branch, Uranium Processing Section. I have been employed

by the NRC since 1974 in varying positions as a Nuclear Engineer, Section Chief, and Senior
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Project Manager. I have been a Senior Project Manager in the Uranium Processing Section

since March 1999. In this position, I have worked on the licensing and oversight aspects of

both conventional and in situ leach (ISL) uranium mining projects, including several ISL projects

in Wyoming (Highland, Smith Ranch, North Butte, Ruth, and Gas Hills) operated by Power

Resources, Incorporated (PRI). My resume, attached hereto as Attachment A, accurately

describes my general background, training, and other qualifications to express the opinions

stated herein.

4. Below, and in the following paragraphs, I address some of the opinions stated in

the Konwinski Affidavit. Mr. Konwinski provided testimony on issues related to financial

assurance for decommissioning, decontamination, and closure of HRI's proposed ISL mining

and processing facility at the Crownpoint site. Specifically, it is Mr. Konwinski's opinion that (1)

HRI does not have an assured legal disposal location for its byproduct material generated from

ISL mining activities, (2) options for disposal of byproduct material at licensed facilities in the

Crownpoint region are limited, and (3) the surety amount estimated by HRI in the Crownpoint

RAP is not sufficient to support third-party decommissioning, decontamination, and closure of

the ISL mining and processing facility at the Crownpoint site, in violation of 10 CFR Part 40,

Appendix A, Criterion 9. See Konwinski Affidavit, at 1111 2 and 4.

5. Mr. Konwinski expressed concern that, in the absence of an assured location for

offsite disposal of its byproduct material wastes, HRI may have to dispose of these wastes at

one or more of its CUP properties, in contravention of Criterion 2 of 10 CFR Part 40, Appendix

A. See Konwinski Affidavit, at ¶% 5 and 11. Criterion 2 specifies that, to avoid the proliferation

of small waste disposal sites, the byproduct material wastes from ISL facilities must be

disposed of at existing large mill tailings disposal sites; unless, considering the nature of the
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wastes and the costs and environmental impacts of transporting the wastes to a large disposal

site, such offsite disposal is demonstrated to be impracticable or the advantages of onsite burial

clearly outweigh the costs associated with perpetual surveillance obligations. The NRC staff

believes that, for a number of reasons, there is little basis for Mr. Konwinski's concerns about

the lack of an existing byproduct disposal agreement with a licensed offsite disposal site or the

potential need for onsite disposal of the byproduct material wastes.

6. Consistent with the requirements of 10 CFR Part 40, Appendix A, Criterion 2,

HRI's Source Materials License SUA-1 580 requires the disposal of byproduct material from the

CUP at an offsite waste disposal site licensed by the NRC or an Agreement State to receive

byproduct material. See License Condition 9.6 of SUA-1580. License Condition 9.6 further

requires the establishment of an approved waste disposal agreement which must be

maintained onsite. The NRC staff fully expects HRI to comply with the aforementioned

requirements of its license and establish a byproduct disposal agreement at an offsite facility

when the need for such disposal services becomes evident. In contrast with Mr. Konwinski's

position, the NRC staff has little concern about HRI's capability for establishing a byproduct

disposal agreement with a licensed, offsite disposal site operator. In this regard, Uranium

Resources, Inc. (the parent company to HRI) has an existing agreement with the International

Uranium (USA) Corporation of Denver, Colorado (IUSA), for the disposal of byproduct material

wastes from its Kingsville Dome Mine ISL facility in Texas at the IUSA White Mesa Mill near

Blanding, Utah. Personal communication with Mr. Harold Roberts of IUSA on April 5, 2005. At

the appropriate time, HRI could establish a similar byproduct disposal agreement with IUSA for

disposal of wastes from the CUP at the White Mesa Mill, if HRI so chooses, or at some other

site (e.g., Envirocare of Utah and COGEMA's Shirley Basin Mill in Wyoming). With regard to
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the Envirocare site, Mr. Konwinski expressed doubt about its availability as a future disposal

site for byproduct wastes. However, based on a phone conversation with a representative from

Envirocare, I was advised that Envirocare has existing long-term contracts with a number of

clients for receipt and disposal of byproduct material wastes and will remain receptive to

disposal of these types of wastes from both existing and new clients for the foreseeable future.

Personal communication with Dana Simonson of Envirocare on April 12, 2005. Another

potential disposal site is the Plateau Resources Limited Shootaring Canyon Uranium Mill in

Ticaboo, Utah. In March of this year, U.S. Energy Corporation (parent of Plateau Resources

Limited) publicly announced its intent to re-open and operate the Shootaring Canyon Uranium

Mill. As such, it could be another potential site for offsite disposal of byproduct material from

the CUP.

7. While the IUSA White Mesa Mill would appear to be the most likely site for offsite

disposal of wastes from the CUP because of its proximity (approximately 200 miles from

Crownpoint), Mr. Konwinski indicated that disposal of CUP wastes at IUSA's White Mesa Mill

could be problematic because of limitations on the volume of wastes that the mill could receive

from a single source. See Konwinski Affidavit, at ¶1 16 and 17. In this regard, Mr. Konwinski

stated that the White Mesa Mill is currently limited to accepting 500 cubic yards of wastes and

he estimated that HRI will generate at least 242 cubic yards of byproduct material wastes.

However, I have been informed by an IUSA representative that the volume limitation in the

White Mesa Mill license is 5,000 cubic yards from a single source, not 500 cubic yards.

Personal communication with Mr. Harold Roberts of IUSA on April 5, 2005. Thus, Mr.

Konwinski's concerns about the volume limitation in the White Mesa Mill license for byproduct

materials generated at ISL facilities and its potential impacts on disposal of wastes from the
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CUP are unwarranted.

8. Mr. Konwinski's expressed doubt about HRI's ability to decontaminate the

process building floors and sumps to radiation standards for unrestricted release is also

unfounded. See Konwinski Affidavit, at 1 17. In this regard, HRI assumed that 100% of the

concrete flooring in its process buildings would be suitable for unrestricted release after acid

and water washdown of concrete surfaces. This is not an unreasonable assumption as the

simple application of concrete curbing (typical uranium recovery facility design) can limit the

spread of any spills of contaminated materials or water. Additionally, the application of a paint

or epoxy coating to concrete surfaces would both facilitate the ease of decontamination and

prevent the penetration of contamination into the concrete. Lastly, in the event that "hot spots"

remain following cleanup efforts, a concrete surface 'scabbler" (surface removal machine) can

be employed to remove the contaminated concrete surface without the need for demolition of

the entire floor and the volume of this waste material would be insignificant.

9. Regarding Mr. Konwinski's concern about the lack of an existing byproduct

disposal agreement for CUP wastes, it would be premature for HRI to have an existing

agreement now as the need for such disposal services is not anticipated for a number of years

in the future and any current agreement would soon become obsolete or out of date. ISL

operations are not expected to begin at any of the CUP sites for several years and cost

estimates-and surety arrangements will be updated prior to mining. Further, even after ISL

operations begin, ISL uranium recovery facilities like the CUP typically generate only small

quantities of byproduct material wastes and these are retained in storage onsite until a

sufficient volume is generated for a shipment. See COP, at p. 52, Attachment B; and FEIS, at

p. 4-125, Attachment C. Based on the foregoing, the NRC staff concludes that licensed
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facilities for offsite disposal of byproduct material wastes are available, HRI has demonstrated

the capability for establishing a byproduct disposal agreement with an offsite disposal site

operator, and HRI will establish such an agreement when appropriate, as required by its

license. Thus, notwithstanding the flexibility provided in Criterion 2 of 10 CFR Part 40,

Appendix A, for potential onsite disposal of byproduct wastes from ISL facilities, the NRC staff

believes there is little likelihood that this option will ever be needed or requested by HRI.

10. With regard to Mr. Konwinski's concern about the adequacy of the financial

surety estimate provided by HRI in the Crownpoint RAP, Mr. Konwinski concluded that the HRI

estimate lacked consideration of the costs associated with the disposal of contaminated

materials from dismantled buildings and the upper casings of injection and production wells at

an offsite facility licensed to accept byproduct material. Further, Mr. Konwinski concluded that

HRI did not provide reasonable labor costs for radiological professionals to conduct

decommissioning and closure actions, and HRI failed to include the costs for the packaging and

handling of the various forms of waste prepared for offsite disposal at a licensed facility. See

Konwinski Affidavit, at 1 7. To support these conclusions, Mr. Konwinski provided additional

detailed information on his perceived specific deficiencies in the HRI surety estimate provided in

the Crownpoint RAP. See Konwinski Affidavit, at ¶1] 18 through 26. In this regard, Mr.

Konwinski concluded that the HRI surety estimate in the Crownpoint RAP is underestimated by

at least $320,000. See Konwinski Affidavit, at 11 27.

11. Mr. Konwinski has provided detailed commentary on his perceived deficiencies in

the HRI surety estimate provided in the Crownpoint RAP, however, his assessment is provided

on a surety estimate which is outmoded, outdated, and no longer applicable. In this regard, the

Crownpoint RAP and its contained surety estimate were submitted to the NRC in a filing by
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Counsel to HRI on November 21, 2001. The NRC staff reviewed and approved the Crownpoint

RAP in a letter to the President of HRI dated December 20, 2001. See letter from M. Leach,

NRC, to M. Pelizza, HRI, dated December 20, 2001, Attachment D. While the Crownpoint

RAP was approved, the letter also noted the uncertainty related to the planned start of

operations at Church Rock Section 8 (the first site in HRI's phased development of the CUP),

as well as HRI's need to obtain other regulatory agency permits required prior to operation.

With a likely delay in the onset of operations at Church Rock and the recognition that the

approved RAPs become outmoded and outdated with time, the letter further specified that,

before ISL mining begins at Church Rock Section 8, HRI must update the RAPs for all of the

CUP sites (Church Rock Sections 8 and 17, Unit 1, and Crownpoint) and submit them to the

NRC for review and approval, as part of the process for establishing the requisite NRC-

approved surety specified in HRI's license. HRI's license specifies that, as a prerequisite to

operations, HRI must submit an NRC-approved surety arrangement to cover the estimated

costs of decommissioning, reclamation, and groundwater restoration. See License Condition

9.5. As planned operations are not anticipated to begin at Church Rock Section 8 for several

years, HRI has not yet submitted the revised RAPs and surety updates for the various CUP

sites. As such, the NRC does not have a current surety submittal from HRI. Consequently, it is

not productive to compare Mr. Konwinski's estimates of the current costs for various

decommissioning actions with values in the Crownpoint RAP now approaching three and a half

years in age. That is precisely why HRI's license requires the submittal of an updated surety

estimate on an annual basis. An NRC-approved surety has "currency" or validity for

approximately a one year period before it must then be updated.
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12. While the efficacy of comparing the merits of Mr. Konwinski's present-day

assessment of the adequacy of HRI's three and a half year old surety estimate in the

Crownpoint RAP is questionable, it is instructive to point out that Mr. Konwinski's assessment

contains significant errors and defects. In 1111 19 and 20 of his Affidavit, Mr. Konwinski

estimated that the current cost for disposal of byproduct materials at an offsite disposal site

would be $125 per cubic yard. As noted by Mr. Konwinski, HRI's estimated disposal cost in the

Crownpoint RAP was $3.52 per cubic foot. However, Mr. Konwinski equated the disposal cost

of $3.52 per cubic foot to $43.61 per cubic yard and concluded that HRI's disposal cost

estimate was low by a factor of 2.87 ($125 per cubic yard divided by $43.61 per cubic yard).

But a disposal cost of $3.52 per cubic foot equates to a disposal cost of $95.04 per cubic yard,

not $43.61 per cubic yard as determined by Mr. Konwinski. Additionally, If you applied three

and a half years of inflation in offsite disposal costs to the HRI 2001 disposal cost value of

$95.04 per cubic yard, you would undoubtedly derive a disposal cost value that is in line with

Mr. Konwinski's current estimated cost ($125 per cubic yard). Thus, contrary to Mr. Konwinski's

conclusions, there does not appear to be any deficiency in HRI's estimate of the costs for

removal and off site disposal of byproduct material (Mr. Konwinski had determined that, based

on his analysis, that deficiency in HRI's estimate was approximately $111,000). It should be

noted that the $111,000 underestimate cited by Mr. Konwinski in his summary list of

deficiencies in the HRI surety estimate was the largest single component of the total $320,000

deficiency estimated in his assessment. See Konwinski Affidavit, at 11 27.

13. In m 21 of his Affidavit, Mr. Konwinski concluded that, based on his review of the

HRI groundwater restoration budget, equipment removal and disposal budget, well-field

decommissioning budget, and building decommissioning budget as provided in Crownpoint
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RAP Attachments E-2-1, E-5-1, E-6-1, and E-7-1, respectively, HRI failed to include any costs

for disposal of pond sludges and liners. Mr. Konwinski indicated that the costs for pond sludge

and liner disposal could exceed $100,000. However, Mr. Konwinski did not indicate that he

even reviewed HRI's budget for surface reclamation in Crownpoint RAP Attachment E-8-1,

where it is clear that HRI provided $217,299 for pond sludge and liner disposal in its surety

estimate.

14. In ¶ 26 of his Affidavit, Mr. Konwinski asserted that the HRI surety estimate did

not include costs for disposal of the upper portions of the casings of the injection and recovery

wells that will be removed as part of HRI's well plugging and abandonment activities following

completion of groundwater restoration. As described in Section 4.1 of the Crownpoint RAP,

each well casing (i.e., piping) will be cut off 3 feet from the ground surface. Mr. Konwinski

estimated the piping waste volume generated at each well to be 7 cubic feet, but, he does not

indicate how he arrived at this value. As shown in Table 3 of his Affidavit, Mr. Konwinski

calculated the total piping waste volume from all production and injection wells to be 4,060

cubic feet with a corresponding disposal cost of $18,796. In Section 6 (Wellfield

Decommissioning) of the Crownpoint RAP, HRI states that all equipment used to circulate leach

solutions such as pumps and piping would be assumed to be contaminated for the purpose of

estimating the costs for disposal of this waste at an off site facility. This statement would include

the portions of the production and injection well piping removed for well plugging activities. HRI

further states in Section 6 of the RAP that this piping will be reduced in volume. Smaller

diameter well-field piping will be crushed and larger diameter piping will be cut into quarter

strips. RAP attachment E-6-1 indicates that the crushed piping (average diameter of 2 inches)

will have a volume of 0.012 cubic feet per foot of pipe length and the 10 inch diameter
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quartered piping will have a volume of 0.14 cubic feet per foot of length. The FEIS indicates

that the well casing diameters will range from 4 to 6 inches. See FEIS at p. 4-25, Attachment

E. Using the conservative assumption that the Crownpoint wellfield piping will have a volume

per unit length of the quartered larger diameter piping (i.e., 0.14 cubic feet per foot of length),

this would yield 0.56 cubic feet of piping per well for a 4 foot section of cut pipe per well.

Assuming a 50 % void volume for disposal of this quartered piping, this would yield a disposal

volume of 0.84 cubic feet of waste per well. While it is uncertain how Mr. Konwinski derived his

estimated volume of 7 cubic feet of piping waste per well, it is clear that he has significantly

overestimated the volume and its associated cost for disposal of this piping waste.

15. Notwithstanding the apparent errors and defects in Mr. Konwinski's Affidavit, it is

worth putting into perspective the significance of Mr. Konwinski's assessment of the adequacy

of HRI's 2001 surety estimate. As noted in 1 9 of this Affidavit, Mr. Konwinski determined that

the Crownpoint surety was underestimated by at least $320,000. For comparison, the total

decommissioning and reclamation cost estimate (November 2001) for the CUP in the

Crownpoint RAP was $43,084,699, including $5,720,472 for contingency/profit. Neglecting

both the deficiencies in Mr. Konwinski's assessment and inflation of HRI's estimated surety

amount to a present-day value, Mr. Konwinski's present-day estimate of the shortfall ($320,000)

in HRI's November 2001 surety estimate ($43,084,699), is less than 1% of HRI's surety for the

CUP. Further, conservatively assuming that the "contingency" in HRI's surety estimate is no

more than 50% of the combined value ($5,720,472) cited above for contingency/profit, the

amount available for contingency in the decommissioning and reclamation of the CUP would be

$2,860,236. The NRC staff recognizes that there are uncertainties with respect to estimating

the costs of any large scale decommissioning and reclamation project and that is the reason for
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the inclusion of funds for contingency purposes in the surety estimate. The contingency

provided in the HRI surety for the CUP is more than sufficient to cover any uncertainties in the

cost estimates posited by Mr. Konwinski.

16. This assessment of the merits of Mr. Konwinski's Affidavit does not diminish the

need for HRI to provide a clear, complete, and accurate estimate of the total costs for the

decommissioning and reclamation of the CUP, however, as previously mentioned, HRI's

updated RAPs and surety estimates for the CUP sites will likely not be forthcoming for several

years. On this point, the NRC staff notes that, consistent with the Commission's observation in

footnote 99 of its Memorandum and Order CLI-04-33 on the financial surety labor and

equipment issues addressed in the Presiding Officer's decisions in LBP-04-03, the staff will

ensure that the updated surety estimate from HRI clearly delineates the specific amounts

proposed to cover contingencies, contractor profit, and project management.

The statements expressed above are true and correct to the best of my knowledge,

information, and belief, and are based on my best professional judgement.

Richard A. Weller

Sworn an subscribed to before me
this p,2005

Notary Public
My commission expires:

My Ccmrmisicn Expirn. July 1. D cow
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RESUME

NAME: Richard A. Weller

Senior Project Manager
Uranium Processing Section
Fuel Cycle Facilities Branch
Division of Fuel Cycle Safety and Safeguards
Office of Nuclear Material Safety and Safeguards
U.S. Nuclear Regulatory Commission

EDUCATION:

American University, Wash. D.C., B.S., Distributed Sciences, 1966
Maryland University, College Park, Md., M.S., Nuclear Engineering, 1970
Maryland University, College Park, Md., Ph. D., Nuclear Engineering, 1972

MILITARY SERVICE:

U.S. Marine Corps Reserve, 1963 - 1969

WORK HISTORY:

March 1999 - Present: USNRC
Senior Project Manager, Uranium Processing Section, Fuel Cycle Facilities Branch, Division of
Fuel Cycle Safety and Safeguards. Responsible for oversight and licensing of a number of
both conventional and in situ leach uranium recovery facilities, including the completion of
numerous safety and environmental evaluations of these facilities and the processing of new
license applications and amendments to the licenses for existing facilities. Evaluations included
plans for decommissioning and reclamation of a number of facilities, including groundwater
corrective action and restoration plans at conventional and in situ leach uranium recovery
facilities, respectively.

April 1987 - March 1999: USNRC
Chief, Materials Section, Engineering Branch, Division of High-Level Waste Management.
Responsible for evaluation of the adequacy of the engineered barrier systems for the proposed
high-level waste repository at Yucca Mountain, Nevada, including the waste packages for the
disposal of vitrified wastes and spent fuel. Evaluations included assessments of projected
lifetimes of the engineered barrier system components.

November 1985 - April 1987: USNRC
Section Leader, PWR Project Directorate No. 6, Division of PWR Licensing, Office of Nuclear
Reactor Regulation. Responsible for regulatory oversight of all Babcock and Wilcox reactor
plants, including Rancho Seco, Davis Besse, and Three Mile Island, Unit 1. Licensing actions
included preparation of safety evaluations for the restart of both Rancho Seco and Three Mile
Island, Unit 1.



March 1980 - November 1985: USNRC
Leader, Safety and Environmental Review Section, Three Mile Island Program Office, Office of
Nuclear Reactor Regulation. Responsible for all safety and environmental evaluations of
cleanup actions at Three Mile island Unit 2, including development of criteria and guidance for
construction of gaseous, liquid and solid radioactive waste management systems. Evaluations
included preparation of environmental assessments for high-level liquid waste processing
systems and the purge of krypton-85 from the reactor containment building. Also prepared a
programmatic environmental impact statement for the entire cleanup of Three Mile Island Unit
2.

December 1974 - March 1980: USNRC
Senior Nuclear Engineer, Effluent Treatment Systems Branch, Division of Technical Review,
Office of Nuclear Reactor Regulation. Responsible for evaluation of liquid, gaseous, and solid
radioactive waste management systems at 30 reactor plants, including light water reactors, gas
cooled reactor, and liquid metal fast breeder reactor. Also responsible for development of solid
radioactive.waste packaging and transportation regulations.

January 1973 - December 1974: Bechtel Power Corporation
Nuclear Group Leader, Davis Besse Units 2 and 3. Responsible for design of liquid, gaseous,
and solid radioactive waste management systems, development of piping and instrumentation
and flow diagrams, development of technical specifications for radioactive waste system
equipment, development of radiation zone maps and equipment layout and design, and
evaluation of vendor proposals for equipment.
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Consolidated Operations Plan Excerpt



to drilling mud pits. Both the solid, and liquid wastes will be
generated as small, one-time, intermittent streams. The overall
concentration of radionuclides in the drill muds will be below
regulatory concern.

4.4.2 Process Plant

The major continuous stream of process waste will be the process
bleed, amounting to about 1 percent of plant flowrate. The
process bleed may be diverted to a waste treatment pond by a
pipeline for treatment, and reduction in volume. The bleed may
also be managed by an alternate process such as deep well
disposal. The purified portion may be reinjected as aquifer
recharge, and the concentrate will be evaporated. A small part of
the purified portion may be withdrawn to meet process water
needs. The entire concentrate may be further reduced by brine
concentration.

Discontinuous liquid waste streams produced at the CCP, or
satellites will include depleted eluant, and dilute process
streams after uranium precipitation, filter wash water, and plant
washdown waters. These wastes will be piped by pipeline to a
waste retention pond, and managed in the same way as process
bleed.

Normally, small quantities of solid radioactive waste such as
spilled ion exchange resin will be produced at the plant. These
materials will be collected, and held on the curbed storage area
adjacent to the waste retention pond for subsequent disposal at a
licensed byproduct waste disposal facility. Spilled yellowcake,
if any, will be recovered.

4.4.3 Post-Operational Wastes

Post-operational wastes will be generated during the ground water
restoration phase, and in connection with project
decommissioning, and decontamination. Restoration of certain
wellfields will proceed concurrently with production from other
wellfields. The method of restoration to be employed will affect
both quantity, and chemical composition of restoration waste
streams.

According to the criteria set forth in Section 9, solid wastes
will be characterized by scintillation probe, or mrem meter
surveys, and separated into radioactive, and nonradioactive
categories. Radioactive wastes will be appropriately packaged,
and stored separately until their ultimate disposal at a licensed
byproduct waste disposal facility. Other solid wastes will be

COP-52
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Environmental Consequences. Monitoring, and Mitigation

4.13.4 Surface Water

The proposed project would not make a significant contribution to cumulative impacts on surface water
in the region. Because of the ephemeral nature of the surface water bodies in the area and the relatively
low level of surface disturbance associated with the project, impacts on surface water quality and
quantity are not expected to be significant (Section 4.5). In addition, there are no reasonably
foreseeable future actions that would combine with the project to significantly affect surface water
quality or quantity.

4.13.5 Transportation Risk

Shipments associated with the proposed project would contribute to transportation risk on roads in the
region (Section 4.5), but the project's contribution to the cumulative impacts of other past, present, and
future actions is not expected to be significant. Although some roads in the project vicinity have had
relatively high accident rates in the past, increased traffic due to project shipments is not likely to
significantly increase transportation risk. In addition, there are no reasonably foreseeable future actions
that would combine with the project to significantly increase local transportation risk.

4.13.6 Health Physics and Radiological Impacts

The proposed project would make a minor contribution to cumulative impacts in terms of health
physics and radiological impacts (Section 4.6). Annual doses to the population within 80 km (50 mi)
of the project from air releases have been estimated as part of the MILDOS-AREA calculations. The
total annual population dose was estimated for the period in time of greatest releases from all three
project sites. Two population dose estimates were calculated: one for the Crownpoint/Unit I sites and
one for the Church Rock site. As the area of impact is similar for both calculations, the results were
combined with a total population dose less than 0.01 man-Sv/year (I man-remi/year). The population
within the 80 km (50 mi) radius of the entire project is approximately 76,500 persons. Population dose
commitments resulting from facility operations represent less than 1 percent of the dose from natural
background sources. The population dose from natural background would be approximately
170 man Sv/year (17,000 man-rem/year).

Northwest New Mexico has a long history of uranium mining and milling. Effects of previous mining
and milling operations in the area are considered here as they relate to the proposed licensing action.
The Church Rock facility as proposed would mine an area previously mined by underground mining to
supply ore to the Church Rock mill site. Uranium mining was a large employer in the area and many
individuals worked in the mining and milling operations. Early mines and mills operated under much
less stringent standards than exist today, and this resulted in large exposures to radioactive materials,
especially radon and its daughters. The exposures were large enough to result in a high incidence of
cancer among workers, and information gathered on these workers resulted in development of risk
factors on radon.

NUREG-1508 4-124
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UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D.C. 20555-0001

December 20, 2001

Mr. Mark S. Pelizza, President
Hydro Resources, Inc.
650 S. Edmonds Lane
Lewisville, Texas 75067

SUBJECT: APPROVAL OF RESTORATION ACTION PLAN FOR THE CROWNPOINT SITE,
HYDRO RESOURCES IN-SITU URANIUM MINING PROJECT

Dear Mr. Pelizza:

The U. S. Nuclear Regulatory Commission (NRC) staff has reviewed the Hydro Resources, Inc.
(HRI) Restoration Action Plan (RAP) for the Crownpoint site, submitted by filing from Counsel to
HRI, dated November 21, 2001. Consistent with the Presiding Officer's May 25, 2001, Order,
the staff has completed its review within 30 days.

HRI plans to mine the Crownpoint site subsequent to first mining Church Rock Section 8, then
Church Rock Section 17, and then Crownpoint Unit 1. Some overlap between completion of
mining and well field restoration of Crownpoint Unit 1, and start of mining of the Crownpoint
site, is expected. At this time, HRI has not established a projected date to begin work at the
Church Rock Section 8 site, and it has not obtained other regulatory agency permits required
prior to operation. Consequently, before mining begins at Section 8, HRI must update the
RAPs for the various units, and submit them to the NRC for review and approval of any
changes, as part of the process of establishing the requisite NRC - approved surety
mechanism. Information gained on the characteristics of each site will be factored into each
annual surety update.

The Crownpoint RAP follows the guidelines established by the Church Rock Section 8, Church
Rock Section 17, and Crownpoint Unit 1 RAPs, which were approved by NRC letters dated April
16, 2001, August 22, 2001, and October 16, 2001. The major items considered by HRI in the
RAP for the Crownpoint site were cleanup of the well fields and plugging of the wells.
Appropriate consideration was given to depth of the wells, which affects pumping and plugging
costs, and other variations in quantities of material and wastes associated with the specific site
operations and cleanup. The HRI analyses and cost estimates of the restoration of the well
fields, which are based on 9 pore volumes as specified in license condition 9.5, are appropriate
for a surety estimate. The well plugging method is consistent with that required by the New
Mexico State Engineer, and the costs appear appropriate. Therefore, the NRC staff has
determined that the RAP for the Crownpoint site provides an acceptable plan and cost estimate
for the decontamination, decommissioning, and restoration of the well fields, and hereby
approves the RAP.

Please contact Ken Hooks, the NRC Project Manager for the Hydro Resources, Inc. sites, at
(301) 415-7777 or by e-mail at krhl @nrc.gov, if you have any questions concerning this matter.
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In accordance with 10 CFR 2.790 of the NRC's "Rules of Practice," a copy of this letter will be
available electronically for public inspection in the NRC Public Document Room or from the
Publicly Available Records (PARS) component of NRC's document management system
(ADAMS). ADAMS is accessible from the NRC Web site at
http://www.nrc.aov/NRC/ADAMSrindex.html (the Public Electronic Reading Room).

Sincerely,

Me*hyn N. Leach, Chief
Fuel Cycle Licensing Branch
Division of Fuel Cycle Safety

and Safeguards
Office of Nuclear Material Safety

and Safeguards

Docket No.: 40-8968
License No.: SUA-1580

cc: Those on attached mailing list



Mailing list

Administrative Judge, Thomas S. Moore
Presiding Officer
Atomic Safety and Licensing Board
U.S. Nuclear Regulatory Commission
Mail Stop T-3 F23
Washington, D. C. 20555
Email: tsm2@nrc.gov

Jep Hill, Esq.
Jep Hill and Associates
P.O. Box 30254
Austin, Texas 78755

Diane Curran, Esq.
Harmon, Curran, Spielberg,

& Eisenberg, L.L.P.
.1726 M Street, N.W., Suite 600
Washington, D. C. 20036
Email: dcurran@harmoncurran.com

W. Paul Robinson
Chris Shuey
Southwest Research

and Information Center
P. O. Box 4524
Albuquerque, New Mexico 87106

Administrative Judge, Thomas D. Murphy
Special Assistant
Atomic Safety and Licensing Board
U.S. Nuclear Regulatory Commission
Mail Stop T-3 F23
Washington, D. C. 20555
Email: tdm2@nrc.gov

Mitchell W. Capitan, President
Eastern Navajo-Dine Against

Uranium Mining
P.O. Box 150
Crownpoint, New Mexico 87313



Eric D. Jantz
New Mexico Environmental Law Center
1405 Luisa Street, Suite 5
Santa Fe, New Mexico 87505

Anthony J. Thompson, Esq.
1225 19w' Street, N.W.., Suite 200
Washington, D. C. 20036
e-mail:ajthompson @ attglobal.net

Office of the Secretary
Attn: Rulemakings and Adjudications Staff
U.S. Nuclear Regulatory Commission
Mail Stop: OWFN-16 C1
Washington, D. C. 20555
e-mail:HEARINGDOCKET@NRC.GOV

Administrative Judge, Robin Brett
2314 441h Street, N.W.
Washington, D.C. 20007
e-mail:rbrett@usps.gov

Office of Commission Appellate
Adjudication

U.S. Nuclear Regulatory Commission
Mail Stop: O-16G15
Washington, D.C. 20555

Edward M. Dobson, Esq.
DNA-People's Legal Services, Inc.
P. O. Box 310458
Mexican Hat, UT 84531-0458
e-mail:eddobson dnalegalservices.org

David C. Lashway, Esq
Shaw Pittman
2300 N Street, N. W.
Washington, DC 20037-1128
e-mail:david.lashwayvshawpittman.com
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Environmental Consequences, Monitoring, and Mitigation

Plastic (PVC) casing would only be used at the Church Rock site (HRM 1996a). Using information
submitted by HRI (HR. 1996a; HRI 1993a), NRC staff calculate the following numbers for the
Church Rock site (NRC 1996):

PVC casing
diameters Burst strength Deferential pressure'
(inches) kPa (psi) kPa (psi)

Four 1207 (175) 2896 (420)

Five 1724 (250) 2896(420)

Six 1724 (250) 2896 (420)

'Based on 214 m (700 f1) depth and 807 kPa (117 psi) maximum injection pressure.

This means that the maximum surface injection pressures at the Church Rock site would exceed the
burst strength of the PVC casing. However, this equation does not take into account the strength of the
cement sheath outside the casing. The cement would protect the casing by providing additional burst
and collapse pressure resistance. HRI reports a compressive cement strength of 19,581 kPa and
23,098 kPa (2840 psi and 3350 psi) contributed by the cement. This additional burst and collapse
pressure resistance would mean that at the Church Rock site, maximum projected injection pressure
would not exceed the combined cemented casing burst and collapse pressure of wells using PVC
casing. However, it does mean that maximum injection pressures could easily exceed a poorly
cemented PVC-cased well. The BLM would require that wells be completed to meet the specific
requirements described in Section 4.3.2.

Well Field Operational Flow and Pressure Monitoring. Flow rates on each injection and
recovery well and injection manifold pressures on the entire system would be measured and recorded
daily (HRI 1996b). During well field operations, injection pressures would not exceed the integrity test
pressure at the well heads (injection pressure can be monitored for all wells with one measurement at
the injection manifold) (HR! 1996b). No injection well would experience pressure significantly greater
than that exhibited at the manifold.

Retention Pond Leak Detection Monitoring..HRI proposes to provide leak detection monitoring
for all retention ponds. Because small amounts of condensation can accumulate in leak detection
sumps, if water levels greater than 6 in. were detected, chemical assays for specific conductance and
chloride would be used to confirm the source of the water. Elevated levels of these constituents would
confirm a liner leak and would be reported to the NRC within 48 hr. Corrective actions would
commence upon leak confirmation and would consist of transferring the solution to another pond so
liner repairs could be made. All assay results would be reported in writing as soon as they were
available.
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UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of )
) Docket No. 040-08968-ML

HYDRO RESOURCES, INC )
P.O. Box 777 )
Crownpoint, New Mexico 87313 )

AFFIDAVIT OF DR. JOHN W. BRADBURY

I, John W. Bradbury, being duly sworn, declare as follows:

1. I am a geochemist with the U.S. Nuclear Regulatory Commission, and I am familiar

with some of the technical issues pertaining to the Crownpoint Uranium Project (CUP). I am

competent to make this affidavit, and the factual statements herein are true and correct to the

best of my knowledge, information, and belief. The opinions expressed herein are based on my

best professional judgement. This affidavit is in response to statements made in Section B,

under sub-headings 4 and 5 of the affidavit of Dr Richard J. Abitz, dated March 3, 2005 (Abitz

Affidavit), submitted on behalf of the Eastern Navajo Dine' Against Uranium Mining, Southwest

Research and Information Center, Grace Sam, and Marilyn Morris (collectively, "Intervenors"),

as part of the Intervenors' written presentation dated March 7, 2005.

2. In addition to the Abitz Affidavit, among the items I have reviewed in preparing this

affidavit are the following:

A. NUREG-1508, the "Final Environmental Impact Statement to Construct and Operate

the Crownpoint Uranium Solution Mining Project, Crownpoint, New Mexico," dated February

1997 (FEIS).

B. Affidavit of William H. Ford (March 12,1999).
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C. Bargar, J.R., Reitmeyer, R., Lenhart, J.J., and Davis, J.A., 2000, Characterization of

U(VI)-carbonato ternary complexes on hematite: EXAFS and electrophoretic mobility

measurements, Geochimica et Cosmochimica Acta, V. 64, no 16, pp 2737-2749.

D. Coston, J.A.,. Fuller, C.C, and Davis, J.A., 1995, Pb2+ and Zn2+ adsorption by a

natural aluminum- and iron-bearing surface coating on an aquifer sand, Geochimica et

Cosmochimica Acta, V. 59, no 17, pp 3535-3547.

E. Waite, T.D., Davis, J.A., Payne, T.E., Waychunas, G.G., and Xu, N., 1994, Uranium

(VI) adsorption to ferrihydrite: Application of a surface complexation model. Geochimica et

Cosmochimica Acta, V. 58, no 24, pp 5465-5478.

Professional Qualifications Regarding In Situ Leach (ISL) Mining

3. 1 am an employee of the U. S. Nuclear Regulatory Commission (NRC) in the Office

of Nuclear Material Safety and Safeguards, Division of High-Level Waste Repository Safety.

Further details regarding my educational background and professional career to date are

reflected on my attached resume (Attachment A).

4. Below, and in the following paragraphs, I address some of the opinions stated in

the Abitz Affidavit. In particular, l address statements made in the Abitz Affidavit, at 11 48-57.

Sub-heading 4 states "Oxidation and reduction of uranium occurs very slowly, and these

processes pose no threat to the Westwater Canyon aquifer unless the oxidation states are

accelerated via lixiviant injection." Sub-heading 5 states that "Limited to no adsorption for

uranyl-carbonate anions and slow reduction kinetics indicates uranium and other toxic-metal

ions generated in the proposed mining zones will migrate into and contaminate the Westwater

Canyon Aquifer."

5. Attenuation issues have previously been addressed by Mr. Ford in his March 12,
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1999, affidavit. See Attachment B hereto. Dr. Abitz in his January 11, 1999, affidavit claimed

that uranium excursions would not be retarded by reducing zones in the aquifer. Attachment B

at 1] 10. In Mr. Ford's response, he states that lixiviant "has a limited ability to oxidize the rock,

otherwise there would not be any need to re-fortify the lixiviant prior to re-injection." Id.

Furthermore, Mr. Ford cites research by the Pacific Northwest Laboratory (PNL) for the NRC

that demonstrates that aquifer reducing capacity outside the well field remains very high after

solution mining. Mass balance considerations provide the most compelling lines of evidence

suggesting that pregnant lixiviant will not travel far before its redox state and contaminant

concentration approach ambient conditions. Further, the presence of the ore bodies is a

reasonable manifestation of the retardation of uranyl carbonate in the Westwater Canyon

aquifer. Using PHREEQC, it can be shown that oxidized uranium U(VI) species, uranyl-

carbonate anions, are likely to be the dominant uranium-bearing species in the Westwater

Canyon groundwater, even when in equilibrium with uraninite which contains uranium in the

reduced state, U(IV).

6. In 11 50, Dr. Abitz contends there are very few adsorption sites that will attract these

anions and remove them from the groundwater. He states that a scarcity of adsorption sites is

tied to the low abundance of aquifer minerals that have a pH... greater than the groundwater

pH. When the groundwater pH exceeds the pHZp, of a mineral, its surface becomes negatively'

charged. Groundwater in the Westwater Canyon aquifer has pH values that have been found

to range from 7.5 to 10.4 (FEIS, Tables 3.12, 3.13, 3.16, and 3.19). Although the most

common minerals in the Westwater Canyon aquifer, as determined by weight percent, have

pHZPCs that are less than the coexisting groundwater pH, the surface area of the minerals plays

a more important role in determining the sorptive capability of the geologic medium. Iron

oxides, which have pH,,Cs above 8 are often found as thin coatings on silicate grains that are
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major constituents of the sedimentary rock (Bargar,et al., 2000). Attachment C, at 2737. The

iron oxide coatings have been shown to be important metal-ion sorbers even in Fe-poor

aquifers (Coston et al., 1995). See Attachment D. Even if the Westwater Canyon aquifer

downstream from the uranium ore zones were incapable of converting a lixiviant excursion to a

more reduced state (an unreasonable premise), the aquifer would still be able to retard the

uranyl carbonates. Consequently, Dr. Abitz's arguments for "limited" adsorption sites based on

the relative masses of the solid phases comprising the aquifer fail to consider the more

important aspect of surface area of potentially sorptive minerals under aquifer conditions.

7. In 1 53, Dr. Abitz states that "when the pH of the groundwater exceeds 8.5, which

holds for most groundwater in the Westwater Canyon aquifer" the minerals "will lose their

positive surface charge and adsorb a vanishingly small amount of uranyl-carbonate anions."

Waite et al., 1994 describe uranium (VI) adsorption to ferrihydrite. Attachment E, at 5476.

There exists a sharp sorption edge that drops off significantly with increasing pH. At a pH of 8,

there appears to be 100% U(VI) adsorption; at pH of 9, there is only 5% adsorption, and at 9.5

there is no adsorption. The FEIS Tables 3.12, 3.13, 3.16, and 3.19 list the mean pH's to be

8.92, 8.75, 9.0 and 8.79. Consequently, sorption of total uranium on ferrihydrite would be

expected to occur at greater than 5 percent. Given this mechanism, an excursion (pulse) of

pregnant lixiviant exposed to consecutive aliquots of unperturbed aquifer as it migrates

downstream would soon be depleted in uranium.

8. In 11 55, Dr. Abitz describes a mechanism by which the reduction of uranyl

carbonate could occur, which involves the existence of site-UO2(CO3)3 . No evidence is

provided to support this mechanism. In fact, Bargar et al. state that the aqueous species

UO2(CO3)34, is not identified as a sorbed species on hematite. Attachment C, at 2748. The

rates of these reactions are unknown, but it is likely they depend strongly on the availability of
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the reactants.

9. In T 56, Dr. Abitz uses the phrase "geologic time scale" to imply that reduction and

precipitation reactions proceed slowly in the natural environment. Details supporting this

statement are not provided. Generally, the rates of reactions depend upon two governing

factors: 1) the concentrations of reactants, and 2) the activation energies specific to the

particular reaction mechanisms. Commonly, chemical reactions involve the breaking of existing

bonds and the forming of new bonds. Activation energy can be thought of as an energy barrier

to a reaction. High barriers inhibit reactions more than low barriers. Dr. Abitz does not explain

whether the rate of conversion of oxidized to reduced uranium in the natural environment is due

to the concentrations of the reactants or the activation energies. Under natural conditions of

the Westwater Canyon aquifer, I would expect the conditions of local equilibria would be

approached. Consequently, driving forces for conversion reactions under the natural conditions

would be minimized. On the other hand, in a system perturbed as is experienced when lixiviant

is added, reactions are expected to occur at faster rates. If ground water containing elevated

concentrations of uranyl carbonate were to migrate downstream of the production zone,

processes would likely reduce the uranyl carbonate concentrations back toward natural levels at

rates dependent on the degree of disequilibrium.

10. In 1 55, Dr. Abitz takes a quote from Leventhal (1980, p.77) which says 'the

speed of the process on a geologic time scale is unknown.' In T 56, Dr. Abitz then focuses on

the phrase "geologic time scale" to imply slow kinetics, but ignores the Leventhal's statement

that the speed 'is unknown."

11. I have reviewed the April 21, 2005, testimony of Craig Bartels with respect to

attenuation (111 28-33) and agree with his statements therein.
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The statements expressed above are true and correct to the best of my knowledge,

information, and belief, and are based on my best professional judgement.

an W. Bradbury

Sworn an ubscribed to before me
this j 7 C 7a~ April 005

Notary Public
My commission expires:
My1 Commisoi Txpirei July L' to M~
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RESUME OF JOHN W. BRADBURY



John William Bradbury

Education

The Pennsylvania State University, University Park, Pennsylvania, PhD,
Geochemistry/Mineralogy, 1984, Dissertation on Sulfur Solubility in Hydrous Melt, Courses in
thermodynamics, kinetics, isotopic geochemistry, ore deposits, igneous petrology, hydrothermal
geochemistry, electron microprobe analysis. 171 Quarter credits (133 of research, 38 of course
work).

University of Colorado at Boulder, Colorado, MS, Geochemistry, 1975, Thesis on Fluid
Inclusions in Tertiary Intrusives of the Colorado Mineral Belt, Courses in low temperature
geochemistry, metamorphic petrology, clay mineralogy, sedimentation, x-ray crystallography. 38
Semester credits (9 of research, 29 of course work).

University of Colorado at Boulder, Colorado, 197i, 2nd degree undergraduate courses in
structural geology, optical crystallography, mineralogy, stratigraphy, groundwater, field geology.
38 Semester credits.

Bucknell University, BS, Chemistry, Lewisburg, Pennsylvania, 1970, Courses in inorganic,
organic, physical and analytical chemistry, general and nuclear physics, and mathematics
through differential equations. 139 Semester credits.

Relevant Work Experience

U.S. Nuclear Regulatory Commission, Rockville, MD
Twenty years experience as a Geochemist, with more than 14 years at Grade 14

Duties:

Responsible for evaluation of technical and administrative issues related to public health,
safety, safeguards, and environmental protection. As the Lead for the Radionuclide Transport
Key Technical Issue Team, I insure that technical reviews of aspects of the Department of
Energy's (DOE) site characterization and performance assessments of the proposed high-level
nuclear waste geologic repository at Yucca Mountain, Nevada pertaining to radionuclide
transport are of high quality.

Solve problems that arise in the technical and programmatic reviews. This requires that I keep
abreast of the latest technical developments that can be used to address issues and
uncertainties of potential impact to performance of radioactive waste sites. I provide direction
and guidance for implementing work to advance the NRC's understanding of issues pertaining
to radionuclide transport. This understanding is then used in evaluating license applications of
nuclear waste repositories and contaminated sites.

Perform technical reviews of geochemical and radionuclide transport aspects of
decommissioning sites and uranium mill tailings sites and in situ uranium mining operations.

Accomplishments:

Wrote guidance documents describing the NRC staff's Generic Technical Position on Solubility



and Sorption for use by the Department of Energy in its site characterization activities when
there were multiple high-level waste sites being considered.

Primary NRC author of the Issue Resolution Status Reports on Radionuclide Transport Rev 1 &
2, which provide acceptance criteria and the bases for the use of DOE's simplified Kd approach
for estimating radionuclide retardation.

As the Team Lead, played an instrumental role in the development of a number of Key
Technical Issue Agreements relating to Radionuclide Transport.

In the review of an application for Alternative Concentration Limits at a licensed uranium mill
site, using a state of the art geochemical speciation and transport code, developed acceptable
approaches for determining when application of surface complexation models is considered
preferable to the Kd approach.

Relevant Courses Completed:

United States Geological Survey 2 week course in Geochemical Modeling including the codes
WATEQ, BALANCE, NETPATH, and PHREEQE.

FRACMAN and MAFIC codes to simulate flow and transport through discrete features
(fractures and faults) media.

Goldsim code used by DOE to model the performance of the potential high level waste
repository at Yucca Mountain, Nevada.

MULTIFLO code to simulate thermal, hydrological, and chemical processes in geologic media
and EQ3/6 code to simulate speciation, precipitation, dissolution, surface processes, kinetics
and transport, taught by the CNWRA.

Introduction to Risk Assessment in NMSS (P-400)

Licensing and Evaluation of a High-Level Waste Geologic Repository (H-415)
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John William Bradbury

Education

The Pennsylvania State University, University Park, Pennsylvania, PhD,
Geochemistry/Mineralogy, 1984, Dissertation on Sulfur Solubility in Hydrous Melt, Courses in
thermodynamics, kinetics, isotopic geochemistry, ore deposits, igneous petrology, hydrothermal
geochemistry, electron microprobe analysis. 171 Quarter credits (133 of research, 38 of course
work).

University of Colorado at Boulder, Colorado, MS, Geochemistry, 1975, Thesis on Fluid
Inclusions in Tertiary Intrusives of the Colorado Mineral Belt, Courses in low temperature
geochemistry, metamorphic petrology, clay mineralogy, sedimentation, x-ray crystallography. 38
Semester credits (9 of research, 29 of course work).

University of Colorado at Boulder, Colorado, 1971, 2nd degree undergraduate courses in
structural geology, optical crystallography, mineralogy, stratigraphy, groundwater, field geology.
38 Semester credits.

Bucknell University, BS, Chemistry, Lewisburg, Pennsylvania, 1970, Courses in inorganic,
organic, physical and analytical chemistry, general and nuclear physics, and mathematics
through differential equations. 139 Semester credits.

Relevant Work Experience

U.S. Nuclear Regulatory Commission, Rockville, MD
Twenty years experience as a Geochemist, with more than 14 years at Grade 14

Duties:

Responsible for evaluation of technical and administrative issues related to public health,
safety, safeguards, and environmental protection. As the Lead for the Radionuclide Transport
Key Technical Issue Team, I insure that technical reviews of aspects of the Department of
Energy's (DOE) site characterization and performance assessments of the proposed high-level
nuclear waste geologic repository at Yucca Mountain, Nevada pertaining to radionuclide
transport are of high quality.

Solve problems that arise in the technical and programmatic reviews. This requires that I keep
abreast of the latest technical developments that can be used to address issues and
uncertainties of potential impact to performance of radioactive waste sites. I provide direction
and guidance for implementing work to advance the NRC's understanding of issues pertaining
to radionuclide transport. This understanding is then used in evaluating license applications of
nuclear waste repositories and contaminated sites.

Perform technical reviews of geochemical and radionuclide transport aspects of
decommissioning sites and uranium mill tailings sites and in situ uranium mining operations.

Accomplishments:

Wrote guidance documents describing the NRC staff's Generic Technical Position on Solubility



and Sorption for use by the Department of Energy in its site characterization activities when
there were multiple high-level waste sites being considered.

Primary NRC author of the Issue Resolution Status Reports on Radionuclide Transport Rev 1 &
2, which provide acceptance criteria and the bases for the use of DOE's simplified Kd approach
for estimating radionuclide retardation.

As the Team Lead, played an instrumental role in the development of a number of Key
Technical Issue Agreements relating to Radionuclide Transport.

In the review of an application for Alternative Concentration Limits at a licensed uranium mill
site, using a state of the art geochemical speciation and transport code, developed acceptable
approaches for determining when application of surface complexation models is considered
preferable to the Kd approach.

Relevant Courses ComDleted:

United States Geological Survey 2 week course in Geochemical Modeling including the codes
WATEQ, BALANCE, NETPATH, and PHREEQE.

FRACMAN and MAFIC codes to simulate flow and transport through discrete features
(fractures and faults) media.

Goldsim code used by DOE to model the performance of the potential high level waste
repository at Yucca Mountain, Nevada.

MULTIFLO code to simulate thermal, hydrological, and chemical processes in geologic media
and EQ3/6 code to simulate speciation, precipitation, dissolution, surface processes, kinetics
and transport, taught by the CNWRA.

Introduction to Risk Assessment in NMSS (P-400)

Licensing and Evaluation of a High-Level Waste Geologic Repository (H-415)
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I

Staff Exhibit 1

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE PRESIDING OFFICER

In the Matter of

HYDRO RESOURCES, INC. ) Docket No. 40-8968-ML
2929 Coors Road, Suite 101 ) I Ak
Albuquerque, New Mexico 87120 )

AFFIDAVIT OF WILLIAM H. FORD

I, William H. Ford, being duly sworn, declare as follows:

1. I am competent to make this affidavit, and the factual statements herein are

true and correct to the best of my knowledge, information, and belief. The opinions

expressed herein are based on my best professional judgment. This declaration will serve

to present my understanding of the health, safety and environmental effects of in situ leach

(ISL) uranium mining at the Crownpoint Uranium Project of Hydro Resources Inc. (HRI).

I will evaluate some of the comments and conclusions reached by Dr. Richard J. Abitz, Dr.

William P. Staub, and Michael G. Wallace, as expressed in their affidavits attached as

Exhibits 1, 2, and 3 to "Intervenors Amended Written Presentation in Opposition to Hydro

Resources, Inc.'s Application for a Materials License with Respect To: Groundwater

Protection," dated January 18, 1999 ("Groundwater Brief'). I also reviewed the

Groundwater Brief and Exhibits 4-10 thereto in preparing my affidavit. In addition to these

documents, I was previously familiar with and reviewed:

A. Deutsch, W. J., et al., 1983, Aquifer Restoration at In-Situ Leach Uranium

Mines: Evidencefor Natural Restoration Processes, NUREG/CR-3 136.
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B. -Deutsch, W. J., et al., 1985, Method of Minimizing Ground-Water

Contamination From In Situ Leach Uranium Mining, prepared for the Nuclear Regulatory

Commission by Pacific Northwest Laboratory, NUREGICR-3709.

C. HRI 1989a, May 8 Supplementary Environmental Report.

D. HRI 1992a, January 6 EnvironmentalAssessment, HRI, Inc., UnitI Allotted

Lease Program, Eastern Navajo District, New Mexico, Hydro Resources, Inc.

E. HRI 1992b, July 31 Crownpoint Project In-Situ Mining Technical Report,

Hydro Resources, Inc.

F. HRI 1992d, October 9 Unit 1 U.I.C. Application and Technical Report.

G. HRI 1993a, March 16 Church RockProject Revised EnvironmentalReport.

H. HRI 1993b, March 16 Section 9 Pilot Summary Report.

1. HRI 1995a, October 9 Unit I U.I.C. Application and Technical Report:

Analysis of South Trend Development Area Pumping Test, August 16-18, 1982.

J. HRI 1995b, January 6 Environmental Assessment Allotted Lease Program

Unit 1: Analysis of South Trend Development Area Pumping Test, August 16-18, 1982.

K. HRI 1996a, April 1 and 5 Requestfor Additional Information Questions

49-91, WaterResources Protection and Cost/BenefitAnalysis, SafetyAnalysis Review and

Environmental Reviewfor Hydro Resources, Inc.

L. HRI 1996b, August 15 Response to Requestfor Further Clarification and

Additional Information of Responses; Safety Analysis Review and Environmental Review

for the Hydro Resources, Inc., Uranium Solution Mining LicenseApplication, Crownpoint,

New Mexico.
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M. HRI 1996d, June 18 Unit I Water Quality Information (included as an

attachment in HRI's summary of the June 19 and 20, 1996, public meetings held at U.S.

Nuclear Regulatory Commission Headquarters).

N. MRI 1996h, September 27 Response to Additional Comments Dated

September 16, 1996, on the License Application for an In-Situ Mining Facility at

Crownpoint, New Mexico, Q3/57, Q3195 and Q3196.

0. HRI 1996n, November 18 transmittal from Craig Bartels (HRI) to William

Ford (NRC) regarding comments on groundwater velocity calculations.

P. HRI's August 15, 1997 Crownpoint Uranium Project Consolidated

Operations Plan, rev. 2.0. .

Q. MRU 1997b, August 18 RIJ Response to NRC Q99: Sensitivity Analysis of

Modeled Unit Site Ground-Water Flow.

R. Mobil Alternative Energy Inc. 1986, January 22 Restoration Progress

Report, Crownpoint Section 9 Pilot In Situ Leach Plant (submitted by J. Cullen, Mobil

Alternative Energy Inc., to F. Miera, New Mexico Environmental Improvement Division).

S. Mobil Mining and Minerals Company 1986, November 14, Mobil Pilot in

Situ Leach Restoration Results (submitted by J. Cullen, Mobil Mining and Minerals

Company, to G. Konwinski, NRC).

T. NRC 1981, Groundwater Monitoring at Uranium In Situ Solution Mines,

Staff Technical Position Paper No. WM-8102.

U. NRC 1983, AquiferRestoration at In-Situ Leach Uranium Mines: Evidence

ForNatural Restoration Processes, NUREG-ICR-3136.
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V. NRC 1988, February 4 Environmental Assessment in Consideration of the

Release of Source Material License SUA-1479 for Mobil Oil Corporation, Crownpoint

Section 9 In Situ Test Project (prepared by NRC Uranium Recovery Field Office, Denver,

Colorado).

W. NRC 1997, Draft Standard Review Plan for In Situ Leach Uranium

Extraction License Applications, NUREG-1569.

X. NRC 1997, December 4 Safety Evaluation Report, Hydro Resources,

Incorporated License Application For Crownpoint Uranium Solution Mining Project

McKinley County, New Mexico, Docket No. 40-8968.

Y. NRC 1998, January5 SourceMaterial License SUA-1508,ForIn Situ Leach

Uranium Mining Project at Crownpoint, New Mexico (HRI License).

Z Prickett, T. A., 1983, Analysis of South Trend DevelopmentArea Pumping

Test, August 16-18, 1982, Crownpoint McKinley County, New Mexico.

AA. Reed, S. 1993, October 7 Analysis of Hydrodynamic Control, HRRI Inc.,

Crownpoint and Church Rock New Mexico Uranium Mines (Geraghty & Miller, Inc.).

BB. Staub, W. P., et al., 1986, An Analysis of Excursions at Selected In Situ

Uranium Mines in Wyoming and Texas, NUREG/CR-3967, ORNIJTM-9956 (prepared for

the Nuclear Regulatory Commission by Oak Ridge National Laboratory).

CC. Tumer-Peterson, C.E., et al, 1988, ABasin Analysis Case Study TheMorrison

Formation Grants Uranium Region, New Mexico, Energy Minerals Division of the

American Association of Petroleum Geologists.
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DD. U.S. Bureau of Mines, Environmental Assessment of In Situ Mining,

Open-File Report 101-80, December, 1979.

EE. Final Environmental Impact Statement to Construct and Operate the

Crownpoint Uranium Solution Mining Project, Crownpoint, New Mexico, NUREG-1508

(FEIS).

FF. Wyoming Department of Environmental Quality Land Quality Division Guide

line No. 4, In-situ Mining, August 1994.

Professional Qualifications Regarding ISL Mining

2. I am an employee of the United States Nuclear Regulatory Commission

(NRC), in the Office of Nuclear Material Safety and Safeguards. In my 14 years with the

NRC, I have worked on groundwater concerns at uranium mill sites throughout the western

United States. In addition, from 1985 to 1986, 1 worked on a project with NRC Research

to study past excursions at ISL mines. This work eventually resulted in a publication by

Staub, et al., which I refer to later in my affidavit. For the past three years, I have been

doing groundwater and geology reviews, writing regulatory guidance, and doing inspections

of conventional uranium mill tailings sites and ISL sites for the Uranium Recovery Branch

at the NRC. As part of my duties, I have worked on the HRI license application since

approximately June of 1995. I have reviewed HRI submittals in the areas of groundwater,

geology, and soils. On November27 through November29, 1995, Christopher McKenney
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and I participated in a site tour of HRI's proposed ISL mining facilities near Crownpoint,

New Mexico, including HRI's Church Rock site. I am an author of the FEIS.

3. Prior to coming to NRC, I was employed for 5 years (From 1975 to 1980)

by Wyoming Mineral Corporation, a subsidiary of Westinghouse Electric Corporation.

Wyoming Mineral Corporation built and operated ISL mines in Texas, Wyoming, and

Colorado. I was responsible for conducting groundwater studies for environmental and

well field design purposes for two mine sites in Texas, one site in Wyoming, and two sites

in Colorado. During this time, I conducted and participated in new mine development

projects, the operation of well fields, and well field restoration. I actively conducted pump

tests, aquifer rupture (injection) tests, studies of aquifer water quality, studies of

groundwater excursion identification and correction (both vertical and horizontal), and

participated in well field restoration demonstration projects. Additionally, for two years

while employed by Atlantic Richfield Coal Company, I participated in groundwater studies

of a successful coal gasification project in Wyoming, which used wells to mine coal by

converting it to natural gas. My role on this project was to study and monitor the hydrologic

impacts associated with this operation.

4. My resume, attached to my February, 1998 affidavit previously filed in this

proceeding, accurately describes my general background, training, and other qualifications

to express the opinions stated herein.

General Opinion

5. In my professional opinion, ISL mining at Section 8 of HRM's Church Rock

site, as regulated by the HRI License, will not irreparably damage the local groundwater
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quality, and will not threaten the public health, safety, or environment. Further discussion

supporting this opinion is provided below.

Agreement With HRI Brief and Affidavits

6. Over a period of several days I carefully evaluated HRI's "Response to

Intervenors' Brief in Opposition to Hydro Resources, Inc.'s Application for a Materials

License with Respect to Groundwater Issues," dated February 19, 1999; the affidavits of

Craig S. Bartels, Frank Lee Lichnovsky, Steve Reed, Dan W. McCarn, Mark S. Pelizza,

Maryann Wasiolek and Michael Spinks (joint affidavit), and Dr. Schlomo Orr, attached

thereto; the letter of HRI counsel David Lashway to the Presiding Officer dated February

26/March 1, 1999; and the revised exhibits attached thereto. I agree with the statements,

opinions, and conclusions expressed in the above-referenced materials. My following

statements are meant to supplement HRI's comments, as they either address points not

covered by HRI, or express opinions in addition to those contained in the above-referenced

materials.

Uranium Extraction at Section 8 Will Not Impact Local Water Supply

7. ISL mining at Section 8 will not threaten local water supplies, because such

mining and related activities will be adequately controlled and monitored under HRI's

License, and because the groundwater there will be restored at the end of ISL mining
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operations. In addition, as stated on page 3-31 of the FEIS, with the exception of a water

well located in the Dakota Sandstone aquifer (one half mile south of Section 8), there are

no other wells within 1.6 km (1 mile) of HRI's Church Rock site. Thus, within one mile of

Section 8, there are no water wells withdrawing water from the Westwater Canyon Aquifer.

In the Groundwater Brief, at 9, the intervenors identify water well 16T-513 as being

completed in the Westwater Canyon Aquifer. However, as shown in Exhibit 5 of their brief,

this well is located 1.5 miles southeast of Section 8, meaning that it is located up-gradient

from HRI's Church Rock site. Over a short distance, an excursion from a well field can

move in any direction, since well field injection pressures can overcome the regional

gradient. However, as distance from the well field increases (i.e., beyond the ring of

monitor wells), ISL injection pressures rapidly dissipate until the regional groundwater

gradient dominates. Since water well 16T-513 is located so far away from Section 8, and

is up-gradient from Section 8, it cannot be impacted by solution mining activities at Section

8, contrary to the intervenors' claim.

Uranium Extraction Will Not Imrpact Town of Crownpoint Water Sup~pv

8. 1 read pages 62-63 of the Groundwater Brief as claiming that a groundwater

excursion from the Church Rock site will cause a violation of the drinking water standards

at NTUA Well No. 1 in the town of Crownpoint. The intervenors posit a scenario whereby

(1) HRI fails to maintain an adequate bleed rate; (2) an excursion goes undetected; (3) the

excursion contains high levels of toxic substances such as radium-226 and arsenic; (4) the
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excursion flows swiftly through thin, narrow, and long channels; and (5) the excursion

mobilizes more uranium, radium, arsenic and molybdenum as it flows toward the town of

Crownpoint wells.

9. This hypothetical is fanciful. The intervenors present no calculations to support

it, and the premise of their scenario is wrong; The major cause of excursions are improperly

balanced well fields, not the bleed rate. As I explained in my February 1998 affidavit filed

in this proceeding, at ¶l 13, and 21-22,' the Westwater Canyon Aquifer is not a collection

of thin, narrow, and long channels through which the groundwater is flowing rapidly. See

¶¶ 11-15, infra. Therefore, groundwater at Section 8 cannot move rapidly toward the

Crownpoint drinking water wells, which are more than 20 miles away from HRI's Church

Rock site. Moreover, any Section 8 excursion would be detected very close to the well field.

Additionally, as discussed in 10, infra, the lixiviant tobe used byHRI cannot mobilize and

transport uranium very far from any well field. Indeed, the opposite would occur. Rock-

water interactions would remove mobilized chemical constituents from the groundwater.

Therefore, an excursion at the Church Rock site would not impact groundwater quality at

the town of Crownpoint.

Neither the Groundwater Brief, nor any of the intervenor supporting affidavits,
address my previous rebuttal testimony on this point.
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Any Excursions Would Be Chemically Retarded

10. On page 39 of his January 11, 1999, affidavit, Dr. Abitz claims that

uranium excursions will not be retarded by reducing zones in the aquifer. This is simply not

true. The lixiviant has a limited ability to oxidize the rock, otherwise there would not be any

need to re-fortify the lixiviant prior to re-injection. Therefore, the ability of the lixiviant to

mobilize uranium usually does not extend beyond the well field. Research conducted by

Pacific Northwest Laboratory (PNL) for the NRC showed that after solution mining, the

reducing capacity of sediments outside the well field (and even for leached ore zones within

the well field) remains very high. PNL concluded that the ability of the lixiviant to

mobilize uranium quickly expends itself within the well field, and that when the dissolved

uranium encounters reducing conditions in the rock, the uranium is removed from solution.

See Deutsch, WJ., et. aL, 1985, Methods of Minimizing Ground Contamination From

In Situ Leach Uranium Mining, NUREG/CR-3709, at page 81, a copy of which is attached

hereto as Attachment A.

Intervenors' Narrow Sand Channel Theory Is Not Valid

@) On pages 36 and 37 of. his January 11, 1999, affidavit, Dr. Staub claims

that the uranium deposit geometry is indicative of ancient, buried streambeds - thin, narrow

and long channels through which groundwater flow is speeded up. This is simply not true.

The uranium deposits are long because they have formed in a sandstone aquifer of large lateral



-11-

extent, and they are thin because they are a geochemical deposit that formed when reducing

conditions at a redox interface were encountered in the rock.2 See also in this regard the

February, 1999, affidavits of Mr. Lichnovsky, at pages 11 to 16; and Mr. Bartels', at pages

13 to 16. Furthermore, the shape of the deposit has nothing to do with the speed of

groundwater movement. In fact, it is not uncommon for some uranium roll front deposits to

form where there is a decrease in velocity, such as where groundwater encounters shale-

sandstone contacts. The shale is less permeable than other rock types, and thus reduces the

velocity of the groundwater. In these areas, the shale provides the reducing conditions

necessary to form the uranium deposit.

I) In fact, if uranium deposits did form within thin, narrow, and long channels, the

deposits would be no longer than the width of the channel. This is because the deposit would

form in the channel, when groundwaterin the channel encountered reducing conditions. This

would cause a deposit to form across the width of the channel, at right angles to the direction

of groundwater flow. The result would be a uranium deposit with it's longest dimension at

a right angle to groundwater flow, and parallel to the channel width. Thus, if I agreed with

Mr. Wallace's claim that the underground, uranium-bearing sand channels at HRI's Church

Rock site are less than 400 feet wide,3 I would also have to agree that the uranium deposits

at Church Rock could be no more than 400 feet long. This is in direct contrast to what is

(DA redox interface is a term describing where the geochemical environment
changes from oxidizing to reducing or vice versa. The location of such interfaces is not
dependent on the lithology or shape of the aquifer.

3 See Mr. Wallace's affidavit, January 11, 1999, page 25, criticizing the required
400-foot spacing of HRI's lateral monitor wells as being inadequate to detect horizontal
excursions.
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observed. At HRI's Church Rock site, the best evidence shows that the uranium ore body is

in fact 5,300 feet long. See page 3-21 of the FEIS.4 This dimension is consistent with the

-relevant geologic literature of the area showing that the Westwater Canyon aquifer is a

regional aquifer of large areal extent, with groundwater encountering a redox interface that

extends over a large area of northwest New Mexico. See ¶l¶ 13-15, infra.

(3xhibit B of Dr. Abitz's January 11, 1999, affidavit, contains a sandstone

thickness Figure of the Westwater Canyon Fan System. Dr. Abitz references this Figure on

page 10 of his affidavit, to support his statement on page 28 therein that the Westwater

Canyon Aquifer is complexly interfingered, heterogeneous, and of fluvial (stream) origin.

It is true that the referenced Figure shows that the subject aquifer is a fluvial deposit, but the

Figure also shows that in the Church Rock and Crownpoint areas, the Westwater Canyon

Aquifer is 200 to 400 feet thick, and that it is at least 100 feet thick over the northwest comer

of the state. Thus, the Figure does not support the intervenors' theory that the Westwater

Canyon Aquifer is a series of narrow, isolated, aquifers, as it instead depicts a thick regional

aquifer of large areal extent.5

14. Mr. Wallace's January 11,1999, affidavit, at 63, references his Exhibit N, a two-

page excerpt from Geological SurveyProfessional Paper 603, by Lowell S. .Hilpert (Uranium

4.

4 Dr Staub's affidavit, at 37, states that the ore body at the Church Rock site is
33,100 feet long.

I See also in this regard the February, 1999, affidavits of Mr. Lichnovsky, at
pages 6 to 16; Mr. Bartels, at pages 10 to 38; Dr. Orr, at ¶ 5; and the entire joint
affidavit of Ms. Wasilek and Mr. Spinks, rebutting the intervenors' theory that the
Westwater Canyon Aquifer is a series of narrow, isolated, aquifers.
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Resources of Northwestern New Mexico, 1969).6 However, in simply relying on two Figures

contained in this paper (showing the Cow Springs Aquifer's relationship relative to the

Westwater Canyon Aquifer near the Church Rock site, and it's relationship relative to the

Recapture Shale), Mr. Wallace fails to include Hilpert's textual description of the Westwater

Canyon Aquifer, which states in relevant part as follows:

Between Gallup and the Continental Divide the Westwater Canyon Member
ranges in thickness from 175 to 275 feet and probably averages about 225 feet.
In most places it contains one or more mudstone units that range from mere
partings in the sandstone to units as much as 20 feet thick. These units have
rather limited lateral continuity and only some of the thicker ones may extend
as much as a mile or more before grading out into sandstone or being cut out
at the base of overlying sandstone units.

See excerpt from Hilpert, page .76, a copy of which is attached hereto as Attachment B. Thus,

Hilpert's paper does not support the intervenors' concept that the Westwater Canyon is a

series of narrow, isolated, aquifers. Instead, Hilpert's description shows that the Westwater

Canyon aquifer is a thick regional aquifer, that contains within it relatively thin mudstone

beds of limited areal extent.

15. Exhibits C and D (Figure 7) of Dr. Abitz's affidavit show the regional redox

interface in the Church Rock and Crownpoint area for the Westwater Canyon Aquifer. They

show that oxidizing waters moved northward from oxidizing into reducing conditions in a

broad arch that stretches from Church Rock, through Crownpoint, and beyond. It is along the

arch that uranium roll front deposits formed. Again, this does not support a number of

individual sand channels as claimed by Mr. Wallace, but instead supports the interpretation

6 See also Dr. Staub's testimony, at 28, referencing the same excerpt from the
Hilpert paper, which is also attached as Exhibit N to Dr. Staub's testimony.
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of the Westwater Canyon aquifer as a regional aquifer of large areal extent, with groundwater

flowing northward and encountering a redox interface that extends over a large area of

northwest New Mexico.

Groundwater At ISL Facility in Wvoming Has Been Restored

16. On page 21 of his January 11, 1999, affidavit, Dr. Staub states that

Wyoming Department of Environmental Quality officials he interviewed asserted that no

commercial well field at any uranium ISL facility has been successfully restored.! This

information is incorrect. At the Bison Basin ISL mine site in Wyoming, restoration of

groundwater was approved by the State of Wyoming and the NRC. See letter from Ramon

E. Hall, Director, Uranium Recovery Field Office, NRC, dated February 20, 1990, a copy of

which is attached hereto as Attachment C.

7 This is consistent with page 4-37 of the FEIS, where it is stated that "the NRC has
approved the restoration of several test patterns used to explore the feasibility of ISL mining
or demonstrate the feasibility of production-scale restoration. However, NRC has not yet
approved the successful restoration of a production-scale well field at any of its licensed
sites." I learned after the FEIS was published that groundwater was successfully restored
by the State of Wyoming at the Bison Basin ISL mine site. This site was a production scale
operation that was restored by the State of Wyoming when the company that owned the
mine went bankrupt.
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Re-injection of Production Bleed

17. On pages 34 and 35 of his January 11, 1999, affidavit, Dr. Staub expresses

the concern that HRI's plan to re-injectits treated productionbleed outside the well field would

jeopardize lixiviant control, and that depending on where it is injected it could interfere with

the functions of nearby monitoring wells. To the contrary, the effect of re-injection of this

bleed outside the well field would be to drive water towards the well field, making excursions

less likely to occur.3 Since the re-injected bleed should be clean water, it is difficult to see how

waterchemistry sampling would be unable to detect an excursion that reached the monitorwell

(as opposed to water from the production bleed injection well).9

Mining Section 8 Before Section 17 Would Not Impede Restoration

18. On pages 34 and 35 of his January 11, 1999, affidavit, Dr. Staub expresses the

opinion that to prevent contamination of restored well fields, mining should progress from

up-gradient to down-gradient well fields. However, during mining and groundwater

restoration activities, injection and pumping have a much larger effect on the direction and rate

of groundwater flow in and around the well fields than does the regional direction of

This effect is sometimes taken advantage of by placing ISL clean-water injection
wells in a line, thereby producing a clean-water barrier between a well field undergoing
restoration and a well field undergoing uranium extraction activities.

9See also in this regard pages 49 to 54 of the February, 1999, affidavit of Mr.
Bartels; and the February, 1999, affidavit of Dr. Orr, at ¶ 8.
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groundwater flow. Accordingly, the regional groundwater flow does not have a big influence

on restoration of well fields, or on the direction that excursions would flow out from the well

field. I thus do not agree with Dr. Staub's opinion.

19. Mr. Wallace raises a similar concern on page 67 of his January 11, 1999, affidavit.

Mr. Wallace argues that restored groundwater in Section 8 will be contaminated by well fields

in Section 17, because Section 8 is down-gradient from Section 17. He states that excursions

in Section 17 would flow down-gradient to Section 8. This assumes that such excursions will

in fact occur, and go unchecked, and implies that excursions from Section 17 will only move

down-gradient. Excursions in Section 17 would not be allowed to occur unchecked in the

down-gradient direction, or in any other direction. Monitor wells between the well fields in

Section 17 and Section 8 would monitor for excursions, so that clean wateris not contaminated

beyond the mine area. I thus disagree with Mr. Wallace on this point.

20. On pages 66 to 74 of his January 11, 1999, affidavit, Mr. Wallace postulates

groundwater dewatering impacts caused by restoration activities in Section 17, which he states

could compromise the water quality in restored well fields of Section 8. Based on this

scenario, Mr. Wallace concludes that torestore the groundwaterin Section 17, the underground

mine workings there would have to be dewatered. Mr. Wallace further claims that dewatering

would reintroduce oxygen into the groundwater in Section 8, thereby re-mobilizing residual

pockets of ore and heavy metals, thus undermining groundwater restoration efforts.

21. Mr. Wallace does not present any calculations or modeling to support these

conclusions; rather, he presents a very convoluted argument for dewatering, that appears to be

based on an assumption of turbulent flow within the mine tunnels during groundwater
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restoration activities. In my opinion, Mr. Wallace's argument in this regard is not valid. When

the underground mine in Section 17 was in operation, the aquifer was continuously dewatered

below the level of the mine workings for many years. If parts of the ore zone in Section 8 had

been dewatered by the mine, they would have already been exposed to oxygen much longer

than any one-time dewatering of the mine tunnels as posited by Mr. Wallace. It is unclear why

pumping in and near the mine tunnels should cause turbulent flow (see also in this regard the

February, 1999, affidavit of Mr. Bartels, at page 56). It is common practice to place pumps in

lakes, reservoirs, tanks, and pools, without causing turbulent flow in such bodies of water. Nor

does it make sense that to achieve restoration, the mine tunnels would have to be dewatered.

The standard restoration method used at ISL facilities is to re-circulate clean water through the

well field (just as water in swimming pools, tanks, and reservoirs is kept clean by circulating

the water through a filter), which is the technique best suited to clean up the groundwater. This

standard restoration method is applicable to any open voids associated with the mine workings

in Section 17.

400-Foot Lateral (Ore Zone) Monitor Well Spacing Adequate

22. On page 38 of his January II, 1999, affidavit, Dr. Staub states that "at the Church

Rock site, a spacing interval of up to 300 feet would be appropriate" for lateral monitor wells.

HRI License Condition 10.17 only requires that lateral monitor wells be spaced 400 feet apart.

In support of his 300-foot recommendation, Dr. Staub states that the COGEMA Christian
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Ranch facility places its monitor wells at a 300-foot spacing on the down-gradient side of the

well field. While this is true, up-gradient and side monitor wells there are placed 500 feet

apart.10 Accordingly, on average, lateral monitor wells at the COGEMA Christian Ranch

facility are spaced 400 feet apart, consistent with what is to be required at HRJ's ISL facility.

23. Moreover, the 400-foot requirement in HRI' s license is consistent with the spacing

of lateral monitor wells at all other ISL facilities licensed by the NRC. At the COGEMA

Irigaray (Wyoming) site, monitor wells are spaced 400 to 600 feet apart 11; at the Crow Butte

site (Nebraska), monitor wells are spaced 400 feet apart"2; at the Smith Ranch site

(Wyoming), monitor wells are spaced 500 feet apart13; and at the Power Resources Inc.

Highland site (Wyoming), down-gradient wells are spaced 400 feet apart, up-gradient wells

800 feet apart, and side wells from 400 to 600 feet apart." These same issues of groundwater

gradient and the 400-foot spacing of lateral monitor wells were addressed in my February,

1998, affidavit, at ¶ 15. My opinion remains that 400 feet is an appropriate spacing for lateral

monitor wells at the Church Rock site.

l0 This information comes from a March 3, 1999, telephone conversation I had
with Donna Wichers, of Cogema.

l This information comes from a March 3, 1999, telephone conversation I had
with Donna Wichers, of Cogerna.

12 This information comes from a March 1, 1999, telephone conversation I had
with Mike Griffin, at the Crow Butte Site.

This information comes from a March 1, 1999, telephone conversation the Staff
had with Paul Goranson, at the Smith Ranch Site.

14 This information comes from a March 1, 1999, telephone conversation the Staff
had with William Kearney, at the Highland Site.
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Lateral Monit6r Wells Adequately Screen the Ore Zone

24. On page 26 of his January 1 1, 1999, affidavit, Mr. Wallace claims that HRI License

Condition 10.23 will not require monitor wells to monitor the same sands as the production

zone, because it requires that the wells be completed in the Westwater Canyon aquifer.

However, since the ISL production zones are contained within the Westwater Canyon aquifer,

lateral monitor wells open to the Westwater Canyon aquifer will monitor all the production

zones, and provide complete vertical coverage within the Westwater Canyon Aquifer to detect

horizontal excursions.' I thus disagree with Mr. Wallace's contention.

Use of Trend Wells to Monitor Lateral Excursions Not Required

caned 6) 3?-. o dQ~y
X) On page 38 of his January 11, 1999, affidavit, Dr. Staub recommends that

trend wells be placed between the well field and the monitor wells, to. provide early warning

for excursions. However, as stated in ¶ 14 of my February 20, 1998, affidavit, the use of two

tiers of groundwater monitor wells has never been required by the NRC. To determine if any

state programs have requirements in this area, I did some research. I found that the Wyoming

program describes what a trend well is, but states that "water-quality analyses of samples

collected from trend wells will not result in regulatory corrective action."'6 I do not believe

" See also in this regard the February, 1999, affidavit of Mr. Lichnovsky, at
page 16, reaching the same conclusion.

16 Wyoming Department of Environmental Quality, Land Quality Division,
(continued...)
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that HRI should be required to drill trend wells because trend wells are not required by NRC

regulation (meaning that findings from such wells cannot be used to require a licensee to take

a corrective action), and because in my opinion is there are no unique site conditions at Section

8 that would require monitor wells to be placed closer to the well field than the 400 foot

distance specified in HRI's license.

Setting Upper Control Linit Concentrations

26. On pages 37 to 39 of his January 11, 1999, affidavit, Dr. Abitz expresses

his disagreement with license Condition 10.22 B, which requires that upper control limits be

based on the "mean of the upper control limit parameter concentration, and adding 5 standard

deviations". Dr. Abitz is thus also in disagreement with the Staff's Draft Standard Review

Plan (DSRP), which states that in areas of good water quality (a total dissolved solids of less

than 500 mg/l), it is acceptable to set the upper control limit concentration at a value of 5

standard deviations above the mean of the measured concentrations. This method of setting

an upper control limit concentration for areas of good water quality is based on past regulatory

experience, which attempts to set a concentration high enough that false positives (false alarms

due to natural fluctuation in water chemistry) are not a frequent problem, but not so high that

significant groundwater quality degradation occurs by the time an excursion is identified. This

...continued)
Guideline No. 4, In-situ Mining, dated August 1994 (Wyoming Guide), at page 39 (a copy
of which is attached hereto as Attachment D).
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approach is supported by the Wyoming Guide (Attachment D), at page 39, which states in

relevant part as follows:

A method that uses the baseline mean plus 5 standard deviations is the
recommended method for calculating UCLs. Use of this proposed method
should result in adequate excursion control, yet minimize the possibility of
incorrectly placing wells in excursion status. (Emphasis added). 7

Accordingly, I do not believe Dr. Abitz's concern to be a valid one.

Lixiviant Chemist=v

27. On page 37 of his January 11, 1999, affidavit, Mr. Wallace claims that the FEIS

misrepresented lixiviant as a benign material. This is not true. The FEIS did not characterize

the lixiviant as benign. Lixiviant chemistry is fully described in the FEIS text, at Section

2.1.1.2 (pages 2-5 and 2-6), and in Tables 2.1 (page 2-6), 4.13 (page 4-38), and 4.14 (page

4-46) of the FEIS.

Cow Springs and Westwater Canyon Aquifers At Church Rock

28. On pages 62 to 65 of his January 11, 1999, affidavit, Mr. Wallace claims that at

the Church Rock site, the Cow Springs and the Westwater Canyon Aquifers are in direct

contact, and are thus the same aquifer, contrary to the allegedly erroneous information in the

FEIS. The difference of opinion among publications on this point (as cited by Mr. Wallace),

was identified and explained in the FEIS, at page 3-18, which states in relevant part:

1' See also in this regard the February, 1999, affidavit of Mr. Pelizza, at pages
45 to 48.
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Figure 3.7 contains a stratigraphic column of the Church Rock site. HRI
indicates that the Recapture Member is at least 45 m (150 feet) thick in the
mine area and overlies the Cow Springs Sandstone. This generally agrees with
regional isopach data of Morrison strata (Saucier, 1967), indicating that the
Recapture is 60 m (200 feet) thick in this area. Hilpert (1969) provides
cross-sections through the old Church Rock mine, based on Phillips Petroleum
Company drilling logs, which indicate that a tongue of Cow Springs Sandstone
closely underlies the Westwater Canyon. This sandstone, however, coincides
with a sandstone interpreted byHRlin the lowermostpart of theWestwater and
appears to be underlain by Recapture Member Shale. In Section 13, west of
HRI's Church Rock site, Peterson (1980) indicates that the Recapture Member
does not occur and that the Westwater Canyon Member lies directly on the
Cow Springs Sandstone.

On pages 20 to 23 of his February, 1999, affidavit, Mr. Lichnovsky explains how more recent

publications and site specific data support the interpretation that the lowermost sand in the ore

bearing aquifer at the Church Rock site is the Westwater Canyon aquifer, and is not part of the

Cow Springs aquifer. I have evaluated this point, and agree with Mr. Lichnovsky's

interpretation.

29. Mr. Wallace claims that the NRC was not justified in accepting ER's

contention that the AA sand is part of the Westwater Canyon Aquifer, and that because the

Cow Springs aquifer is a part of the Westwater Canyon aquifer, he concludes that the Cow

Springs Aquifer cannot be protected from mining activities. Unfortunately, Mr. Wallace

ignores the positive benefits of agreeing with HRI's interpretation. If the Cow Springs aquifer

is in fact part of the Westwater Canyon aquifer, it will be monitored in greater detail by the

lateral monitor wells. This, in effect, would achieve the request of the intervenors that the Cow

Springs aquifer be monitored. Moreover, such monitoring would be in more detail than that

provided by a smaller number of wells drilled down the center of the well field, such as would

be the case if the intervenors' contention was accepted.



-23 -

Ore Body Has Been Described In Adequate Detail

30. On page 29 his January 11, 1999, affidavit, Dr. Abitz claims that HRI has not

descnbed the ore body in the detail suggested by the Draft Standard Review Plan. This is not

correct. While the Staff needs enough detail to describe environmental impacts, this can be

adequately done without forcing an applicant to divulge proprietary data. In this case, the Staff

needed to know: (1) what aquifers HRI would conduct ISL mining in, and what aquifers would

thus need to be protected; (2) the lateral location, such as site boundaries, wherein HRI would

drill its well fields; and (3) the general ore body depths, to confirm that injection pressures in

HRI's well fields would not rupture the aquifer, and that the wells would be designed

appropriately for the depth. HRI provided all of this information.

Analysis of Upper Control Limits

31. On page 42 of his January 11, 1999, affidavit, Dr. Abitz claims that two weeks to

a month will have elapsed before laboratory results are received to declare an excursion. To

the contrary, the Staff's inspection experience regarding ISL facilities has been that laboratory

analysis of upper control limit parameters is done on-site, and that upper control limit

parameters are usually properly analyzed and evaluated by the licensee within a few days after

sampling.
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Calculation of Groundwater Restoration Goal

32. On page 21 of his January 11, 1999, affidavit, Dr. Abitz uses his Table 1 figures

to criticize the Staff for not correctly calculating a restoration standard (or baseline) in Table

3.13 of the FEIS. However, the water quality tables in the FEIS were not intended to establish

baseline or restoration standards. These Tables were intended to generally characterize the

water quality for a particular aquifer and proposed ISL site. It should be noted that in

paragraph 1 of page 3-35 of the FEIS, the water quality of the Westwater Canyon Aquifer at

the Church Rock site is rated as being good. Establishing restoration goals is required by HRM

License Condition 10.21, but these cannot be established until the well fields are dfilled.

33. On page 23 of his January 11, 1999, affidavit, Dr. Abitz claims that HRI

does not use a correct methodology for calculating the groundwater restoration goal, and that

HRI's methodology is not in agreement with the DSRP. His claim is based on a comparison

between Table 3.13 of the FEIS, and his calculated values. As just explained above, Table

3.13 does not establish a groundwater restoration goal. HRI's' Consolidated Operations Plan

is the appropriate reference for this concern, and it properly conforms to the guidelines stated

in the DSRP. I thus disagree with Dr. Abitz's claim on this point.



34. The statements expressed above are true and correct to the best of my knowledge,

information and belief.

- WiUiamH. Fo

Sworn and subscribed to before me
this X day of March, 1999

Notary Public I
My comnnission expires .4eWOq/'
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Abstract-We have measured U(VI) adsorption on hematite using EXAFS spectroscopy and electrophoresis
under conditions relevant to surface waters and aquifers (0.01 to 10 F±M dissolved uranium concentrations, in
equilibrium with air, pH 4.5 to 8.5). Both techniques suggest the existence of anionic U(VI)-carbonato ternary
complexes. Fits to EXAFS spectra indicate that U(VI) is simultaneously coordinated to surface FeO6
octahedra and carbonate (or bicarbonate) ligands in bidentate fashions, leading to the conclusion that the
ternary complexes have an inner-sphere metal bridging (hematite-U(VI)-carbonato) structure. Greater than or
equal to 50% of adsorbed U(VI) was comprised of monomeric hematite-U(VI)-carbonato ternary complexes,
even at pH 4.5. Multimeric U(VI) species were observed at pH 2 6.5 and aqueous U(VI) concentrations
approximately an order of magnitude more dilute than the solubility of crystalline 13-U02(0H) 2. Based on
structural constraints, these complexes were interpreted as dimeric hematite-U(VI)-carbonato ternary com-
plexes. These results suggest that Fe-oxide-U(VI)-carbonato complexes are likely to be important transport-
limiting species in oxic aquifers throughout a wide range of pH values. Copyright @ 2000 Elsevier Science Ltd

1. INTRODUCTION

Uranium is a common soil and aquifer contaminant of con-
cern at nuclear waste management facilities, uranium rmining
and milling sites, and heavy industry sites in the US and
numerous other locations around the world. The most signifi-
cant pathway for human exposure to uranium is via groundwa-
ter transported away from such sites, and evaluation of societal
risks posed by such contamination rests upon assumptions
about uranium transport in groundwater. Uranium mobility in
oxic groundwater is believed to be controlled by adsorption of
U(VI) on mineral surfaces (Hsi and Langmuir, 1985; Lang-
muir, 1978). Fe oxides are believed to be of particular impor-
tance due to their high sorptive capacities for uranium, high
surface areas, and common occurrence as grain coatings (Waite
et al., 1994; Waite et al., 1992). Fe oxide grain coatings, often
formed by weathering processes, have been shown to be im-
portant metal-ion-adsorbing phases even in Fe-poor aquifers
(Coston et al., 1995). Dissolved carbonate also plays a major
role in U(VI) subsurface transport because of its great affinity
to form aqueous complexes with U(VI) (Grenthe et al., 1992)
and its ubiquity in groundwaters. Carbonate often occurs at
concentrations 100 to 1000 times greater than that expected
from equilibrium with air (Hem, 1989). Several groups (Hsi
and Langmuir, 1985; Ho and Miller, 1986; Waite et al., 1994;
Duff and Amrhein, 1996; Lenhart and Honeyman, 1999) have
speculated that U(VI)-carbonato complexes adsorb on Fe ox-
ides (i.e., forming Fe oxide-U(VI)carbonato ternary complex-
es), greatly retarding U(VI) transport.

Much work is needed to develop accurate estimates of dis-
tribution coefficients for U(VI) transport in groundwater. Aque-
ous carbonate concentrations typically vary temporally and

spatially along hydrologic gradients in aquifers. Linear distri-
bution coefficients that traditionally have been used to quantify
adsorption are inadequate under such conditions, and coupled
chemical and transport modeling is necessary (Davis and Kent,
1990; Kohler et al., 1996). These approaches require knowl-
edge of the compositions and reaction stoichiometries of ad-
sorbate species. However, the existence of Fe oxide-U(VI)-
carbonato ternary complexes under environmentally relevant
conditions has only recently been demonstrated (Bargar et al.,
1999). Very little is known about their compositions and reac-
tion stoichiometries. Waite et al. (1994) postulated that such
complexes would be important mostly at pH values > 7. Duff
and Amrhein (1996) suggested that U(VI)-carbonato ternary
complexes should adsorb weakly on goethite (a-FeOOH). In
the absence of direct observations of adsorbed U(VI) species,
these hypotheses cannot be tested. Spectroscopic measurements
of adsorbed U(VI) species, performed in parallel with macro-
scopic chemical measurements, are necessary to define the pH
dependence and adsorption reactions of ternary surface-U(VI)-
carbonato complexes.

In this paper, we present results of U L5,,-edge Extended
X-ray Absorption Fine Structure (EXAFS) spectroscopy and
electrophoretic mobility measurements of U(VI)-carbonato
complexes adsorbed on hematite. EXAFS measurements pro-
vide element-specific short-range structural and chemical in-
formation for U(VI) coordination environments, including
identities of, coordination numbers of, and bond distances to
neighboring atoms. Electrophoretic mobility measurements
provide information regarding the net charges on hematite
surfaces, constraining interpretation of the EXAFS results. The
objectives throughout these experiments were to define the
compositions and reaction stoichiometries of U(VI)-carbonato
complexes on hematite throughout the pH range of uranyl
uptake under conditions relevant to aquifers.

Previously, Hsi and Langmuir (1985) described U(VI) ad-
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sorption on amorphous and crystalline Fe-(oxyhydr-)oxides in
carbonate-bearing solutions with a site-binding surface corn-
plexation model that included ternary U(VI)-carbonato com-
plexes. Ho and Miller (1986) observed that hematite particles,
which were positively charged in near- and sub-neutral pH
carbonate-bearing solutions (i.e., at pH < 7.5), acquired net
negative charges following adsorption of U(VI). They attrib-
uted this charge reversal to the presence of negatively charged
U(VI)-carbonato-hematite complexes. Waite et al. (1992)
and Waite et al. (1994) postulated the existence of
-FeO 2UO 2CO32 ternary complexes to model U(VI) adsorp-
tion on ferrihydrite. They found that models not having this
species underpredicted U(VI) uptake between pH 7 and 9.
Furthermore, the degree of underprediction of U(VI) adsorption
in this pH range increased with PCO2. Manceau et al. (1992),
and Waite et al., (1994) used EXAFS to study U(VI) adsorption
on ferrihydrite (amorphous Fe2%3xH20), but did not report any
findings regarding carbonate ligands. Dent et al. (1992) re-
ported evidence for carbonate neighbors for U(VI) adsorbed on
montmorillonite (aluminosilicate) clays at ca. pH 4 under con-
ditions of high initial dissolved uranium (5 mM) and without
control of PCO2. Bargar et al. (1999) reported evidence for the
existence of adsorbed U(VI)-carbonato complexes on hematite.
The results presented in the current paper (including electro-
phoretic mobility measurements and systematic constant-pw
constant-[U(VI)T studies) forcibly argue that adsorbed U(VI)-
carbonato species are ternary complexes (i.e., bonded directly
to hematite surfaces) having metal-bridging structures. Synthe-
sis of this information leads to proposed compositions for
hematite-U(VI)-carbonato ternary complexes. In addition, evi-
dence is presented for the existence of multimeric U(VI) com-
plexes.

2. MATERIALS AND METHODS

2.1. Materials

Hematite powders used in these experiments were synthesized from
Fe(C10 4)3 following the method of Matijevic and Scheiner (1978) as
described in Bargar et al. (1997b). This procedure was reported to
produce clean hematite surfaces, having only Fe, 0, and adventitious
carbon, as measured by XPS. N2-BET surface areas of the dried
powders were 32.8 m2/g (uptake kinetics measurements) to 46.1 m2/g
(EXAFS, electrophoretic mobility samples). Powder XRD showed it to
be crystalline a-Fe203, with no evidence for goethite. Diffuse reflec-
tance FTIR (DR-FrIR) spectra of the hematite showed no evidence of
goethite-specific peaks.

2.2. Sample Preparation

Within this paper WIT is defined as the total concentration (molarity)
of all U(VI) species, dissolved and adsorbed, in the system, and [Ul-
is defined as the sum of all aqueous U(VI) species (molarity) at the final
pH of the sample equilibration and excludes adsorbed U(VI) species.
All solutions were prepared from 18 megaohm Milli-Q water. A 0.01
M U(VI) stock solution was prepared from isotopically depleted
UO2(NO3)2 X 6H20 reagent (Johnson-Matthey). Adsorption experi-
ments were designed so that, whenever possible, []T would be less
than the solubility of crystalline A-UO2(OH)2 (about 2 KIM at pH 6.2
and in equilibrium with air), which should be the most insoluble U(VI)
solid phase in this system at the experimental conditions described
herein (Grenthe et al., 1992; Silva et al., 1995).

Uptake Kinetics Measurements: Hematite was transferred to two 500
mL Erlenmeyer flasks with enough Milli-Q water to achieve 0.2 g/L.
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Fig. 1. Time-dependence of U(VI) adsorption on hematite in equi-
librium with air at pH 4.0 and 8.9. [MT = I FM and ionic strength =
0.1 M NaNO3. Dotted lines are smoothed fits provided to illustrate the
trend defined by the data points.

and ultrasound was used for a few minutes to disperse the hematite.
Flasks were adjusted to the desired pH using HCI or NaOH. When the
pH had stabilized, 0.01 M UO2(NO3)2 stock solution (at pH 3) was
added to each flask to achieve I pM MUT. No ionic strength control
was used. Samples were stirred vigorously with Teflon-coated mag-
netic stir bars at all times, and water-saturated air was bubbled through
samples in order to maintain equilibrium with atmospheric CO2. Sam-
ples were transferred to 35 mL polycarbonate centrifuge tubes and
placed on an end-over-end rotator for specified lengths of time (Fig. 1),
after which the final pH was measured, and the samples were centri-
fuged at 19,000 RPM (43,140 g RCF) for 15 min. Final pH values were
4.01 ± 0.01 and 8.89 ± 0.04. Aliquots were taken and acidified using
0.1 N HNO3. and analyzed for [UI, using kinetic phosphorescence
analysis (KPA, Chemchek Instruments). KPA calibration curves were
linear over the range measured. The detection limit was 60 ppt ura-
nium.

EXAFS Measurement.r: [UI was set at about 12 AM for most
EXAFS in order to achieve adsorption densities of 0.25 to 0.5 pmo/m 2

necessary to obtain usable spectra at Stanford Synchrotron Radiation
Laboratory (SSRL) beamline 4 using sample volumes s 2 L. Dried
hematite powder and NaNO3 were weighed into either 500 mL or I L
HDPE bottles and milli-Q water was added to achieve 0.2 gIl. and 0.1
M ionic strength. U(VI) uptake was achieved by the following proce-
dures designed to avoid precipitation of U(VI) solids: Samples were
initially adjusted to pH 4 or 9 (where U(VI) solubility is greater than
10' M) using HNO3 or NaHCO3 and were allowed to equilibrate with
humidified air, as judged by the pH stability of the suspensions.
CO2 -free samples were prepared in water boiled to remove CO2, and
were bubbled with humidified Ar during pH adjustment and measure-
ment to prevent reintroduction of CO2. Sample bottles were then.
wrapped with Al foil to prevent photolytically catalyzed redox reac-
tions. U(VI) was added dropwise as aliquots of an acidic 10 mM
U0 2(NO3)2 solution while the samples were vigorously stirred. Sam-
ples were adjusted to their final pH values and thus maintained by
dropwise addition of 20-50 AL aliquots 0.1-0.01 N HCI and/or 0.1 M
NaHCO3. Samples were then gently agitated on a shaker for 24-48 h.
No significant drifts in pH occurred during this step. Prior to analysis,
samples were centrifuged at approximately 40,000 x g centrifugal
force for 20 min. to concentrate the solid. Supematants were decanted
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Table 1. EXAFS Sample conditions (0.2 g/L). [U]T is the molarity of
all U(VI) added to the system. IU]Jq (molarity) is the sum of all
aqueous U(VI) species remaining in solution after equilibration at the
final pH. Estimated standard deviation of [U]), is 3.1%. [Fe-OH5fJ]T is
the molarity of proton-active surface sites on hematite (based on 19
sites/nm 2 (Hsi and Langmuir, 1985) [CO3T is calculated from the sum
of all aqueous carbonate species at the final pH of the sample, assuming
equilibrium with air. Units are p/mol/m 2.

Final Sorption [U]T [U].q (U]T: [UhT:
pH Density (gM) (pM) [Fe-OH.rj)r [CO sT

4.55 0.24 12.3 10.09 0.042 1.210
4.68 0.13 10.4 9.23 0.036 1.015
5.04 0.53 12.3 7A3 0.042 1.167

5.40 0.85 12.3 451 0.042 No CO2
6.15 1.26 12.3 0.64 0.042 NoCO2
6.48 1.11 10.4 0.16 0.036 0.414

6.39 2.87 36.1 9.70 0.124 1.618
6.42 7.70 *72.2 IA0 0.248 3.115
6.71 14.14 131.1 1.05 0.456 4.163

8.00 0.88 12.0 3.89 0.041 0.024
8.25 0.53 10.4 5.45 0.036 0.012
8.49 0.36 12.3 8.97 0.042 0.008

and saved for KPA measurement of (U]1, . Typically. ?:99.5% of the
supernatant was removed (determined by change in mass). Since ad-
sorption was generally >27% of [UMT (Table 1), the amount (total
number of moles) of surface-bound U(VI) was in excess of dissolved
U(VI) in the remnant interparticle solution in the corresponding cen-
trifuged-and-decanted samples by factors 250.

The solubility of U(VI) under conditions similar to those of the
adsorption samples (including equilibration time) was measured to
ascertain if homogeneous precipitation of U(VI) solids could have
occurred in the adsorption samples. 500 mL volumes of 0.1 M NaNO3
solutions was equilibrated with water-saturated air, and were adjusted
to pH 4 or 9. 0.5 mM U(VI) was added dropwise, and the solutions
were adjusted to their final pH values and stirred for an additional 24 h.
Samples were then filtered through a 0.05 pm cellulose nitrate filter.
The filtrates were used to measure [U],,. and in the case of the pH 6.5
sample, the filter paper was saved for EXAFS analysis. 239U in filtrates
(pH 55. pH 6.5. and pH 7.5) was counted with a scintillation counter
(Beckman LS6000SC, detection limit -10 jiM for 60 min. count
time).

Elecrophoretic Mobility Measurements: 1.0 mL aliquots of a 1.0
g/L hematite suspension in Barnstead/Nanopure (Easy-Pure UV) ultra-
low carbon water ('UV-water" hereafter) were transferred into 50 mL
polycarbonate centrifuge tubes containing 10 mL UW-water and the pH
was adjusted to the desired value using HCI or NaOH/NaHCO3. Cen-
trifuge tube lids had ca 3 mm-diameter holes to maintain equilibrium
between solutions and atmospheric CO2. Sufficient NaNO3 and UV-
water were added to bring the ionic strength to 0.01 M and the volume
to 19.0 mL, and the suspensions were allowed to pre-equilibrate over-
night. UO2 (NO3)2 prepared from a standard (Anderson Laboratories
Inc.) was then added to achieve MT of 2.0 or 8.0 psM. Sample pH was
adjusted to final values and sufficient UV-water was added to obtain 20
mL The samples were then placed on a shaker table and allowed to
equilibrate in the dark to eliminate effects due to UV-light.

Electrophoretic mobility measurements were carried out using dy-
namic light-scattering with a Brookhaven Instruments Zeta-Plus Ana-
lyzer and a gold electrode. Prior to analyses, all samples were placed in
an ultrasonic water bath to disperse the hematite suspensions. After
each measurement, the electrode was rinsed with UV-water and
cleaned ultrasonically. The sample cuvette and electrode were then
rinsed with the sample prior to the next measurement. Triplicate mea-
surements were made. Reported results represent the average of these
values.

23. EXAFS Data Collection, Analysis, and Theoretical
Calculations

Centrifuged wet hematite pastes were loaded into Teflon sample
holders with Mylar windows for EXAFS analysis, and the loaded
samples were wrapped with moistened tissues until analysis to prevent
their desiccation. Room-temperature U Lrn-edge fluorescence spectra
were collected within 3 days of sample preparation at SSRL beamlines
4-1 and 4-3 using a Lytle-type ion chamber detector and/or a Canberra
13-clement Ge array detector. Silicon (220) double-crystal monochro-
mators were used to tune the incident X-ray beam to the desired
energies. Energy resolution was approximately 5.5 eV (HWHM). Ta
slits were used to define 2 mm vertical X 20 mm horizontal beam
profiles. A Sr 6 I~x filter was used to reject elastic scattering off the
samples, and four to five thicknesses of Reynolds Al foil were used to
reject Fe-K fluorescence from the samples.

EXAFS spectra from samples were background subtracted, spline-
fit, and quantitatively analyzed using the EXAFSPAK software
(George, 1993). In no case did the number of parameters that were
varied during fitting exceed the Nyquist limit, Nf,,, = 2AkARIr, where
Nf,,, is the number of degrees of freedom, Ak is the range of k-space
being fit, and AR is the width of the characteristic frequency in the FT
(Teo, 1986). Backscattering phase and amplitude functions required for
fitting of spectra were obtained from FEFF 6 calculations (Rehr et al.,
1992). u2 values for equatorial oxygens (O,,) were found to converge
to 0.01 ±. 0.001 A2 when allowed to float. To facilitate comparisons
between samples, a2 was thereafter fixed to be 0.01 A2 for Oq shells.
For similar reasons a2 was fixed to be 0.01 A2 for Fe shells. For C
shells, a2 was fixed to be 0.0041 A2 based on comparison to aqueous
[UO2(CO3)3]4-. This value is consistent with those previously reported
for bidentate carbonate groups (Allen et al., 1995). For U neighbors, a2
was fixed at 0.0033 A2 based on the well constrained fit results of pH
6.5 samples. To assess accuracies of phase and amplitude parameters,
EXAFS spectra for model compounds (aqueous [UO2(CO3)3r-, aque-
ous UO., schoepite, rutherfordine, and uranyl nitrate) were measured,
fit, and compared to their XRD structures. The latter two spectra were
obtained from the SSRL XAFS library and were originally published in
Thompson et al. (1997). Accuracies of bond distances and CNs, are
estimated to be ±:0.03 A and ±30%, respectively, when compared to
these crystal structures. However, when comparing fit results from
samples to one-another, significance of change is best estimated using
the fit-derived estimated standard deviations because they do not in-
clude systematic errors arising from model assumptions used to fit all
sample spectra. FEFF 6 calculations were performed on 18 A-diameter
fragments of the structures of andersonite (Na2CaEUO 2(CO3)3]

1* X
H2O) and saleeite (Mg[U02PO412 * 10H20). FEFF 6 parameters used
were: exchange = I (based on its superior fits of EXAFS from model
compounds), ipot I I (no overlap of muffin tins) based on the findings
of Hudson et al. (1996), and ionization = 0 for all atoms. Calculations
of multiple scattering (MS) in the transdioxo unit were initially per-
formed on all three of the primary MS paths. Only the four-legged path,
U = 0. = U = O., = U. was found to fit the trans-dioxo MS peak
in model compounds. The same conclusion was obtained by Hudson et
al. (1996). Henceforth, only the four-legged U = 0 = U = O.,, = U
path was used to model trans-dioxo MS, with CN, aP, R. and Eo set at
values of 2 atoms, 2u ,2,_O_,, 2*RU-o... and Eou-o._, respectively
(Hudson et al., 1996). This MS shell was added to all fits for samples
containing U(VI) precipitates.

3. RESULTS

3.1. Adsorption Kinetics and Solubility of U(VI)

The kinetics of U(VI) adsorption over a 120 h. duration are
shown in Figure 1. Approximately 67% of the total observed
uptake occurred within the first 30 min. of reaction. Reaction
times of 24 to 48 hr. were chosen for EXAFS samples to
facilitate sample preparation during data collection and on the
presumption that mineral surfaces would have approached
metastable adsorptive equilibrium within this time scale in
aquifers.
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Fig. 2. A. Comparison of final dissolved U(VI) concentrations
([UL,) in EXAFS samples to the calculated solubility of crystalline
A-UO2(OH)2 (solid line). Solid squares denote 10-'M MUIT samples;
solid triangles denote elevated WUlT samples (3.6X to 13.1X I- M);
and open squares give MTUT in equilibrium with precipitates found to
occur in homogeneous solution over the time scale of adsorption
sample preparation. Estimated standard deviation of [UL, values is
3.1%. Calculated equilibrium concentrations of major aqueous species
(numbered as Ku3 2, LoH, MC03 complexes) are shown as dashed lines
(0.1 M NaNO3. open system 10-3O atm CO2, and I mM total dissolved
U(VI)). B. U(VI) aqueous speciation at 5 jIM total dissolved U(VI), 0.1
M NaNO 3, and 10-3- atm CO2. Precipitation of P-UO2(OH)2 (not
shown) was allowed during the calculation.

Final U(VI) concentrations in adsorption samples are com-
pared to the solubility and speciation of U(VI) in air-equili-
brated water (1c-3 5 atm C0 2) in the absence of hematite in
Figure 2. Equilibrium speciation calculations were made with
HYDRAQL (Papelis et al., 1988) using formation constants
from Grenthe et al (1992). Constants for UO2(OH)2..q (log P =
-11.5) and UO2CO3a.q (log 3 = 9.67) were taken from Silva
(1992) and Silva et al. (1995), respectively. Crystalline

3-UO 2(OH)2 was used as the solubility-limiting species for
Figure 2 because it is widely believed to be the most insoluble
phase under the experimental conditions.

A series of samples was prepared to define the nature and
precipitation threshold of the solubility-limiting solid phases
actually obtained under the experimental conditions. In the
absence of hematite, a precipitate was observed that had a
solubility of about 100 I'M (near-neutral pH) and weak pH
dependence (c.f., Fig. 2). In the presence of hematite, the
solubility was found to be much lower over the 48 hr timescale

of the experiments. A series of samples was examined at
pH - 6.5 (i.e., near the solubility minimum) and elevated total
U(VI) concentrations (36, 72, and 131 AM CUJT). The [U]eq
values for the 72 and 131 tuM samples were found to cluster
near the solubility predicted for 13-UO2(OH) 2. Spectra of the 72
and 131 IMM samples (Fig. 3) bear a strong resemblance to that
of U(VI)-oxide precipitates prepared at pH 7 by Allen et al.
(1996). This result is consistent with the presence of backscat-
tering from U neighbors at 3.86 A observed in the EXAFS from
the 72 and 131 IuM samples (Table 2), which indicates multi-
meric and/or crystalline structures. These observations suggest
that U(VI)-oxide solids were the solubility-limiting phase in
our system, precipitating when WUlT > 36 FM (at pH 6.5).
Multimeric complexes can not be completely ruled out as the
explanation for the U neighbors in the spectra from the elevat-
ed-[UlT adsorption samples. The spectra of the present samples
differ from the precipitates of Allen et al. in that they contain
backscattering from C/N atoms at 2.9 A, which could be
structural (most likely nitrate, due to its aqueous concentration)
and/or from adsorbed U(VI)-carbonato complexes. There was
no evidence for such precipitates in any of the EXAFS spectra
from loW-[U]T samples.

3.2. EXAFS Spectra of U(VI) Adsorbed on Hematite

3.2.1. Oxygen and carbon neighbors

Throughout this section (and the rest of the paper), FT peak
distances are reported in units of A. uncorrected for phase shift
(i.e., R + AR). In contrast, when referring to neighboring
atoms, we report actual distances. EXAFS spectra for U(VI)
adsorbed on hematite between pH 4.55 and 8.49 for the low-
[U]T (i.e., 10-5 M U(VI)) conditions are shown in Figure 4.
Quantitative fit results, given in Table 2, indicate that adsorbed
U(VI) has the common linear trans-dioxo structure: two axial
oxygens at about 1.80 A, and an equatorial shell of about 6
oxygens at 2.31-2.49 A. The corresponding Fourier Transform
(FT) peaks occur at about 1.3 and 1.8 A. All FTs contain a peak
at about 2.3 A, which corresponds to a shell of neighboring
atoms at about 2.9 A (as indicated by fits to EXAFS). This
distance is typical of carbonate groups coordinated to U(VI) in
a bidentate fashion (e.g., Coda et al., 1981). and carbon atoms
at 2.87 to 2.94 A provide a good fit to the 2.9 A shell. The 2.9
A distance is too long to be consistent with an oxygen shell and
too short to be attributed to multiple scattering in uncomplexed
UO"+ bonded to hematite. The 2.3 A FT peak increases in
height between pH 5.0 and 8.5. This behavior is not consistent
with nitrate ligands, which should be increasingly repelled from
hematite surfaces as pH and negative surface charge increase.
FTIR measurements of carbonate stretching frequencies in this
system (Bargar et al. 1999; Bargar et al., 2000) indicate that
carbonate bonds directly to U(VI) adsorbed on hematite be-
tween pH 4.5 and 8.5. For these reasons, the 2.3 A FT peak is
interpreted as arising from carbonate (or bicarbonate) ligands
for the remainder of this paper (the protonation state of car-
bonate cannot be ascertained by EXAFS).

FEFF 6 calculations predict that triangular U-C-Oq multiple
scattering (MS) (RPf - 3.25 A) paths can also produce an FT
peak at ca. 2.3 A, but that the EXAFS oscillations for these MS

El



Characterization of U(Vl)-carbonato ternary complexes on hematite 2741

C13

14

0

a)

C

C)

0
Up
C

Ir-
0)

0_
i

I
I

I

1 3 5 7 9 11 13

k(A-1)
A 1 2 3 4 5 6 7

R (A)
Fig. 3. EXAFS spectra (A) and their Fourier transforms (B) for U(VI) adsorbed on hematite in air-equilibrated water at

pH 6.5 and [UIT = 36,72, 131 gvM. Dashed lines are fits to spectra. The bottom-most spectrum is from precipitates prepared
as a solubility-limiting phase as described in section 2.2.

paths are about H radians out of phase with the C single
scattering (SS) EXAFS and hence do not fit the residual
EXAFS (i.e., other shells fit and subtracted from the spectra).
Furthermore, the amplitudes of the triangular paths should be
much smaller than (about 1/5th) those of U-C SS paths. For
these reasons, triangular U-C-Oq MS is hereafter omitted from
discussions.

3.2.2. Fe second-neighbors and trans-dioxo multiple
scattering

All spectra contain a strong frequency component giving rise
to a FT peak at about 2.9 A. Fe neighbors at about 3.43 A
provide good fits to the residual EXAFS corresponding to these
FT features (cf., Fig. 5). However, it has been previously
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Table 2. EXAFS fit results. C, Fe. and U shells are from fits to residual spectra. Estimated standard deviations are given in parentheses.

Oax OeqI Oeq2  C Feb U

CN' 1.9 (.09) 2.7(0.5) 2.8 (.5) 1.1 (.2) 0.7 (.1), 0.5 (.1) -
pH 4.55 Rd(A) 1.80 (.002) 234 (0.02) 2.49 (.02) 2.91 (.012) 3.45 (.005),3.68 (.009) -
'0.24 12 jM (9(A 2 ) 0.0023 (.0003)

CN 2.1 (.16) 5.9' (1.5) - 0.9 (.2) 0.9 (.1) -
pH 4.68 R (A) 1.80 (.004) 2.42 (.01) - 2.87 (.016) 3.42 (.009) -
0.13 10 pM (2 (A2) 0.0036 (.0004)

CN 1.9 (.10) 3.2 (.3) 3.3 (.3) 0.8 (.1) 1.0 (.1) -
pH 5.04 R (A) 1.80 (.002) 2.31 (.01) 2.48 (.01) 2.89 (.009) 3.43 (.006) -
0.53 12 pM ,2 (A2) 0.0028 (.0003)

CN 2.1 (.11) 2.5(1.3) 2.1 (1.3) 0.8(.1) 0.7(.1) -
pH 6.48 R (A) 1.80 (.003) 2.35 (.03) 2.44 (.05) 2.94 (.011) 3.45 (.007) -
*1.11 10 P.M a2(A 2) 0.0045 (.0003)

CN 1.8 (.06) 2.4 (.4) 2.9 (.4) 1.3 (.1) 1.2 (.1) 0.3 (.04)
pH 8.00 R (A) 1.81 (.002) 234 (.018) 2.47 (.014) 2.89 (.006) 3.45 (.004) 3.92 (.006)
*0.88 12 pM (29(A2) 0.0029 (.0002)

CN 1.8 (.09) 1.9 (.5) 3.9 (.6) 1.5 (.1) 1.2 (.1) 0.2 (.05)
pH 8.25 R (A) 1.82 (.002) 2.33 (.029) 2A7 (.015) 2.88 (.006) 3.44 (.005) 3.89 (.009)
0.53 10 jiM (2(A 2) 0.0027 (.0002)

CN 1.7 (.10) 3.3 (.8) 3.3 (.8) 1.7 (.2) 1.3 (.1) 0.5 (.06)
pH 8.49 R (A) 1.80 (.003) 2.35 (.026) 2.48 (.026) 2.87 (.007) 3.42 (.006) 3.90 (.007)
*0.36 12 tiM (29(A2) 0.0019 (.0003)
pH 5A0 CN 1.8(.11) 2.0(.3) 2.64(A) - 0.7(.1) -
*0.85 12 pM R (A) 1.80 (.005) 2.31 (.03) 2.45 (.02) - 3.45 (.0.12) -
No CO, 2  ((A2) 0.0033 (.0003)
pH 6.15 CN 1.8 (.07) 3.1 (.2) 2.2 (.2) - 0.8 (.1)
'1.26 12 pM R (A) 1.80 (.002) 2.32 (.01) 2.49 (.02) - 3.45 (.01) -
No CO2  (9(A2 ) 0.0028 (.0002)

CN 1.8 (.04) 2.4 (.1) 3.2 (.1) 0.9 (.1) 0.7 (.1) 0.2 (.02)
pH 6.39 ' R (A) 1.79 (.001) 2.27 (.007) 2.44 (.006) 2.89 (.005) 3.46 (.004) 3.85 (.006)
2.87 36 tiM (9(A2) 0.0025( 00oo1)

CN 1.8(.04) 2.4(.1) 2.8(.1) 0.9(.1)Nw - 0.6(.07)
pH 6.42' R (A) 1.80 (.001) 2.25 (.004) 2.46 (.004) 2.87 (.005) - 3.86 (.002)
*7.70 72 pM (9(A2) 0.0036(.0001)

CN 1.7 (.04) 2.6 (.1) 2.8 (.1) 0.8 (.1)Nh - 0.7 (.08)
pH 6.71' R(A) 1.80 (.001) 2.25 (.004) 2.47 (.004) 2.86 (.006) - 3.86 (.001)
'14.14 133 p.I (2(A2) 0.0036 (.0001)

CN 1.6 (.05) 2.7 (.1) 2.8 (.1) 1.2 (.1)Nh - 0.3 (.04)
Homogenous R(A) 1.80 (.002) 2.31(.006) 2.51 (.007) 2.91 (.006) - 3.89 (.007)
Precipitate" (9(A2) 0.0026 (.0002)

CN 2.5 (.09) 8.7 (.3) - 3.0 - -
UO2 (CO3)4- R(A) 1.80 (.003) 2.43 (.009) - 2.88 (.006) -
(aq) (9(A2) 0.0030(.0003)

* = adsorption density (pmollm 2).
b Some amplitude in this shell may arise from multiple scattering.
'Coordination number (±30%).
d Interatomic distance (±0.03 A).

, was allowed to float for this shell, obtaining 0.0173 A2.
Sample was prepared to define onset of precipitation in presence of hematite.

' Prepared in the absence of hematite.
b This shell can be interpreted as C or N (c.f.. section 3.1).

demonstrated that multiple scattering in the 0 = U = 0
trans-dioxo unit, particularly from the four-legged path U =
0., = U = ° x = U (Allen et al., 1995; Hudson et al., 1996)
can also give rise to FT features at about 2.9 A. Proper inter-
pretation of the EXAFS results requires distinction between
these two scattering mechanisms. The amplitude variations of
the EXAFS oscillations corresponding to the 2.9 A FT peak
provides a basis for this distinction. This principle is illustrated
in Figure 6. which shows the results of FEFF 6 calculations of
U = 0.x = U = 0 _=U MS amplitude (as measured by
relative CN). The predominant 0 = U = 0 bond angle for
U(VI) with 6 Oq is 1800, and angles less than 1750 should not
occur (Bums et al., 1997). A change in angle between these

values should produce S 6% change in the amplitude of the
MS EXAFS (Fig. 6A). The effect of bond length (Ru. 0 )
should be 51% (Fig. 6B). Breaking the symmetry of U = 0
bond lengths, from 2 O., at 1.82 A, to one each at 1.82 and 1.77
A (as occurs in andersonite), is predicted to have <2% effect
on the MS peak amplitude (not plotted). Fits to residual EXAFS
from adsorption samples, performed using FEFF-generated pa-
rameters for U = 0. = U = O°x = U MS (instead of Fe
atoms), are shown in Figure 6C. The relative CN thus derived
for MS varies by about 45%. approximately 8X more than the
predicted maximum variation of 6%, suggesting that MS com-
prises only a small fraction of the amplitude of the 2.9 A FT
peak in this sample series. To test this conclusion, fits were

ki I
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Fig. 4. EXAFS spectra (A) and their Fourier transforms (B) for U(Vl) adsorbed on hematite in air-equilibrated water at
ca. 10 AM [U]T. Dashed lines are fits. Sample conditions are described in Table 1.

attempted using admixtures of U-Fe SS and MS contributions.
The pure U-Fe SS fits provided the best match to the EXAFS
because of the poor match of the 0 = U = 0 MS EXAFS
amplitudes to data, particularly at k > 7 A-' (cf., Fig. 5).
Consequently, final fits (Table 2) were performed using U-Fe
SS for the 2.9 A FT EXAFS components in the IOW-EUJT

sample series.
The EXAFS-determined ca. 3.45 A U-Fe distance suggests

that U(VI) predominantly was bonded to edges of FeO6 octa-
hedra on hematite surfaces in bidentate or tridentate fashions,
assuming that O.. do not form covalent bonds to surface Fe
atoms (covalent O.x-metal bonding typically does not occur in
U(VI) coordination compounds or in aqueous complexes at
near-neutral pH (Weigel, 1986)). Similar conclusions were
reported by Waite et al. (1994) and Manceau et al. (1992). In
contrast, monodentate bonding of U(VJ) to hematite surface
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peaks at this distance, based on the structures of uranyl and
carbonate groups. The 3.68 A U-Fe distance implies bonding of
U(VI) to corners of FeO6 octahedra, either in bi-/tridentate
geometries (most likely) or monodentate geometries with
highly bent Fe-Oq-U angles (ca. 1120). The trend to increasing
corner-sharing adsorption as pH decreases (i.e.. from pH 4.68
to 4.55) has been observed for other metal ions (Bargar et al.,
1998; Ostergren et al., 1999). This trend is likely related to
adsorption of protons at lFeO sites, effectively decreasing the
overall concentration of preferred bidentate binding sites. The
CN for the 3.68 A Fe shell (0.5 ± 30%) suggests that about
20% of adsorbed U(VI) occupies these corner-sharing sites
(assuming bridging bidentate corner-sharing, and taking into
account the 0.7 atom CN for the 3.45 A Fe shell).

3.2.3. U second-neighbors

At pH 2 6.5, the adsorption sample spectra contained sub-
stantial components having FT peaks at about 3.7 A (cf., Fig 4).
U neighbors at ca. 3.9 A provided excellent fits to the EXAFS
spectra. Multiple- and single-scattering from distal oxygens
(Odisral) of bidentate carbonate ligands have also been reported
to produce FT features at about 3.7 A (Allen et al., 1995; Clark
et al., 1998). No FT peaks were observed at 3.7 A in the pH
4.55, 4.68, 5.04, and 6.48 (12 ,iM WIT) spectra, even though
U(VI) had about one bidentate carbonate ligand. This observa-
tion indicates that carbonate/bicarbonate U-Od5,,., SSMS is
weak in these samples. In addition, the height of the 3.7 A FT
peak does not correlate with C CN (c.f., Table 2. Fig. 4), as
should occur if the peak originated from U-Odj,,ul SS/M. Fits
using U-Odj,,ia SS and MS instead of U were attempted, but did
not fit the EXAFS oscillations in any way that could be de-
scribed as a match. Based orl these observations, we interpret
the 3.7 A FT peak as arising from U neighbors.

The equilibrium U(VI) concentrations of the loW-LUIT ad-
sorption samples were about an order of magnitude below the
predicted solubility of crystalline j3-U0 2(OH)2 and the solubil-
ity of precipitates observed in the 72 and 131 PM WIlT samples
(c.f., Fig. 2A). Furthermore, the loW-HU]T sample spectra are
dissimilar to the U(VI) precipitate spectra collected in this
study (Fig. 3) and to spectra of schoepite-like precipitates
measured by Allen et al. (1996). Hence, backscattering from U
neighbors in the IOW-IUIT adsorption sample spectra indicate
the presence of adsorbed multimeric surface complexes.

3.3. Electrophorelic Mobility of Hematite in the System
U(VI) + CO.

The effect of U(VI) on the electrophoretic mobility of he-
matite in air-equilibrated solutions is shown in Figure 7. In the
absence of U(VI), hematite was positively charged below pH 8,
due to protonation of surface functional groups. Addition of
U(VI) to the system induced a surface charge reversal between
pH 6.5 and 8. This result is consistent with the findings of Ho
and Miller (1986) and Lenhart and Honeyman (1999). The
magnitude of charge reversal increased with increasing [U]T.
The deflection of surface charge to negative values indicates
adsorption of anionic complexes onto hematite. The accumu-
lation of negative charge (anions) on negatively charged hema-
tite surfaces, which is necessary to generate the charge reversal,

4.5 a 5.5 8 6.5 7 7.5 8 8.5

pH

Fig. 6. Comparison of calculated multiple scattering (MS) ampli-
tudes to observed amplitudes in sample spectra. (A) Effect of O=U=O
bond angle. MS EXAFS were calculated over a range of O=U=O
angles using the four-legged U=O. =U=O 0=U path. MS amplitude
(solid black circles) is expressed as CN, normalized to the highest-
probability bond angle. CNs were obtained by fitting the calculated MS
EXAFS using the same phase/amplitude parameters as were used for
sample spectra (c.f., section 23.). Dotted lines are interpolations be-
tween calculated values. The histogram illustrates the distribution of
bond angles observed in U(VI) oxides (Bums et al., 1997) for the case
when there are 6 O,. (B) Effect of U=O bond length. Closed circles
give MS amplitude (calculated as described above) calculated over a
range of U=O bond lengths, normalized to the values observed in
sorption samples. (C) Observed amplitude. Sample EXAFS were fit
using MS parameters for the shell corresponding to the 2.9 A FT peak,
for which ol was estimated using dr,,s=2U2 ssu..o. The resulting CNs
were normalized to the largest-amplitude sample. Error bars give the
ESDs for EXAFS-derived CNs.

groups should produce U-Fe distances 2 3.85 A (assuming
<Fe-O,,-U 2- 1200).

The pH 4.55 sample contains an additional shell of back-
scatterers at about 3.3 A in the FT. which can be well fit by Fe
neighbors at 3.68 A. No MS paths are expected to contribute to
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4.1. Evidence for Metal-Bridging Ternary
Xlematite-U(VI)-Carbonato Complexes

Several lines of evidence suggest that U(VI) adsorbed on
hematite was simultaneously bonded in an inner-sphere fashion
to surface XFe-O groups and to carbonate (or bicarbonate)
ligands, i.e., comprising metal-bridging ternary hematite-
U(VI)-carbonato complexes. This is a key point to demonstrate,
since the appearance of C neighbors in spectra could, in prin-
ciple, arise from outer-sphere or diffuse-layer adsorption of

) * complexes such as UO2(CO3)43(aq), and hence doesn't singu-
larly indicate the existence of ternary species. Constraints that
address this issue (as well as the issue of metal vs. ligand-
bridging structures) are as follow:

0

.0

0

-1

-3

I . I...... The electrophoretic mobility measurements suggest that ad-
sorbed U(VI) complexes are anionic in character and

:............strongly bonded to hematite, suggesting the presence of
: 2. inner-sphere ternary complexes.

2. Adsorption of ligand-bridging and/or outer-sphere U(VI)-
. ,,,,,, ,,, , ,, .,, ,,,, carbonato complexes should lead to decreases in the mea-

5 5.5 6 6.5 7 7.5 8 8.5 9 sured number of second-neighbor Fe atoms relative to a
pH carbonate-free system in which U(VI) is complexed directly

by hematite. However, such a trend is not observed. The
.lectrophoretic mobility of hematite in air-equilibrated water number of second-neighbor Fe atoms is the same or larger in
on of pH in the presence and absence of U(VI). Dotted lines the presence of carbonate than in C0 2 -free samples (Table 2).
Lhed fits provided to illustrate the trend defined by the data 3. The observed U-Fe distances are sufficiently short to rule
indard deviations were estimated from repeat measurements. out the interposition of carbonate between U(VI) and hema-

Fig. 7. E
as a functi
are smoot]
points. Sta

requires anion-surface bonding forces strong enough to over-
come electrostatic repulsion. Hence, the charge reversal sug-
gests that the anionic species adsorbed in the presence of U(VI)
were bonded to hematite via significant non-electrostatic mech-
anisms such as covalent inner-sphere bonding and/or hydrogen
bonding.

4. DISCUSSION

The experimental conditions of the present study were cho-
sen to be representative of those in saturated aquifers for
several key parameters (pH, U(VI) concentration, dissolved
carbonate). A primary objective of such studies is to develop
predictive models of U(VI) adsorption and hence transport and
fate in the environment. Approaches to describing U(VI) ad-
sorption range from simplified partition coefficients (Kds),
which often neglect important aspects of groundwater chemis-
try such as pH and metal ion concentration, to surface coin-
plexation models (SCMs) that require knowledge of molecular-
scale adsorbate and surface structures. Spectroscopically-
derived information provides constraints on the total number
(and types) of transport-limiting species, fundamental to any
modeling approach. Stoichiometries of adsorption reactions can
be formulated once the compositions of the species in question
are known. Furthermore, structural details of surface com-
plexes, such as the linkage of adsorbates to oxide surfaces
(monodentate, bidentate, etc.) and their distances above the
surfaces, can be used to predict the proton stoichiometries of
adsorption reactions (Hiemstra and van Riemsdijk, 1999; Rietra
et al., 1999). As described below, such constraints can be
obtained from the present study.

tite.
4. The high electrolyte concentration (0.1 M ionic strength)

should hinder adsorption of outer-sphere anionic U(VI) spe-
cies, including (UO2)2(OH) 3CO3- (the predominant aqueous
U(VI)-carbonato anion under the pH values reported herein,
c.f., Fig lB). Points 3 and 4 indicate that adsorbed
UO 2(CO3)34 (aq) wasia minor species or was not present at
the hematite-water interfaces.

EXAFS-derived CNs for C neighbors were 21 (±30%) in the
low-[U]T sample series, suggesting that ternary hematite-
U(VI)-carbonato complexes were dominant species from pH
4.5 to 8.5. This conclusion is consistent with the current elec-
trophoretic mobility results and with previous ATR-FTIR mea-
surements in this system (Bargar et al., 1999). The inferred
anionic character of the ternary complexes is consistent with
exchange of 0H- for water molecules in the U(VI) equatorial
shell and/or displacement of surface-bound protons as a result
of adsorption, e.g., -Fe(OH)2 + U02+ + C033 = -FeO 2 -
UO2CO3 + 2H+. Preliminary surface complexation model-
ing in the present system indicates that U(VI) uptake and
proton release can be modeled using hematite-U(VI)-carbonate
surface complexes (Reitmeyer et al., 1999; Reitmeyer et al.,
2000).

4.2. Structures and Compositions of Monomeric
Heematite-U(VI)-Carbonato Ternary Complexes

At pH s 6.5 and U].T s 12 ILM (71 s 1.1 ttmollm2), there
was no evidence for U neighbors in the EXAFS spectra, sug-
gesting that adsorbed U(VI) complexes were predominantly
monomeric (i.e., one U(VI) per complex). The EXAFS-derived
CNs for C neighbors were about I under the conditions where
the proposed monomeric U(VI) ternary complexes predomi-
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A

Fig. 8. Ball-and-stick representation of postulated
Fell.<$H,>UO2 (OH.H2O)4 -2 ,(CO3), (r=s=0). (A) t=1 and (B)

Y=2. (C) Representation of proposed dimeric -Fe 20 3K(UOJ2
(OHH20)- 21(COX)A ternary complexes (s=0, t=3) bonded to edge-
sharing FeO6 octahedra (U02 axial oxygens omitted for clarity would
protrude normally above and below the plane of the page). To illustrate
the dimensional mismatch between the multimeric complexes and
hematite, Fe atoms are shown (projected onto the plane of the page)
with the maximum Fe-Fe separations found in hematite for neighboring
FeO 6 octahedra.

nated. This observation suggests that >90% of adsorbed U(VI)
was incorporated in monocarbonato complexes, or that about
50% were in biscarbonato complexes and 50% had no carbon-

ate ligands. We propose the composition - Fe<OH'>UOa

(OH,H 2O)4 -2,(CO3), for these putative monomeric ternary
OH,

species. The symbol - Fe<OH, denotes bidentate surface

sites as indicated by the EXAFS, c.f., section 3.2.2. (tridentate
sites cannot be ruled out, but should be present in lower
abundance than bidentate sites). Ligands are written as carbon-
ate groups instead of bicarbonate, based on ATR- and DR-
FTIR results in this system (Bargar et al, 1999; Bargar et al.
2000). No more than 2 carbonate ligands are written for terna-
ry-complexed U(VI) because its equatorial shell has on aver-
age s 6 Oeq, two of which are occupied by surface oxygens
(cf., Fig. 8). Exact charges for the complexes are not be defined
because they are determined by the partial charges and proto-
nation states of surface oxygens.

Complexes in which carbonate ligands simultaneously bond
to U(VI) and hematite cannot be ruled out. However, if car-
bonate ligands are positioned normal to the surface as expected
(Fig. 8), then the distal carbonate oxygen should be ca 3.9 A

above the putative surface plane. Since simultaneous bonding
of U(VI) to carbonate and hematite requires bonding of this
distal oxygen to surface Fe atoms, such arrangements should be
restricted to step edges and/or defect sites.

4.3. Evidence for Multimeric Hematite-U(VJ)-Carbonato
Complexes

The EXAFS-determined ca. 3.90 A U-U distances are char-
acteristic of equatorial edge-sharing, hydroxyl-bridged U(VI)
coordination complexes (i.e., neighboring U0 2 cations are
linked by two common equatorial oxygens) (Aberg, 1970;
Allen et al., 1996). The 3.90 A U-U distance is significantly
shorter than U-U separations in aqueous (UO2)3(CO3)'6 com-
plexes (cf. Coda et al., 1981), suggesting that these species
were not present. The EXAFS-derived U CN was 0.5 neighbors
at pH 8.49, implying that ca 50% of adsorbed U(VI) was
accounted for by dimeric complexes (i.e., with respect to
U(VI)), or that smaller amounts of tri- or tetrameric complexes
occurred at this pH. The number of second-neighbor Fe atoms
at pH 2 8 was equal to or greater than observed at pH 5 5,
where no U neighbors occurred. This observation suggests that
all U(VI) atoms in multimeric complexes were bonded to
hematite surfaces, i.e., the complexes were oriented parallel to
hematite surfaces.

The low-[U]T sample series shows that C CNs increased
from 0.8 to 1.7 atoms as U CN increased from 0 to 0.5 (Table
2). This trend suggests that U(VI) multimeric complexes con-
tained about the same number of carbonate ligands per ad-
sorbed U(VI) as did U(VI) in monomeric hematite-U(VI)-
carbonato ternary complexes. As a starting point for modeling, we
suggest the composition -Fe2O3H,(UO2)2(OHMH20)1. 2 (CO3)A
for the multimeric complexes, where t has values s 3. This
complex (with s = 0, t = 3) is illustrated in Figure 8C. The
complexes are written as dimeric species because integral mul-
tiples of the EXAFS-derived 3.9 A U-U distances do not match
any obvious structural repeat units in hematite. Hematite Fe-Fe
separations, which control the spacing of surface FeO6 edge
sites, are 2.90;2.97 (edge-sharing octahedral) 3.36, and 3.71 A
(comer-sharing octahedral). The bulk lattice parameters (5.04
and 13.77 A) are non-integral products of 3.9 A, and none of
the surface unit cell dimensions of the common hematite (0001)
and (1101) parting planes (Nesse, 1991) match the 3.9 A U-U
distance. We emphasize that the proposed composition should
be viewed as a starting point for further refinement because of
the assumptions involved.

(UO2 )3 (OH), complexes, which previously have been pro-
posed to adsorb on oxide surfaces (Hsi and Langmuir, 1985;
Turner et al., 1996), are not consistent with the present EXAFS
results. The three U(VI) in aqueous (UO 2)3 (OH)4- define a
triangle and are hydroxo-bridge linked to one-another via
shared equatorial oxygens, all of which lie in the same plane as
the U(VI) (Aberg, 1970). U(VI) axial oxygens protrude from
this plane at normal angles. This trigonal planar structure would
preclude simultaneous inner-sphere bonding of 1 to 2 of the
U(VI) atoms in (UO 2 )3 (OH)5- to hematite surface sites. Thus,
adsorption of (UO2)3(OH)'- would have led to decreasing Fe
CNs (as pH, (UIT increased in the sample series), which was
not observed.

M

i

I

L

I



2748 J. R. Bargar et al.

4.4. Evidence for Hematite-U(VI)-Biscarbonato
Complexes

The EXAFS-derived CNs for C at pH 8.00 to 8.49 were 1.3
to 1.7 atoms. An average CN > I indicates the presence of

hematite-U(VI)-biscarbonato complexes (i.e., Fe<OH,>

U0 2(CO3)2) at these pH values, since no combination of U(VI)-
monocarbonato and carbonate-free U(VI) complexes can pro-
duce an average number of carbonate neighbors per adsorbed
U(VI) greater than unity. The C CNs increase with pH, indi-
cating an increase in the relative concentration of biscarbonato
complexes.

If half of adsorbed U(VI) were in dimeric complexes at pH
8.49, as imputed in the preceding section, and half were mo-
nomeric biscarbonato complexes, then the maximum predicted
carbonate CN would be 1.75. This conclusion agrees with the
observed result at pH 8.49 (1.7 carbon neighbors), suggesting
carbonate-free U(VI) complexes were minor species at this pH.

In the absence of U(VI), hematite has net positive surface
charge when pH < 8. This positive charge may be a key force
stabilizing the putative anionic U(VI)-carbonato surface com-
plexes. Examples of low-pH stabilization of anionic surface
complexes have been noted previously. For example, Bargar et
al. (1997ab) showed that anionic Pb(OH)3 surface complexes
are stabilized on hematite, goethite, and alumina surfaces at
pH < 7, even though hydrolyzed Pb(1I) complexes were minor
species in aqueous solution. Similarly, Rietra et al. (1999)
proposed that positive surface charge on goethite (a-FeOOH)
below pH 7 should stabilize the deprotonated forms of other-
wise protonated oxyanions.

S. SUMMARY AND CONCLUSIONS

EXAFS measurements of U(VI) adsorbed on hematite sug-
gest that U(VI)-carbonato-hematite ternary complexes occur
and are important species between pH 4.5 and 8.5. The
EXAFS-derived U-C distances of ca. 2.9 A indicate bidentate
bonding of carbonate to U(VI). The average number of C
neighbors was observed to range from 0.8 to 1.7, increasing
with pH, suggesting the presence of anionic U(VI)-biscarbon-
ato complexes that increase in relative concentration with pH.
This conclusion is consistent with electrophoretic mobility
measurements, which indicate the presence of anionic species
on hematite adsorbed via significant non-electrostatic bonds
such as covalent inner-sphere and/or hydrogen bonding.
EXAFS components from neighbors at ca. 3.5 A were also
observed. Multiple scattering in the trans-dioxo U02' unit was
found to be inadequate to account for the variable heights of
these features, whereas single scattering from Fe neighbors at
about 3.45 A provide good fits to the raw and residual EXAFS.
This result suggests that U(VI) bonds to hematite predomi-
nantly in a bidentate fashion (tridentate adsorption may also
occur) to edges of FeO6 octahedra on the oxide surface (i.e.,
inner-sphere adsorption), implying reaction stoichiometries in
which two surface oxygens are involved in adsorption of each

OH, . O
U(VI). We propose the composition - Fe<OH).UOl

(OH,H 2O)4. 21(C0 3), for these species. Based on the ubiquity of
Fe-oxide coatings and dissolved CO2 in aquifers, we speculate

that Fe-oxide-U(VI)-carbonato complexes may be key trans-
port-limiting species for U(VI) in oxic groundwaters.

At pH 5 6.5, no evidence was observed for second-neighbor
U(VI), indicating that adsorbates were monomeric with respect
to U(VI). At pH 2 8.0, EXAFS spectra suggest the existence of
multimeric U(VI) complexes, even at the lowest adsorption
densities measured. None of the aqueous complexes
UQ2 (CO3 )3, (UO2 )3(C0 3 ) , or (UO 2) 3(OH) , are consis-
tent with the EXAFS results for the adsorbed species.
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Pb2 + and Zn2" adsorption by a natural aluminum- and iron-bearirng surface coating
on an aquifer sand
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Abstract-Pb2 + and Zn2+ adsorption was studied in batch experiments with material collected from a
shallow, unconfined aquifer of glacial outwash sand and gravel in Falmouth, Massachusetts, USA. The
aquifer solids contain primarily quartz (95% wlw), with minor amounts of alkali feldspars and ferromag-
netic minerals. Pb2+ and Zn2" adsorption experiments with various grain size and mineral fractions of the
aquifer solids showed that (I ) Zn2 adsorption was independent of grain size, but Pb2 was preferentially
adsorbed by the <64 pm size fraction and (2) Pb2+ adsorption decreased after removal of the paramagnetic,
Fe-bearing mineral fraction, but Zn2" adsorption was unaffected. Pb2+ and Zn2" adsorption on mineral
separates from the aquifer material compared with metal adsorption on a purified quartz powder indicated
that adsorption of both metal ions was dominated by coatings on the quartz fraction of the sediment.
Characterization of the coatings by AES, SEM-EDS, and TOF-SIMS demonstrated that the natural quartz
grains were extensively coated with Al- and Fe-bearing minerals of variable composition. Thin sections of
quartz grains examined by TEM showed that the coatings contained both polycrystalline regions and single
mineral crystals. The coating thickness varied from <10 nm up to 30 pm. The coatings were mostly
resistant to dissolution by an extraction protocol designed to dissolve noncrystalline phases. The effect on
metal adsorption of dissolving surface coatings from the sediment by chemical extraction was also mea-
sured. A hydroxylamine-HCI extraction designed to dissolve crystalline Fe oxide phases decreased Pb2

and Zn2 ' adsorption relative to untreated sediment (extracted Fe/Al - 1), but Pb2 ' and Zn2 adsorption
were not appreciably changed after sediment was extracted with dithionite-citrate (extracted Fe/Al - 5).
Overall, the results suggest that Pb2" preferred to form complexes with iron hydroxyl sites, while aluminol
sites were more important forZn2 adsorption. However, a definitive understanding of adsorption reactions
in groundwaters will require detailed studies of the extensive coatings formed at mineral-water interfaces
by chemical weathering processes.

1. INTRODUCTION

Weathering reactions produce complex mixed oxide and/or
mixed-silicate phases on surfaces of natural samples. Iron, Al,
and Si released by weathering reactions may be redeposited
as precipitates of goethite, hematite, allophane, or kaolinite
(Sposito, 1984; Taylor, 1987; Parfitt and Kimble, 1989;
Farmer et al., 1991 ). Diagenesis and interactions with bacteria
may cause leaching of surface layers of minerals (Casey and
Bunker, 1990; Bennett, 1991), formation of various mixed
layer clays (Eberl, 1978; Newman, 1987), and the deposition
of extremely fine-grained, poorly crystalline minerals (Ben-
son and Teague, 1982; Fritz and Mohr, 1984). The surface
properties of minerals are altered by the accumulation of or-
ganic matter or poorly crystalline Fe and Al hydroxypolymers
on the surface (Jenne, 1977; Davis, 1982; Lion et al., 1932)
and the structure of the weathered surface can resemble poorly
ordered clays (Jones and Uehara, 1973; Banfield and Eggle-
ton, 1988; Banfield et al., 1991).

The adsorptive reactivity of these accumulated surface
coatings for metal ions is not well understood. In order to
successfully model the transport of metals in groundwater,
adsorption-desorption reactions of metal ions with the aquifer
solid should be included (Lienert et al., 1994; Bourg et al.,
1989). Description of these reactions with a surface com-
plexation model requires that the type and surface density of
reactive functional groups for the aquifer material be known.

In general, metal ion sorption in natural systems is thought to
be dominated by surface reactions with Fe and Al oxyhy-
droxides and organic coatings (Davis and Kent, 1990; Spo-
sito, 1984). Association of contaminant metals with FeOH
and AIOH sites has led to the development of pollution in-
dicators in sediment studies based on correlation of extracta-
ble Fe and Al with contaminant metals (Daskalakis and
O'Conner, 1995; Fuller et al., 1995).

This study was conducted to determine the predominant
surface functional groups for Pb2+ and Zn m adsorption onto
a weathered, glacially deposited sand. Batch metal ion ad-
sorption experiments were done on various grain size and
mineral fractions of the aquifer material to determine the reac-
tivity of each fraction at equal ratios of surface area per vol-
ume of solution. The effect on metal adsorption of partial
dissolution of surface coatings was investigated using various
extraction techniques (Chao, 1984). In'addition, surfaces and
thin sections of individual sand grains were studied by scan-
ning electron microscopy (SEM), Auger electron spectros-
copy (AES), transmission electron microscopy (TEM), and
time of flight-secondary ion mass spectrometry (TOF-SIMS)
to determine the microscale distribution and composition of
the surface coatings before and after chemical extraction. The
role of organic C was not investigated in this study; the
amount of sedimentary organic C in the aquifer is very small
(0.01-0.05%, Barber et al., 1992).
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2. MATERIALS

All reagents used, unless otherwise noted were reagent grade. Wa-
ter used was double deionized water passed through a Milli-Q system
(The use of brand or product names in this article is for identification
purposes only and does not constitute endorsement by the US Geo-
logical Survey). All labware was acid-washed and rinsed with Milli-
Q water before use.

2.1. Aquifer Material

Experiments were conducted with sediments collected at the US
Geological Survey Toxic Substances-Hydrology Research site in Fal-
mouth, MA. The study site is a shallow, unconfined aquifer of un-
consolidated glacial outwash sands and gravels (LeBlanc et al.,
1991). Groundwater is contaminated by the discharge of treated sew-
age effluent onto rapid infiltration sand beds, located about 300 me-
ters upgradient of the study site (LeBlanc, 1984). The contaminant
plume contains elevated concentrations of major cations (Ca, Mg. K,
Na), anions (sulfate, phosphate), dissolved metals (e.g., Zn), and
various detergent compounds (Barber et al., 1988; Rea et al., 1991;
Kent ct al., 1994). Sediments in the aquifer consist predominantly
of a medium to coarse sand with localized zones of gravel, fine sand,
and silt size material. Typically, the combined silt and clay sized
material comprises <1% by weight of the sediment (Barber et al.,
1992; Davis ct al., 1993). The sand mineralogy is dominated by
quartz and feldspars; Fe-bearing accessory minerals are present in
low abundances (Barber, 1990; Wood et al., 1990). Carbonate min-
erals are absent from the aquifer material (Barber, 1994).

2.1.1. Preparation of a composite sample

Four discontinuous cores of subsurface material, approximately
6 m in length, were collected at the site and frozen until used. The
cores were collected below a zone of measurable Zn(ll) contami-
nation (Rea et al., 1991) in the suboxic portion of the aquifer (Kent
et al., 1994). 15 cm subsections of the cores were air-dried in a
laminar-flow hood and then sieved through a I mm polyethylene
screen (by weight, 79% of all material processed passed through the
screen). Samples of <1000 pm fraction from each subsection were
tested for Zn(ll) contamination by extracting with hydroxylamine-
HCI solution at 50C for 30 min (see below for extraction details).
Zn(ll) was measured in the extraction solution by flame atomic ab-
sorption spectroscopy (FAAS, method detection limit = 0.14 umoll
L, or 0.7 nmol/g solid). Two of the subsections were discarded be-
cause they had greater than 5 nmoles of ZnIg solid, to avoid working
with sediment contaminated with Zn. The remaining sediment (13
kg) was mixed and stored dry, and is referred to as the <1000 pm
fraction or composite sediment in this study.

2.1.2. Sizefractions

Several different size and mineral fractions of the <1 000,um frac-
tion were prepared, both for the purpose of further characterizing the
sediment and for studying the adsorption properties of individual
fractions. The < 1000 pm fraction was separated into four size frac-
tions: <64, 64-250. 250-500. and 500-1000 pm. Approximately
4 kg of the <1000 pm fraction was wet sieved to remove the <64
pm fraction using an artificial groundwater solution (AGW). The
AGW composition (Na 1300 pM, Ca 250 uM, Mg 150 FM. K 100
pM, Cl 1400 FM. and SO, 400 pM) approximates the typical major
ion composition of groundwater collected from the suboxic zone of
the Cape Cod aquifer (Anderson et al., 1994; Kent et al., 1994). The
size fractions between 64-1000 pm were separated by dry sieving
using acid-washed polyethylene sieves.

2.1.3. Separation of mineralfractions

Mineral separates from the composite sediment were collected us-
ing both density and magnetic susceptibility techniques. Diamagnetic
sand fractions were prepared using a Frantz electromagnetic barrier
separator. Sand was passed through three times, with the magnetic

field increased from an initial current of 0.5 amp, up to 1.0 amp and
1.5 amp for the second and third passes of the diamagnetic fraction.

Mineral fractions were separated by density using a mixture of
bromoform and acetone. Bromoform was diluted with acetone in a
separatory funnel to an initial specific gravity of 2.7. 50-75 g of dry
sand from a single size fraction was stirred into the mixture, and
minerals denser than 2.7 g/cm' allowed to settle. The settled fraction
was collected on filter paper, rinsed with acetone, and allowed to dry
for 24 h under a fume hood at room temperature. Additional dilutions
of the bromoform solution were made with acetone until a quartz
fraction, and finally a feldspar fraction settled out. A small number
of feldspar grains (less than 1% by weight) contaminated the quartz
fraction; these were removed by handpicking.

2.1.4. Preparation of extracted sedimentfractions

To assess the effect of partial dissolution of Fe- and Al-bearing
minerals on metal ion adsorption, two diamagnetic fractions (250-
500 pm and 64-250 jum) were extracted by various methods and
then used in adsorption experiments. Subsamples of each size frac-
tion from the composite sediment were also extracted for comparison.
All extraction solutions were analyzed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). Additional in-
formation on extraction treatments used on the composite sediment
are discussed in Fuller et al. (1995).

I) Hot HCI extraction: Diamagnetic fractions were leached with
4 M HCI (3 mL acid/g solid) for one hour at 100°C in Teflon cen-
trifuge tubes. The tubes were cooled 10 min before centrifuging. The
supernatant was sampled and the remaining solution decanted. The
dissolved Fe concentration in the extract of the diamagnetic fraction
was constant after one hour; additional Al continued to dissolve even
after 8 h of extraction.

When the treatment was being used to prepare material for ad-
sorption experiments, 0.1 M HCI solution was added to each tube
after extraction, and the tube was immediately shaken and centri-
fuged. This dilute acid rinse was repeated two more times, followed
by rinses with Milli-Q water, which brought the solution pH back to
6. The sediment was air-dried in a laminar-flow hood.

2) Hydroxylamine hydrochloride-HCI extraction (HA): Sediment
fractions and 0.25 M NH2OH-HCI.0.25 M HCI solution (5 mL/g
sediment) were shaken at 50'C in polycarbonate centrifuge tubes,
and the supernatant sampled after centrifugation. Dissolved Fe and
Al in the extract solution of the < 1000 pm fraction increased steadily
during the first 96 h of extraction. However, constant Fe concentra-
tions were reached in less than 48 h with diamagnetic fractions, sug-
gesting that discrete Fe-bearing grains were being slowly dissolved
in the <1000 pm fraction (Fuller et al., 1995). Chao and Zhou
(1983) recommended a 0.5 h HA extraction to define the amount of
amorphous Fe oxide coatings on natural materials; thus, for compar-
ison, sediment extracted for both 0.5 and 96 h was used in metal
adsorption experiments. Samples used in adsorption experiments
were rinsed once with a 0.125 M NH2 OH -HCI-0.125 M HCI solu-
tion, followed by three rinses in Milli-Q water and air-dried in a
laminar-flow hood.

3) Dithionite-citrate extraction (DC): A solution of 0.2 M
(NH,) 2H-citrate was prepared, with the pH adjusted to 8.5 by addi-
tion of concentrated NHOH. 35 mL of solution was mixed with 5 g
of sediment in a polycarbonate centrifuge tube and 0.5 g Na dithionite
(Na 2S201) added as a powder. Headspace in the centrifuge tubes was
minimized to decrease decomposition of dithionite during the ex-
traction. The mixture was shaken for 24 h at room temperature and
then centrifuged. Dissolved Fe and Al were constant in the extract of
the 64-250 pm diamagnetic fraction after 24 h. Samples used in
adsorption experiments were rinsed three times with the 0.2 M
(NIL)zH-citrate solution, followed by three rinses in Milli-Q water.

2.1.5. Specific surface areas

Specific surface areas were determined at atmospheric pressure
using the flow-through method on a Micromeritics FlowSorb 11
(Model 2300). This method allows accurate determination of specific
surface areas on granular samples with values greater than 0.1 mn/g
to be determined using adsorption of N2 gas (Lowell, 1979). A mul-
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tipoint isotherm on the <1000 pm fraction had a linear BET range
of 0.05-0.3 relative pressure and a BET parameter equal to 79. Sub-
sequent determinations were made with the single-point method
(e.g., Gregg and Sing, 1982) at a N2 relative partial pressure of 0.3.
Standard deviations were determined from three replicate measure-
ments. The total weight of solid was between 5-8 g in each mea-
surement.

2.2. Pure Quartz Analog: Min-U-Sil

A cleaned and sized fraction of Min-U-Sil 30 (Pennsylvania Glass
and Sand Co.. Pittsburgh, PA) was used to evaluate the adsorption
of Pb' and Zn2 ' onto a purified Si02 (quartz) surface. Min-U-Sil
is a crushed and sieved quartz powder manufactured for commercial
applications. To achieve a clean quartz surface, Min-U-Sil 30 was
baked at 5000C, acid refluxed twice in 4M HNO,, and then rinsed
eight times with Milli-Q water. The material was then settled at pH
10 to remove particles smaller than 8 pm. This was followed by a
final acid rinse at pH 1.5. several Milli-Q rinses, and drying. The
treatment, developed by D. Kent (pers. commun., US Geological
Survey, Menlo Park, CA), oxidizes organic material and dissolves
contaminant metal oxides and amorphous silica. Mean particle size
after the treatment was 15 pm, and ranged between 8-30 pm. The
BET surface area was 0.32 m2/g.

3. EXPERIMENTAL

Batch adsorption experiments were conducted with three different
categories of material from the composite sediment: ( I ) size fractions
of the composite sediment, (2) untreated diamagnetic sand, and (3)
extracted diamagnetic sand. Tests of the major ion composition of
the aqueous phase showed that it was necessary to rinse the sediment
for I h with AGW in order to achieve constant major ion concentra-
tions. The rinse solutions were discarded prior to initiating adsorption
experiments. Extracted sand fractions had a preequilibration rinse
time of 24 h with AGW, rather than I h. The sediment and solution
slurry was mixed using either a shaker table (86 excursions/min) or
end-over-end rotator (12 revolutions per min).

pH measurements were made with combination semi-micro elec-
trodes calibrated with NBS certified buffers at the temperature of the
experimental system before and after measuring samples. Electrodes
were conditioned in artificial groundwater for I h prior to measuring
samples in order to improve response time (electrode drift <0.01 pH
unit per 4 h). Sample pH was determined after a fixed equilibration
time of 4 min.

3.1. Adsorption Kinetics

The time dependence of Pb' and Zn2 adsorption on the <1000
pm fraction was investigated in batch experiments with a fixed partial
pressure of CO2 Three ports were installed in a I L HDPE container
for gas lines and a combined sampling-pH electrode port. The gas
line out bubbled through an air lock secured to the side of the con-
tainer. The entire apparatus was mounted to a shaker table. 750 mL
of AGW was purged with 1% C03/99% N2 at 50 cm'/min for 24 h.
37.5 g of sand was added to the container and preequilibrated with
the groundwater for I h. Aliquots of freshly prepared Pb' or Zn2

stock solutions (adjusted to pH 4.5 with NaOH) were added to yield
an initial Pb2' concentration of 20 uM or a Zn " concentration of 5
pM. The equilibrated sediment-water-gas mixture yielded a nearly
constant pH of 5.3 for the reaction period, with pH-drift ± 0.1 pH
units. Samples of suspension were collected and centrifuged at var-
ious reaction times; total volume change was <7% over the course
of the experiment. Pb2 ' and Zn2 adsorption on the < 1000 pm frac-
tion appeared to reach equilibrium within 48 h (data not shown).The
approach to equilibrium is probably limited by diffusion to adsorp-
tion sites located within grain pores (Stollenwerk and Kipp, 1990;
Wood et al., 1990).

3.2. Batch Adsorption Experiments on Size and Mineral
Fractions

The adsorption experiments with different samples or fractions
were conducted with constant surface area per unit volume of water.

n2+ experiments were conducted with a surface area: volume ratio
of 176 m2IL (e.g., for the <1000 pum fraction: 10 g/25 mL); for
Pb" experiments the ratio was 22 m2/L (for the <1000,pm fraction:
10 g/200 mL). The total metal concentration of Pb' or Zn2 added
in each experiment was 10 M. Individual HDPE centrifuge bottles
or polycarbonate centrifuge tubes were used for each pH point in
adsorption experiments. Metal ion stock solutions were made from
trace metal grade reagents and were acidified with HNO3. All ex-
periments were conducted at room temperature (20 = 3YC). Reaction
time was 48 h.

Zn2 concentrations were determined by ICP-AES (method de-
tection limit = 0.15 pM) or by isotope dilution in experiments with

5Zn"2 radiotracer. Pb2  concentrations were determined by ICP-
AES (method detection limit = 0.48 pM). The amount of metal ion
adsorption by the sediment was calculated by the difference between
the amount of metal added to experimental blanks (no sediment,
AGW and metal solution only) and the amount remaining in solution
at the end of the adsorption experiment. Metal ion adsorption onto
container walls was negligible over the pH range studied.

Adsorption experiments were performed using two different meth-
ods of pH adjustment: (I ) pH-drift and (2) C0 2-buffered. In the pH-
drift method, the batch experiments were pH adjusted with HNO, or
NaOH after adding the metal stock solutions at the beginning of the
experiment, and the pH was allowed to drift during the 48 h reaction
period. The ptl adjustment was required to neutralize the acid added
with metal stock solutions, or to lower the initial pH further in order
to achieve final pH values in the range of 4.0-5.0 after 48 h of
reaction (the net amount of acid added was between 0.1 and 1.0 mcq/
L). pH always drifted to higher pH values over the course of the 48 h
reaction period, with the largest amount of pH drift occurring in
experiments where the final pH was z5.3 (maximum drift observed
in an experiment was from pH 3.3 to 4.6). Most of the pH drift
occurred in the first 8 hours of an experiment after the metal stock
was added. Preequilibration of the sediment in AGW at the expected
final pH did not decrease the amount of drift.

In the second method (COrbuffered) adopted later in the study,
the solid and AGW were equilibrated under a given partial pressure
of CO2 in flow-through cells (similar to the kinetic experiments de-
scribed above) before a metal stock solution was introduced. Pre-
mixed tanks with a certified (±5%), partial pressure of CO2 in air
were used in these experiments. Metal stock solutions were freshly
prepared with pH values near that of the experiment. This method
allowed experiments to be conducted with minimal pH drift (±0.2
pH units) over the reaction period.

In order to determine how much adsorbed metal was associated
with each mineral type, minerals of the 250-500 pm fraction were
separated (see method above) after conducting adsorption experi-
ments at pH 6.3. Desorption of P19 and "Zn2" from the sediment
during the separation method was less than 25 and 10%, respectively.
The amount of adsorbed "'Zn2" was determined by gamma spectros-
copy of the mineral fractions and the amount of adsorbed Pt9 was
determined by leaching the mineral separates with 0.1 N HNO3 for
I h and measuring the amount of Pb extracted by ICP. Heavy mineral,
quartz, and feldspar fractions were separated in the Zn2 adsorption
experiment (because of the sensitivity of '-Zn 2 + gamma spectros-
copy); only the quartz + feldspar and heavy mineral separates were
collected in the Pb2 adsorption experiment.

3.3. Surface Analytical Techniques

A suite of techniques were chosen to examine directly the coatings
on sand grains before and after extraction treatments and adsorption
experiments. There is a large body of literature written on ion and
electron microscopy techniques, and thus, details of each instrumen-
tal method will not be discussed here (see Smart and Tovey, 1982;
Czandema, 1991; Busbeck. 1992; Brundle et al.. 1992; and references
therein).

3.3.1. Microscopy of Fe-coating after HA extraction

SEM-EDS was used to evaluate the degree to which grain surfaces
remained coated with Fe minerals after extraction. Handpicked un-
treated and HA-extracted sand grains were used, as well as thin sec-
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tions of untreated grains. Quartz and feldspar grains from the 250-
500S m size fraction were examined after C coating to reduce sample
charging. The beam penetration depth was estimated to be 2-3 pm.
Compositional data was estimated from backscattered electrons emit-
ted from approximately I pum into the sample. Iron, Si, Al, and Mn
were detected at concentrations greater than 0.5%.

3.3.2. Analysis of surface coating composition and crystallinity

Changes in the composition of surface coatings after extraction
were studied with TOF-SIMS and AES. Sand grains imaged were
mounted on a conducting foil of indium to avoid sample charging.
This allowed analysis of the coating composition without adding a
conductive coating that might alter surface material. All sand grains
were rinsed with pH 8 Milli-Q water and air dried prior to analysis.

Untreated and 0.5 h HA-extracted quartz sand grains with adsorbed
Pb2` and Zn2` were examined by TOF-SIMS. Only quartz grains
were studied for two reasons: (I) quartz has a relatively homoge-
neous composition therefore it is relatively straightforward to distin-
guish the grain substrate from weathering products, and (2) quartz
grains are the predominant mineral in the composite sediment. Grains
were selected based on the presence or absence of Fe-staining visible
under an optical microscope. Compositional data were mapped at a
spatial resolution of I pm from secondary ions generated by a pulsed

CGa+ primary ion beam. The surfaces of quartz grains were sputtered
by operating the beam in non-pulsed mode to collect elemental data
at depth in the grain. Images and spectra are typically produced from
the upper I nm of a sample. Element detection limits depend on the
individual molecular environment and ionization potential, but most
are detectable at the ppm level.

AES analyses of untreated quartz grain surfaces were compared to
HA (96 h) and DC (24 h) extracted quartz grains. Approximately
45% of the electrons originate from within I nm of the surface; the
remaining signal is generated from I to 10 nm deep within the sam-
ple. Elemental sensitivity factors are well known for this method and
were used to collect semiquantitative compositional data about the
surface. Elemental atomic weight percents calculated were normal-
ized to SiO,.
- We used ENI-EDS to establish the approximate thickness, crys-
tallinity, and elemental composition of the coating on untreated
quartz grains. Samples were mounted by centrifuging small amounts
of sand and resin, and after the resin cured, cutting thin sections from
the resulting aggregate. Diffraction patterns and EDS spectra were
collected from several regions on the coatings visible in the thin
section and from the edges of crushed sand grains.

4. RESULTS AND DISCUSSION

4.1, Aqueous Speciation of Pb (II) and Zn (II)

HYDRAQL (Papelis et al., 1988) was used to calculate the
speciation of Pb(lI) and Zn(II) under the conditions inves-
tigated in the adsorption experiments. The thermodynamic
constants used were set to values recommended by Smith and
Martell (1976), except for the equilibrium constants listed in
Table 1. For AGW solutions containing 10 pM total Pb(II)
in equilibrium with air, approximately 84% of the Pb(II) is
present at Pb2" in the pH range 3.5-6.0. The remaining
Pb(Il) is present as PbSO4(aq) (11%), PbCI (3.6%), and
small amounts of PbOH' and PbCO'(aq) (IA% and 0.3%
at pH 6.0, respectively). As the pH is increased, the first
solid phase to become supersaturated is hydrocerrusite,
Pb3(COQ) 2(0H)2 , at pH > 6.5. If it is assumed that the pre-
cipitation of hydrocerrusite is kinetically hindered, the cal-
culations show that the next phase that would become super-
saturated as the pH is increased is cerrusite, PbCO3 , at pH
> 6.75.

Analogous calculations for Zn(II) (10 pM total Zn, at-
mospheric Pco2) show that 94% of Zn(ll) is present as Zn "

TABLE 1. Additional equilibrium constants used in
HYDRAQL simulations.

Log K
Reaction 25°C, 1=0 Reference

C0, 2 + H -e HCO 10.35 (a)

CO,(aq) + H20 = 16.72 (a)
H2CO,°(aq)

Ca2 + HCO; = CaHCO; 11.46 (a)

Ca2 ' + C0 2- = CaC 2
0,(aq) 3.22 (a)

Pb2 + CO,2- = PbCO,°(aq) 7.24 (b)

Zn2 ' + H20 = ZnOH- + H' -8.96 (c)

Zn2+ + 2H20 = -16.9 (C)
Zn(OH)2

0 (aq) + 2H

Zn2' + HCO; = ZnHCO;' 12.45 (c)

Zn2 ' + C3 2 -= ZnCO0,(aq) 3.9 (c)

Ca?2 + Co2 = CaCO,(s) 8.47 (a)

3PbP + 2CO2 + 2H20 = 18.73 (d)
Pb2(CO) 2(OH)2(s) + 2H-

Zn2+ + CO 2 ZnCO3(s) 10.8 (c)

5Zn+ + 2CO2 + 6H20 = -9.65 (e)
Zn,(CO)2(OH) 6(s) + 6H-

Reactions not listed are from SMITH and MARTEL, 1976.
(a) PLUMMER and BUSENBERo, 1982
(b) BROWN and ALLISON, 1987
(C) ZACHARA et al., 1988
(d) BILINSKI and SCHNDLER. 1982
(e) ZACHARA et al., 1989

in the pH range 3.5-6.0, and the remaining Zn(II) is present
as ZnSO(aq). As the pH is increased, the first solid phase
to become supersaturated is hydrozincite, Zns(CO1 )2(OH)6,
at pH > 7.5. In the experimental systems with elevated partial
pressures of C02 (atmospheric to 5%; used for Zn(II) exper-
iments only), HYDRAQL calculations show little change in
Zn(II) speciation in the pH range of the adsorption experi-
ments from those described above for atmospheric C02 . At a
partial pressure of 5% C02, free Zn2` is decreased by 2% at
pH 5.5 and 8% at pH 6 by the formation of ZnHC03-
ZnC0°(aq) and Zn(C0 3)2- are minor species. At a partial
pressure of 5% C0 2, both ZnCO3 and calcite become super-
saturated at pH > 7.

4.2. Sediment Characterization

The composite sediment used in this study is a relatively
simple mixture of minerals, dominated by quartz in all size
fractions examined (Table 2). The <1000 pum fraction is
quartz (90-95%) plus 5-10% magnetite, hematite, glauco-
nite, goethite, K-feldspars, and lithic fragments. This miner-
alogy is typical of weathered sediments derived from a gra-
nitic source in temperate climates (Blatt et al., 1980), except
for glauconite, which indicates these sediments have under-
gone a period of marine diagenesis (Barber, 1994). Grains
examined by optical microscopy and SEM-EDS show evi-
dence of chemical and mechanical weathering. Quartz grains
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TABLE 2. Distribution of grain size fractions and mineralogy for the composite sediment

Size Fractions, pm

<1000 500-1000 250-500 250-500 64-250 64-250 <64
diamagnetic diamagnetic

100 36 4 7a 46 16 16 0.78Comoosite
Sediment, WL %

Quartz. wt. %

Feldspar, wt. %

Heavy
Minerals. wL %

BET Surface 0.4
Area. ml/g (0.1

(Std. Dcv.)

92 95 - 91 _ 93 b

6 3 - 4 - -

1 2 _ 4 - 6

4 0.31 0.25' 0.18 0.52
(0.01) (0.01) (0.01) (0.01)

0.25 4.97
(0.02) (0.86)

% total surface 100
aread

25 27 19 20 9 9

'Weight percent paramagnetic = 1.1; weight percent quartz - 45.

bSum of the quartz and feldspar fractions.

CParamagnetic . 3.9 moig (std. dev. . 0.1), 10% of total surface area.

daze surface area contributed by each size fraction sums to only 81%. This is likely due to the
uncertainty of the <1000 pm surface area measurement (std. dev. . 23%). which was probably
caused by variation in the amount of <64 pm material among replicate samples.

exhibit the angular sheeting and conchoidal fractures typical
of glacial outwash sediments. Both feldspar and quartz grains
surfaces are pitted and the edges of feldspar cleavage planes
appear etched. Other studies of sediment from the same aqui-
fer reported similar observations (Barber, 1990, 1994; Wood
et al., 1990).

In the composite sediment, the abundance of heavy min-
erals and magnetic/paramagnetic minerals increases as grain
size decreases (Table 2). The composition of these mineral
fractions shifts from mostly lithic fragments in the 500-1000
pm fraction to monomineralic grains of magnetite, hematite,
and glauconite in the 64-250 pm fraction. Barber et a].
(1992) observed the same trend in other samples of material
from the aquifer, although their data were determined as num-
ber and not weight percentages. The mineralogy of the heavy

and paramagnetic/magnetic fractions are nearly identical and
their abundances differ by less than 2%, indicating that these
fractions represent nearly the same material. However, the
separation of the magnetically susceptible minerals also in-
cludes quartz and feldspar grains with significant iron oxide
coatings and lithic fragments that contain magnetite.

43. Pb2 and Zn2" Adsorption by Grain Size and
Mineral Fractions

Metal adsorption experiments were conducted on four size
fractions (<64, 64-250, 250-500, 500-1000 pm) of the
composite sediment and on the <1000 pm fraction (Figs. I-
3). PWI+ and WI adsorption increased from a small amount
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FIG. 1. Pb' adsorption on various size fractions of the composite
sediment. A total Pb'2 concentration of 10 juM and a surface area of
22 m2/L was used in each experiment.

FIG. 2. Zn'2 adsorption on size fractions of the composite sedi-
ment. A total Zn' concentration of 10 juM and a surface area of 176
m'/L. was used in each experiment. Data from pH-drift experiments
only are shown.
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Fic. 3. Comparison of Zn` adsorption in pH-drift and
fered experiments on two size fractions and a diamagnetic
of the composite sediment. A total Zn2` concentration of 11
a surface area of 176 m'/L was used in each experiment.
all three fractions adsorbed nearly the same amount of Z
CO,-buffered conditions.

adsorbed at pH 4 to more than 99% adsorbed at pl
above 6.0. Experiments with the 250-500 pm frac:i
used to compare the effects of removing the magnel
magnetic mineral fraction or different extraction to
on metal ion adsorption by the aquifer material (Fig
This size fraction makes up approximately 50% (by
of the < 1000 pm fraction and accounts for 27% of the
surface area of the composite sediment.

The adsorption experiments with different sample!
tions were conducted with constant surface area per i
ume of water. This approach probably allows the be
parison of adsorptive reactivity among the various
because the total surface site density varies little per
face area among a variety of oxide minerals (Davis a
1990). In contrast, the total site density per unit W
sediment may vary by orders of magnitude because
differences in specific surface area (e.g., 0.18-4.9
this study, Table 2).

Pb2M was preferentially adsorbed by the <64 pm a
500 pm fractions (Fig. I). The higher Pb2 adsorptic
smallest size fraction suggests that the increased ab
of Fe-bearing minerals in this fraction (Table 2) c
responsible for the greater surface reactivity. Remov
magnetic/paramagnetic fraction decreased Pb2M ad
(Fig. 4), which is consistent with this hypothesis. R4
these magnetically susceptible minerals significantly
the amount of extractable Fe (Table 3). For example
ing this material from the 250-500 pm fraction decre
Fe dissolved by dithionite-citrate (DC) by more th
The magnetically susceptible material contained
grains of magnetite and hematite as well as quartz and
grains with iron oxide coatings. Therefore, the change
adsorption after removal of the magnetically suscepti
erals suggests that this material has more reactive I
sorption sites than the diamagnetic fraction due to the
abundance of iron hydroxyl surface sites. This fraci
also found to have greater reactivity for sorption of

0.057 compounds (Barber, 1990) and reduction of chromate (An-
derson et al., 1994).

In contrast, Zn2` adsorption by the different size fractions
WE was less than or equivalent to adsorption by the <1000 pm

0.038 c fraction under both pH-drift and C02-buffered experimental
N conditions (Figs. 2, 3). Removal of the magnetically suscep-
In
C tible material had no significant effect on Zn2 adsorption
E (Figs. 3. 10). Thus, the amount of Zn2` adsorption was less

0.019 = sensitive to Fe-bearing mineral abundances than Pb2 adsorp-
tion. As was noted above, both Pb(ll) and Zn(II) were un-
dersaturated with respect to oxide and carbonate phases in the
pH region in which the adsorption measurements were made.

_ 00 MPb2I and Zn` adsorption were also measured in experi-
7 ments in which mineral components of the 250-500 pm frac-

tion were separated after metal ion adsorption. The heavy
CO,-buf- mineral fraction adsorbed more Pb2 + and Zn2+ per unit weight
c fraction (0.20 and 0.16 pmol/g, respectively) than the quartz + feld-

D pM and spar fractions (0.078 nmol Pb/g and 0.018 pmol Zn/g).

N2+ under These results for Zn2+ were tested by comparison with a sep-
arate experiment using `Zn as a radiotracer, in which the
mineral fractions were separated by picking grains under an
optical microscope. The results of each experiment were in
good agreement (less than 10% difference in distribution of

i values adsorbed Zn2+).
ion were Although the heavy minerals were more reactive than the
dc/para- -quartz + feldspar mineral fraction on a weight-normalized
natments basis, greater than 85% of Zn2+ and 90% of Pb2+ were ad-
,S. 4, 5). sorbed by the quartz + feldspar fraction. The quartz + feld-
weight) spar fraction accounts for most of the sand mass (98%),
specific which compensates for the greater reactivity of the heavy min-

erals. In addition, the quartz and feldspar grains were sepa-
or frac- rated in the Zn2` experiments, and the results showed that

unit vol- distribution of adsorbed Zn2 among the mineral fractions
,st com- was 80% quartz, 15% heavy minerals, and 5% feldspar grains.
samples, In the case of Pb2", removal of the magnetic/paramagnetic
unit sur- fraction (Fig.4) appeared to have a larger effect on adsorption
nd Kent, than can be accounted for by the heavy mineral fraction. This
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TABLE 3. Elements dissolved from composite sediment in hydroxylaninc-HCI, dithionite-citratc,
and Ha extractions (all elements reported as pmoles/g sand)

Size Fractions, pm

<1000 500-1000 250-500 250-500 250-500 64-250
diamnagnetic Quartz

64-250 <64
diamagnetic

Fe
Al
hin
p

0.90
1.8
0.02
0.29

llydroxylatine-Hl, 0.5 hours

0.46 0.68 0.48 0.39
0.99 1.4 0.93 0.90
0.01 0.01 0.00 0.00

nm rm 0.19 0.12

lIlydroxylarnine-HCI, 96 hours

_ - 5.9 -
_ - 6.3 -
_ - 0.04 -
- - 0.6 -

Dithionite-Citrate, 24 hours

13
2.8
0.02

nm

31
47
0.31

nm

Fe
Al
hin
p

19
22

0.18
nm

Fe
Al
Mn
p

11
2.0
0.04

rim

6.6
12
0.04
0.6

9.2 4.6 -
1.6 0.9 -
0.03 0.02 -
0.8 0.5 -

HCI, 8 hours

- - 8.1
- - 17
- - 0.1
- -. nm

20
2.4
0.08
1.5

6.7 24
1.7 8.3
0.03 0.19

rm 5.0

Fe
Al
Mn
p

124
69

0.82
rm

12
31
0.09

rm

rm - not measured
- - not treated

suggests that Fe oxide coatings on quartz and feldspar grains,
which would have been removed by magnetic separation,
were important in Pb2" adsorption.

4.4. Effect of pH-drift Experimental Protocol on Zn2+
Adsorption

An important difference between the two adsorption ex-
periment protocols used in this study was that in pH-drift ex-
periments, after addition of the metal stock and pH adjustment
solutions, the pH measured at the beginning of experiments
was considerably lower than the final pH value measured after
48 hours. In addition, while the pH measured at the beginning
of the experiment was predictable based on the net amount of
added acid, the final pH was variable. The final pH could vary
as much as 0.6-1.2 units for the same amount of net acid
added at the beginning of the experiment, suggesting that vari-
able amounts of dissolution of the mineral surfaces occurred
in the pH range 3.2-4.4. In contrast, pH values in the C0 2-
buffered experiments (pH range of 4.7-6.1 ) were nearly con-
stant over the reaction period.

It was observed that for the same final pH, n2+ adsorption
was greater in pH-drift experiments (Figs. 3, Sa) than when
the C0 2-buffered protocol was used. As was explained pre-
viously, in the pH range studied herein and for the range of
CO2 partial pressures used, there is no significant effect on
aqueous Zn(II) speciation. The most important difference be-
tween the two protocols was likely the very low acidity of the
Zn2" stock solution used in the C0 2-buffered protocol. Before
the C0 2-buffered protocol was adopted, we tested the effect
of the acidity of the metal stock solutions on Zn2" and Pb2"
adsorption (Fig. 6a,b). Zn2" adsorption was higher in exper-
iments where the amount of acid added with the stock solution

was greater, even in cases where the net acid added was iden-
tical after partial neutralization with NaOH (added within a
few minutes after the metal stock solution addition). The low
pH values (3-4.25) at the beginning of pH-drift adsorption
experiments apparently caused dissolution and reprecipitation
of Al on the sediment surfaces during the first 25 hours of
experiments (Fig. 7). In the CO2-buffered experiments, how-
ever, the pH was always 4.7 or greater, Zn2" adsorption was
lower (Figs. 3, 5b), and dissolved Al was always below the
ICP detection limit (1.85 pm).

Pb2 ' adsorption was not affected by the initial acidity of
the stock solution (Fig. 6b). In addition, in the only compar-
ison of the two experimental protocols for Pb2l (a kinetic
experiment, C0 2-buffered at pH 5.25), Pb2 ' adsorption was
essentially the same in pH-drift and COrbuffered experi-
ments. Apparently, the dissolution and reprecipitation of Al
caused by the low initial pH values in the pH-drift experi-
ments caused an increase in aluminol site concentration,
which increased Zn2W adsorption but not Pb2 adsorption. The
results show that the pH-drift technique, commonly used in
adsorption studies for pure hydrous oxides, may cause exper-
imental artifacts when applied to soils and sediments. These
artifacts can be overcome by the use of CO2 to stabilize the
pH, the use of very low acidity in metal stock solutions, and
the use of low solid/water ratios (to move the adsorption edge
to a higher pH range). The pH-drift results are presented here
in part because they contribute to the evidence that aluminol
sites were important for Zn2 ' adsorption.

The total mass of Al dissolved in the pH-drift experiments
could be considerably greater than that observed in solution,
since it should be expected that Al ' and its hydroxy com-
plexes would be strongly adsorbed by quartz or other minerals
in this pH range (Zelazny and Jardine, 1989; Meng and Let-
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sample (Fordham and Norrish, 1979; Jackson and Inch,
1989). We used microscopy to describe the composition and
distribution of surface coatings of quartz grains before and
after extraction treatments. Both untreated and extracted
quartz was covered with a coating rich in Al, Fe, and Si. The
perception of patchiness in the coverage of the coatings was
dependent on the technique used. For example, the SEM-
EDS only detected coatings where they were relatively thick
(>5 pum), but the most sensitive technique, TOF-SIMS, de-
tected Al and Fe everywhere on the grain surface of both
extracted and untreated quartz. Because of the high sensitivity
of TOF-SIMS (limit of detection at ppm levels for Fe, Al,
and Si), all the leached surfaces appeared to be uniformly
coated with Fe and Al, including grains where the visible
orange-red hue of the untreated sand was completely removed
(HA-96 hour and HCI treatments).

While TOF-SIMS detected Fe and Al on leached grain
surfaces, the total ion counts from the extracted grains were
significantly reduced relative to untreated sand. The de-
crease could be related to a structural difference in coatings
after extraction andlor to the loss of easily ionizable ele-
ments during extraction. At an estimated sputter depth of
10 nm on an untreated quartz grain, the signal intensities
of Fe, Al, and Ca decreased significantly as Si and Li sig-
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Fic. 5. Zn2" adsorption by diamagnetic and extracted diamagnetic
sand from the 250-500 um fraction. A total Zn` concentration of
10 ,0h and a surface area of 176 m'/L was used in each experiment.
Zn" adsorption after two different extraction procedures is shown.
(a) Data from pH-drift experiments. (b) Data from COrbuffered ex-
periments.

terman, 1993). Many common aluminosilicate minerals dis-
solve over this pH range and could be potential sources of Al
and Si (not measured) in this seditilent (Casey et al., 1989;
Zelazny and Jardine, 1989). In addition, the low pH may have
caused rapid release of exchangeable Al from clay minerals
(Carbrera and Talibudeen, 1978). Redistribution of Al on
mineral surfaces has been shown to enhance Cd adsorption
(Meng and Letterman, 1993) and likely produced a similar
effect for Zn2" in the pH-drift experiments in this study.

The adsorption results presented here suggest a preference
of Pb' for Fe surface hydroxyls and Zn2" for aluminol sur-
face groups. Other studies of Pb2` and Zn2" adsorption by
individual minerals in the literature suggest a strong prefer-
ence of Pb2 for adsorption by Fe oxides in comparison to Al
oxides, while the free energy of Zn2" adsorption is similar for
both (Benjamin and Leckie, 1981; Dempsey and Singer,
1980; McKenzie, 1980; Kinniburgh and Jackson, 1981).

4.5. Composition of Surface Coatings

The surface chemical properties of sediments may be com-
pletely dominated by secondary minerals or grain coatings,
which usually constitute only a minor fraction of the whole
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drift experiment shown in Fig. 2 with a final pH value of 5.5 and
78% sorbed Zn2+.

nals derived from the underlying quartz increased. At the
same estimated depth on extracted grains, Fe, Al, and Ca
signals were below detection in the sputtered region. This

FIG. 9. Backscatter image of an untreated quartz grain in thin sec-
tion. Bright regions contain significant Fe and Al EDS counts. The
gray center region contains only Si.

suggests the overall thickness of the coatings was reduced
by the extractions.

Using AES (depth of analysis approximately 4 nm), Si, 0,
Fe, Al. and Ca were measured on untreated quartz grains. The
Fe/AI molar ratio ranged from 0.03 to 0.10 on the surface of
untreated quartz grains, much lower than Fe/Al ratios dis-
solved in extract solutions of quartz grains (0.48 and 0.43,
Table 3). Fe was not detected at significant levels on the sur-
face of either the HA (96 h)- or DC-extracted quartz grains;
the Si/Al ratio on DC extracted quartz was approximately
equal to that measured on untreated quartz grains.

Natural coatings are not generally pure phases, but com-
monly incorporate varying amounts of Al, Fe, and other cat-
ions present in the solution and have varying degrees of crys-
tallinity (Taylor and Schwertmann 1978, 1980; Nahon, 1986;
Velde and Meunier, 1987). TEM images and electron dif-
fraction patterns of untreated sand grains suggest that a highly
variable mixture of Fe oxides, smectite, and a polycrystalline
material enriched in Al, Fe, and Si are present in the coatings
(Fig. 8). Backscatter SEM images show that the coatings fill
in the surface irregularities of the underlying mineral substrate
and can extend along fractures tens of micrometers into un-
treated quartz grains (Fig. 9). Intragranular porosity (pore
diameter <50 nm) was not measurable on sand-sized material
from the Cape Cod aquifer (Anderson et al., 1994), but ex-
tensive intragranular porosity (pore diameter >50 nm) has
been described for material in the unsaturated zone of the
aquifer (Wood et al., 1990). Even after 96 hours of HA treat-

FIG. 8. TEM thin section image of a portion of the coating on an
untreated quartz grain from the 250-500 um fraction. The center
region shows a range in crystallinity observed in coatings. Lamellae
Visible indicate a single crystal; the fuzzy halo regions around edges
are polycrystalline. EDS data from the same area indicate the pres-
ence of Al. Si, and Fe. The scale bar represents 200 nm.
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ment, Fe and Al deposits were still present wherever any sur-
face roughness was evident such as along the edges of frac-
tures. The combination of SEM of thin sections and TOF-
SIMS depth profiles used, showed that coatings varied in
thickness from <10 nm to more than 30 um.

For the aquifer material examined, the coatings were pres-
ent over the entire grain surface and were probably derived
from the weathering of feldspars and other accessory minerals
in the aquifer. In an investigation of geochemical variability
in the same aquifer, Fuller et al. (1995) found that extracted
Fe and Al were highly variable in both HA (0.5 and 96 h)
and DC treatments of sediment subsamples taken along the
length of a 4.5 m long core. Although variable, the values of
Fe and Al in the extracts were significantly correlated (r
> 0.9, n = 22) in each of these treatments. The strong cor-
relation suggests that Fe and Al are associated with surface
coatings, since the abundance of discrete mineral phases of
Fe and Al oxides would not be expected to covary along the
length of a core (Fuller et al., 1995).

4.6. Effect of Extractions on Pb2+ and Zn2 Adsorption
by Diamagnetic Fractions

Weathered surface mineralogies are often operationally de-
fined for natural samples based on selective extraction pro-
cedures (Tessier et al., 1979) or extraction protocols cali-
brated with pure Fe oxyhydroxide precipitates (e.g., Chao and
Zhou, 1983). However, the extractions were not dissolving
Fe only from the sediment; for example, Al, Mn, P, and Si
(8.2 pmol/g) were dissolved in addition to Fe by the 96 hour
HA treatment (Table 3). Dissolved Mn concentrations in the
extraction solutions were very low, and thus Mn oxides are
not likely to be important in this system. The origin of most
of the extractable P was probably phosphate adsorbed from
the sewage-contaminated groundwater (Kent et al., 1994).

The effect on metal adsorption of leaching the surface coat-
ings was studied using sand from two diamagnetic size frac-
tions (64-250 pm and 250-500 pm; Figs. 4, 5, 10). Re-
moving the magnetic/paramagnetic minerals from these size
fractions decreased the extractable Fe (Table 3). It was ex-
pected that extractions of the remaining diamagnetic fractions
would decrease metal ion adsorption, since Fe oxides in the
surface coatings would be reduced. The 4 M HCI, 1-hour
extraction of the 64-250 pm diamagnetic fraction was the
only treatment that changed the surface area of the sedi-
ment; the BET surface area nearly doubled, from 0.25 to
0.48 m2 /g.

Pb2" adsorption was not appreciably different after a 0.5 h
HA extraction designed to remove amorphous Fe oxyhydrox-
ides (Chao and Zhou, 1983) (Fig. 4). Pb2" and C0 2-buffered
Zn2 4 adsorption were decreased after the sand had been ex-
tracted for 96 hours with HA (Figs. 4, 5b). The Pb2 and
C0 2 -buffered Zn2" adsorption results are consistent with the
hypothesis that metal ion adsorption was influenced by Fe
surface hydroxyls in the coatings on the sand, with the greater
effect on Pb 2 . This agrees with studies that show Pb2 ' is
more strongly adsorbed by Fe surface hydroxyls than alumi-
nol groups (Benjamin and Leckie, 1981; Kinniburgh and
Jackson, 1981). The lack of change in Pb2" adsorption after
DC extraction casts some doubt on this conclusion, but this
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FIG. 10. Effect of 4 N HO, 1000 C extraction on Zn 2 adsorption
by the 64-250 pm diamagnetic fraction. Adsorption on clean SiOz
surfaces (Min-U-Sil quartz) is plotted for comparison.

may be due to a poor understanding of how the coating is
dissolved. The 96 hour HA treatment did not appreciably
change Zn2

' adsorption in the pH-drift experiments (Fig. 5a);
however, this is probably due to the redistribution of Al at the
surface as mentioned previously.

The DC extraction of the 250-500 pm diamagnetic frac-
tion did not have a significant effect on Pb2+ or C0 2 -buffered
Zn2 + adsorption (Figs. 4, 5b). The DC extraction, like the
HA extraction, uses reductive dissolution to dissolve Fe, but
keeps Fe dissolved by complexation with citrate. The higher
pH in the DC extraction (buffered to pH 8.5) decreases dis-
solution of Al in comparison to the HA extraction (Table 3,
250-500 pm diamagnetic). Since the DC extraction leaves
an Al-enriched surface relative to the 96-hour HA extraction,
the adsorption results suggest that aluminol sites are important
after Fe is dissolved from the coating. Whereas the acidic HA
extraction may dissolve and destabilize large portions of the
coating (dissolving Fe and Al), the DC extraction is more
specific for Fe dissolution, perhaps leaving the coating more
intact (see the AES results above). The differences in the way
each of these treatments attack surface coatings are poorly
understood, and this may explain the unexpected result that
Pb2" adsorption was not affected by the DC extraction, but
was significantly decreased by the HA extraction.

The 4 M HCI, I-hour extraction decreased Zn2" adsorption
by the sand (Fig. 10). The extraction dissolved about twice
as much Fe from the diamagnetic fraction (10.3 pmol/g) as
the HA (96 h) extraction. It also dissolved a large amount of
Al (15.4 pmollg), some of which was undoubtedly derived
from dissolution of feldspars.

TOF-SIMS analysis was intended to map the composition
and distribution of the surface coatings on samples with ad-
sorbed Zn2" and Pb24 . Adsorbed Pb" was measured in the
outer 2 nm of the coatings, but was below detection at greater.
depths (estimated limit of quantitation = 0.5 pmol Pb/N 2 ).
Adsorbed Zn2" was below detection on a sample with 0.91
jumol Zn/m'. Although Pb'4 was detected, the technique was
more sensitive to Fe and Al on the surfaces. Iron and Al dis-
tribution were nearly uniform on the surface, and thus it was
not possible to correlate patterns of Fe, Al, and adsorbed Pb2+
on the grains as had been expected.
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Pb2 and Zn"2 adsorption were considerably less on the
clean quartz (Min-U-Sil) than was observed for all the un-
treated and extracted sand surfaces, although the surface area
per unit volume of solution was the same (Figs. 4, 5a, 10).
The relatively steep pH-adsorption curves for Pb2 and Zn2

adsorption on Min-U-Sil are typical of metal ion adsorption
on pure oxides (Davis and Kent, 1990). Thus, even though
quartz represents a large fraction by weight of the sand, ad-
sorption on clean quartz (i.e., complexation with silanol
groups) is not sufficient to account for adsorption of either
metal ion. Surface coatings must control the adsorption of
Pb2 ' and Zn2 by the aquifer sediment.

4.7. Application of Experimental Results to Models of
Metal Adsorption

The preponderance of evidence for this aquifer sediment
suggests that Fe surface hydroxyls were more important for
surface complexation of Pb2 ' and that both Fe and Al surface
hydroxyls may complex Zn2". An important step in applying
the surface complexation concept to sediment is estimating
the density of surface functional groups. It is unknown
whether the sites can be modeled as isolated Fe and Al surface
hydroxyls, or if an association of Fe and Al in the coating
results in an average site affinity. Our results suggest that Al
and Fe are not present in discrete regions on the surface and
that models of the metal ion adsorption will require both Al
and Fe hydroxyl sites. Silanol groups appear unimportant. The
DC and HCI extractions are capable of dissolving pure Fe
oxides, such as goethite or hematite, however the efficiency
of the extractions here is unknown, because of impurities that
are present in natural samples (Schwertmann, 1991). Surface
complexation modeling of the adsorption experimental data
described here will be presented in a subsequent paper.

Several studies have argued that adsorption of various
metal ions by soils or sediments is dominated by ferrihydrite
(Johnson, 1986; Tessier et al., 1989; Belzile and Tessier,
1990; Payne and Waite, 1991 ), where the ferrihydrite content
was estimated experimentally either from measurements of
total particulate Fe, or by extraction with HA for 0.5 hours or
with oxalate solutions (Chao and Zhou, 1983). In this study,
metal adsorption was unchanged after treating sediment frac-
tions with HA for 0.5 hours, which suggests equating the
amount of extracted Fe with ferrihydrite may not account for
the observed adsorption. The results for n2+ and Pb2 ' ad-
sorption on the diamagnetic fractions of the sand showed that
stronger extractions were required to decrease the metal ion
adsorption. In addition, the role of adsorbed phosphate in the
adsorption of Zn2" is unknown in this system, although it
could be significant (Ghanem and Mikkelsen, 1988).

Although Pb2
' and Zn2" adsorption occurred predomi-

nantly on quartz grains in the 250-500 um sand fraction,
heavy minerals also contributed to the overall adsorption mea-
surement. If the heavy mineral abundance in the 250-500 pm
fraction was increased from 2 to 9% by weight, calculations
suggest that the heavy mineral fraction would account for
50% of the total Zn2

1 adsorption. Barber (1990) reported that
some samples in the same aquifer contained magnetic mineral
abundances as great as 25%. Greater metal ion adsorption can
be expected at aquifer horizons where Fe-bearing minerals are
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more concentrated than was found in the composite sediment
used here. The variability in mineral abundances has impli-
cations for predicting and describing the spatial heterogeneity
of metal ion adsorption in the aquifer (Fuller et al., 1995;
Davis et al., 1993).

5. CONCLUSIONS

Adsorption of Pb2" and Zn2 on a coarse aquifer sediment
was dominated by the abundant (95% by weight) quartz
grains in the sand size range. The reactivity of the metal ions
with the sediment was at least two orders of magnitude greater
than that observed for a clean quartz surface, when normalized
on the basis of surface area. The greater reactivity of the un-
treated sand surface is attributed to thick (>10 nm) surface
coatings on the quartz grains. The coatings contain Fe, Al,
and Si in significant quantities, and are composed of surface
precipitates of complex mixed oxides and silicates, probably
derived from the weathering of other accessory minerals in
the glacial outwash deposit. The coatings were resistant to
dissolution by techniques designed to dissolve pure, noncrys-
talline Fe oxide phases.

Some dissolution and reprecipitationlsorption of Al oc-
curred in batch adsorption experiments in which the pH was
decreased to less than 4 at the beginning of experiments and
then drifted upward to above 5.5 by the end of the experiment.
The redistribution of Al on surfaces enhanced the adsorption
of Zn2" in the experiments, and suggested that aluminol sites
were important for Zn2 adsorption. Using stock solutions
with very low acidity and CO2 to help buffer the pH, Al dis-
solution from the sediment was minimal and Zn2" adsorption
was less at similar pH values. Removal of magnetically sus-
ceptible material and the extraction of Fe from the surface
coatings suggested that Fe surface hydroxyls were important
for Pb2+ adsorption.
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Abstract-A study of U(VI) adsorption by ferr
E Iconcentrations, pH, and at two partial pressures o

sites, -FeOH and -Fe,1OH, respectively) surfa(
imental data well over a wide range of conditions
inner-sphere, mononuclear, bidentate complex of
species was supported by results of uranium EXAI
adsorption density in the upper range observed i
sites). Adsorption data in the alkaline pH rang(
modeled as a ternary surface complex with UO2C
complexation models for U(VI) adsorption have

*.: dominant aqueous species, e.g., multinuclear hydrc
The results demonstrate that the speciation of ad!
environment at the surface, giving rise to surface
than aqueous speciation.

INTRODUCTION

TImE MOBILITY OF U in water-rock systems is dependent both
upon its ability to form insoluble precipitates and, particularly

,' at relatively low total uranium concentrations, upon its ten-
. dency to adsorb to solid substrates. Considerable advances

;;4.:' have been made in developing a coherent set of thermody-
XX" namic data for describing the solution and mineral equilib-

-. ,. rium behaviourofU (GRENTHEet al., 1992)but, despite an
et extensive range of investigations of the adsorption behaviour

of uranium (reviewed in WAITE et al., 1994), considerable
uncertainty still remains concerning the best approach to
model uranium adsorption to mineral phases.

' Figures I and 2 show the complex distribution of U(VI)
aqueous species as a function of pH in the absence of car-
bonate and at equilibrium with two different partial pressures
of CO2. The calculations were made with the equilibrium
speciation computer code, HYDRAQL (PAPELIS et al.,
1988), using the thermodynamic data given in Table 1. The
solubility of well-crystallized ft-UO 2(OH)2 in the absence of
c carbonate is illustrated in Fig. Ia; the aqueous speciation is

3 dominated by mononuclear U(VI) species at all pH values
* in this system, but the multinuclear species, (UO2)r

.. <'. (OH)2+ and (UO 2) 3(OH)5+, are also important. At low total
dissolved U(VI) concentrations (<10-' M), these multi-

,. nuclear species are much less important (Fig. Ib). If it is
assumed that the precipitation of#-UO2(OH)2 is kinetically

* hindered and the solubility is controlled by an amorphous
Phase, multinuclear species can predominate at higher total

$- dissolved U(VI) concentrations (Fig. Ic). However, in equi-
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ihydrite was conducted over a wide range of U(VI)
of carbon dioxide. A two-site (strong- and weak-affinity
:e complexation model was able to describe the exper-
;, with only one species formed with each site type: an
the type (=FeO 2 )UO2 . The existence of such a surface
::S spectroscopy performed on two samples with U (VI)
in this study (10 and 18% occupancy of total surface

suggested the existence of a second surface species,
O' binding to a bidentate surface site. Previous surface
proposed surface species that are identical to the pre-

)lysis complexes or several U(VI)-carbonate complexes.
sorbed U(VI) may be constrained by the coordination
speciation for U(VI) that is significantly less complex

librium with air, aqueous speciation of U(VI) in the neutral
to alkaline pH range is dramatically influenced by the for-
mation of strong carbonate complexes (Fig. 2a). Different
species predominate at different partial pressures of CO2
(Fig. 2b).

Qualitative observations of U(VI) sorption have been re-
ported for a large range of single and complex substrates. For
example, STARIK et al. (1958) studied the sorption of trace
concentrations of U (VI) to Fe oxyhydroxides and found ad-
sorption to be greatest at a pH of approximately 5. Ura-
nium( VI) adsorption decreased in the presence of carbonate.
TRIPATHI ( 1983)and Hsl and LANGMUIR( 1985)found that
carbonate played a critical role in the distribution of U(VI)
between the surfaces of Fe oxide phases and solution. They
observed that at higher carbonate concentrations, when the
UO2(CO 5)2 and U02(C03 )V- species dominate in solution
(Fig. 2), there was a sharp decrease in the extent of U(VI)
adsorption with a resultant high-pH or "desorption" edge.
TRIPATHI ( 1983) found that very high U(VI) adsorption was
observed under conditions where (UO2) 2CO3 (OH)3- was the
predominant U(VI) aqueous species.

Similar results were found by Ho and coworkers for U(VI)
sorption on hematite (Ho and DOERN, 1985; Ho and
MILLER, 1986) and magnetite (SAGERT et al., 1989). These
authors were interested in the identity otthe adsorbed uranyl
species, particularly in the presence of carbonate. Based on
the electrophoretic mobility of particles with adsorbed U(VI),
Ho and coauthors concluded, as did TRIPATHI (1983), that
(UO 2 )2 CO3 (OH)3- was an important adsorbing species when
carbonate is present. Ho and DOERN ( 1985) suggested that
(UO2 )3(OH); was the major U (VI) adsorbing species in the
absence of carbonate.

A number of authors have applied the surface complexa-
tion approach to modelling the partitioning of U(VI) between
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their experimental results as a function of pH and dissolved
carbonate. They assumed that the dominant aqueous phase
species, U0 20H' and (UO2 )3(OH)5', were adsorbed in the
absence of carbonate and found good agreement between the
experimental results and model simulations using the follow-
ing surface complexation reactions:

-FeOH + UO2'+ + H20O
--Fe0'-U0 20H++2H+ (I)

and

--FeOH + 3U02 + 5H2 0

--Fe0--(U0 2) 3 (0H)5+ + 6H+, (2)

where -FeOH represents an hydroxyl functional group on
the surface, and the left-hand side of the equations are written
in terms of system components, rather than the predominant
aqueous species (DZOMBAK and MOREL, 1990). The possi-
bility of formation of bidentate and tridentate surface com-
plexes was also considered by HsI and LANGMUIR (1985),
with a bidentate complex of the form (--Fe0-) 2-(U0 2 )r
(OH)5+ (in conjunction with -Fe0'-U0 2 0H+) fitting the
data as well as Eqn. 2.

In the presence of carbonate, Hsi and LANGMUIR (1985)
found it necessary to assume the formation of strong U(VI)-
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FIG. I. Distribution of major U (VI) species in the absence of CO2
(I = 0.1). pC (-log concentration) of species as a function or pH.
(a) Solubility of,-U0 2(0H )2,shoving dominant species as a function
of pH. 1: UO2. 2: (UO2)2(0H)2P, 3: UO20H%. 4: (UO2)r-
(OH),, 5: UO2(0H)02, 6: U0 2(OH)3-. (b) Speciation of U(VI) at
a total dissolved concentration of 10S' M. (c) Speciation of U(VI)
ata total dissolved concentration of 10' M; precipitation ofcrystalline
U( VI) oxides prohibited in the calculation.

solid and solution phases over the last ten years. The basic
modelling approach has been similar in each case, with minor
differences in the mode of description of the electrical double
layer and, more importantly, differences in the proposed sur-
face complexes. For example, Hsi and LANGMUIR (1985)
used the triple layer model of DAVIS et al. ( 1978) to describe

0
a.

pH

FIG. 2. Dissolved speciation of U(VI) at a total concentration of
10"' M in an open system equilibrated with (a) a partial pressure of
CO2 of 10-3-' atm or (b) a partial pressure of CO2 of 10-2 atm. Ionic
strength = 0. !. pC (-log concentration) of species as a function of
pH.
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Table 1. U(VI) Aqueous Phase Reactions'

Reaction logK
0.0)

UO% + OH- .U0 20H0 8.8

UO,2 + 20H - UO,(OH)2 16.0

UO2' + 30W . U0 2(OH); 22.0

UO+ + 40H - UO,(OH), 2- 23.0

2U1122' + 0- . (UO,),(OH)' 11.2

2UO2 ' + 20H- . (U02),(OH) 2̀  22.37

3UO,2 + 40W . (U0,)J(OH),2 44.1

3UO2
2. + 50W - (U02),(OH),5  54.44

3U0 2
2' + 70WH (U0,),(OH); 67.0

4UO22- + 70W H (U0,)J(0H) 76.1

U022' + C0,2- - U02C,0° 9.7
UO?. + 2CO0'- - U02(C0,)2 17.0
UO2-+ 3CO2 - UO,(CO3)3  21.63

2UO2
2' + CO2 + 30H- - (U0), 2C03(OH); 40.82b

l-UO,2OH)2 . UO, + 20H -23.07

"Stability constants from Grenthe et al. (1992)
bStability constant from Tripathl (1983)

carbonate complexes at the surface in order to fit their ad-
sorption data. They assumed that the dominant solution
phase species was the dominant adsorbing species, i.e., writing
the left-hand side of the equations in terms of components
again,

=FeOH + U02 + 2CO- + H+

-FeOH2+-UO 2 (CO3)2 (3)

and

=FeOH + UO2+ + 3CO2 +H+

-FeOH2+-UO2(CO3). * (4)

By considering these additional surface species, HSI and
LANGMUIR (1985) were able to obtain excellent agreement
between model simulations and U(VI) adsorption data on
goethite for a single total inorganic C content (CT = 10-2
M). However, the model simulations were less successful in
describing adsorption data for CT = 10-3 M.

PAYNE and WAITE (1991) applied the proposed model of
1is and LANGMUIR (1985), including the same reaction set
and stability constants, to model U(VI) sorption on the
amorphous Fe oxide component of a weathered schist. These
authors found poor agreement between model simulations
and their experimental data. At the total carbonate concen-
trations used in their study (2 mM), the UO 2CO3 aqueous
species was important in the pH range 4.8-6.4, and the fit
of the model simulations to the data were greatly improved
when it was assumed that a -FeO_-U0 2 CO3 surface com-
plex formed.

In the applications of surface complexation models to de-
scribe U(VI) adsorption by iron oxides, investigators have
usually assumed that the predominant aqueous species are
involved in surface complex formation. Because U(VI)

aqueous speciation is complex, this has led to a wide range
of proposed surface species, and a unified approach to the
modeling is lacking. Major differences among the modeling
approaches include: ( I ) the most appropriate choice ofsurface
species at low pH, where complexation by carbonate is un-
important and (2) the number, type, and presumed impor-
tance of U(VI)-carbonate-surface ternary complexes. Al-
though polynuclear U(VI) species are known to be ther-
modynamically stable in aqueous solution (Figs. 1, 2), the
likelihood of polynuclear species at the surface, e.g.,
-FeO0-(U0 2,)(OH)5, has not been tested in adsorption
studies by a systematic variation of the total U(VI) concen-
tration. Although surface species should ideally be identified
by spectroscopic methods, detection limit problems make it
difficult to confirm bonding structures at low U (VI) concen-
trations.

In this paper, we report the results of studies of U(VI)
adsorption on ferrihydrite over a wide range of solution and
suspension conditions. In addition to the batch experiments,
U Extended X-ray Absorption Fine Structure (EXAFS) data
were collected and analyzed for two ferrihydrite samples with
high adsorption density. A surface complexation model with
simple surface speciation is used to describe the adsorption
data. Both the surface complexation model and the results
of X-ray absorption spectroscopy suggest that the species
formed is a unique product of the coordination environment
at the surface, which is independent of the predominant
U(VI) species in solution.

EXPERIMENTAL

Materials

Ferrihydrite is a microcrystalline hydrous Fe oxide that may exhibit
a number of different crystalline phases, with a stoichiometry near
Fc2 0 3 -H2 0 (TOWE and BRADLEY, 1967; SCHWERTMANN and
FISCHER, 1973; MANCEAU et al.. 1990; WAYCHUNAS et at., 1993:
REA ct al., 1994). The least crystalline form or ferrihydrite displays
two broad X-ray diffraction peaks, indicating poor structural order
and small particle size, and has been referred to as "two-line" ferri-
hydrite (SCHWERTMANN and FiSCHER, 1973; MURAD and
SCHWERTMANN, 1980). Two-line ferrihydrite was precipitated by
raising the pH of a Fe3/HNO 3 solution to 6.0, and then aged for
65 h at pH 6 and 25°C in a continuously stirred. pH- and temperature-
controlled vessel.

The elementary unit of the ferrihydrite structure is an Fe" ion
surrounded by six close-packed 02- or Ol - anions. i.e., an Fe oc-
tahedron (WAYCHiUNAS et al., 1993). Larger units consist of the Fe
octahedra joined by sharing edges, forming short double chains of
octahedra: these link further to other chains by sharing corners to
form a cross-linked structure similar to goethite orakaganeite (WAY.
CHUNAS et al., 1993). Electron micrographs indicate spherical crystal
morphology (SCHWERTMANN and TAYLOR, 1977). but these particle
are expected to be comprised or large aggregates of the cross-linked
dioctahedral chains (WAyCHUNAs et al., 1993). The primary particle
size is believed to consist of 15-40 A spheres(MURPHY etal.. 1976ab:
DOUsMA and DE BRUYN, 1976). but wide-angle X-ray scattering
studies suggest a crystallite coherence length of 8-15 A (WAYCHUNAS
et al., 1994).

A primary U( Vt) stock solution (10.000 mg U/L) in 10% HNO3
was prepared from analytical grade uranyl nitrate solution. A sec-
ondary stock (59 mg U/L). prepared in 0.01 M HNOj, was prepared
for addition of aliquots to batch adsorption experiments. For batch
experiments with very dilute total U( VI) concentrations ( 10-' M or
less). a 23

6U isotope was used as a radiotracer. The 2`U was obtained
from the Chemistry Division of the U. K. Atomic Energy Authority
(Harwell) as a standard solution in 2 M nitric acid. All other chemicals
used were reagent grade.
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Batch Experiments

Aliquots of the aged ferrihydrite slurry were transferred to open
polypropylene centrifuge tubes, and sufficient NaNO 3 was added to
bring the suspensions to the desired ionic strength (always 0.1 M
NaNO3,except in the ionicstrength dependence experiments). Con-
centrations of ferrihydrite used were 10-3 M (as Fe) in most of the
batch studies. For studies at pH > 7.0, sufficient NaHCO, was added
to achieve equilibrium with air at the desired experimental pH. The
pH of the slurry was adjusted to the desired experimental value im-
mediately before and after NaHCO3 addition, and the tube was shaken
for 24 h in a water bath at 250 C. Several 2-mm holes were drilled in
the centrifuge tube lids in order to keep the system open to the at-
mosphere. At the end or the 24 h period, the pH was remeasured
but not adjusted; pH drift was always less than 0.15 pH units. The
desired amount of U(VI) was then added (usually 10° M, except
in the studies of dependency on total U concentration), with im-
mediate readjustment of the pH to the value measured just prior to
U(VI) addition. With the exception of the study or adsorption ki-
netics, the precipitate and aqueous phases were separated by cen-
trifugation after 48 h of mixing. The pH was measured again at the
time of sampling. The dissolved U concentration was typically de-
termined by kinetic phosphorescence analysis (discussed below), ex-
cept in cases where very low concentrations of U(Vl) were added.
In these experiments, the artificial isotope 1'U was added, and ad-
sorption was quantified by isotopic dilution using alpha-spectrometry
(see below).

While most of the experiments were conducted under atmospheric
conditions, some investigations were performed in a glove box at an
elevated partial pressure of carbon dioxide. The gas composition used
in the glovebox was a 50:50 mixture of ordinary air with a 2% C02/
98% N2 special gas mixture, yielding a final gas composition of 1%
C0 2 / 10% 02/89% N2.

Analytical Methods for Dissolved U(VI)

The U (VI) concentration of the supernatant was determined in
most experiments with a kinetic phosphorescence analyser (model
KPA-10, Chemchek Instruments, Richland, WA). In practice a de-
tection limit of about 10' M U(VI) can be readily achieved, and
even lower detection limits are achieved when minor interfering sub-
stances, e.g., chloride, are absent from the sample. Comparison with
results obtained by alpha-spectrometry and inductively coupled
plasma-mass spectrometric analysis confirmed that the kinetic phos-
phorescence analyser ( KPA) results were accurate to within ±3%.

Alpha-spectrometry was used for the determination of U( VI) when
the concentration in solution was below the detection limit of the
KPA technique. In these instances, 10-' M or 10' M of the artificial
isotope "'U (rather than natural U) was added to the batch exper-
iments. A known quantity of '32U (another artificial isotope) was
added to supernatant samples as a yield tracer. Afterstandard chemical
separation steps (PAYNE and WAITE, 1991). the uranium isotope
activities were measured using an Ortec Alpha-King alpha-spectrom-
eter and the concentration of "U in solution was determined from
the relative count rates orf 2U and "'6U.

X-Ray Absorption Spectrometry

EXAFS data were collected on the U Ll1 edge over the energy
range 17,100-18,160 eV at the Stanford Synchrotron Radiation Lab-
oratory (SSRL) on beamline 4-1 using Si (11l) monochromator
crystals. Samples were held within milled slots in 4 mm thick Teflon
plates. Kapton tape over the slots held the sample pastes in place.
Fluorescence yield spectra were collected under ambient conditions
using an Ar-filled ion chamber with soller slit and Sr filter assembly
to limit scattered radiation (STERN and HEALD, 1979). Transmission
spectra were collected for a solid model compound, uraninite ( UO2).
Minimal (5%) detuning of the monochromator was necessary to re-
move beam harmonics.

Samples for EXAFS data collection were prepared in the same
manner as that used in the batch adsorption experiments, and then
were concentrated as wet pastes. 2 L batches of ferrihydrite ( 10- M
as Fe) were precipitated by raising the pH of a Fe3'/HNO3 solution

to 6.0. and then aged for 65 h at pH 6 and 25°C in a continuously
stirred, pH- and temperature-controlled vessel. Sufficient NaNOd was
added to bring the suspensions to an ionic strength of 0.1 M NaNO3.
The pH of the slurries were then adjusted to pH 5 (sample UF3) or
5.5 (sample UF4) and held constant at the selected pH values for 24
h. Uranium (VI) was then added to a concentration of I0O M, the
suspension was mixed at constant pH for 48 h, and then was con-
centrated to a wet paste by centrifugation. U/Fe molar ratios in the
precipitates were 0.044 and 0.077, respectively, for samples UF3
and UF4.

RESULTS AND DISCUSSION

The concentration of dissolved U (VI) measured in batch
experiments decreased rapidly within the first few hours, in-
dicating a rapid initial adsorption process (Fig. 3). Subse-
quently, a slower sorption process that continued for at least
200 hours was observed. This type of sorption kinetics is
typical for the binding of inorganic ions to ferrihydrite and
other mineral surfaces (DAVIS and KENT, 1990). The rate
of the initial adsorption process is probably controlled by
film diffusion at the exterior of particles, which takes only
minutes to reach equilibrium if mass transport in the bulk
solution is not limiting. FULLER et al. ( 1993) have shown
that the slower process (for arsenate sorption) on ferrihydrite
is due to diffusion into large aggregates formed by the ferri-
hydrite particles. We assume that a similar mechanism may
account for the slow rate of U(VI) adsorption observed in
our experiments. For all subsequent batch experiments with
ferrihydrite, a reaction time of 48 h was chosen to approxi-
mate equilibrium, since greater than 95% of the adsorption
occurred within this reaction time.

Uranium(VI) adsorption to ferrihydrite (1I mM as Fe) as
a function of pH and ionic strength in systems open to the
atmosphere is shown in Fig. 4a. Adsorption increased from
near zero at pH 3.5 to greater than 99% of the total U(VI)
at pH 5.5, and then decreased to zero in the pH region 8-9.
Similar observations have been made by Hsi and LANGMUIR
(1985), and the results suggest that U(VI) adsorption de-
creases in the weakly alkaline pH range, due to the formation
of aqueous U(VI)-carbonato complexes (Fig. 2). Within ex-
perimental error, U(VI) adsorption was independent of ionic
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nuclear U(VI) complexes formed at the surface. In solution,
multinuclear species increase in importance as the total dis-
solved U(VI) concentration increases (see Fig. Ib,c), because
of the exponential dependence on UQ1+ in the mass law
equation for these species. By analogy, if a multinuclear
U(VI) surface complex formed at the lower U(VI) concen-
trations, the proportion of total U(VI) adsorbed at a given
pH should increase as the U(VI) concentration increases
(assuming surface sites in excess). Instead, the proportion of
total U(VI) adsorbed at a given pH decreases as the U(VI)
concentration increases (Fig. 5). This trend as a function of
U (VI) concentration is consistent with that typically observed
for transition metal cations (BENJAMIN and LECKIE, 1981 ),
which are known to form mononuclear surface complexes
(DAVIS and KENT, 1990; CHISHOLM-BRAUSE et al., 1990;
ROE et al., 1991).

The trend in adsorption with U(VI) concentration means
that the average free energy ofadsorption (per mole) decreases
with increasing surface coverage. Plotting the data obtained
at pH 4.50 (±0.05) in isotherm form (log dissolved U(VI)
vs. log adsorbed U(VI)) results in a Freundlich isotherm
with a slope of approximately 0.64 over four orders of mag-
nitude in U(VI) concentration (WAITE et al., 1994). This
indicates that U (VI) adsorption was not proportional to the
dissolved U concentration (i.e., the isotherm is nonlinear).
Note also that the pH "edge" in the alkaline region shifted
to a lower pH range in the batch experiments with higher
U(VI) concentration. This shift also implies a decrease in
the average free energy of U(VI) adsorption with increasing
surface coverage in the alkaline pH range.

The pH dependence of U(VI) adsorption as a function of
the partial pressure of CO2 is illustrated in Fig. 6. Increasing
the partial pressure of CO2 to 1% resulted in a very small
increase in the proportion of U(VI) adsorbed in the acidic
pH range, but caused a significant decrease in U(VI) ad-
sorption in the pH range 7-9. The effect is consistent with
the hypothesis that the formation of aqueous U(VI)-car-
bonato complexes is responsible for the decrease in U(VI)
adsorption observed in the alkaline pH range. In a qualitative
way, the result can be viewed as a competition between the

40 I

20 I

U _

2 3 4 5 6 7 8 9 10

pH

FIG. 4. (a) Adsorption of I0 M U(VI) on ferrihydrite ( Io- M
as Fe) as a function of pH and ionic strength. System open to the
atmosphere. (b) Adsorption or I0' M U(VI) as a function of pH
on two different concentrations of ferrihydrite (0.02 M or 0.001 M
as Fe) in 0.1 M NaNO,. System open to the atmosphere.

strength in the acidic pH range, but exhibited a slight depen-
dence on ionic strength in alkaline solution. Previous mod-
eling studies of trace cation adsorption on hydrous oxides
suggest that the formation of an inner-sphere surface complex
is consistent with observations of adsorption that are inde-
pendent of ionic strength (DAVIS and KENT, 1990).

At a given pH, dissolved U(VI) decreased if additional
ferrihydrite was present (Fig. 4b). This result is expected if
an adsorption reaction controls the dissolved U(VI) concen-
tration, since more surface sites are present when more fer-
rihydrite is added. The result also confirms that the concen-
tration ofdissolved U(VI) was not controlled by the solubility
of a U(VI) precipitate, since the addition of more ferrihydrite
would not be expected to affect dissolved U (VI) in that case.

The dependence of adsorption on the total U(VI) con-
centration in the batch experiments is shown in Fig. 5. Ad-
sorption data are shown for batch experiments with total U(VI)
concentrations of 10-5 M, 10-6 M, I0-5 M, and 10- M
in the acidic pH range and for 10-6 M and 10-4 M in the
alkaline pH range. The pH "edge" in the acidic pH range
moved to a higher pH region as the total U(VI) concentration
added was increased. This trend in adsorption with increasing
U (VI) concentration is opposite from that expected if poly-
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al., 1991; MUSTRE DE LEON etal., 1991 ) to calculate EXAFS
phase and amplitude functions for U-O (axial and equa.
torial), U-Fe, and U-U atom absorber-backscatterer
pairings. Testing of similar FEFF-derived ab initio phase and
amplitude functions for the U -o pairs had been done pre-
viously by a colleague in the fitting of many model compound
spectra (H. A. Thompson, pers. commun.). Further testing
of U-O and U-U phase and amplitude functions were
done on our uraninite spectra. In all cases, the fits were of
excellent quality. Separate phase and amplitude functions
were necessary in all cases for the U-O axial and U-O
equatorial pairs, as the former contributes much more am.
plitude to the EXAFS spectrum. No model compound spectra,
were available to test the calculated U-Fe functions.

Sample spectra were analyzed with the EXAFSPAK pro-
grams available at SSRL Figure 7 shows the extracted EXAFS
signal from sample UF4. Though the signal is somewhat
noisy, well-defined EXAFS oscillations continue out to 16

0
2 3 4 5 6 7 8 9 10

pH

FiG. 6. Adsorption of 10' M U(Vl) on ferrihydrite (t10- M as
Fe) as a function of pH and partial pressure of CO2 in 0.1 M NaNO3 .

ferrihydrite surface and aqueous carbonate anions for coor-
dination of the uranyl cation.

EXAFS Data Analysis

X-ray absorption spectroscopy (XAS) was developed as a
quantitative, short-range structural probe during the 1970s
and is applied increasingly in studies in the geosciences
(BROWN, 1990). XAS is an element-specific, bulk method,
giving information about the average, local structural and
compositional environment of the absorbing atom. In EX-
AFS, the extended fine structure beyond an X-ray absorption
edge yields structural information for an element after Fourier
transformation of the fine structure (see review article by
BROWN, 1990). Because of the method of sample preparation
in the current study, U was present in significant quantities
only at the surface of ferrihydrite. Thus, although EXAFS is
a bulk technique, its application here yielded structural in-
formation about adsorbed U(VI).

Because of the lack of availability of suitable model com-
pounds, we used the ab initio routine FEFF-5.03 (REHR et
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FIG. 8. Fourier-transformed EXAFS spectra (EXAFS structure
functions) for samples (a) UF3 and (b) UF4. The first four major
peaks at circa 1.0, 1.4. 1.9. and 2.2 A are all due to U-O atom pair
backscattering, and the peak at circa 3.0 A is due to U-Fe atom
pair backscattering.

FIG. 7. Extracted EXAFS spectrum from sample UF4 weighted
by k'.
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A-'. Fourier transforms of the EXAFS spectra of samples
UF4 and UF3 are shown in Fig. 8. The first four-peak region
of the Fourier transform (or EXAFS structure function)
contains information on the various U-O bonds. This re-
gion was backtransformed into k-space and fit with the FEFF-
derived functions (Fig. 9a). Analogously, the fifth peak near
3 A, which contains the U-Fe contributions, was back-
transformed into k-space and fit (Fig. 9b).Three U-Oand
one U-Fe shell were used to fit the data (U-O 8 ,,,t,
U-°¢qwional U-°orbinig and U-Fe). Fits without the
adsorbed (longest bond length) equatorial U-O pairs were
notably poorer than fits that included this shell. Also, a well-
defined U-Fe shell was necessary for a reasonable fit, par-
ticularly at higher k values.

Besides filtering the separate EXAFS contributions in the
EXAFS structure function for fitting, we also fit the entire
EXAFS function with four shells. This produced very similar
U-O results, but slightly different U-Fe results. However,

as we discuss below, all fits are consistent with edge-sharing
uranyl groups sorbed onto Fe oxyhydroxyl octahedra, i.e., a
mononuclear, bidentate sorption complex (Fig. 10). The dif-
ference in the fits between full-pattern and filtered EXAFS
is believed due to major U-O contributions that super-
impose onto the U-Fe peak in the structure function, and
which cannot be separated by filtering. The fit results for
sample UF3 are very similar to those for UF4. All results are
shown in Table 2.

Our results differ only slightly in bond distances and co-
ordination numbers from those of MANCEAU et al. (1992),
as do our EXAFS spectra and structure functions. This may
be due to slight differences in sample preparation and also
to the larger k-range of our data. However, the U-Fe dis-
tances we obtain are quite similar. Due to the relatively well-
defined size of the uranyl group in crystal structures (e.g.,
ABERG, 1969, 1970, 1971; ABERG et al., 1983), we can pos-
tulate the U-Fe distance for idealized ferrihydrite-uranyl
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1.79 A

FIG. 10. Model structure for the bidentate surface complex Ofuoi, on ferrihydrite. showing the edge-sharing bond
with an iron octahedron that is part of a dioctahedral chain. O., represents axial oxygen atoms of U110. O,.I represents
equatorial oxygen atoms or UO2' not involved in the complex. and O,, represents equatorial oxygen atoms shared
with the iron octahedron.

bidentate sorption complexes. These can share two uranyl
equatorial oxygens with the adjacent apices of edge-sharing
Fe oxyhydroxyl octahedra in several ways (see COMBES,
1988), or there can be edge-sharing with a single Fe oxyhy-
droxyl octahedron. In the former case, the U-Fe distances
are on the order of 4.2-4.3 A or more, and there are two Fe
second neighbor ions contributing to the backscattering. In
the latter case, there is a single Fe ion second neighbor to the
U ion, and the U-Fe distance is about 3.3-3.5 A.

All of our fits indicate only 0.4- 1.1 Fe neighbors at a dis-
tance of 3.33-3.41 A. Attempts to fit U-U pairings for
these distances showed poor agreement both in phase and
amplitude. U-U distances could also not be fit for any
larger distances, suggesting that either uranyl multinuclear
complexes do not exist on the ferrihydrite surface, or that
the U-U backscattering makes only a negligible contri-

bution to the EXAFS. As our FEFF-5.03 calculations indi-
cated a backscattering amplitude for U-U pairings in a
hypothetical tetranuclear uranyl cluster (ABERG, 1971) that
was larger than that calculated separately for U-Fe back-
scatterers at 3.4 A, we conclude that, within the margin of
detectability ( 10%), no multinuclear uranyl complexes are
sorbed.

If we combine both the U-O and U-Fe distances ob-
tained from our fits to samples UF4 and UF3, a model of
the adsorption complex can be assembled that is self consis-
tent. By taking the shared edge length between the uranyl
ion and the Fe oxyhydroxyl group as 3.0 A, the observed
U-Fe distance of 3.37 A (average) and assuming a mean
Fe-O bond distance of 2.00 A, we obtain the U-Q equa-
torial distances at the adsorption bond of 2.51 A, as observed.
Hence, both this distance, and the U -Fe distance, support

Table 2. Summary of EXAFS Analysis"

Filtered fit results Full EXAFS fitting

Sample UF 4

U-O,, U-o,, U-O U-Fe U-0 UO,., U-0.,, U-Fe

Nb 2.00 3.00 2.00 0.42 2.00 3.00 2.00 1.08

RIA) 1.79 2.34 2.46 3.33 1.80 2.35 2.52 3.41

o2 (A) 0.002 0.0092 0.021 0.002 0.0028 0.0081 0.0084 0.009

E. (eV) 3.01 -3.01 -3.01 -10.1 -0.9 -0.9 -0.9 -4.2

Sample UF3

Nb 2.00 3.00 2.00 1.04

RA_ 1.80 2.34 2.52 3.44

02 (A') 0.0024 0.0074 0.0062 0.0082

E0 (ev) -2.66 -2.66 -2.66 -1.95

U-0 fits were made with integral coordination numbers, i.e.. all reasonable combinations of
Integral values were first attempted and those that resulted In best fits were fixed In subsequent
refinements. U-Fe coordination numbers were floated In all fits.

'Average coordination number

Average bond distance
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a mononuclear bidentate complex sharing an edge with a Fe
oxyhydroxyl octahedron at the ferrihydrite crystallite edge
(Fig. 10). This was also concluded by MANcEAu et al. (1992),
although these authors observed a somewhat larger number
of U -Fe pairs.

We also collected data for samples at lower uranyl con-
centrations (UF2 and UFI; U/Fe molar ratios of 0.001 and
0.0004, respectively). Although the EXAFS from these sam-
ples were too poor for full fitting analysis, the EXAFS were
similar to that from the UF3 and UF4 samples, thus sug-
gesting similar adsorption complexes for all samples. It should
be noted that other ions, e.g., arsenate, also form bidentate
complexes on the ferrihydrite surface (WAYCHUNAS et al.,
1993). However, in the case of arsenate, the complex involved
two surface hydroxyls in a corner-sharing complex rather
than the edge-sharing complex described here.

Surface Complexation Modeling

Surface complexation modeling of the U(VI) adsorption
data was developed with the diffuse double layer model
(STUMM et al., 1970; HUANG and STUMM, 1973). In the
diffuse double layer model, as in other surface complexation
models, the surface is considered to be composed of specific
functional groups that react with dissolved solutes to form
coordinative complexes or ion pairs in a manner analogous
to complexation reactions in solution (DAVIS and KENT,
1990). The effect of electrostatic charge at the ferrihydrite
surface on the apparent strength of binding of charged ions
in the model is calculated from the Gouy-Chapman theory
for the electrical double layer by considering one layer of
surface charge and a diffuse layer of counter charges in so-
lution (DzoMBAK and MOREL, 1990). A surface area of 600

* .> m2/g of Fe2O3 * H20 was used in the model, as recommended
by DAVIS and LECKIE (1978) and DZOMBAK and MOREL
0 (1990).

The modeling approach considered the simplest stoichi-
ometry and number of reactions possible that was consistent
with the EXAFS results and that would describe the exper-
imental data. The process was begun by considering the sim-
plest reaction possible with a one-site, bidentate surface com-
plex, i.e.,

(-Fe(0H)2) + U02+ = (FeO 2 )UO2 + 2H+, (5)

where (-Fe(0H)2) represents the two surface hydroxyls
forming an edge-sharing, bidentate surface complex with the
uranyl ion (Fig. 10). Model calculations discussed below that
consider this species only are referred to as Model 1. To con-
strain the modeling exercise initially, only U (VI) adsorption
data in weakly acidic solutions (pH < 6) were considered,

* because adsorption was essentially independent of the partial
pressure of CO2 in that range (Fig. 6). To test the goodness-
of-fit for any proposed set of reactions, we applied the

'- nonlinear, least-squares optimization program, FITEQL
(WESTALL, 1982). FITEQL can adjust the values of one or
two unknown surface complex formation constants in a
chemical equilibrium model to yield the best fit of the reaction
set to experimental data. FITEQL output includes the value
of a goodness-of-fit parameter, SOS/DF, the sum of squares

of the difference in value between model calculations and
experimental data points divided by the degrees of freedom.
A better fit to the experimental data yields a smaller value
of SOS/DFwhen comparing an equal number of data points
with the same relative or absolute error (FITEQL input pa-
rameters). Ideally, SOS/DF should approach a value of I
before a model is considered valid (WESTALL, 1982).

In the initial calculations using Eqn. 5, we used the surface
site density (0.205 mol sites/mol Fe in ferrihydrite) and
acidity constant values that were recommended by DZOMBAK
and MOREL( 1990). All the U(VI) adsorption data as a func-
tion of U(VI) concentration for pH < 6 were considered
simultaneously in the FITEQL runs. However, as shown in
Fig. I la, this one-site, one-species model produced a relatively
poor fit to the data (SOS/DF = 46.4). Equation 5 was also
tried with only one proton released per U(VI) adsorbed, but
this produced an even poorer fit to the data (SOS/DF
=82.9).

Freundlich adsorption isotherms are usually observed for
cation adsorption on ferrihydrite (BENJAMIN and LECKIE,
1981), and as shown by KINNIBURGH (1986) and DZOMBAK
and MOREL ( 1990), such adsorption data can be satisfactorily
described by a two-site binding model. In a two-site model,
it is assumed that a small population of high-affinity sites
exists on the surface, randomly distributed among a larger
population of relatively low-affinity sites. Using this type of
model combined with the diffuse double-layer model for
electrostatic correction, DZOMBAK and MOREL ( 1990) com-
piled a set of adsorption constants for cation adsorption on
ferrihydrite with the following reactions types:
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FeOH0 + M2̀  = FeOM+ + H+ (6)

and

Fe,,0H 0 + M2+ = Fe,,0M+ + H+, (7)

where Fe,0HI and FeOH' represent strong-binding (high-
affinity) and weak-binding (low-affinity) sites, respectively,
and M2l is a divalent cation. The electrical potential at the
surface is assumed to be uniform, that is, of equal value at
strong- and weak-binding sites.

To improve the fit of the model simulations to the U(VI)
adsorption, the following bidentate reactions were considered
for strong- and weak-binding sites:

(-Fe,(OH)2) + UO2+ = (-Fe,O2 )U02° + 2H+ (8)

and

(-Fe.(OH)2 ) + UO22 = (-FeO 2)UO02 + 2H+. (9)

Initial calculations using Eqns. 8 and 9 (the two-site Model
I ) were performed with the site densities for strong- and weak-
binding sites that were recommended by DZOMBAK and Mo-
REL (1990), i.e., 5 mmol strong sites/mol Fe and 0.2 mol
weak sites/mol of Fe. The agreement between the model
simulations and experimental data was improved (SOS/DF
= 24.2), but characteristics of the model simulations sug-
gested that considerable improvement could be obtained by
changing the values of the site densities. For example, the
model was unable to simulate the observed differences in
fractional adsorption for total U(VI) concentrations of
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lo- M and 10 ' M, because the strong sites (5 X 10 ' M)
were in excess for both cases. To model the difference ob-
served in the experimental data requires a strong-site con-
centration that approaches saturation in the system with 10'
M U(VI). In addition, the adsorption data at 10-4 M total
U(VI) were poorly described because of weak site saturation.

To improve agreement between the model and experi-
mental data, the following steps were taken: ( I ) the strong-
binding site density was determined by-optimization with
FITEQL, as discussed below, and (2) the total site density
was set to 0.875 mol sites/mol Fe. Since the surface complex
is bidentate, 2 X 10-4 M sites are required to adsorb 10-4 M
U (VI); the total number of sites in the previous calculations
was only 2.05 X 10- M. A higher number of surface func-
tional groups for the weak-binding site density is supported
by tritium exchange studies (YATES, 1975; DAVIS, 1977),
experimental adsorption data for arsenate (FULLER et al.,
1993), geometric considerations for primary particles com-
posed of short double Fe octahedral chains (WAYCHUNAS et
al., 1993), and previous surface complexation modeling ap-
plications to ferrihydrite (DAVIS et al., 1978; DAVIS and
LECKIE, 1978, 1980; ZACHARA et al., 1987). Although op-
timization of the weak-binding site density is also possible
in principle, the process is more cumbersome because the
acidity constants and other adsorption constants must be re-
derived each time a new total site density is chosen (see DAVIS
and KENT, 1990, for a discussion of why the constants depend
on the site density). For all calculations discussed below, the

FIG. II. Surface complexation modeling of UmVI) adsorption data
asa function or total U(VI)concentration in the pH range 4.0-6.0.
System described has 10-' M ferrihydritc (as Fe), equilibrated with
air. and an ionic strength of 0.1 NM. (a) Best fit of a one-site, one-
species model to the data. A one-site model means that all surface
sites are equivalent. The species modeled is an inner-sphere, bidentate
surface complex with UO.10 (Eqn. 5). (b) Variation in the FITEQL
goodness-of-fit parameter (SOS/DF, i.e., sum of squares of residuals
divided by degrees of freedom) of a two-site, one-species model to
the data as the total site density of the strong-binding site is varied.
The two-site model has strong- and weak-binding surface sites. The
species modeled is the same for each site (Eqns. 8,9). (c) Best fit of
a two-site. one-species model (Model I) to the data. The species
modeled is an inner-sphere. bidentate surface complex with UO2J
(Eqns. 8. 9).

acidity and carbonate adsorption constants that were used
are given in Table 3. These values were determined with
FITEQL and are consistent with a total site density of 0.875
moles sites/mol Fe. Acidity constants were not rederived each
time that the strong site density was changed, since it was
assumed that the acidity of weak and strong sites was identical
(DZOMBAK and MOREL, 1990). Carbonate adsorption con-
stants were included because it has been demonstrated that
carbonate can adsorb on Fe oxides (VAN GEEN et al., 1994;
ZACHARA et al., 1987; BRUNO et al., 1992).

Using Eqns. 8 and 9 to describe U(VI) adsorption. Fl-
TEQL was run in an iterative fashion with the strong-binding
site density as a variable. Each run produced a different value
of the goodness-of-fit parameter, allowing an estimate of an
optimal value for the strong-binding site density of 1.8 mmol
sites/mol Fe for the two-site Model I (Fig. I Ib). Using this
value for the strong-binding site density gave a substantially
better fit (SOS/DF = 4.0) to the adsorption data for this
two-site, one-species model (Fig. I Ic). Stability constants
for the two U (VI) adsorption reactions are given in Table 3.
As mentioned above, carbonate adsorption reactions were
included in the modeling, but these reactions had a negligible
effect on the simulations of U(VI) adsorption in this pH
range at a partial pressure of CO2 of 10-35. The fit to the
data at 10-' and 10-5 total U(VI) concentration could only
be improved by adding a third type or surface site to the
model, which was considered unwarranted.

The FITEQL modeling described above was performed by
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Table 3. Ferrihydrite Surface Reactions'

Reaction log K Note
(1.0.1)

zFeOH + H- uFeOH2 6.51 b

zFeOH . zFeO + Hr -9.13 b

wFeOH + H2CO . FeCO 3H" + H2O 2.90 c

uFeOH + H2CO . uFeCO,7+ H.0 + H' -5.09 c

(nFe.(OH) 2) + UO, . (nFeO 2 )UO" + 2H -2.57 d,f

(EFe.(OH),) + UO, - (zFe.O,)U02 + 2H- -6.28 d,f

(zFe,(OH) 2) + U02
2 + C03'- . (=Fe, 2) UOCO32 + 2H' 3.67 ef

(Fe,(OH) 2) + UO," + Co,2- . (uFe.O,2) UOCO,2_+ 2H- -0.42 e,f

'All constants determined with FITEOL using a two-site diffuse double
layer model and a total site density of 0.875 moles sites/mole Fe.

bFrom FITEOL fit of titration data of Davis (1977). Reaction constants for
weak and strong surface sites assumed to be equal.

cFrom FITEOL fit of carbonate adsorption data of Zachara et al. (1987) for
the closed system (CT- 4.6 x 104M, Fe 1=8.7 x 10-'M. 0.1 M NaNO,).
Reaction constants for weak and strong surface sites assumed to be
equal.

dFrom FITEOL fit of U(VI) adsorption data as a function of total U(VI)
concentration In the pH range 4.0 - 6.0 with a strong site density of 0.0018
moles sites/ mole Fe.

*From FITEOL fit of U(VI) adsorption data at 1.0.1 in the pH range 6.5-9
(after determining constants for data In the pH 4-6 range).

'Mass action equations with bidentate surface complexes are defined with
an exponent of one for *FeOH. However, mass balance equations
assume a stoichiometric coefficient of two for xFeOH (consuming two
sites), following the approach of Davis and Leckle (1980). Calculations
with differing coefficients for the mass action and mass balance equations
are possible with FITEOL, but not with HYDRAOL.

fitting all of the adsorption data where pH was less than 6.
To test the robustness of the model at higher pH values where
carbonate complexation is important, the same stability con-
stants for Eqns. 8 and 9 (Table 3) were applied in simulations
of U( VI) adsorption data in alkaline solutions at two partial
pressures of CO2 (Fig. 12a). Adsorption of U( VI) was slightly
underpredicted by the simulations in the higher pH range,
with the degree of underprediction increasing with increasing
partial pressure of CO2 . However, the predictions were ac-
tually quite good for a one species model, considering the
range of conditions and the complexity of previous surface
speciation models published for this system.

To determine whether a simple refinement of the model
would result in even better agreement with the data, a two-
site, two-species model (Model 2) was tested, where the sec-
ond species proposed was a ternary surface complex comn-
Posed of the two edge-sharing surface hydroxyls, the uranyl
cation, and a carbonate anion, i.e.,

(=Fe,(OH)2 ) + U022 + CO2-

= (-Fe,O2 )UO2CO27 + 2H* (10)

and

(_Few(OH)2 ) + UO2 + CO3

= (-FeO 2)UO 2CO2 +2H+. (11)

The stability constants for the reactions shown in Eqns. 10
and II (see Table 3) were determined with FITEQL by fitting
U(VI) adsorption data at an ionic strength of 0.1 M in the
pH range 6.5-9.0. The same constants for Eqns. 8 and 9 were
used as determined previously in Model 1. The Model 2 sim-
ulations in the alkaline pH range are in excellent agreement
with the data (Fig. 12a). A similar result has been observed
by KOHLER et al. (1995) in a study of U(VI) adsorption by
goethite. Interestingly, the slight shift of the Model 2 simu-
lations to predict more U(VI) adsorption near pH 4.75 at
the higher partial pressure of CO2 is consistent with the ex-
perimental data. Although the difference in predicted U(VI)
adsorption between Models I and 2 in the alkaline pH range
is small, the ternary surface complex is predicted to be the
most important surface species in the pH range 6-9 (Fig.
12b). The model simulations suggest that it would only be
a minor surface species near pH 5, at which samples for



5476 T. D. Waite et al.

(a)

la
a-

0
Cn

0-

100

80

60

40

* Data, alr
- Model 1, air

Model 2, air
A Data. 1% Co,

Modell. 1%CO,
.....Model 2, 1% CO2

(b)

la
.0-

Ola

0

20 f

0
0 1 2 3 4 5 6 7 8 9 10

pH
1 2 3 4 5 6 7 8 9 10

pH

(c)

10
.0
0
Cn

pH

EXAFS analysis were prepared. The ternary surface complex,
which is negatively charged (Eqns. 10, I 1), may account for
the observed charge reversal of iron oxide particles after ad-
sorption of U(VI) in the presence of carbonate, as reported
by Ho and MILLER ( 1986).

The model simulations also agree well with the dependence
of U( VI) adsorption on ionic strength in the pH 8-9.5 range
(Fig. 12c). The ionic strength dependence of U(VI) adsorp-
tion in this pH range does not mean that the ternary surface
complex formed is necessarily an outer-sphere species. The
diffuse double layer model used considers only inner-sphere
surface complexes (DZOMBAK and MOREL, 1990). Instead,
the ionic strength dependence of calculated adsorption in
this pH range derives from the change in activities of the
dominant aqueous species of U(VI), the highly charged car-
bonato complexes (Fig. 2a).

The modeling results suggest that the surface speciation of
U(VI) may be far simpler than that observed in aqueous
solution. As shown by the EXAFS results, the coordination
environment at the surface may give strong preference to the
bidentate, edge-sharing linkage that is stable over a wide pH
range. In the alkaline pH range, carbonate may then attach
to adsorbed uranyl ion to form the ternary surface complex,
although the results do not reveal any structural information
about the complex. It appears unlikely that aqueous species
such as UO2(CO 3)2- or UO2 (CO3)'3 would adsorb strongly
at the Fe oxide surface as proposed by Hsi and LANGMUIR
( 1985), due to steric and coordinative constraints. Instead,

FIG. 12. Surface complexation modeling or U(VI) adsorption data
as a function of pH. ionic strength, and the partial pressure orCO2.
System described has 10' M U(VI) and 10-' M ferrihydrite (as
Fe). (a) Prediction of U(VI) adsorption over the pH range 3-9,
using the two-site, one-species model (Model l; determined previously
with FITEQL) and a two-site, two-species model (Model 2). The
Model I species is an inner-sphere, bidentate surface complex with
UO2 (Eqns. 8, 9). Model 2 has a second species, a ternary surface-
UOrCO, complex (Eqns. 10, II). (b) Plot of surface speciation for
adsorbed U(VI) in Model 2, showing the distribution of total ad-
sorption between the two types of surface species. System described
is equilibrated with air. (c) Prediction of Model 2 for U(VI) adsorp-
tion over the pH range 7.5-10 as a function of ionic strength. System
described is equilibrated with air.

the data suggest that at the pH values at which these species
become predominant in aqueous solution (pH > 8 in air;
pH > 7 in 1% C02; see Fig. 2), U(VI) is desorbed from the
ferrihydrite surface (Fig. 12a).

CONCLUSIONS
Major findings of the experimental and modeling studies

of U(VI) adsorption on ferrihydrite are noted below:

(I ) EXAFS analysis and the trend in U(VI) adsorption on.
ferrihydrite as a function of U(VI) concentration suggest
that polynuclear U(VI) species do not form readily at
the surface in the circumneutral pH range as they do in
solution.

(2) The experimental data, EXAFS analysis, and model
simulations suggest that the major U(VI) species at the
ferrihydrite surface in the acidic pH range is an inner-
sphere, bidentate complex, involving two surface hy-
droxyls of an Fe octahedron edge and the uranyl cation.

(3) A diffuse double-layer, two-site surface complexation
model, with two proposed surface species, provides an
excellent description of U( VI) adsorption on ferrihydrite
over a wide range of pH, U(VI) concentration, and two
CO2 partial pressures. Manipulation of strong- and weak-
binding site densities was necessary in order to obtain
the best agreement between data and model simulations.
Compared to the site densities recommended for ferri-
hydrite by DZOMBAK and MOREL (1990), decreasing
the strong-site density by a factor of 3 and increasing the
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weak-site density by a factor of 4 greatly improved the
model simulations as a function of U( VI) concentration.

(4) The coordination environment of the ferrihydrite surface
may limit the complexity of U (VI) surface speciation in
comparison to that observed in aqueous solution. Binding
of the 1:1 uranyl-carbonate complex at the surface is
suggested from the results of batch adsorption studies
and associated surface complexation modeling; however,
coordination of U(VI) with two or more carbonate Ii-
gands may prevent surface coordination.
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1.0 INTRODUCTION -

On April 25, 1988, Hydro Resources, Inc. (HRI), submitted an application to the U.S. Nuclear
Regulatory Commission proposing to construct and operate an in situ leach (ISL) uranium
mining facility on property in Sections 8 and;17, Township (T) 16N Range (R) 16W, near
Churchrock, New Mexico (hereafter, the Churchrock site). HRI lateramrended its application to
include ISL operations on two lease areas near Crownpoint, NM: (a) an area covering parts of
Sections 15-16 and 21-23, T17N R13W, approximately 2.5 miles west of Crownpoint (hereafter,
the Unit 1 site); and (b) an area covering parts of Sections 24 and 25, T17N R13W, and
Sections 19 and 29, T17N R12W, adjacent to Crownpoint (hereafter, the Crownpoint site).
Operations at the Crownpoint site include a central processing facility (CPF) in Section 24,
T17N R13W, where yellowcake will be dried and packaged. 'Together, the three sites comprise
HRI's Crownpoint Uranium Solution Mining Project (hereafter, the Crownpoint Project). The
staffs environmental review of the Crownpoint Project is set forth in NUREG 1508, Final
Environmental Impact Statement to Construct and Operate the Crownpoint Uranium Solution
Mining Project,-Crownpoint, New Mexico (hereafter, the FEIS [NRC 1997]). This safety
evaluation report (SER) documents the staffs safety review of HRI's Crownpoint Project
application materials. -

HRI developed and submitted in 1996 a consolidated operation plan (COP) for the Crownpoint
Project (COP Revision 0.0 [HRI I996b]) in response to a staff request for additional information
(NRC 1996a, Question 39). In response to additional requests for information, HRI submitted
revised COPs in 1997 (Revision 1.0 [HRI 1997a] and Revision 2.0 [HRI 1997b]).

1.1 Description of the Proposed Action

This SER and the FEIS (NRC 1997) provide the bases for NRC's decision to issue a source
material license to HRI 30 days from issuance of the SER. The license will authorize HRI to
construct and operate ISL uranium mining facilities at the Crownpoint Project for a period of five
years. In preparing the SER,-the staff reviewed HRI's license application submittals and the
COP Revision 2.0 (HRI 1997b) against the applicable regulations in 10 CFR Parts 19, 20, 40,
and 71. The SER supports the staffs finding that issuing the license to HRI will be in
accordance with these regulations, and with all applicable safety requirements of the Atomic
Energy Act of 1954 (AEA), as amended.-

1.2 Supplemental Information

After the FEIS (NRC 1997) was published, HRI provided sensitivity analyses of flow times from
the Unit 1 site to the Town of Crownpoint wells as a function of variations in permeability,
storage coefficient, aquifer thickness, porosity, and town of Crownpoint well pumping rates (HRI
1997c). HRI's report provided groundwater flow rates and velocities for average values, and
then increasingly conservative and unlikely values that would produce faster flow velocities.
Different flow times were calculated by holding all model parameters'constant, while varying
one or more other parameters. For the Unit 1 boundary nearest the town of Crownpoint, the
sensitivity analysis produced average flow times that ranged from 2,103 years to 2,371 years.
These are longer flow times than were calculated by the modeling study cited in the FEIS (NRC
1997). That study was based on more conservative values and produced a flow time of 1,657
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years. With the exception of modeling runs based on unrealistically conservative values,
calculated flow times were all above 1,500 years. Modeling runs based on unrealistically
conservative values produced flow times from 1,059 years to 698 years. The sensitivity
analyses showed that extremely long flow times to the Crownpoint water supply wells from the
Unit 1 site are to be expected. This is in agreement with the conclusions in Section 3.3 of the
FEIS (NRC 1997).

1.3 Review Scope

This SER details the staff s safety review of HRI's radiological protection program for the
Crownpoint Project, set forth in COP Revision 2.0 (HRI 1997b). While much of the SER text
repeats what is stated in COP Revision 2.0 (HRI 1 997b), any HRI commitments made in the
COP are enforceable whether or not such commitments are stated in the SER.

Evaluation of environmental impacts and measures to mitigate those impacts are contained in
the FEIS. The SER safety review focuses on those aspects of radiological protection discussed
in the COP (HRI 1997b) which were not evaluated in the FEIS (NRC 1997) and is limited to
those aspects of the COP (HRI 1 997b) that fall within the NRC's regulatory jurisdiction. For
example, the SER does not evaluate HRI's proposed land application of restoration wastewater
on Section 12, T17N R13W, north of Crownpoint. Restoration wastewater disposal is not
licensed by NRC, and HRI would need to obtain the appropriate licenses and/or permits from
the proper regulatory authorities.

The SER text in bold print denotes matters to be controlled by specific license conditions stated
in the license. HRI cannot deviate from these conditions without first obtaining NRC approval
through the license amendment process. These license conditions provide reasonable
assurance that HRI's Crownpoint Project operation will be in accordance with all NRC
regulatory requirements. NRC will require by license condition that:

HRI shall conduct operations In accordance with all commitments, representations, and
statements made in its license application submitted by cover letter dated April 25, 1988,
as supplemented, and the Crownpoint Uranium Project COP, Rev. 2.0, dated August 15,
1997, except where superseded by license conditions contained in this license.
Whenever the words "will" or "shall" are used In the aforementioned licensee
documents, it denotes an enforceable license requirement.

2.0 AUTHORIZED ACTIVITIES

The source material license to be issued to HRI will authorize the commercial ISL operation of
the Crownpoint Project. Uranium will be extracted from the ore bodies by a sodium bicarbonate
lixiviant at a rate of up to 0.25 cubic meters per second (4,000 gal/min) at each site. The
uranium will be extracted from the solution, and concentrated. For uranium mined at the
Churchrock and Unit 1 sites, uranium concentrate, in either the form of uranium-loaded resin
beads or yellowcake slurry, will be shipped by truck to the CPF, where it will be dried and
packaged into a final yellowcake product. Descriptions of the well fields, mining equipment,
lixiviant, processing facilities, and recovery processes to be used at the Crownpoint Project are
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contained in FEIS Sections 2.1.1.1 through 2.1.1.4 (NRC 1997). The NRC will require by
license condition that:

The processing plant flow rate at each site (Church Rock, Unit 1, or Crownpoint) shall
not exceed 15,142 LUmin (4000 gal/min), exclusive of restoration flow. Total yellowcake
production from all three sites shall not exceed 1.36 million kg (3 million Ibs) annually.

3.0 MANAGEMENT ORGANIZATION AND ADMINISTRATIVE PROCEDURES

3.1 Organization

Figure 1 is a partial organization chart of HRI's Crownpoint Project. The positions and duties of
HRI personnel are described below, in descending order of authority. Qualifications and
experience requirements are noted, where applicable. HRI will allow a Master's degree'in an
appropriate field to equate to two years of work experience. HRI's organizational arrangement
is consistent with Regulatory Guide 8.31 '(NRC 1983b). The organizational arrangement allows
radiation safety matters to be considered at any management level. To ensure clear lines of
communication for radiological safety matters, NRC will require by license condition that:

Any corporate organization changes affecting the assignments or reporting
responsibilities of the radiation safety staff as described in the COP of the approved
license application shall conform to Regulatory Guide 8.31 (NRC 1983b).

3.1.1 C.E.O. of Uranium Resources, Inc.

The C.E.O. of Uranium Resources, Inc., will have the ultimate responsibility for all operations of
Uranium Resources, Inc., including its subsidiary, HRI, Inc.

3.1.2 Vice President of Health, Safety and Environmental Affairs

The Vice President of Health, Safety and Environmental Affairs (VPHSE) will have the ultimate
responsibility and authority for the radiation safety, environmental compliance, and Quality
Assurance program at the Crownpoint Project, in addition to off-site project development
activities. The VPHSE will provide corporate audit input to the Environmental Manager, and
Radiation Safety Officer (RSO) to ensure that all radiation safety, environmental compliance,
and permitting/licensing programs will be conducted in a responsible manner, and in
compliance with' all applicable regulations, and permit/license conditions. The VPHSE will
report directly to the C.E.O. of Uranium Resources, Inc.

HRI will require the VPHSE to have either a Bachelors degree in an engineering or science field
from an accredited college or university, or an equivalent level of work experience. Additionally,
a minimum'of five years of experience in'senior engineering management and operations
functions will be required.
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3.1.3 President of HRI

The President of HRI is responsible for the safe operations of the Crownpoint Project. The
President reports directly to the C.E.O. of Uranium Resources, Inc.

3.1.4 Environmental Manager

The Environmental Manager reports directly to the President of HRI and is responsible for the
development, administration and enforcement of all environmental programs for the Crownpoint
Project, including radiation safety. The Environmental Manager will also interface with the
VPHSE to ensure that the environmental programs are conducted consistent with the
applicable regulations. The Environmental Manager will be responsible for routinely auditing all
operational and monitoring procedures and the QAIQC programs, will chair the ALARA ("As
Low As Reasonably Achievable') committee, will be a member of the ALARA audit team, and a
member of the Safety and Environmental Review Panel (SERP). The Environmental Manager
is authorized to terminate immediately any activity that may be a threat to the employees, public

HRI ORGANIZATIONAL STRUCTURE

Figure 1. HRI Organization Chart.
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health, or the environment, as indicated in reports from the RSO.

The Environmental Manager will develop and administer corporate radiation protection safety
programs to ensure (1) employees are afforded the optimum practical protection against
occupational hazards, (2) exposure' of employees to radiation and radioactive materials is
ALARA, and (3) all regulatory requirements are 'met. The Environmental Manager will assist in
the development, review, and approval bf sampling'and analysis procedures used at the
Crownpoint Project, and aid in the technical evaluation of laboratory data, as required.

HRI will require the Environmental Manager to have a bachelor's degree in the physical or
biological sciences, mathematics, or engirinering from an accredited college or university.
Additionally, the position will require at least three years of work experience in the uranium
mining industry, in the areas of applied health physics and radiation protection.

3.1.5 Vice President of Technology

The Crownpoint Project Vice President of Technology (VPT) will be directly responsible for all
operations, including, implementing industrial and radiation safety, and environmental protection
programs.' This includes all operating procedures, radiation safety programs, industrial safety
programs, environmental and groundwater monitoring programs, associated quality assurance
programs, 'and routine and non-routine maintenance activities. The VPT will also be
responsible for compliance with all regulatory license conditions, and regulations, and reporting
requirements. The VPT will have the responsibility, and authority, to terminate immediately any
activity that is determined to be a threat to employees, public health, or the environment. The
VPT will be a member of the ALARA Committee and the ALARA audit team, and will report
directly to the President of HRI.

'HRI will require the VPT to have a Bachelor's degree in engineering or science from an
accredited college or university, or equivalent work experience, and a minimum of five years
supervisory experience. Work experience will include industrial process/production experience,

'and industrial process/production management.

3.1.6 Radiation Safety Officer

The RSO is responsible for the daily supervision of the environmental protection and radiation
safety programs for the Churchrock, Crownpoint, and Unit I sites.: The RSO is the designated
Site QANQC Coordinator. The RSO will be a member of the ALARA Committee, assist
management with the annual ALARA Audit, and report directly to the Environmental Manager.

The RSO has responsibility for the daily supervision of all radiation and safety protection
procedures, equipment and controls, 'including emergency procedures. Responsibilities will
include developing and implementing all radiation safety and environmental programs, ensuring
that all records will be correctly maintained,'and assisting the VPT in ensuring compliance with
NRC regulations and license conditions.'The RSO will conduct routine training programs for the
supervisors and employees with regard to the proper application'of radiation'protection,
emergency response, and environmental control programs. The RSO will inspect the facilities
to verify compliance with all applicable radiological health and safety requirements and the
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QA/QC program. Additionally, the RSO will annually review all operating procedures to ensure
that radiation exposures will be maintained ALARA.

HRI will require the RSO to have a bachelors degree in the physical or biological sciences, or
engineering. Additionally, the RSO must have at least three years of appropriate experience in
environmental compliance, permitting, radiation protection, and technical supervision. At least
two of the three years experience will be in a position at an operation where knowledge of
radiation protection programs has been obtained. The RSO position will also require 40 hours
of formal radiation protection training on a biennial basis. This is consistent with the guidance
in Regulatory Guide 8.31 (NRC 1983b). To emphasize the importance of the RSO's
background, the NRC will require by license condition that:

The RSO, or his designee, shall have the education, training, and experience as specified
in Regulatory Guide 8.31 (NRC 1983b).

3.1.7 Plant Superintendent

The Crownpoint, Churchrock, and Unit I sites will each have a Plant Superintendent, who will
be responsible for the site's operational and maintenance activities and procedures. The Plant
Superintendents will implement, and annually review, a training program for operation and
maintenance personnel. The Plant Superintendents will report to the VPT. Development and
review of procedures involving radiological safety concerns will be coordinated with the
radiation staff.

3.1.8 Radiation Safety Technicians

At least one radiation safety technician (RST) will be present at each site. The RSTs will
conduct the sampling, surveys and other duties necessary as part of the established
environmental protection and radiation safety programs for the Churchrock, Crownpoint, and
Unit 1 sites. The RSTs will be members of the ALARA Committee, assist management with the
annual ALARA Audit, and report directly to the RSO.

The RSTs will conduct environmental and radiological surveys; collect air, water, soil, and
vegetation samples; perform analyses; collect data for the radiation safety program; perform
calculations of employee radiation exposures; generate records; and conduct various other
activities associated with implementation of the environmental and radiation protection
programs. The RSTs will report all radiation protection data to the RSO prior to submittal to the
Environmental Manager.

HRI has& proposed to require that a minimum of a high school diploma, or alternatively, an
equivalent combination of experience and training in uranium mill radiation protection for
prospective RSTs. A Bachelor's degree in physical or biological sciences, engineering, or a
related discipline from an accredited college or university with no experience will also be
acceptable to HRI. This is not completely consistent with the guidance in Regulatory
Guide 8.31 (NRC 1983b). The NRC will require by license condition that:
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The RSTs shall have the qualifications specified in Regulatory Guide 8.31 (NRC 1983b).
Any person newly hired as an RST shall have all work reviewed and approved by the
RSO as part of a comprehensive training program until appropriate course training is
completed, and at least for 6 months from the date of appointment.

3.1.9 Conclusions

HRI has described its management and organization to show that the RSO and RSTs will be
responsible for implementing the daily environmental protection and radiation safety programs
for the Crownpoint Project. Their responsibilities are to ensure that HRI's radiation safety
programs are complied with by all HRI employees and visitors, and that radiation exposures are
maintained in accordance with ALARA principles. The RSTs report to the RSO, who in turn
reports to the Environmental Manger, who has overall responsibility for HRI's radiation safety
program. HRI has an acceptable corporate organization that defines management
responsibilities and authority at each level. HRI's definition of the responsibilities with respect to
development, review, approval, implementation, and adherence to operating procedures,
radiation safety programs (including record keeping and reporting), environmental and
groundwater monitoring programs, QA programs, routine/non-routine maintenance activities,
and changes to any of these is acceptable. The qualifications required for personnel
conducting the radiation safety program at the Crownpoint Project are acceptable, as they are
consistent with the guidance in NRC Regulatory Guide 8.31 (NRC 1983b).

Based on the information provided in the application and the detailed review conducted of the
corporate organization for HRI, the NRC staff has concluded that the proposed corporate
organization, modified as above by the stated license conditions, is acceptable. The NRC staff
also concludes that HRI's proposed organizational structure will help ensure implementation of
an effective radiation protection program, in accordance with 10 CFR 20.1101 (a).

3.2 Manaaement Control Program

3.2.1 Performance-Based Licensing Condition

The following license condition describes the process under which HRI will have the latitude to
initiate changes and conduct tests without obtaining prior NRC review and approval. All
changes made by HRI at the Crownpoint Project are subject to NRC inspection and
enforcement actions. The inclusion of the following condition in the license does not alter or
affect NRC's inspection function, nor does it allow HRI to change license conditions without first
obtaining NRC review and approval. Requesting changes to license conditions would require
filing license amendment applications pursuant to 10 CFR 40.44.

HRI may, without prior NRC review or approval: (a) make changes in the Crownpoint
Project's facilities or processes as described in Revision 2.0 of the COP; (b) make
changes in its standard operating procedures; and (c) conduct tests or experiments, if
HRI ensures that the following conditions are met:
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(1) the change, test, or experiment does not conflict with any requirement
specifically stated in HRI's license, or impair HRI's ability to meet all applicable
NRC regulations;

(2) there is no degradation in the safety or environmental commitments made in COP
Revision 2.0 (HRI 1997b), or in the approved reclamation plan for the Crownpoint
Project; and

(3) the change, test, or experiment is consistent with NRC's findings in the FEIS
(NRC 1997) and the SER dated December 1997 for the Crownpoint Project.

If any of these conditions are not met for the change, test, or experiment under
consideration, HRI is required to submit a license amendment application for NRC
review and approval. HRI's determinations as to whether the above conditions are met
will be made by a Safety and Environmental Review Panel (SERP). All such
determinations shall be documented, and the records kept until license termination. All
such determinations shall be reported annually to the NRC. The retained records shall
include written safety and environmental evaluations, made by the SERP, that provide
the basis for determining whether or not the conditions are met.

HRI shall provide an annual report to NRC that describes all changes, tests, and
experiments, including a summary of the safety and environmental evaluation of each
such action. As part of this annual report, HRI shall include any COP pages revised in
accordance with the performance-based license condition.

3.2.2 Safety and Environmental Review Panel

The SERP shall operate as required by the following license condition:

The SERP shall consist of a minimum of three individuals employed by HRI, and one of
these shall be designated the SERP Chairperson. One member of the SERP shall have
expertise in management and shall be responsible for managerial and financial approval
changes; one member shall have expertise in operations andlor construction and shall
have responsibility for implementing any operational changes; and, one member shall
be the Environmental Manager, with the responsibility of ensuring that changes conform
to radiological safety and environmental requirements. Additional members may be
included in the SERP as appropriate, to address technical aspects such as health
physics, ground-water hydrology, surface water hydrology, earth sciences, and other
technical disciplines. Temporary members, or permanent members other than the three
identified above, may be consultants.
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3.2.3 Record Keeping.

The record keeping program outlined by HRI in its COP Revision 2.0 (HRI 1997b) deals with
two aspects of facility operation. The first is a commitment to keep records of any changes
authorized by the SERP until license termination. The records will include written safety and
environmental evaluations made by the SERP as part of its analysis for determining if
applicable changes were made consistent with the license. Additionally, in the COP Revision
2.0 (HRI 1997b).HRI describes the erip'loyee exposure records system that it will implement.
These records will include exposures monitored in accordance with Regulatory Guide 8.34, as
well as NUREG 8.22. HRI employees will be advised of their annual exposure consistent with
10 CFR 20.2106, andRegulatory Guide 8.7. .Posting of employee annual doses will be
performed quarterly, and will contain the equivalent of information found on NRC Form 5.

Although HRI has not specified in its application the length of time records will be maintained,
10 CFR Part 20, Subpart L specifies the NRC requirements for record keeping and retention.
Adequate record keeping is necessary to allow NRC to inspect and review the performance of a
licensee: In addition to the applicable requirements of 10 CFR Part 20, Subpart L, the NRC will
require by license condition that: -

The results of the following activities, operations, or actions shall be documented:
sampling; analyses; surveys or monitoring; survey/monitoring equipment calibrations;
reports on audits and inspections; emergency generator use and maintenance records;
all meetings and training courses required by the license; and any subsequent reviews,
investigations, or corrective actions. Unless specified otherwise in NRC regulations or
*the license, all documentation required by the license shall be maintained for a period of
at least five (5) years by HRI at Its facility, and is subject to NRC review and inspection.

Compliance with the requirements of 10 CFR 20.2108 will be reviewed if HRI, after obtaining
any necessary permits, chooses to dispose of waste on-site. -;

3.2.4 Standard Operating Procedures

All principal work assignments will be conducted in accordance with written standard operating
procedures (SOPs). Supervisory and management personnel will routinely observe their
employees at work and thus will be able to ensure adherence to the written procedures. If
employees are found deviating from a procedure, they will be counseled by their supervisor(s),
and instructed to adhere to the written procedures. Follow up supervision will also occur to
ensure the success of the counseling session. Such deviations and follow-up counsel will be
documented, and the documentation maintained on file at the project site. Prior to
implementation, all new, or revised, operating procedures affecting radiation safety will be
reviewed by the SERP. The Environmental Manager will annually audit all operational and
monitoring procedures to assure they are still appropriate and are not in conflict with newly
established radiation safety policies or regulatory requirements. Additionally, the RSO will
annually review all operating procedures to ensure that radiation exposures will be maintained
as low as reasonably achievable (ALARA). The NRC views the use of SOPs to be critical to
safe operations. Therefore, the NRC will require by license condition that:
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Written SOPs shall be established and followed for: (1) all operational activities
involving radioactive materials that are handled, processed, stored, or transported by
employees; (2) all non-operational activities involving radioactive materials including in-
plant radiation protection and environ'mental monitoring; and (3) emergency procedures
for potential accident/unusual occurrences including significant equipment or facility
damage, pipe breaks and spills, loss or theft of yellowcake or sealed sources, and
significant fires. The SOPs shall include appropriate radiation safety practices to be
followed in accordance with 10 CFR Part 20. SOPs for operational activities shall
enumerate pertinent radiation safety practices to be followed. A copy of the current
written procedures shall be kept in the area(s) of the production facility where they are
utilized. All SOPs for activities described in the COP shall be reviewed and approved as
presently described in the COP.

3.2.5 Radiation Work Permits

Non-routine work or maintenance activities which may result in personnel exposure to
radioactive materials and are not covered by an active SOP will be carried out in accordance
with a radiation work permit (RWP). The RWP may require additional monitoring or safeguards
when performing the non-routine work, such as respirators. The procedures for developing an
RWP include contacting the radiation safety staff prior to the start of work. The RSO, or RST,
will survey the area for radiation and/or contamination levels, as appropriate, and conduct a
discussion of precautions to be taken during the planned work to minimize exposures. RWPs
will be supervised with the job supervisor directing the work to minimize exposures. Air
samples will be taken, as necessary, to evaluate the exposures of all involved personnel. To
ensure that RWPs contain the proper information and that RWPs are not used in lieu of SOPs,
NRC will require by license condition that:

RWPs shall include, at a minimum, the information described in Section 2.2 of
Regulatory Guide 8.31 (NRC 1983b).

3.2.6 Conclusions

HRI has an acceptable management control program that assures that all activities can be
conducted according to written operating procedures. HRI has acceptably identified radiation
protection, maintenance activities (especially in radiation areas), development of well fields, and
SERP reviews as areas where SOPs are acceptable. HRI has demonstrated that non-routine
work or maintenance activity will comply with radiation safety requirements and has included,
as one means of comparison, the issuance of radiation work permits for activities where SOPs
do not apply.

HRI will establish a SERP with at least three individuals representing expertise in
managementifinancial, operations/construction, and radiation safety matters. HRI has
committed that specific technical issues will be dealt with by the SERP, with support from other
qualified staff members, or consultants, as appropriate. Annually, HRI will furnish a written
report to the NRC that provides the bases for any changes in the approved programs along with
any appropriate page changes.
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Based on the information provided in the application and the detailed review conducted of the
management control program for the Crownpoint Project, the NRC staff has concluded that the
management-control program, modified as above by the stated license conditions, is
acceptable. The use of a SERP to approve changes to the facility commensurate with licensed
activities is in accordance with 10 CFR 20.1101(a). The SOPs and RWPs described above are
procedures to maintain radiation doses ALARA, in accordance with the applicable requirements
of 10 CFR 20.1101 (b). The record keeping provisions described above ensure compliance with
the applicable requirements of 10 CFR Part 20, Subpart L.

3.3 Audits and Inspections

3.3.1 Inspections

The RSO will conduct weekly inspections of all work and storage areas and shall document all
findings pertaining to compliance with license conditions and radiation safety practices. The
RSO, or designated radiation safety technician, will conduct daily walk-through inspection of all
work and storage areas of the CPF to ensure proper implementation of good radiation safety
procedures. Results of these inspections, including any corrective actions or preventive
maintenance required by the inspection, will be documented and maintained on site. In addition
to the site maintenance inspections, daily visual inspections will be made for locating
yellowcake contamination on surfaces in areas of yellowcake processing. To ensure that the
results of inspections can provide management with the information necessary to conduct an
appropriate ALARA program, NRC will require by license condition that:

Site inspections and reviews shall be completed and documented by HRI as described in
Section 2.3.1 and 2.3.2 of Regulatory Guide 8.31 (NRC 1983b).

3.3.2 ALARA Audit

Members of the HRI ALARA Audit team will conduct annual audits of the radiation protection
and ALARA program, under the direction of the Environmental Manager and the VPHSE. The
audit will address the topics listed in Section 2.3.3 of Regulatory Guide 8.31 (NRC 1 983b). The
results of the audit, including any ALARA-based corrective actions recommended in the audit
findings, will be reviewed and approved by the President of HRI, prior to submittal to NRC.

3.3.3 QA/QC Audit

An annual audit of the water.quality sampling and analysis program, radiological monitoring
sampling, and QAIQC programs will be conducted in conjunction with the annual ALARA audit
by the Environmental Manager, and the VPHSE. The Environmental Manager may designate
individuals qualified in chemistry and monitoring techniques who will not have direct
responsibilities in the areas being audited to assist in the audit. Audit results will be reviewed
with the RSO, VPT, and President of HRI. The results of the audit, and any corrective actions
to be taken based on the audit results, will be documented and maintained on site.
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3.3.4 Conclusions

Based on the information provided in the application and the detailed review conducted of the
management audit and inspection programs, modified as above by the stated license condition,
for the Crownpoint Project, the NRC staff has concluded that the proposed programs are
acceptable and ensure compliance with 10 CFR 20.1101(c), which requires periodic reviews of
the radiation protection program.

HRI has acceptable management audit and inspection programs that provide frequencies,
types, and scopes of audits and inspections sufficient to implement the proposed actions. HRI
will fully document and maintain records of audits and inspections results, including any
corrective actions to be taken based on the results.

3.4 Radiation Safety Training

A training program on radioactive material handling and radiological safety will be administered
to all new site employees at the Crownpoint Project. Information provided in the training will be
consistent with the information found in NUREG 1159 (McElroy 1986) and Regulatory Guide
8.29 (NRC 1996b). The RSO, or his or her designee, will conduct the training. The level of
training will be based on the trainee's expected degree of access to the restricted area. Each
employee's understanding of the training materials will be assessed. A written record of all
training and testing will be maintained on site.

The radiation protection standards (10 CFR Part 20) have changed since the publishing of
NUREG 1159 (McElroy 1986). To ensure proper training of individuals in accordance with the
revised 10 CFR Part 20, NRC will require by license condition that:

W HRI shall implement and maintain a training program for all site employees as described
f in Regulatory Guide 8.31, and as detailed in the COP. All training materials shall

incorporate the information from current versions of 10 CFR Part 19 and 10 CFR Part 20.
Additionally, classroom training shall include the subjects described in Section 2.5 of
Regulatory Guide 8.31 (NRC 1983b). All personnel shall attend annual refresher training,
and HRI shall conduct regular safety meetings on at least a bimonthly basis, as
described in Section 2.5 of Regulatory Guide 8.31 (NRC 1983b).

COP Revision 2.0 (HRI 1997b) contains an operational definition of a Uranium Work Area" for
contamination control and radiation protection purposes. Any areas in HRI processing facilities
in which employees could potentially come into contact with yellowcake will be designated by
HRI as Uranium Work Areas. These areas include the filter press area, elution area, IX
columns, sand filters, RO unit area, dryer area, and yellowcake drum storage area. HRI will
require employees to survey as described in SER Section 4.5.1 before exiting a Uranium Work
Area.

3.4.1 Operations Personnel

Personnel who work within a Uranium Work Area will be provided operations personnel training.
These individuals will typically be required to work with radioactive materials. In addition to
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classroom instruction consistent with NUREG 1159 (McElroy 1986), operational personnel will
receive on-the-job training from plant supervisors and the RSO. As part of each plant
employee's annual job performance appraisal, the employee's perforiance with respect to
radiation protection will be evaluated.- If necessary, plant employees will be retrained in
deficient areas. In addition, as noted in SER Section 3.2.4, plant supervisors will conduct
routine observation of work habits to ensure adherence to the SOPs.

3.4.2 Clerical and Office Support Staff

Clerical training will be an abridged version of the operational personnel training. -Staff
members that classify as this type of employee will typically Work outside of the Uranium Work
Area.

3.4.3 Supervisory Personnel

Supervisors will receive all the training for operations personnel, as well as additional training,
such as, ALARA philosophy, contamination control, and work practices. In the event that they
should have to act in the absence of the RSOIRST, supervisors will be required to be cognizant
of certain surveys which may be required prior to releasing equipment. In addition, supervisory
personnel will be able to provide specific job related training, and evaluate their subordinates'
performances.

3.4.4 RSO Training

The RSO will attend 40 hours of formal training from an outside source on a biennial basis,
consistent with Regulatory Guide 8.31 (NRC 1983b). Topics may include radiation
measurements, biological effects, ALARA philosophy, audit techniques, rules and regulations,
and methods for controlling radiation doses.':

3.4.5 Prenatal Information for Female Employees

Female employees will receive an additional detailed training session, in addition to the regular
training for the job type, regarding the hazards of prenatal exposure to radiation. Such
instruction will be consistent with the guidance in Regulatory Guide 8.13 (NRC 1987b), and in
accordance with the requirements of 10.CFR Part 19 and Part 20.

3.4.6 Special Training for Yellowcake Transport Accidents

Members of the response team will have a good background knowledge in radiation safety as
gained from initial employee training,-andlor prior job experience (with respect to those
members who are part of HRI's radiological safety staff). Further training of response team
members in containment, recovery, decontamination, and the equipment needed to control a
spill will be given on an annual basis... - . -
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3.4.7 Visitors

Visitor training will detail the hazards and proper precautions to be taken while at the site.
Visitors will be instructed as to the hazards of yellowcake ingestion, and will be instructed to
avoid contact with visible yellowcake in any location containing radioactive materials.

3.4.8 Conclusions

The radiological protection training program for personnel at the Crownpoint Project adheres to
the guidance and acceptable approaches contained in NRC Regulatory Guides 8.31 (NRC
1983b), 8.13 (NRC 1987b), and 8.29 (NRC 1996b). The content of the training material,
testing, on-the-job training, and the extent and frequency of retraining are acceptable.

Based on the information provided in the application and the detailed review conducted of the
radiological protection training program, modified as above by the stated license condition, for
the Crownpoint Project, the NRC staff has concluded that the radiological training program is
acceptable, and in accordance with the applicable requirements of 10 CFR 20.1101.
Additionally, the staff finds that the training program will ensure compliance with 10 CFR 19.12,
which requires appropriate instruction to workers of radiation protection and worker
responsibilities. The training described above will help ensure acceptable implementation of the
radiation protection program.

4.0 RADIATION SAFETY CONTROLS AND MONITORING

4.1 Design Features for Airborne Effluent Control

At ISL facilities, there are two potential major radioactive airborne effluents: radon gas from
production solutions and uranium particulates from the yellowcake drying and packaging area.
FEIS Section 2.1.2.1 (NRC 1997) describes HRI's proposed engineering designs to minimize
airborne effluents. As described in FEIS Section 4.1.3 (NRC 1997), to ensure environmentally
safe operation of the vacuum dryer, NRC will require by license condition that:

HRI shall ensure that the manufacturer-recommended vacuum pressure Is maintained in
the drying chamber during all periods of yellowcake drying operations. This shall be
accomplished by continuously monitoring differential pressure and installing
instrumentation which will signal an audible alarm if the air pressure differential falls
below the manufacturer's recommended levels. The alarm's operability shall be checked
and documented daily. Additionally, yellowcake drying operations shall be immediately
suspended if any emission control equipment for the yellowcake drying or packaging
areas is not operating within specifications for design performance.

As part of the environmental monitoring program, HRI will, on a quarterly basis, measure the
radon release from the bleed and restoration water by sampling and conducting same time
radon measurements on leach solution from the main trunkline on the pregnant side of each
process facility, and on the main trunkline of the barren side of each process facility.
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Based on the information provided in the application and the detailed review conducted of the
radiation safety design features for airborne effluent control at the Crownpoint Project, as
discussed primarily in the FEIS (NRC 1997), the NRC staff has concluded that these features
are acceptable and will ensure compliance with 10 CFR 20.1301 (regarding dose limits for
individual members of the public), and the applicable provisions of 10 CFR 20.1101(b),
requiring the use of engineering controls to reduce doses in accordance with ALARA principles.

HRI has acceptable radiation safety controls for effluents at the Crownpoint Project and has
demonstrated that important airborne effluent streams are controlled and monitored. HRI will
use an acceptable pressurized processing tank system and appropriate ventilation systems in
buildings where radon gas is vented.- Acceptable control of the yellowcake dryer system is
evidenced by the use of a vacuum dryer and other appropriate particulate scrubber equipment
on the dryer stack.

4.2 Restricted Area Monitoring Proarams

HRI has committed to performing monitoring of radiation levels and/or contamination levels by
two main methods: fixed monitoring locations and surveys. Figure 2.1-1, Figure 2.1-2, and
Table 9.4-2 of the COP (HRI 1997b) note monitoring locations for both external and airborne
radioactivity. Proposed standardized survey locations, frequencies, and lower limits of
detection (LLDs) are noted in Table 9.4-3 of the COP (HRI 1997a). Table 2 of Regulatory
Guide 8.30 (NRC 1983c) provides NRC guidance on acceptable monitoring programs. HRI's
proposed program has, for many areas, less frequent surveys and higher LLDs than Table 2 of
Regulatory Guide 8.30 (NRC 1983c). -To ensure adequate radiation surveys of the Crownpoint
Project, NRC will require by license condition that:

For all required types of surveys, HRI shall, at a minimum, use the survey locations,
frequencies, and lower limits of detection established in Table 2 of Regulatory
Guide 8.30 (NRC 1983c). -

4.2.1 External Monitoring Program

Each work area at the Crownpoint Project will receive a baseline monitoring prior to plant
startup. During operation, each work area and all vessels containing radioactive material will be
monitored with thermoluminescent dosimeters (TLDs), which will be read quarterly. On a
quarterly basis, a gamma survey of the work areas will be performed.

HRI has committed to issuing TLD badges for at least the first year of operations. Badging
frequencies will be on a quarterly basis. As per 10 CFR 20.1502, on an annual basis, HRI can
evaluate the external hazards and decide whether TLD badging is necessary.

4.2.2 Airbome Monitoring Program

In the dryer/packaging area at the CPF, HRI will perform continuous monitoring of airborne
uranium concentrations during yellowcake operations. The sampling will utilize a low volume
pump (e.g., an Eberline RAS-1).- During continuous yellowcake operations, the filters will be
changed and analyzed as needed to maintain proper airflow rates through the pump: During
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discontinuous yellowcake operations, filters from each batch will be analyzed. During periods
that drying/packaging activities are not occurring, filters will be changed and analyzed on a
weekly basis.

On a monthly basis, grab samples will be taken beneath each site's filter presses to survey for
airborne particulate levels. Surveys of all other areas of the process facilities will be performed
on a quarterly basis. During non-routine work activities, area air samples or breathing zone
samples will be utilized to determine airborne uranium particulate levels.

Prior to each site's start up, a background evaluation of radon daughter concentrations on the
plant scaffolding will be performed. After startup, radon daughter measurements will be
performed on a monthly basis. In addition, non-routine sampling will be performed, as required,
for an RWP.

HRI has committed to having an airborne monitoring program consistent with guidance in
Regulatory Guides 8.25 (NRC 1992a) and 8.30 (NRC 1983c).

4.2.3 Conclusions

HRI has acceptable restricted area radiation exposure monitoring programs at the Crownpoint
Project. HRI has provided an acceptable set of charts that depict the facility layout and the
location of both external and airborne radiation monitors. The radiation monitors are acceptably
placed. HRI has established appropriate criteria to determine which employees should receive
external radiation monitoring. HRI has committed to using radiation monitors with the
appropriate range and sensitivity that will support protection of health and safety of employees
during the full range of facility operations. All planned radiation surveys are acceptable.
Planned documentation of radiation exposures and surveys is acceptable. HRI's external
monitoring program is acceptable to protect workers from beta and gamma radiation. HRI's
program for monitoring of uranium and sampling of radon or its daughters is acceptable and the
results of this monitoring will be used for employee exposure calculations.

Based on the information provided in the application and the detailed review conducted of the
restricted area monitoring programs at the Crownpoint Project, as modified above by the stated
license condition, the NRC staff has concluded that the restricted area monitoring programs are
acceptable and ensure compliance wth the applicable requirements of (1) 10 CFR 20.1101; (2)
10 CFR Part 20, Subpart C (occupational dose limits); and (3) 10 CFR Part 20, Subpart F
(requirements for surveys and monitoring).

4.3 Environmental Monitoring Program

HRI has committed to performing environmental monitoring, including sampling and monitoring
of air effluents, process fluids, groundwater, surface water, sediment, soil and sludge, as
described in Table 9.5-1 of the COP (HRI 1997b). Three months prior to operations at each
site, sampling and monitoring will begin at each environmental monitoring station. The types of
samples, general locations, sampling frequency, and analyses described in Table 9.5-1 of the
COP (HRI 1997b) are consistent with the guidance in Regulatory Guide 4.14 (NRC 1980). HRI
has committed to implementing a quality assurance/quality control program for the
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environmental monitoring program, as discussed in SER Section 4.7, consistent with the
guidance in Regulatory Guide 4.15 (NRC 1979). The NRC will require by license condition that:

Prior to injecting lixiviant at any of the sites, HRI shall submit an NRC-accepted,
procedure-level, detailed effluent and environmental monitoring program.

The detailed program will indicate SOPs, such as sampling methods, equipment, analytical
procedures, and lower limits of detection. ;The program will indicate proposed environmental
monitoring locations based on 'as built". construction, and provide rationales for their selection.

To ensure proper development and implementation of the procedure-level, detailed
environmental monitoring program, NRC will require by license condition that:

HRI shall develop and administer Its radiological effluent and environmental monitoring
program consistent with Regulatory Guide 4.14 (NRC 1980). -HRI shall maintain, at a
minimum, three airborne effluent environmental monitoring stations at each site, at the
locations described in COP Table 9.5-1 (HRI 1997b).

Each monitoring station will contain a TLD (for gamma measurement), and a track-etch
detector (for radon measurement). Exact positions for the sampling stations will be provided as
part of the detailed environmental program HRI will submit. Environmental monitoring for
uranium is not required as emissions are expected to be minimal and not a significant
contributor to public doses, as found in FEIS Section 4.6.1.1 and 4.6.1.2 (NRC 1997). NRC will
require by license condition that:

HRI shall submit the required effluent reports in accordance with 10 CFR Section 40.65.
HRI shall submit information specified in Section 7 of Regulatory Guide 4.14 (NRC 1980),
in addition to the reports required by 10 CFR 40.65.

Based on the information provided in the application and the detailed review conducted of the
airborne effluent and environmental monitoring program at the Crownpoint Project, as modified
above by the stated license conditions, the NRC staff has concluded that the airborne effluent
and environmental monitoring program is acceptable and will ensure compliance with 10 CFR
20.1302 (regarding dose limits for individual members of the public); and 10 CFR 20.1501
(survey and monitoring requirements).

HRI has established in the COP (HRI 1 997b) an acceptable airborne effluent and environmental
monitoring program at the Crownpoint Project. -The overall program is consistent with guidance
in Regulatory Guide 4.14 (NRC 1980). .HRI will sample radon, surface soils, subsurface soils,
vegetation, direct radiation, and sediment. The general locations of air monitoring stations are
consistent with Regulatory Guide 4.14 (NRC 1980). Instrumentation is appropriate for the
measurement task and is acceptable. All reporting and record keeping is done in accordance
with the applicable requirements of 10 CFR Part 20, Subpart L.
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4.4 Internal Radiation Control Program

4.4.1 Airborne Radioactivity Areas

HRI has committed to post any area, room, or enclosure as an "Airborne Radioactivity Areas" if
it meets one of two definitions:

1) if at any time the uranium concentration exceeds one derived air concentration
(DAC) for solubility class W, or,

2) if the potential exposure to an individual without respiratory protection could
exceed an intake of 10 percent of the annual limit on intake (ALI) in one week.

While the first definition is consistent with the 10 CFR 20.1003 definition, the second definition
is not. Therefore, HRI shall post 'airborne radioactivity areas' consistent with the 10 CFR
20.1003 definition, and pursuant to the requirements of 10 CFR 20.1902(a-d).

4.4.2 Respiratory Protection Program

HRI has committed to using, to the extent practicable, process or other engineering controls to
minimize the airborne concentrations of radionuclides. One example is the use of the vacuum
dryer design, which will minimize yellowcake dusting in the workplace and the environment.
When it is not practicable to use process or other engineering controls to maintain an area
below the limits that define an airborne radioactivity area, HRI will, consistent with maintaining
the total effective dose equivalent (TEDE) ALARA, employ one or more of the following means
to limit intakes:

(a) control of access,
(b) limitation of exposure times,
(c) use of respiratory protection equipment, and/or
(d) other controls.

HRI will employ respiratory protection if workers may be potentially exposed to air
concentrations that will result in exceedence of 10 DAC-hrlwk and/or 3.3 working level-hourtwk,
for airborne uranium and radon progeny, respectively.

HRI's proposed respiratory protection program described in the COP Section 9.11 (HRI 1997b)
meets the requirements of 10 CFR Part 20, Subpart H. The RSO or his or her designee will be
responsible for the respirator maintenance, fitting, and training programs. Records of respirator
training and maintenance shall be kept for inspection. Every respirator wearer must be properly
fitted and have annual medical approval. HRI will perform random fit testing using irritant
smoke in addition to an HRI requirement that each respirator wearer perform a negative, or
positive, pressure fit tests. HRI has proposed performing a random alpha survey of respirators
before reuse. As stated previously, NRC shall require that HRI shall implement Table 2 of
Regulatory Guide 8.30 (NRC 1983c), which includes requiring surveys of all respirator face
pieces and hoods prior to reuse.
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4.4.3 Bioassay - Urinalysis

The purpose of the bioassay program is to confirm the effectiveness of the radiation protection
programs and to verify the results of the calculated exposures. HRI is planning on*
implementing a bioassay program consistent with that described in Revision 1 of Regulatory
Guide 8.22 (NRC 1988). Employees routinely exposed to airborne yellowcake or excessive
levels of yellowcake will be bioassayed. Bioassays will be conducted at least once a month for
routinely exposed workers and declared pregnant females. Workers that have been temporarily
exposed shall have a bioassay performed within 48 to 72 hours after the exposure. The initial
action level will be set at 15 pg/A, which will begin an investigation. The actions, including
appropriate corrective measures, described in the COP (HRI 1997b), are consistent with those
described in Revision 1 of Regulatory Guide 8.22 (NRC 1988). To ensure HRI establishes
individual baselines, NRC will require by license condition that:

HRI shall implement a comprehensive bioassay sampling program that conforms to
Regulatory Guide 8.22.

4.4.4 Conclusions

Based on the information provided in the application and the detailed review conducted of the
internal radiation control and monitoring programs at the Crownpoint Project, as modified above
by the stated license condition, the NRC staff has concluded that the internal radiation control
and monitoring programs are acceptable and ensure compliance with 10 CFR 20.1204
(requirements for determining internal exposure), and the applicable requirements of 10 CFR
Part 20, Subpart H (licensees to limit doses to individuals by controlling access, limiting
exposure times, prescribing the use of respiratory equipment, or use of other controls).

HRI has described acceptable respiratory protection and bioassay programs for the Crownpoint
Project. Individuals routinely exposed to yellowcake dust are part of the bioassay program. An
acceptable action program to curtail uranium intake, including action levels and corrective
measures, has been described. HRI's programs include record keeping protocols in
conformance with the applicable requirements of 10 CFR Part 20, Subpart L.

4.5 Contamination Control

4.5.1 Personnel Contamination

HRI has committed to requiring all employees leaving the uranium work areas to change
clothing and shower or monitor themselves for alpha contamination. Employees that shower
and change clothes are considered to be free of significant contamination. In lieu of showering,
employees will be required to survey their clothing, shoes, hands, face and hair with an alpha
survey instrument. Records of survey results, or showering, will be documented and
maintained on site. Employees who exceed the maximum allowed contamination level of
1,000 dpm per 100 cm2 ,will be required to decontaminate and, then, resurvey. The RSO or his
or her designee will perform unannounced spot check surveys on at least a quarterly basis.
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4.5.2 Surface Contamination

HRI has committed to surveying the designated eating areas, change rooms, and office areas
(i.e., building areas not designated as uranium work areas) for contamination on a monthly
basis. In the uranium work areas, HRI has committed to a daily survey using a visual
inspection for obvious signs of contamination and routine instrument surveys to determine total
alpha contamination. If the total alpha survey indicates a total contamination greater than
1000 dpm/100 cm2, a smear survey will be conducted to evaluate the amount of removable'
contamination. Results will be documented on the survey data sheet. In areas outside the
uranium work area, if the smear results indicate removable contamination greater than
200 dpm/100 cm2, the area will be decontaminated promptly, resurveyed, and the RSO will
investigate the cause of the contamination. HRI commits to adhering to the limits for surface
contamination in Regulatory Guide 8.30 (NRC 1983c), which are based on the values from
Regulatory Guide 1.86 (AEC 1974). To minimize the chance that radioactive material will be
inadvertently ingested, NRC will require by license condition that:

Within restricted areas, eating shall be allowed only in designated eating areas.

4.5.3 Release of Contaminated Equipment

All equipment being removed from the restricted areas for use outside of the restricted area,
resale, or maintenance will be surveyed, consistent with the guidance in Regulatory Guide 8.30
(NRC 1983c) and Regulatory Guide 1.86 (AEC 1974). Equipment that fails to meet the release
limits will be decontaminated, if possible, and resurveyed. Equipment that fails to achieve the
unrestricted release criteria can still be used within the uranium work area, sold and transferred
to another source material licensee, and will be disposed in an offsite NRC-licensed or
Agreement State-licensed 11 e.(2) byproduct material disposal cell at the end of the equipment's
useful life.

The limits for surface contamination have been updated in a 1987 NRC staff position since
publication of Regulatory Guide 8.30 (NRC 1983c). HRI has committed to follow the new
guidance. NRC will require by license condition that:

Release of equipment, materials, or packages from the restricted area shall be in
accordance with NRC staff position, "Guidelines for Decontamination of Facilities and
Equipment Prior to Release for Unrestricted Use or Termination of Licenses for
Byproduct or Source Materials" (NRC 1987a), or suitable alternative procedures
approved by the NRC prior to any such release.

4.5.4 Ydllowcake Drums

Yellowcake drums will be shipped as radioactive material of Low Specific Activity (LSA). Each
drum will be labeled on two sides with the drum number, net yellowcake weight, and
radioactivity stickers including LSA, and 'Caution - Radioactive Materials.! Packaged drums
filled with dry yellowcake will be smear surveyed prior to shipment. The truck and trailer loaded
with yellowcake drums will be surveyed for the external exposure rate. The surveys will be
recorded and included as part of the yellowcake drum shipment. HRI has committed to meeting
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the contamination limits imposed by 49 CFR 173.400 and 49 CFR 173.443 for shipping
yellowcake drums, which specify the allowable external exposure rate at the exterior of the
trailer and the removable contamination limits, respectively. Additionally, as previously noted in
Section 4.5.3, the drums will be required to meet the limits imposed for the release of

1 -contaminated equipment from the restricted area. In general, NRC limits for release of
contaminated equipment are lower than those promulgated by U.S. Department of
Transportation (DOT) regulations. -Therefore, drums meeting the NRC limits for surface
contamination will meet the contamination release limits of DOT.

4.5.5 Slurry Transports

Yellowcake slurry will be transported in DOT approved slurry trailers which are placarded
*according to DOT specifications in accordance with 10 CFR 71.5. Slurry transports will be
surveyed before, and after positioning on the processing pad. These transports will be
surveyed for the external exposure rate and smear surveyed for alpha contamination. HRI is
exempted from all other requirements of 10 CFR Part 71, pursuant to 10 CFR 71.10(b), except
as noted above.

4.5.6 Conclusions

HRI has described an acceptable contamination control program for the Crownpoint Project.
The program is consistent with Regulatory Guide 8.30 (NRC 1983c). Acceptable controls will
be in place to prevent contaminated employees from entering clean areas or leaving the site.
The SOPs will include provisions for contamination control such as maintaining changing areas
and personal alpha radiation monitoring prior to leaving Uranium Work Areas. Acceptable
action levels have been set in accordance with Regulatory Guide 8.30 (NRC 1983c) and plans
for surveys are in place for skin and personal clothing contamination. HRI has established that
all items removed from the restricted area are surveyed by the radiation safety staff and meet
release limits. All reporting and record keeping is done consistent with protocols established in
Regulatory Guide 8.7 (NRC 1992b). -HRI has demonstrated that the range, sensitivity, and
calibration of monitoring equipment will support protection of the health and safety of
employees during the full range of facility operations. HRI has committed to establishing that
contamination on material, equipment, or scrap will be within the limits specified in 'Guidelines
for Decontamination of Facilities and Equipment Prior to Release for Unrestricted Use or
Termination of Licenses for Byproduct or Source Materials (NRC 1987a). Yellowcake drums
and slurry transports will be surveyed and monitored for contamination prior to leaving the
restricted area, and transported in accordance with applicable DOT regulations.

Based on the information provided in the application and the detailed review conducted of the
contamination control program for the Crownpoint Project, modified as above by the stated
license conditions, the NRC staff has concluded that the contamination control program is
acceptable, and ensures compliance with the applicable requirements of (1) 10 CFR 20.1101;
(2) 10 CFR 20.1501 (survey and monitoring provisions); (3) 10 CFR 20.1702 (methods for
controlling concentrations of airborne radioactive material); and (4) 10 CFR 71.5 (requirements
for transportation of licensed material). -
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4.6 Annual Dose Determinations

4.6.1 Worker Dose Determinations

HRI will monitor employees for external radiation using TLDs and base calculations of internal
exposure on area monitoring, breathing zone samples, and bioassay results, as appropriate.
HRI has committed to monitoring employees in accordance with Regulatory Guide 8.34
(NRC 1992c) and recording and reporting annual exposures in accordance with Regulatory
Guide 8.7 (NRC 1992b).

Radiation exposures at the various worker stations are primarily a function of the time spent at
the station and the concentration of uranium and radon or its daughters. HRI will base its
calculations of internal doses on the area air monitoring or breathing zone air sampling.
Occupancy factors will be determined from time card data. Annual personnel exposure will also
include any calculations of exposure due to non-routine work performed under RWPs. HRI
plans on using the derived air concentration (DAC) system from 10 CFR Part 20, Appendix B.
HRI will calculate the number of DAC-hours of exposure for the appropriate workers. The DAC-
hours will be totaled weekly and entered in the employee's Occupational Exposure Record.
Under this system, in general, 2,000 DAC-hours are equal to 50 mSv (5 rem).

Results of the committed effective dose equivalent will be summed with the deep dose results
from the individual's TLD badge, if appropriate, to compare with the annual worker protection
dose limit of 50 mSv (5 rem). In addition, HRI will determine weekly the intake of soluble
uranium to compare with the regulatory limit of 10 mg per week of soluble uranium. Workers
will be informed of annual exposures via a tabulated posting on a bulletin board in the central
office. Terminating employees can request an exposure history.

4.6.2 Embryo/Fetus Dose Determination

Declared pregnant female workers will have, in addition to their annual exposure, estimates of
the dose equivalent to the embryo/fetus. To ensure proper calculation, HRI will calculate
embryo/fetus doses in accordance with Regulatory Guide 8.36 (NRC 1992d).

4.6.3 Administrative Action Levels

HRI has committed to establishing the following administrative action levels:

(1) 3 mg intake per calendar week for soluble uranium.

(2) 130 DAC-hours per quarter for insoluble uranium and/or radon progeny.

(3) 3 mSv (300 mrem) per quarter for TLD badges.

If an action level is exceeded, the RSO will initiate an investigation into the cause of the
occurrence, determine any corrective actions that will reduce future exposures, and document
the corrective actions taken.
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4.6.4 Conclusions

HRI has described acceptable techniques for performing exposure calculations at the
Crownpoint Project. HRI's exposure calculations for natural uranium and airborne radon
daughter exposure are acceptable and are consistent with the guidance in NRC Regulatory
Guide 8.30 (NRC 1983b) and NRC Regulatory Guide 8.34 (NRC 1992c). HRI has committed to
calculating prenatal and fetal radiation exposures consistent with NRC Regulatory Guides 8.13
(NRC 1987b) and 8.36 (NRC 1992d). HRI's commitments regarding record keeping and
reporting ensure compliance with the applicable requirements of 10 CFR Part 20, Subparts L
and M. Based on the information provided in the application, the NRC staff has also concluded
that the applicable occupational dose limits of 10 CFR Part 20, Subpart C, will be met at the
Crownpoint Project.

4.7 Quality Assurance and Calibration

HRI has committed in the COP (HRI .1 997b) to implementing a quality assurance program for all
radiological and non-radiological effluent and environmental monitoring, and bioassay programs
at the Crownpoint Project. The COP (HRI 1997b) describes a program that addresses the
elements discussed in Regulatory Guide 4.15 (NRC 1979). Elements of the quality assurance
program will include standard operating procedures for radiological and water quality sampling,
training of individuals in quality control, inter-laboratory comparisons using split samples, and
,the use of blanks and spiked samples.. Annually, an audit of the water quality sampling'and
analysis program, radiological monitoring sampling programs, and quality assurance/quality
control program will be conducted in conjunction with the annual ALARA audit.

HRI has committed that all radiation monitoring, sampling, and detection equipment shall be
recalibrated at least annually, as well as after each repair. Prior to each usage,'a'documented
constancy check will be made of the survey instrument to ensure proper response. To ensure
survey instrumentation is performing appropriately, NRC will require that:

All radiation survey instruments shall be operationally checked in conformance with
Regulatory Guide 8.30 (NRC 1983c).

HRI has described an acceptable QA program for the Crownpoint Project. The QA program will
be applied to all radiological, effluent, and environmental programs consistent with NRC
Regulatory Guides 4.14 (NRC 1980) and 4.15 (NRC 1979).

Based on the information provided in the application and the detailed review conducted of the
QA program for the Crownpoint Project, modified as above by the stated license condition, the
NRC staff has concluded that the QA program is acceptable, and will ensure compliance with
10 CFR 20.1101(c), which requires periodic licensee reviews of its radiation protection
programs. -
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5.0 SECURITY

The Crownpoint Project is located on three separate multi-acre sites which HRI has committed
to surrounding with fences. The restricted area at the Crownpoint Project will be defined by the
fenced areas which will encompass all buildings, wellfield patterns, and associated equipment.
Signs reading "CAUTION - RADIOACTIVE MATERIALS" or "ANY AREA WITHIN THE
FACILITY MAY CONTAIN RADIOACTIVE MATERIAL" will be posted around the restricted area
fences. This posting is in accordance with the requirements stated in 10 CFR 20.1902. Section
20.1902(e) requires that cautionary signs be posted within a facility at each area or room where
licensed material above a specified quantity is used or stored. Due to the access controls
described below, and the HRI commitment to surround the Project sites with fencing, NRC has
considered granting HRI an exemption to the Section 20.1902(e) posting requirements,
pursuant to 10 CFR 20.2301.

Access to the restricted areas will be through the main gate of the appropriate site (Crownpoint,
Churchrock or Unit 1) which will be electronically controlled and can be opened by entering a
combination or by contacting an HRI employee inside the property. The applicant has
proposed daily and weekly facility maintenance inspections throughout the plant site and well
fields. These inspections can be used as an active access control, in support of the passive
controls of fencing and posting. All individuals entering the restricted area will be required to
register at the appropriate site offices.

Due to these access controls, NRC finds that posting of individual areas or rooms is not
necessary, and would impose a redundant requirement since cautionary signs will be posted on
or along the perimeter fencing. Posting of individual areas or rooms would lead to over-posting,
and the risk that the cautionary signs might eventually be ignored. Accordingly, NRC finds,
pursuant to 10 CFR 20.2301, that granting HRI an exemption from the requirements of Section
20.1902(e) is authorized by law and would not result in undue hazard to life and property.

NRC will grant by license condition the following exemption:

HRI is hereby exempted from the requirements of 10 CFR 20.1902(e) for areas within the
process facility, provided that all entrances to the facility are conspicuously posted in
accordance with Section 20.1902(e), and with the words, "ANY AREA WITHIN THE
FACILITY MAY CONTAIN RADIOACTIVE MATERIAL"

The security measures planned for the Crownpoint Project are acceptable active and passive
constraints on ingress to the licensed and restricted areas. HRI has identified acceptable
reasonable passive controls including fencing, locked gates, and warning signage for site
control.

Based on the information provided in the application and the detailed review conducted of the
security measures for the Crownpoint Projiect, the NRC staff has concluded that the security
measures are acceptable, and ensure compliance with the requirements of 10 CFR Part 20,
Subpart I (security of stored material and control of material not in storage).
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6.0 EMERGENCY PROCEDURES AND PREVENTIVE MEASURES

6.1 Transportation Accident Response

As part of the COP (HRI 1997b), HRI has submitted emergency procedures for responding to a
transportation accident involving either yellowcake or ion exchange resin. The contingency
-procedure for uranium transportation accidents specifies appropriate individuals to contact,
health and decontamination procedures to follow, and area clean up methods. HRI's
contingency procedure is based on three phases of action: (1) immediate containment, (2)
accurate and proper notification, and (3) decontamination using trained, dedicated personnel
and equipment. Accompanying the shipping papers for every uranium shipment, a short letter
detailing the hazards, preliminary containment procedures, and persons to contact immediately,
will be present, in case the driver is unable to communicate the information to first responders.
Each transporter will be equipped with proper equipment to quickly contain a spill, while any
other equipment necessary for decontamination will be brought by the response team. After
initial notification of VPT, VPHSE, and Plant Superintendent, these individuals will in turn notify
the proper individuals to handle the situation, including the response team, proper authorities
(State Police or Navajo Police), and NRC.- The response team will decontaminate the area to
current standards for unrestricted areas and survey all individuals who came in contact with the
spill. Proper implementation of the contingency procedure will ensure an adequate level of
safety to individuals and the environment.

In addition, HRI has committed to coordinate with local emergency services and develop an
- action plan for equipping and training local emergency officials in the event an accident occurs

involving source, or byproduct material. HRI has proposed that a Memorandum of Agreement
-(MOA) be developed with local emergency services that delineates responsibilities and
requirements. NRC will require by license condition that:

Prior to injection of lixiviant, HRI shall have all applicable MOAs between HRI and local
- - authorities, the fire department, medical facilities, and other emergency services, ratified

and in effect. At a minimum, the MOAs shall identify individual party responsibilities,
coordination requirements, and reporting procedures for all emergency incident
responses. - I. -

6.2 Wellfield Pioe Breaks

As an integral part of operations, HRI will monitor the current pressure in the wellfield piping.
-Extraction rates from the mine zone must exceed the injection rates. To monitor the flow, HRI
will use flow meters at either the wellheads, or in the meter house, in addition to flow meters in
the facility. Alarm set points for the flow meters will be established by HRI such that false
positive alarms due to natural variability and/or wellfield pressure balancing will be minimized.
In case of a significant pressure drop, such as might occur if a pipe were to break and begin
releasing lixiviant to the surface, an alarm will sound in the applicable processing facility (CPF
or satellite facility) which will cause an immediate investigation of the appropriate area of the
wellfield orfacility by a member of the operations staff to discover the cause. Additionally,
operational staff will perform at least weekly inspections of the well fields to evaluate
maintenance needs. - -
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If a spill or pipe break were discovered, personnel would immediately discontinue the flow of
lixiviant through that pipe. Radiological staff would survey the spill area, and decontaminate
areas above release limits. In the case of a significant spill, HRI would be required to report the
incident to NRC. To ensure proper documentation at the time of decommissioning, NRC will
require by license condition that:

Until license termination, HRI shall maintain documentation on all spills of source or
11e.(2) byproduct materials, and all spills of process chemicals. Documented
information shall include the date, volume of spill, total activity, survey results,
corrective actions, results of remediation surveys, and a map showing spill location and
impacted area. After any spill, HRI shall also determine whether the NRC must be
notified.

6.3 Conclusions

HRI has acceptably described the anticipated significant effects of accidents from facility
operations involving radioactivity, including transportation accidents. The planned response
programs are acceptable and include the appropriate mitigation and remediation measures.
The response program, modified as above by the stated license conditions, will comply with the
notification requirements of 10 CFR 20.2202 and 10 CFR 20.2203.

7.0 WASTE MANAGEMENT

Waste management strategies are discussed in FEIS Section 2.1.2 (NRC 1997). HRI has
committed to pre-treating waste water as part of its general waste management strategy. Prior
to performing any waste disposal option, HRI will add barium chloride to effectively remove
radium, resulting in radionuclide concentrations that are consistent with ALARA principles. HRI
is currently considering up to five different final disposal options for waste waters (both process-
generated and restoration waters): (1) surface discharge, (2) land application, (3) brine
concentration, (4) waste retention ponds, and (5) deep well disposal. HRI has not provided all
of the detailed information necessary for approval of any of these methods for NRC-licensed
material. Currently, HRI would be limited to using either surface discharge (with appropriate
State or Federal permits/licenses), brine concentration, waste retention ponds, or a combination
of the three options to dispose of process waste water. Although waste retention ponds
remain a viable option for disposal of process waste water, HRI must comply with the following
guidance discussed in Section 7.1. Pursuant to 10 CFR 20.2007, NRC approval of a disposal
method does not relieve the licensee from complying with other applicable Federal, State, and
local regulations governing other toxic or hazardous properties of materials that may be
disposed of under 10 CFR Part 20.

7.1 Waste Retention Ponds

HRI's proposed waste retention ponds must be designed to meet the applicable requirements
of 10 CFR Part 40, Appendix A. To meet these requirements with respect to flooding and
erosion, the licensee will be required to provide a design that ensures that contaminated
materials will not be released during operations. The waste retention ponds will need to be
adequately protected against rainfall and runoff from severe precipitation events. To provide
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such protection, the staff concludes that it will be necessary for the licensee to construct certain
design features that will safely store or discharge run-off from large storm events.

The staff developed several documents'that provide hydrologic design guidance and
acceptable design methods for meeting the'requirements of 10 CFR Part 40 by safely storing or
discharging large storm events. WM-8201,'!Hydrologic Design Criteria for Tailings Retention
Systems," provides general criteria for the design'and operation of design features needed to
accommodate large storm events. In addition, Final Staff Technical Position (FSTP), 'Design
of Erosion Protection Covers for Stabilization of Uranium Mill Tailings Sites," provides detailed
guidance for the design of specific features associated with waste retention ponds, such as
diversion channels, riprap erosion protection, and flood analyses. Further, Standard Review
Plans (SRPs) have been developed for staff analysis of flooding and erosion at uranium
recovery facilities, and these SRPs provide detailed staff review procedures that will be used in
the analysis of hydraulic designs.-

HRI provided preliminary engineering analyses for the proposed sites'(Espey, Huston &
Associates, Inc. 1993, 1996a-c). In those analyses, HRI concluded that flooding and erosion
will not pose significant problems at any of the sites. However, HRI also indicated that the final
locations and design details of the waste retention ponds, berms, diversion channels, and other
features had not yet been determined due to unresolved operational considerations (e.g.,
obtaining appropriate groundwater permits, determining groundwater restoration approach,

.etc.). HRI further concluded that routine hydraulic design features, such as diversion channels
and riprap protection, could be designed to'provide adequate flood protection.

Using the criteria provided in WM-8201, the FSTP, and the SRPs, the staff independently
reviewed the information provided by HRI, and conducted site visits to each of the three sites.
During its site visits, the staff confirmed there were no anomalous site conditions requiring
unique design features as a result of potential flooding and erosion, and that any such problems
could be adequately addressed by routine hydraulic design features: The staffs review and
conclusions for each of the sites are discussed in detail as follows:

Crownpoint:

Based on the staffs review of the aforementioned hydrologic information provided by HRI, and
a site visit conducted on February 6, 1996, the most significant flooding issue' at the Crownpoint
site involves the presence of an ephemeral stream that flows immediately in the site vicinity
adjacent to the existing ponds. The stream has a relatively large drainage area, and the
Probable Maximum Flood (PMF) could potentially erode the side'slopes of above-grade waste
retention ponds, if proper design precautions are not taken.

The staffs review indicates that HRI has adequately defined the scope of the flooding problem
that could exist at the site. HRI provided PMF analyses using run-off models recommended by
the staff in the FSTP, including peak flow rates, times of concentration, drainage areas, rainfall
distributions, and infiltration losses. -In accordance with review procedures recommended in the
SRP, the staff reviewed these calculations and analyses and compared the results with historic
flood data. -Based on this review, the flood estimates are considered to be acceptable for
design purposes.-
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It will be necessary for HRI to provide engineered design features to prevent erosion of the side
slopes of the waste retention ponds. The staffs review indicates there may be several design
options available to HRI. HRI could construct a new diversion channel located well away from
the waste retention pond side slopes, provide riprap erosion protection for the existing channel,
modify the slopes and grades of the existing channel to eliminate the need for riprap, or provide
a design that incorporates a combination of these options. Regardless of the design option
selected, the staff notes there are no anomalous site conditions requiring unique design and
construction of diversion channels or riprap erosion protection features.

Unit 1:

Based on the staffs review of the hydrologic information provided by HRI, and a site visit
conducted on February 6, 1996, there are no significant flooding issues at the Unit 1 site. The
site is located on a high ridge between two shallow arroyos and the local drainage areas
affecting any site features are likely to be minimal. The staff concludes that a waste retention
pond could be constructed in several locations where the drainage area is minimal, thus
eliminating the need for a large, heavily-protected diversion channel.

HRI provided flooding analyses to document that the flows in the arroyos would not affect the
design of retention ponds located on, or near the top of, the ridge. HRI used NRC-
recommended methods to estimate peak flow rates and indicated that waste retention ponds
and other structures would be located well away from arroyos or areas of flood flows. HRI also
indicated that one drainage area may need to be rerouted by a diversion channel, depending on
the final location and size of the waste retention ponds and structures. HRI proposed that this
rerouting could be accommodated by a 3-foot deep trapezoidal channel, thus demonstrating
that such drainage modifications would be minor.

As discussed above in the Crownpoint Site analysis, the staff has concluded there are no
anomalous site conditions at Unit 1 requiring unique design and construction of diversion
channels or riprap erosion protection features.

Church Rock:

Based on the staffs review of the hydrologic information provided by HRI, and a site visit
conducted on July 16, 1997, there are two potential hydrologically-significant issues affecting
the design of the waste retention ponds. First, an ephemeral stream with a relatively large
drainage area flows through the site area. Therefore, the waste retention ponds will need to be
located far enough from this stream, or protected by engineered design features from erosion
associated with this stream. Second, most of the potential pond locations will have some
upgradient drainage area, making it likely that a diversion channel will be required to divert flood
flows around the waste retention ponds.

Using models recommended by the staff in the FSTP, HRI provided PMF analyses, including
peak flow rates, times of concentration, drainage areas, rainfall distributions, and infiltration
losses. In accordance with review procedures recommended in the SRP, the staff reviewed
these calculations and analyses and compared the results with historic flood data. Based on
this review, the flood estimates are considered to be acceptable for design purposes.
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- To protect any above-grade waste retention pond side slopes from the large ephemeral stream
that flows through the site, HRI would need to locate the ponds and facility structures in an area
not subject to flooding from this stream. Alternately, HRI could provide riprap to protect the
waste retention pond side slopes from erosion.

The staff concluded that some small upland drainage area will probably exist regardless of the
waste retention pond location. 'Therefore, HRI 'will need to provide a diversion channel and/or
erosion protection to prevent erosion due to run-off from these small drainages. The staffs
review indicates there may be several design options available to HRI. To protect the side
slopes of the waste retention pond from run-off due to the localized drainage areas, HRI could
construct diversion channels with the necessary riprap erosion protection features. The
channel could be designed with a relatively flat slope across the site to minimize the need for
riprap, or a design could be provided that incorporates a combination of these options.
Regardless of the design selected, the 'staff concludes there are no anomalous site conditions
requiring unique design and construction of diversion channels or riprap erosion protection
features.

HRI states in the COP Revision 2.0 (HRI 1997b) that it plans to build only below-ground level
retention ponds, if possible. This would eliminate the potential for embankment failure that could
result in any release of waste water. Should HRI have to construct an above-ground retention
pond(s) that: (1) has an embankment that is greater than or equal to 25 feet in height and a
storage capacity greater than 15 acre-feet; or (2) has a storage capacity greater than or equal
to 50 acre-feet and an embankment greater than 6 feet in height; or (3) poses a potentially
significant downstream hazard, then the NRC staff would use Regulatory Guide 3.11 (NRC
1977) to review the design, construction, inspection, and maintenance features of the proposed
above-grade embankment. In addition, any above-ground retention ponds meeting the
aforementioned criteria would be included in the NRC Dam Safety Program, and would be
subject to Section 215, ONational Dam Safety Program," of the Water Resources Development
Act of 1996.

Regardless of whether below-ground or above-ground retention ponds are used, HRI would still
need to satisfy the design requirements of 10 CFR Part 40, Appendix A, Criterion 5A, regarding
the hydrogeologic setting, the structural integrity of the liner, and the overall stability of surface
impoundments.

If HRI decides to construct above-ground waste retention ponds, the staff has concluded that
there are no site conditions which would require a unique design feature. Based on its review
of the seismic slope stability for the United Nuclear Corporation Church Rock tailings site
(located adjacent to the Crownpoint Project site), the NRC staff concluded that embankment
slopes can be designed to remain stable for 1,000 years, to the extent reasonably achievable.
Therefore, the NRC staff has further concluded that an equal or greater level of stability can be
achieved for the proposed 20 year lifetime of any conventionally designed waste retention
pond(s) constructed by HRI for the Crownpoint Project.

HRI has committed to using a double-lined, impermeable synthetic membrane for its waste
retention ponds in accordance with 10 CFR Part 40, Appendix A requirements. The liners will
be separated by 4-5 inches of sand or equivalent medium, and a drainage network of open
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-

piping which forms an underdrain leak detection system. The inner liner will provide secondary
containment for any leakage that may occur. HRI states that it will conduct daily inspections for
leakage, and that fluid found in the leak detection system will be cause for immediate corrective
action, including notification of the NRC.

Based on further discussions with HRI since the FEIS (NRC 1997) was published, NRC will
impose the following conditions with respect to waste retention ponds, rather than those stated
in FEIS Section 4.2.3 (NRC 1997):

Prior to injecting lixiviant at a site, or processing licensed material at the Crownpoint
site, HRI shall provide and receive NRC acceptance - for that site - information,
calculations, and analyses to document the adequacy of the design of waste retention
ponds and their associated embankments (if applicable), liners, and hydrologic site
characteristics. HRI shall demonstrate that the criteria described in the following
documents have been met: 10 CFR Part 40, Appendix A, Criterion SA regarding surface
impoundment design; Regulatory Guide 3.11, "Design, Construction, and Inspection of
Embankment Retention Systems for Uranium Mills"; WM-8201, "Hydrologic Design
Criteria for Tailings Retention Systems,"; and Final Staff Technical Position, "Design of
Erosion Protection Covers for Stabilization of Uranium Mill Tailings Sites." As
applicable, based on the designs selected, HRI shall provide information in the following
areas:

a) maps and detailed drawings outlining drainage areas of principal water
courses and drainage features at the site;

b) drainage basin characteristics, including soil types and characteristics,
vegetative cover, local topography, flood plains, geomorphic
characteristics, and surficial and bedrock geology;

c) maps and detailed drawings showing the location of site features,
particularly the location of the retention ponds and diversion channels;

d) analyses and calculations for peak flood flows, including the PMF, and
documenting the methods and assumptions used to compute the floods;

e) analyses and calculations for water surface profiles and velocities
associated with the ability of the retention ponds or diversion channels to
resist or limit erosion and flooding;

f) analyses and computations of riprap or erosion protection needed to
protect the retention ponds;

g) specific details on the design, construction, maintenance, and operation of
the waste retention ponds and embankments (where applicable);

h) specific details on the design, construction, maintenance, and operation of
the liners and leak detection system.
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i) any other analyses and computations which demonstrate that applicable
design criteria have been met.

7.2 Solid Radioactive Waste Disposal

All solid 11 e.(2) byproduct material will be shipped to an NRC- or Agreement State-licensed
Ile.(2) byproduct material disposal cell. HRI has a contract with International Uranium
Corporation (IUC) to ship 11 e.(2) byproduct material for disposal in the tailings cells at IUC's
White Mesa Uranium Mill in Blanding, Utah (HRI 1996a). Contaminated materials would be
stored adjacent to the waste retention ponds prior to shipment for disposal. To ensure HRI
maintains access to disposal capacity, NRC will require by license condition that:

HRI shall dispose of 1le.(2) byproduct material from the Crownpoint Project at a waste
disposal site licensed by the NRC or an Agreement State to receive Ile.(2) byproduct
material. At each Project site, HRI shall maintain an area within the restricted area
boundary for storing contaminated materials prior to their disposal. HRI's approved

-waste disposal agreement must be maintained on site. Should this agreement expire or
be terminated, HRI shall notify the NRC in writing within seven (7) working days after the
agreement expires or is terminated. A new agreement shall be ratified within 90 days of
expiration or termination of the previous agreement, or HRI will be prohibited from
further lixiviant injection.

Pursuant to'10 CFR 20.2108, HRI will maintain records of all transfers of byproduct material for
disposal until license termination.

7.3 Conclusions

HRI has acceptably described the common liquid effluents to be generated at the Crownpoint
Project. While HRI has discussed a wide range of acceptable control methods, HRI would be
limited to using either surface discharge (with appropriate State or Federal permits/licenses),
'brine concentration, waste retention ponds, or a combination of the three to dispose of process
waste water. In addition, HRI has provided preliminary hydrologic engineering analyses for the
Crownpoint Project site. Based on its review of this data and the information gathered during its
site visits, the NRC staff concludes there are no anomalous site conditions at any of the three
sites that would require unique designs for constructing waste retention ponds, diversion
channels, or riprap erosion protection features. Similar type waste retention ponds, diversion
channels, and riprap erosion protection are common design features at numerous other
uranium mill sites, and the'staff has con'siderable expertise in evaluating the performance of
these engineered features. 'Furthermore, HRI has committed to following design criteria
enumerated in Regulatory Guide 3.1 1(if applicable), WM-8201, and the FSTP when
constructing its waste retention 'ponds. 'Therefore, the staff concludes that an acceptable
detailed design can be readily provided by HRI to meet 10 CFR Part 40, Appendix A, Criterion
5A requirements, 'once the project's operational issues have been resolved.

HRI has committed that sump capacity for each process building will be sufficient to contain the
volume of the largest vessel. Each site' facility will have acceptable alarms to notify the operator
of loss of or excess pressure within the production circuits. HRI has an acceptable plan for the
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disposal of contaminated solid wastes that are generated by the Crownpoint Project, including
storage of contaminated material that either cannot, or will not, be decontaminated and
released for unrestricted use, prior to disposal. HRI will dispose of contaminated solid waste
periodically at a licensed waste disposal site, and will maintain an agreement/contract for future
disposal capacity.

Based on the information provided in the application, site visits conducted by the staff, and the
detailed review conducted of the effluent control systems for liquids and solids for the
Crownpoint Project, as modified above by the stated license conditions, the NRC staff has
concluded that HRI's waste management plans ensure compliance with the applicable
requirements of (1) 10 CFR Part 20, Subpart K (waste disposal); (2) 10 CFR Part 40, Appendix
A, Criterion 2 (disposal of byproduct material); and (3) 10 CFR Part 40, Appendix A, Criteria 5A
(surface impoundment requirements).

Because the waste retention ponds are operational features used for waste water management,
the monitoring requirements listed in 10 CFR Part 40, Appendix A, Criterion 7 are not applicable
to this project. Specifically, the monitoring requirements in Criterion 7 apply to disposal cells
which are used for the long-term stabilization of uranium mill tailings.

8.0 DECOMMISSIONING AND RECLAMATION

HRI included a preliminary schedule for mining related activities in the COP (HRI 1997b).
Decommissioning and reclamation of the CPF and satellites will take place after all mining and
groundwater restoration at the site is complete. Groundwater restoration and wellfield
decommissioning will be accomplished as wellfields are mined out.

HRI has committed to submitting a detailed reclamation plan to NRC for review and approval at
least 12 months prior to the planned final shutdown of mining operations. As part of the COP
(HRI 1997b), HRI has submitted a conceptual reclamation plan. The main goal of the plan is to
return areas affected by mining activities to a condition which supports the premining land use
of sheep and cattle grazing, and associated wildlife habitats. The conceptual reclamation plan
provides reasonable assurance that the goal can be reached for surface reclamation activities.
Information on the groundwater restoration activities can be found in the FEIS Section 4.3 (NRC
1997).

HRI has committed to decontaminating to unrestricted release standards, or disposing of, all
radiologically contaminated buildings, process vessels, and other structures, and affected areas
prior to final reclamation. Decontamination will include using acid and water wash downs of
structures and concrete. The resulting wastewater will be disposed by disposal well, brine
concentration, andlor evaporation. Equipment which cannot be decontaminated will be
dismantled and disposed as 1 le.(2) byproduct material or utilized at another NRC licensed
uranium site. Retention ponds will have the liners and pond sludge removed and disposed as
1 le.(2) byproduct material, if the pond had been used for process waste water.

HRI has committed to providing information to NRC, prior to release of an area for unrestricted
use, verifying that radionuclide concentrations meet the applicable radiation standards in 10
CFR Part 40, Appendix A, Criterion 6(6), for allowable radium concentrations.
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Areas unaffected by process wastes but'contaminated by restoration waste waters will need to
meet the appropriate standards of the State of New Mexico or the Navajo Nation.

Based on the information provided in the application, the NRC staff has concluded that the
proposed reclamation program is acceptable, and that the applicable decommissioning
requirements of 10 CFR 40.42 can be met.

9.0 SURETY REQUIREMENTS

10 CFR Part 40, Appendix A, Criterion 9, requires the licensee to establish a financial surety
arrangement to assure that sufficient funds will be available to carry out the decontamination
and decommissioning of the site. The surety is based on an estimate which must account for
the total costs that would be incurred if an independent contractor were contracted to perform
the work. The surety estimate must be approved by NRC and based on a NRC-approved
decommissioning and reclamation 'plan. HRI must also provide the surety arrangement through
a financial instrument acceptable to NRC.- The licensee's surety mechanism will be reviewed by
NRC annually to ensure that sufficient funds are available to complete reclamation.
Additionally, the amount of the'surety'should be adjusted to recognize any increases or
decreases in liability resulting from inflation, changes in engineering plans, or other conditions
affecting cost. NRC will require by license condition that:

As a prerequisite to operating under its license, HRI shall submit an NRC-approved
surety arrangement to cover the estimated costs of decommissioning, reclamation, and
groundwater restoration. Generally,'these surety amounts shall be determined by the
NRC based on cost estimates for'a third party completing the work in case HRI defaults.
Surety for groundwater restoration of the initial well fields shall be based on 9 pore-
volumes. Surety shall be maintained at this level until the number of pore volumes
required to restore the groundwater quality of a'production-scale well field has been
established by the restoration demonstration. If at any time it is found that well field
restoration requires greater pore-volumes or higher restoration costs, the value of the
surety will be adjusted upwards.' Upon NRC approval, HRI shall maintain the NRC-
approved financial surety arrangement consistent with 10 CFR Part 40, Appendix A,
Criterion 9.

Annual updates to the surety amount, required by 10 CFR Part 40, Appendix A,
Criterion 9, shall be provided each year to the NRC at least 3 months prior to the
anniversary date of the license issuance. If the NRC has not approved a proposed
revision 30 days prior to the expiration date of the existing surety arrangement, HRI shall
extend the existing arrangement, prior to expiration, for 1 year. Along with each
proposed revision or annual update of the surety, HRI shall submit supporting
documentation showing a breakdown of the costs and the basis for the cost estimates
with adjustments for inflation (ie,`'ising the approved Urban Consumer Price Index),
maintenance of a minimum 15 percent contingency, changes in engineering plans,
activities performed, and any other conditions affecting estimated costs for site closure.

HRI shall provide an NRC-approved updated surety before undertaking any planned
expansion or operational change which has not been included in the annual surety
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update. This surety update shall be provided to the NRC at least 90 days prior to the
commencement of the planned expansion or operational chiange.

HRI shall also provide the NRC wi th copies of surety-related correspondence submitted
to the State of New Mexico, a copy of the State's surety review, and the final approved
surety arrangement HRI must also ensure that the surety, where authorized to be held
by the State, identifies the NRC-related portion of the surety and covers the
above-ground decommissioning and decontamination, the cost of off-site disposal, soil
and water sample analyses, and groundwater restoration associated with the site. The
basis for the cost estimate is the NRC-approved site closure plan or the NRC-approved
revisions to the plan.

10.0 CONCLUSION AND SAFETY LICENSE CONDITIONS

Upon completion of the safety review of HRI's license applicatio~n for a source material license,
the staff concludes that the requirements of 10 CFR 40.32 have been satisfied, and that
issuance of a license to HRI containing the following conditions 'will not be inimical to the
common defense and security or to the public's health and safety. The staff further concludes
that there is adequate assurance that the applicable requirements of 1 0 CFR Parts 19, 20, 40,
and 71, and the AEA, have been or Will be met.

Additional license conditions (not included in this SER) regarding environmental protection are
stated in the FEIS, and will be included in the 10 CFR Part 4 0 license to be issued to HRI.
Therefore, the staff recommends granting a source material license to HRI 30 days after the
issuance of this SER, subject to the following conditions:

* The licensee shall conduct operations in accordance with all commitments,
representations, and statements made in its license appilication submitted by cover letter
dated April 25, 1988, as supplemented, and the Crownpoint Uranium Project COP,
Rev. 2.0, dated August 15, 1997, except where superseded by license conditions
contained in this license. Whenever the words 'willo or 'shall' are used in the
aforementioned licensee documents, it denotes an enforceable license requirement.

* The processing plant flow rate at each site (Church RocKc Unit 1, or Crownpoint) shall
not exceed 15,142 11mi (4000 gal/mmn), exclusive of restoration flow. Total yellowcake
production from all three sites shall not exceed 1.36 rrilliion kg (3 million Ibs) annually.

* Any corporate organization changes affecting the assignments or reporting
responsibilities of the radiation safety staff as described in the COP (HRI I1997b) shall
conform to Regulatory Guide 8.31 (NRC, 1983b).

* The Radiation Safety Officer (RSO) shall have the education, training, and experience
as specified in Regulatory Guide 8.31 (NRC 1 983b).

* The Radiation Safety Technician (RST) shall have the qualifications specified in
Regulatory Guide 8.31 (NRC 1983b). Any person newly hired as an RST shall have all
work reviewed and approved by the RSO as part of a comprehensive training program
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until appropriate course training is completed, and at least for 6 months from the date of
appointment.

* The licensee may, without prior NRC review or approval: (a) make changes in the
Crownpoint Project's facilities or processes as described in Revision 2.0 of the COP; (b)
make changes in its standard operating procedures; and © conduct tests or
experiments, if the licensee ensures that the following conditions are met:

(1) the change, test, or experiment does not conflict with any requirement
specifically stated in the license, or impair the licensee's ability to meet all
applicable NRC reg6ulations;

(2) there is no degradation in the safety or environmental commitments made in
COP Revision 2.0 (HRI 1997b),! or in the approved reclamation plan for the
Crownpoint Project; and

(3) the change, test, or experiment is consistent with NRC's findings in the FEIS
(NRC 1997) and SER dated November , 1997, for the Crownpoint Project.

If any of these conditions are not met for the change, test, or experiment under
consideration, the licensee is required to submit a license amendment application for
NRC review and approval. The licensee's determinations as to whether the above
conditions are met will be made by a Safety and Environmental Review Panel (SERP).
All such determinations shall be documented, and the records kept until license
termination. All such deteriririatidns shall be reported annually to the NRC. The
retained records shall include written safety and environmental evaluations, made by
the SERP, that provide the basis for determining whether or not the conditions are met.

The licensee shall provide an annual report to NRC that describes the changes, tests, or
experiments, including a summary of the safety and environmental evaluation of each
such action. As part of this annual report, the licensee shall include any COP pages
revised in accordance with the performance-based license condition.

* The SERP shall consist of a minimum of three individuals employed by the licensee,
whereby one shall be designated the SERP Chairperson. One member of the SERP
shall have expertise in management and shall be responsible for managerial and
financial approval changes;' one member shall have expertise in operations and/or
construction and shall have'respo'nsibility for implementing any operational changes;
and, one member shall be the Environmental Manager, with the responsibility of
ensuring that changes conform to radiological safety and environmental requirements.
Additional members may be included in the SERP as appropriate, to address technical
aspects such as health physics, ground-water hydrology, surface water hydrology, earth
sciences, and other technical disciplines. Temporary members, or permanent members
other than the three identified above, may be consultants.

* The results of the following activities, operations, or actions shall be documented:
sampling; analyses; surveys or monitoring; survey/monitoring equipment calibrations;
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reports on audits and inspections; emergency generator use and maintenance records;
all meetings and training courses required by the license; and any subsequent reviews,
investigations, or corrective actions. Unless specified otherwise in NRC regulations or
the license, all documentation required by the license shall be maintained for a period of
at least five (5) years by the licensee at its facility, and is subject to NRC review and
inspection.

* Written SOPs shall be established and followed for: (1) all operational activities involving
radioactive materials that are handled, processed, stored, or transported by employees;
(2) all non-operational activities involving radioactive materials including in-plant
radiation protection and environmental monitoring, and (3) emergency procedures for
potential accident/unusual occurrences including significant equipment or facility
damage, pipe breaks and spills, loss or theft of yellowcake or sealed sources, and
significant fires. The SOPs shall include appropriate radiation safety practices to be
followed in accordance with 10 CFR Part 20. SOPs for operational activities shall
enumerate pertinent radiation safety practices to be followed. A copy of the current
written procedures shall be kept in the area(s) of the production facility where they are
utilized. All SOPs for activities described in the COP shall be reviewed and approved as
described in the COP.

* Radiation Work Permits shall include, at a minimum, the information described in
Section 2.2 of Regulatory Guide 8.31 (NRC 1983b).

* Site inspections and reviews shall be completed and documented, as described in
Section 2.3.1 and 2.3.2 of Regulatory Guide 8.31 (NRC 1983b).

* The licensee shall implement and maintain a training program for all site employees as
described in Regulatory Guide 8.31 (NRC 1983b), and as detailed in the COP. All
training materials shall incorporate the information from current versions of 10 CFR
Part 19 and 10 CFR Part 20. Additionally, classroom training shall include the subjects
described in Section 2.5 of Regulatory Guide 8.31 (NRC 1983b). All personnel shall
attend annual refresher training, and HRI shall conduct regular safety meetings on at
least a bimonthly basis, as described in Section 2.5 of Regulatory Guide 8.31
(NRC 1983b).

* The licensee shall ensure that the manufacturer-recommended vacuum pressure is
maintained in the drying chamber during all periods of yellowcake drying operations.
This shall be accomplished by continuously monitoring differential pressure and
installing instrumentation which will signal an audible alarm if the air pressure differential
falls below the manufacturer's recommended levels. The alarm's operability shall be
checked and documented daily. Additionally, yellowcake drying operations shall be
immediately suspended if any emission control equipment for the yellowcake drying or
packaging areas is not operating within specifications for design performance.

* For all required types of surveys, the licensee shall, at a minimum, use the survey
locations, frequencies, and lower limits of detection established in Table 2 of Regulatory
Guide 8.30 (NRC 1983c).
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*. Prior to injecting lixiviant at any of the'sites, the licensee shall submit an NRC-accepted,
procedure-level, detailed environmental monitoring program.

* The licensee shall develop and administer its radiological effluent and environmental
monitoring program consistent with'Regulatory Guide 4.14 (NRC 1980). The licensee
shall maintain, at a minimum, three airboine effluent environmental monitoring stations,
as described in COP Section 9.7.3 and Table 9.5-1 (HRI 1997b).

* The licensee shall submit the required effluent reports in accordance with 10 CFR
40.65. The licensee shall submit information specified in Section 7 of Regulatory
Guide 4.14 (NRC 1980), in addition to the reports required by 10 CFR 40.65.

* -The licensee shall implement a comprehensive bioassay sampling program that
conforms to Regulatory Guide 8.22. -

* Within restricted areas, eating shall be allowed only in designated eating areas.

* Release of equipment, miaterials, or packages from the restricted area shall be in
accordance with NRC Staff Position, Guidelines for Decontamination of Facilities and
Equipment Pdor to Release for Unrestricted Use or Termination of Licenses for
Byproduct or'Source Materials (NRC)1987a), or suitable alternative procedures
approved by the NRC prior to any such release.

* All radiation survey instruments shall be operationally checked in conformance with
Regulatory Guide 8.30 (NRC 1983c).

-* The licensee is hereby exempted from the requirements of 10 CFR 20.1902(e) for areas
within the process facility, provided that all entrances to the facility are conspicuously
posted in accordance with Section 20.1902(e), and with the words, "ANY AREA WITHIN
THE FACILITY MAY CONTAIN RADIOACTIVE MATERIAL."

* Prior to injection of lixiviant,'thi licensee shall have all applicable MOAs between the
licensee and local authorities, the fire department, medical facilities, and other
emergency services,' ratified and in effect. At a minimum, the MOAs shall identify
individual party responsibilities,'coordination requirements, and reporting procedures for
all emergency incident responses.

* Until license termination, the licensee shall maintain documentation on all spills of
source or I le.(2) byproduct materials, and all spills of process chemicals. Documented
* information shall include th&edate', volume of spill, total activity, survey results, corrective
- actions, results of rernediation surveys; and a map showing spill location and impacted
area. After any spill, the licensee shall also determine whether the NRC must be
notified. '

* Prior to injecting lixiviant at a site,' or processing licensed material at the Crownpoint site,
HRI shall provide and receive' NRC acceptance - for that site - information, calculations,
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and analyses to document the adequacy of the design of waste retention ponds and
their associated embankments (if applicable), liners, and hydrologic site characteristics.
HRI shall demonstrate that the criteria described in the following documents have been
met: 10 CFR Part 40, Appendix A, Criterion 5A regarding surface impoundment design;
Regulatory Guide 3.11, "Design, Construction, and Inspection of Embankment Retention
Systems for Uranium Mills"; WM-8201, "Hydrologic Design Criteria for Tailings Retention
Systems,"; and Final Staff Technical Position, "Design of Erosion Protection Covers for
Stabilization of Uranium Mill Tailings Sites." As applicable, based on the designs
selected, HRI shall provide information in the following areas:

a) maps and detailed drawings outlining drainage areas of principal water courses
and drainage features at the site;

b) drainage basin characteristics, including soil types and characteristics,
vegetative cover, local topography, flood plains, geomorphic characteristics, and
surficial and bedrock geology;

c) maps and detailed drawings showing the location of site features, particularly the
location of the retention ponds and diversion channels;

d) analyses and calculations for peak flood flows, including the PMF, and
documenting the methods and assumptions used to compute the floods;

e) analyses and calculations for water surface profiles and velocities associated
with the ability of the retention ponds or diversion channels to resist or limit
erosion and flooding;

f) analyses and computations of riprap or erosion protection needed to protect the
retention ponds;

g) specific details on the design, construction, maintenance, and operation of the
waste retention ponds and embankments (where applicable);

h) specific details on the design, construction, maintenance, and operation of the
liners and leak detection system.

i) any other analyses and computations which demonstrate that applicable design
criteria have been met.

The licensee shall dispose of 1 le.(2) byproduct material from the Crownpoint Project at
a waste disposal site licensed by the NRC or an Agreement State to receive 1 le.(2)
byproduct material. At each Project site, the licensee shall maintain an area within the
restricted area boundary for storing contaminated materials prior to their disposal. The
licensee's approved waste disposal agreement must be maintained on site. Should this
agreement expire or be terminated, the licensee shall notify the NRC in writing within
seven (7) working days after the agreement expires or is terminated. A new agreement
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shall be ratified within 90 days of expiration or termination of the previous agreement, or
the licensee will be prohibited from further lixiviant injection.

* As a prerequisite to operating under its license, the licensee shall submit an NRC-
approved surety arrangement to cover the estimated costs of decommissioning,
reclamation,'and groundwater restoration. Generally, these surety amounts shall be
determined by the NRC based on cost estimates for a third party completing the work in
case the licensee defaults. Surety for groundwater restoration of the initial well fields
shall be based on 9 pore- volumes. 'Surety shall be maintained at this level until the
number of pore volumes required to restore the groundwater quality of a production-
scale well field has been established by the restoration demonstration. If at any time it
is found that well field restoration requires greater pore-volumes or higher restoration
costs, the value of the surety will be adjusted upwards. Upon NRC approval, the
licensee shall maintain the NRC-approved financial surety arrangement consistent with
10 CFR Part 40, Appendix A, Criterion 9.

Annual updates to the surety amount, -required by 10 CFR Part 40, Appendix A,
Criterion 9, shall be provided each year to the NRC at least 3 months prior to the
anniversary date of the license issuance. If the NRC has not approved a proposed
revision 30 days prior to by the expiration date of the existing surety arrangement, the
licensee shall extend the existifig arrangement, prior to expiration, for 1 year. Along with
each proposed revision or annual update of the surety, the licensee shall submit
supporting documentation showing a breakdown of the costs and the basis for the cost
estimates with adjustments for inflation (ie., using the approved Urban Consumer Price
Index), maintenance of a minimum 15 percent contingency, changes in engineering
plans, activities performed, and any other conditions affecting estimated costs for site
closure. ''

The licensee shall provide an NRC-approved updated surety before undertaking any
planned expansion or operational change which has not been included in the annual
surety update. This surety update shall be provided to the NRC at least 90 days prior to
the commencement of the planned expansion or operational change.

The licensee shall also provide the NRC with copies of surety-related correspondence
submitted to the State of New Mexico, a copy of the State's surety review, and the final
approved surety arrangement.- The licensee must also ensure that the surety, where
authorized to be held by the State, identifies the NRC-related portion of the surety and
covers the above-ground decommissioning and decontamination, the cost of 6ff-site
disposal, soil and water sample analyses, and groundwater restoration associated with
the site. The basis for the' cost estimate is the NRC-approved site closure plan or the
NRC-approved revision's tb the plan.
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