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APPENDIX E

POTENTIAL FOR LARGE-SCALE PUMP TESTS
IN THE GRANDE RONDE
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1 INTRODUCTION

All natural geologic media exhibit some degree of heterogeneity. Single bore-
hole tests, as reported in the SCR for the Hanford Site, stress a relatively
small volume of the medium. The radius of influence of such tests is estimated
to be on the order of tens to hundreds of feet. At this small scale, DOE test
results indicate that hydraulic properties of a hydrostratigraphic unit can
vary by orders of magnitude over relatively short distances.

Large-scale pump tests stress a much larger volume of the medium. If the
radius of influence of the test is sufficiently large, the hydraulic response
of the system reflects the combined effects of individual heterogeneities.
Analysis of such tests will provide bulk values of hydraulic parameters which
are necessary for regional analysis. A large-scale pump test is normally
monitored by observation wells or piezometers because factors affecting ground-
water flow at a production well (i.e., skin effect) do not generally affect the
hydraulic response at observation wells. Therefore uncertainty in calculated
parameters is reduced.

This study was made in order to illustrate the potential value of conducting
large-scale pump tests in the Grande Ronde. In particular, the ability of such
tests to significantly stress large regions surrounding the pumping well and to
yield information about bulk horizontal and vertical hydraulic conductivity is
discussed. Hydrogeologic properties thought to be typical of the reference
repository location (RRL) are used in the analysis. Several analytical methods
along with the various limitations and conditions on their use are described.
For illustrative purposes, a simple analytical method is utilized to calculate
the hydraulic response to pumping. The basic conclusions which are reached as
a result of the study are probably valid unless the hydrogeology at the RRL is
very substantially different from that assumed below.

2 ASSUMED HYDROSTRATIGRAPHY

The assumed hydrostratigraphy of the Grande Ronde near the potential repository
horizon (dense Umtanum) is shown in Figure E-1. This idealized hydrostrati-
graphy is based on preliminary data (i.e., prior to publication of the SCR)
from hole RRL-2 and other boreholes in the area (DC-3, DC-4). Thicknesses and
transmissivities of the assumed hydrostratigraphic units may vary from those
actually measured in the field. Aquifers are delineated as hydrostratigraphic
units 8, D, and F, while aquitards are represented by units A, C, and E.

These hydrostratigraphic units do not necessarily correspond to units chosen
by DOE for purposes of numerical modeling (SCR, Chapter 12).

The following analytical methods are available for determining in situ hydraulic
properties in an aquifer-aquitard system:
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o Hantush and Jacob (1955) Solution
o Modified Hantush (1960) Solution
o Neuman and Witherspoon (1972) Ratio Method

For a given set of parameters, the solutions can be used to predict the
hydraulic response of the system.

Analytical solutions can be related to the mathematical model shown in
Figure E-2. All solutions are based on the following assumptions:

(1) Aquifers and aquitards have uniform thicknesses and are homogeneous with
respect to hydraulic properties.

Geologic data from the Pasco Basin indicate that stratigraphic thicknesses
of basalt units do not change drastically over distances of practical
consideration. However, the thickness, distribution and characteristics
of intraflow structures such as the flow top, colonnade/entablature and
fanning structures are highly variable and relatively unpredictable.
Single borehole tests by DOE suggest that significant heterogeneity may
exist within basalt units. If the scale of the test is sufficiently large
and the distribution of heterogeneity somewhat random, it is comonly
possible to assume a homogeneous system with averaged (or bulk) hydraulic
properties. After a test is performed, the assumption can be evaluated by
comparing the measured response (at numerous observation points) with the
ideal response predicted by the mathematical model.

(2) Aquifers and aquitards are seemingly infinite in radial extent.

This assumption implies that the lateral extent of hydrostratigraphic units
is greater than the radius of influence of the test. Because the radius
of influence increases with time, this assumption is usually satisfied by
early-time data. The validity of late-time data can be evaluated, based
on a comparison between measured/ideal response and a hydrogeologic
knowledge of the system. This assumption need not be satisfied to obtain
valuable data. Test results can be analyzed to yield information on the
location and properties of hydrogeologic boundaries such as faults and
changes in lithology.

(3) The pumped aquifer is isotropic in the horizontal plane.

Horizontal anisotropy in hydraulic properties has not been measured in
Pasco Basin basalts. The degree of horizontal anisotropy can be evaluated
by comparing test results from observation points with different directions
from the pumping well.

(4) Approximately uniform hydraulic heads exist throughout the system prior
to pumping.

This assumption implies that pre-test hydraulic gradients are small
compared to gradients imposed by the pumping well. Head measurements by
DOE indicate that natural hydraulic gradients in the Pasco Basin are
sufficiently small to be neglected.
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(5) The aquifer is pumped at a constant discharge rate.

(6) The pumping well penetrates the entire aquifer.

(7) Wellbore storage is neglected.

In most cases, wellbore storage in the pumping well does not affect the
hydraulic response at observation wells.

(8) Water removed from storage and/or derived from leakage is instantaneously
discharged at the pumping well.

Because of the limitations of the mathematical model and uncertainty in hydraulic
properties, the numerical results of this study should be considered first-order
approximations.

It is customary to simplify the mathematics by assuming essentially horizontal
flow in aquifers and vertical flow in aquitards. Hantush (1967) indicates that
the assumption is valid if:

Kb'
> 100 , i =1,2, (1)

Kjb

where all parameters are as defined in Figure E-2. This relationship is con-
sistent with observations of Neuman and Witherspoon (1969a), which suggest that
the errors introduced by the assumption are less than 5% when the hydraulic
conductivities of aquifers are more than two orders of magnitude greater than
that of aquitards. Aquitards at Hanford are composed of dense basalt which
tends to be predominantly fractured in the vertical direction. This probably
results in an anisotropic medium with vertical permeability greater than
horizontal permeability. For this reason, the above criteria are probably
over-conservative.

3 AQUIFER RESPONSE

For the purpose of this study it is assumed that a fully penetrating production
well is pumped, and the hydraulic response of the pumped aquifer is measured at
observation wells. The Hantush-Jacob solution and the Modified Hantush solution
can be used to estimate the hydraulic response of a confined leaky aquifer as a
result of pumping.

These solutions assume that drawdown in the unpumped aquifers is negligible
during the test, which implies that boundaries A and B (in Figure E-2) are con-
stant head boundaries with zero drawdown. This assumption was investigated by
Neuman and Witherspoon (1969a). They indicate that one is probably justified
in neglecting drawdown in the unpumped aquifer if:
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K.b.
- l u> 100 , i = 1,2. (2)

Kb

If leakage occurs from other aquitards (i.e., those not included in the model),
drawdown in the unpumped aquifers will be reduced. Because this is likely to
occur in Grande Ronde basalts, the above condition is probably overconservative.

Neuman and Witherspoon also conclude that drawdown in the unpumped aquifers is
negligible at early times; that is, when

0.1 S'. (b!) 2

> 0 1 1 * i = 1,2. (3)

1

3.1 Hantush-Jacob Solution

If aquitard storage is neglected, drawdown in the pumped aquifer is given by
the following equation:

s(r,t) = 4iQb W (u,r/B) = Q L (uv) (4)4n~~~b 4nKbL(u)()

Values of W (u,r/B) are tabulated in Hantush (1956), and type curves for the
function L(uv) are presented in Lohman (1972) and Reed (1980). Lohman (1972)
describes a curve matching procedure whereby values of K, Ss, and v can be

determined from time-drawdown measurements in observation wells. The assump-
tion of negligible aquitard storage implies that leakage into the pumped
aquifer is proportional to the hydraulic gradient across the leaky aquitards
(i.e., described by Darcy's law). Neuman and Witherspoon (1969b) conclude
that this assumption is valid if:

P < 0.01, (5)

where P is as defined in Figure E-2.

3.2 Modified Hantush Solution

If aquitard storage is significant, drawdown in the pumped aquifer at early
times is given by:

s(rt) = Q H (up) (6)4nKb H(~3

for:

0.1 S'. (bW) 2

t > Si 1 i = 1,2. (7)
Kl
I
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The function H(u,) is tabulated in Hantush (1960), and presented as type
curves in Lohman (1972) and Reed (1980). The curve matching procedures given
in Lohman (1972) can be used to determine K, S., and p from time-drawdown
measurements in observation wells.

At later times the following equation is used:

s(r,t) L (uWM) (7)4nKb

for

5 S'. (b'.)2

t > Sl ' i = 1,2 (8)
1

If the parameter 6 (see Figure E-2) is approximately equal to one, the late-time
solution is equivalent to the Hantush-Jacob solution. In most cases, late-time
data fall on the flat portion of the "L" type-curves and the curve matching
procedure is indeterminant. Thus, hydraulic properties cannot be uniquely
determined from this solution.

A solution which can be used in practical application is not available for inter-
mediate times. In this case, aquifer drawdown is estimated by interpolating
between the early- and late-time solution.

Numerical models are also useful in evaluating leaky aquifer pump tests. Appro-
priate models are not limited by the criteria stated above and thus can be used
to predict the aquifer response for a wide range of hydrogeologic conditions.
In practice, however, the simple analytical solutions often give results very
similar to numerical models.

3.3 Applications

Case I: The following parameter values were used to simulate pumping of the
interval located between the Thorough Runner and dense Umtanum zone:

K = 4.8 x 10-2 ft/day (1.7 x 10-7 m/s); Pumped Aquifer D
SS = 10-7 ft-1 (3.3 x 10-7 m-1)

b = 500 ft (152 m)

KI = KA = K' = 2.8 x 10-3 to 2.8 x 10-6 ft/day
(10-8 to 10-1l m/s)

SS,' = Ss2' = SS' = 10-5 ft-1 (3.3 x 10-8 m-1)

bl' = 360 ft (110 m); Upper Aquitard C
b2' = 85 ft (26 m); Lower Aquitard E

K1 = 4.9 ft/day (1.7 x 10-5 m/s): Upper Umpumped Aquifer B
b, = 175 ft (53 m)

K2 = 2.6 x 10-1 ft/day (9.2 x 10-7 m/s): Lower Umpumped Aquifer F
b2 = 20 ft (6 m)

Q = 30 gpm (1.9 l/s)
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Hydraulic properties were estimated from the results of tests performed in
Grande Ronde basalts and/or generic information. Four values of aquitard
vertical hydraulic conductivity have been assumed, corresponding to a range of
possible values at the Hanford site. Comparison of results can be used to
evaluate the significance of vertical leakage as a function of aquitard
permeability.

The assumption of vertical flow was checked using equation (1). The vertical
flow criteria is satisfied by values of aquitard hydraulic conductivity of
less than 8.2 x 10-5 ft/day (2.9 x 10-1o m/s). However, for the purpose of this
study, vertical flow was assumed valid for all values of aquitard hydraulic
conductivity. Because of the anisotropic nature of the dense basalt (i.e.,
K'v> K'h), this assumption will probably not produce significant errors.

The assumption of negligible drawdown in unpumped aquifers was checked using
equation (2). Both of the unpumped aquifers failed to meet this criterion;
thus the solutions given in equations (3) and (6) will theoretically be in
error. However, as discussed above, this criterion is probably overrestrictive
because the unpumped aquifers are subject to leakage from above or below.
Therefore, for the purpose of this study, the solutions in equations (3) and
(6) are assumed valid.

Figures E-3, E-4, and E-5 show the predicted hydraulic response in the pumped
aquifer at radial distances of 50, 500, and 3000 feet (15, 152, and 914 meters),
respectively. Aquitard storage was ignored; thus the Hantush-Jacob solution
[equation (4)] was used to obtain the predicted responses. Although the
aquitard storage criteria in equation (5) is not satisfied when Kv' is high and

r is large, evaluation of the parameter 6 indicates a value approximately equal
to one. Thus, the Modified Hantush method will yield nearly identical results
to the Hantush-Jacob method for late-time data and the curves in Figures E-3 to
E-5 should be approximately correct.

The results show that aquitard leakage is less significant at small radial
distances, early times, and for low values of aquitard hydraulic conductiv-
ity. Leakage can be neglected altogether for conditions where the hydraulic
response converges to the nonleaky (Theis) solution. The figures indicate
that a more reliable determination of aquifer parameters (K, S s) is made from

observation wells at small radial distances and from data obtained at early
times. More reliable estimation of aquitard properties is obtained from
observation wells at larger radial distances using later-time data.

By evaluating the analytical solutions, the functional relationship between
time and radial distance can be determined for any fixed value of drawdown.
Figures E-6 and E-7 show the relationship between r and t for fixed aquifer
drawdowns of 2.0 and 10.0 feet (0.6 and 3.0 meters), respectively. The lower
range of drawdown which can be readily measured in observation wells during a
pump test is expected to be about 2 feet (0.6 meters). Therefore, for
practical purposes, the radial distance to the 2-foot (0.6-meter) drawdown
contour can be considered the effective radius of influence of the test. The
results indicate that in 100 days, which is considered a reasonable pumping
period, the 2-foot drawdown contour will extend to about 17,000 feet
(5200 meters) from the pumping well for the nonleaky case. Aquitard
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hydraulic conductivity (K') has a significant effect upon the extent of the
2-foot drawdown contour for values of K' greater than about 2.8 x 10-5 ft/day
(10-10 m/s). Values of K' less than this do not produce a response easily
distinguishable from the nonleaky case within a pumping period of 100 days. The
effect of aquitard hydraulic conductivity upon the 10-foot (3-meter) drawdown
response is similar to that for the 2-foot drawdown.

Case II: The following parameter values were used to simulate pumping of the
upper Grande Ronde interflow:

K = 4.9 ft/day (1.7 x 10-5 m/s); Aquifer B
S5 = 10-7 ft-' (3.3 X 10-7 m- 1)

b = 175 ft (53 m)

K1' = K2'=K' = 2.8 x 10-3 to 2.8 x 10-6 ft/day
(10-8 to 10-11 m/s)

SS'=I = S =2 Ss = 10-8 ft-' (3.3 x 10-8 m-')-

bl' = 100 ft (30 m); Upper Aquitard A
b2' = 360 ft (110 m); Lower Aquitard C

K1 = 4.8 x 10-2 ft/day (1.7 x 10-7 m/s); Lower Unpumped Aquifer D
bi = 500 ft (152 m)

Q = 1000 gpm (63 Vs)

Data pertaining to the aquifer immediately above the Grande Ronde Interflow
were not available at RRL-2. Thus, for simplicity the unpumped aquifer above
the Grande Ronde Interflow was assumed to have negligible drawdown.

Drawdown in the Upper Grande Ronde Interflow as a function of time is shown in
Figures E-8 and E-9 at radial distances of 30,000 and 100,000 feet (9144 and 30480
meters), respectively. These plots were developed using the Hantush-Jacob method.
For this case the assumption of vertical aquitard flow [equation (1)] is satisfied
for all assumed values of aquitard hydraulic conductivity. However, equation (2)
indicates that some drawdown can be expected in-the underlying unpumped aquifer
(and also probably in any overlying aquifer). Therefore,.the solution is
theoretically in error and more refined analytical or numerical methods may be
needed to give accurate results. The aquitard storage criteria [equation (6)]
is also not satisfied at the large radial distances considered. However, as in
Case I, the 6 factor is approximately equal to one. Therefore, the late-time
Modified Hantush Method and the Hantush-Jacob Method will yield nearly equivalent
results.

Figures E-10 and E-11 show the relationship between r and t for aquifer drawdowns
of 2.0 and 10.0 feet (0.6 and 3 meters) using the Hantush-Jacob solution. As
a result of the large hydraulic conductivity of the pumped aquifer, it is likely
that drawdowns will be significant in unpumped aquifers. This will cause the
mathematical solution to underestimate pumped aquifer drawdowns and underestimate
the radial extent of a fixed values of drawdown at a given time.
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In the highly transmissive Upper Grande Ronde Interflow, the 2-foot drawdown
contour theoretically extends to a distance of about 270,000 feet (52,000 meters)
from the pumping well at 100 days for the nonleaky case. This distance is not
realistic because hydrogeologic boundaries will be encountered before the draw-
down extends this far. However, it does illustrate that large-scale pumping in
a highly transmissive zone can affect a large portion of the Pasco Basin. The
effect of aquitard hydraulic conductivity greater than about 2.8 x 10-5 ft/day
(10-10 m/s) upon the extent of the drawdown cone is substantial within a
100-day period.

4 AQUITARD RESPONSE

The above discussion assumes that drawdown observations are made only in the
pumped aquifer. Increased knowledge would result from drawdown observations
in the confining layers. The analytical solution of Neuman and Witherspoon
(1969a, 1969b) predicts the response to pumping of piezometers completed in
aquitards above and below the pumped aquifer. Under certain conditions, the
Neuman and Witherspoon (1972) "ratio method" provides an efficient analytical
method for predicting aquitard response. They also describe procedures for
calculating K, Ss, and the ratio (K'/S s'), from time-drawdown data using

piezometers in both the aquifer and aquitard.

The ratio method is valid for the following conditions:

p < 1.0 (9)

0.1 S'. (b!) 2

t > -.1 Si l , i = 1,2. (3)

where all parameters are defined in Figure E-2. Because p is proportional to
radial distance, the first condition can usually be satisfied by locating the
piezometer at a sufficiently small radial distance. The second criterion tends
to be overconservative in practical applications (Neuman and Witherspoon, 1972).
The smaller the distance between the piezometer and the boundary of the pumped
aquifer, the more conservative is the time criterion. If the preceding condi-
tions are satisfied, drawdown at an aquitard piezometer is given by:

S'(r,zt) = s(r,t) F(tD,t6) (10)

The function F(tDt6) is tabulated in Witherspoon et al. (1967, Appendix G).

Figures E-12, E-13, and E-14 show the calculated response of piezometers in
aquitard E (dense Umtanum) for z = 40 feet (12 meters) at radial distances of
50, 100 and 500 feet (15, 30, and 152 meters), when aquifer D is pumped. Solid
lines indicate conditions for which the time criterion is satisfied. Because
the time criterion tends to be overconservative, dashed lines are included which
show the theoretical aquitard response at larger times. However, the actual
piezometer response could depart significantly from the dashed portion of the
curves. Figures E-12, E-13, and E-14 indicate that the most reliable determina-
tion of aquitard properties is made from piezometers at small radial distances
(i.e., where the hydraulic response is described by the solid lines). At larger
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distances, the time criterion becomes too restrictive for aquitards with--
relatively high hydraulic conductivity. The figures also indicate that
aquitard response may be exceedingly rapid for high K' values:;

It should be noted that the ratio~method requires. -that aquitard response be -
measured at a point (the location of the observation piezometer). It is
questionable whether representative bulk hydraulic conductivity measurements
can be obtained from piezometers completed within a medium such as dense basalt,
because the piezometers may not intersect permeable fractures or other features
contributing to the bulk vertical hydraulic conductivity. Thus, the Hantush-
Jacob method described previously may yield better bulk parameter estimates.

5 CONCLUSIONS . . - -

Proper design, performance and analysis of large-scale pump tests may signif-
icantly increase the knowledge of the hydrogeologic system at the RRL and the
entire Pasco Basin. In particular, it may be possible to determine the magnitude
of vertical hydraulic conductivity in confining layers as well as the large-
scale hydraulic properties and continuity of aquifers..

Results of the relatively simple analyses conducted for this study indicate.that,
for the assumed hydrogeologic conditions in the Grande Ronde near the' RRL, it
is possible to stress very large areas by pump, testing. Furthermore, the
analyses indicate that test results based on aquifer response may be useful in'
determining aquitard hydraulic conductivities on the order of 2.8 x 10-5 ft/day
(10-10 m/s) or greater. Lower values of aquitard hydraulic conductivity do not
result in significant leakage to the aquifer within a pumping period of about
100 days. However, it may be possible to measure aquitard hydraulic conductivity
using test results based on aquitard response.

The analytical solutions assume that hydrostratigraphic units are laterally
continuous and uniform with respect to hydraulic properties. If this is true,
analysis of test results can provide reliable estimates of hydraulic parameters
for large-scale modeling. If hydrostratigraphic units are discontinuous and/or
strongly heterogeneous, a comparison between measured and ideal response can
be used to evaluate the significance of these features on the regional scale.
In addition, it may be possible to quantify these effects through the use of
numerical models.i For instance, structural features, such as faults or
stratigraphic discontinuities, may act as hydrogeologic boundaries which affect
the time-drawdown response (Lohman, 1972). By appropriately locating observa-
tion piezometers, the location and characteristics of discontinuities can often
be determined from pump test data.

The NRC staff considers the type of tests described in this appendix to be the
state-of-the-art method of determining bulk values of horizontal and vertical
hydraulic conductivity prior to construction.of an underground test facility.'
Although single-hole methods have been attempted by various researchers, the,_
resulting values of hydraulic conductivity should be considered spot-values
representative of the immediate area around the borehole (i.e., probably 'a
radius of 50 feet or less). In assessing.a large hydrogeologic system, it.is
essential to measure hydraulic .parameters'on a large scale-and to demonstrate
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the continuity (or lack of continuity) of the system over a large areal extent.
This study demonstrates that large-scale pumping tests with multiple observa-
tion piezometers are potentially useful in assessing the hydrogeologic system
in the Pasco Basin, as required by proposed 10 CFR 60.
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1 INTRODUCTION

This appendix provides an assessment of the hydrochemical discussions and con-
clusions contained in SCR Chapter 5. This assessment is directed towards the
use of hydrochemical data as a means of identifying sources and ages of ground-
water in various stratigraphic zones and as a means of evaluating the degree of
vertical mixing between these zones.

Much of the basic hydrochemical data upon which the discussions and conclusions
in the SCR are based is not presented in the SRC, which generally contains data
summaries such as data groupings or other interpreted data forms. These sum-
maries and interpreted forms are generally not suitable as a basis for inde-
pendent evaluation of the discussions and conclusions in the SRC. As such, the
hydrochemical sections in SCR Chapter 5 cannot be considered to be documented
scientific evidence from which scientific conclusions regarding the use of
hydrochemical data at the BWIP site can be drawn.

Because the discussions and conclusions in the hydrochemical sections of
SCR Chapter 5 cannot be assessed based on the data presentations in the SCR,
efforts were made to obtain much of the basic hydrochemical data used by
Rockwell Hanford in the preparation of the SCR. Hydrochemical data were pro-
vided to the NRC staff by Rockwell Hanford Operations at the BWIP hydrogeology
workshop held on July 20-27, 1982 at Hanford. Hydrochemical data were also
obtained from Rockwell Hanford Report RHO-BWI-ST-5, entitled "Hydrologic Studies
Within the Columbia Plateau, Washington."

The basic hydrochemical data for groundwater at the BWIP site obtained from
these sources include:

o major ions
o minor and trace elements
o dissolved gases
o pH, Eh
o stable isotopes = oxygen-18, deuterium, carbon-13, sulfur-34
o radioactive isotopes = carbon-14, tritium, chlorine-36

Data that offer the greatest potential for use in groundwater flow system char-
acterization are concentrations of major ions, methane, stable isotopes
(oxygen-18, deuterium, carbon-13) and radioactive isotopes (carbon-14, tritium).
Data on minor and trace elements, pH, Eh, sulfur-34, chlorine-36, and uranium
provide little information on age, origin and mixing of groundwater and are
not discussed here. Sodium and chloride data for the groundwaters in the
Saddle Mountains were not made available at the BWIP workshop and are not tabu-
lated in the SCR, so consideration of these ions in this Appendix is limited
to deeper hydrogeologic zones.

2 GENERAL APPROACH

* The general approach to detailed hydrochemical investigations of a groundwater
flow system normally involves the characterization of the chemical and isotopic
composition of the groundwater at representative locations in the groundwater
system. The chemical and isotopic composition of groundwater often reflects
the source and origin of the groundwater, the type and nature of the geologic
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materials in which it has been in contact, and the relative age or time that
the water has been in the groundwater system. Therefore, in favorable circum-
stances information on the chemical and isotopic composition of the groundwater
and the spatial variations in the composition of the groundwater can provide
valuable insight to the understanding of a groundwater system. Hydrochemical
data are generally used to supplement or support geologic and hydrologic
information in the development of an overall conceptual model for a groundwater
system, which includes interpretation pertaining to the origin, age and mixing
of groundwater in various zones in the system.

In SCR Chapter 5, the main thrust in the use of the hydrochemical information
is towards the development of interpretations of the groundwater age, origin
and mixing. These interpretations are based on the hydrochemical data without
detailed consideration given to the weighting of other forms of evidence from
the geologic or physical hydrogeologic data bases. In general, hydrochemical
data rarely can be used singularly as irrefutable evidence for acceptance or
rejection of one hypothesis or another. Although the NRC staff stresses that
recognition be given to this limitation on the usage of hydrochemical data, no
attempt has been made in this appendix to develop detailed evaluations of the
hydrochemical data in an integrated manner with the geologic and physical
hydrogeologic data. Time limitations precluded such an approach because the
SCR is not a suitable base document for direct integration of hydrochemical and
hydrogeologic information.

The approach taken in this appendix is to use only the basic hydrochemical data
obtained primarily at the BWIP hydrogeology workshop to assess the discussions
and conclusions presented in the hydrochemical sections of the SCR.

A listing of the key hydrochemical data is provided in Tables F-Al through F-A5
in Appendix F-A. The locations of boreholes for which there are detailed hydro-
chemical data are shown in Figure F-1.

3 DATA ACQUISITION AND INTEGRITY

Specific descriptions of the equipment and procedures used in the acquisition
of the hydrochemical data at the BWIP site are not presented in the SCR.
Information on these topics was obtained during the BWIP hydrogeology workshop
and through telephone communications. According to Rockwell Hanford Operations,
hydrochemical samples generally were collected near the end of the drill-and-
test sequence in each borehole. River water and bentonite mud were used as a
drilling fluid; therefore, development of each sample interval was undertaken
to remove the effects of the drilling operations. The development procedures
included swabbing and/or airlift development to remove drilling fluid. Water
samples were generally taken with a submersible pump. It is recognized by
DOE that complete removal of the effects of the drilling water and mud is a
difficult task.

During the development period, water was analyzed for chemical parameters which
could indicate the presence of drilling fluid. These parameters included
selected ions, temperature, conductivity and pH. Apparently, stabilization of
these parameters to background levels was considered by Rockwell to indicate
that the drilling fluid had been removed. Drilling mud tracers including
fluorescein, total organic carbon, and lithium were also monitored before
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sampling as indicators of successful development. Tritium analyses of water
samples were also conducted. Although the results were not available at the
time of sampling, later they provided a basis for evaluation of the degree of
removal of drilling fluid from the sampled zones.

The question of how long a borehole should be pumped or purged of the drilling
fluids before sampling is normally very difficult to answer. The available
hydrochemical data indicate that Columbia River water with tritium activities
of 50 to 60 T.U. was generally used for drilling water. The tritium activ-
ities in the majority of the groundwater samples from the basalt formations
were less than 1 T.U. This suggests that nearly all of the drilling water was
removed from the vicinity of the boreholes prior to sampling, and that the
drilling water has not had a substantial influence on the gross chemical
composition of the samples.

The influence of residual drilling mud in the formation on the chemical composi-
tion of the groundwater samples is much more difficult to assess. During drill-
ing, the bentonite drilling mud may penetrate the rock formation but may not
be entirely removed during the developmental pumping of the sample interval.
Bentonite mud has a high cation exchange capacity and could significantly
alter the concentrations of cations such as calcium and sodium in the ground-
water due to ion exchange reactions with the bentonite. The extent to which
drilling mud will influence the groundwater chemistry depends on the amount of
drilling mud which remains in the formation, the exchangeable cations in the
drilling mud, and the original chemical composition of the groundwater.
Because it is virtually impossible to determine the locations and amounts of
drilling mud which might remain in the formation, the possible influence of
drilling mud on the groundwater samples can only be assessed qualitatively
based on the overall consistency of the hydrochemical results. It is desir-
able that in future drilling at the BWIP site, mudless drilling methods be
used.

Groundwater samples for chemical analyses were filtered through 0.45 micron
filter membranes, and aliquots for the analysis of major cations and heavy
metals were appropriately preserved with acid. Samples for the analysis of
oxygen-18, deuterium, and tritium do not require special preservation tech-
niques. No information has been received on the chemical composition of the
particulate matter contained on the filters.

Nonconservative hydrochemical parameters such as pH and Eh (redox potential)
were measured in the field immediately following sample collection. Changes
in temperature, pressure, and sample exposure to the atmosphere can cause major
changes in pH and Eh between the time sample water leaves the formation and
the time measurements are made at the surface. Degassing of carbon dioxide
from the groundwater during sampling can be expected to increase the pH mea-
sured at the surface. The exposure of groundwater samples to oxygen in the
atmosphere during sampling can increase the Eh measured at the surface. For
these reasons, pH and Eh data summarized in the SCR are not likely to be repre-
sentative of the actual in situ groundwater conditions. These considerations
are acknowledged in the SCR, and although the measured pH and Eh may provide
indications of the in situ conditions, critical hydrochemical interpretations
are not based on these parameters.
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Although it is the opinion of the NRC staff that the use of mud for drilling
the monitoring holes at the BWIP site is undesirable with respect to the integ-
rity of hydrochemical data, the NRC staff considers the procedures used by
Rockwell for borehole development prior to sampling and for water sampling to
be adequate as a means of acquiring useful data on major ions, fluoride, stable
isotopes such as oxygen-18 and deuterium, tritium, and dissolved gases such as
methane, nitrogen and carbon dioxide. These are the most important hydro-
chemical parameters for evaluation of the origin and mixing of the groundwater.
The possibility that significant drilling mud exists in the formation zones
jeopardizes the integrity of data on trace elements and some other constituents.
Whether or not the sampling methods used by Rockwell for collection of
carbon-14 and carbon-13 samples are adequate cannot be ascertained with the
available information.

The specific analytical methods used in the laboratory for determination of
the concentrations of the various constituents in the groundwater samples are
not described in the SCR. The precision of the analyses in terms of blind
replicate samples is not indicated. The reproducibility of results that would
be obtained by repetitive sampling on a particular sampling occasion is not
described in the SCR, nor has it been indicated in any other communications.
It is possible, however, without a formal evaluation of the precision of the
analytical laboratory methods to conduct a gross assessment of the analytical
determinations. This is done by means of the comparison of the total ionic
charge balance represented by cations and anions.

The charge balance error is expressed generally as a percentage and is calcu-
lated from a complete chemical analysis as:

meq/L of Cations) - (meq/L of Anions) x 100
(meq/L of Cations) + (meq/L of Anions)

Because a groundwater sample should be electrically neutral, an ideal chemical
analysis would yield a charge balance error equal to zero. It is common prac-
tice in hydrochemical studies for charge balance errors of less than ± 10 per-
cent to be considered satisfactory. Charge balance errors much greater than
± 10 percent generally are considered to be unsatisfactory, and such analyses
should not be used in detailed hydrochemical interpretations. The charge
balance errors for samples reported in the SCR are calculated as:

(meq/L of Anions) - (meq/L of Cations) x 100
(meq/L of Cations)

Hydrochemical data referred to in the SCR only include those analyses with a
charge balance of F ±5 percent when calculated in this way. This method of
calculation and the 5 percent criterion of acceptability are more stringent
than is normally used in hydrochemical investigations of natural groundwater
flow systems. There is no indication in the SCR of how many chemical analyses
were rejected and not used in further interpretation. Inspection of the hydro-
chemical data obtained at the BWIP hydrogeology workshop for the Wanapum and
Grande Ronde Basalts indicate that 17 of 51 groundwater analyses were rejected
on the basis of the 5 percent criterion and the SCR method of calculation. In
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contrast only 1 of the 51 samples would be rejected on the basis of the 10%
criterion and the calculation method commonly used.

The more stringent criterion for the acceptability of chemical analyses (i.e.,
< 5 percent error) is probably unwarranted and results in the loss of useful
data. The loss of useful data is an issue of significance because hydrochem-
ical data in most groundwater zones at the BWIP site are sparse.

The data summarized in the SCR and that provided at the BWIP hydrogeology work-
shop include:

o 45 groundwater samples from 21 boreholes in the Saddle Mountains Basalt
o 27 groundwater samples from six boreholes in the Wanapum Basalt
o 18 groundwater samples from four boreholes in the Grande Ronde Basalt.

Relative to the number of borehole monitoring sites that are commonly used in
important studies of hydrogeological systems in which major waste disposal is
under consideration, the number of boreholes that penetrate the proposed
disposal zone is small. All of the deep holes are located a considerable
distance to the east or southeast of the Reference Repository (Figure F-1). For
statistical data evaluations, the total number of chemical analyses from the
Grande Ronde is particularly inadequate. The hydrochemical data represent
groundwater obtained from the most permeable zones in the stratigraphic
sequence, and they generally cannot be used to ascertain the chemical composi-
tion of water in the lower permeability zones.

4 HYDROCHEMISTRY

4.1 Major Ion Chemistry

The groundwater in the basalt formations at the Hanford site can be categorized
according to its major-ion chemical composition. There are three principal
chemical types characterized by the predominant ions:

o Na - HCO3
o Na - Cl - HCO3
o Na - Cl

The vertical distributions of these chemical types in the groundwater in bore-
holes DB-15, DC-6, DC-12, DC-14, and DC-15 are shown in Figure F-2. The Na-HCO3
groundwater generally occurs in the Saddle Mountains Basalt, the Na-Cl-HCO3 in
the Wanapum Basalt, and the Na-Cl groundwater in the Grande Ronde Basalt. In
borehole DC-12, Na-Cl-HCO3 groundwater occurs in both the Wanapum and Grande
Ronde Basalt. The progression from Na-HCO3 groundwater in the upper basalt
formations to Na-Cl groundwater at depth is associated with a moderate increase
in total dissolved solids concentrations from an average of 400 mg/L in the
Saddle Mountains to an average of 800 mg/L in the Grande Ronde.

A generalization that is commonly used in regional groundwater studies is that
the progression from Na-HCO3 through Na-Cl-HCO3 to Na-Cl generally represents
a long-term hydrochemical evolution in which the Na-Cl groundwater represents

F-5



the oldest groundwater, which has traveled the longest flow path (Chebatarev,
1959; Domenico, 1972). This generalization was developed from studies of deep
groundwater flow systems in sedimentary basins in which the groundwater chemi-
cally evolves from fresh to saline. The progression from Na-HCO3 groundwater
to Na-Cl groundwater at the Hanford site is interpreted in the SCR as indicat-
ing that the residence time or age of the groundwater, and the length of flow
path traveled by the groundwater, increases with depth. However, the progres-
sion from Na-HCO3 to Na-Cl groundwater at the Hanford site is associated with
only a small increase in the salinity of the groundwaters. The slightly higher
chloride concentrations of groundwater in the Grande Ronde Basalt should not
be taken as evidence that groundwater in the Grande Ronde is necessarily older
or has traveled along flow paths separate from the groundwater in the Wanapum.

As illustrated in Figure F-2, there are distinct differences in the chemical com-
position of the groundwaters in different basalt formations in boreholes DB-15,
DC-14, and DC-15. In the SCR it is concluded that there is no significant mix-
ing between the formations. These differences are compatible with an inter-
pretation that there is a considerable degree of flow-system separation between
the formations, but the differences alone cannot be used to determine the per-
centage of mixing that may be occurring. One of the limiting factors in the
assessment of the apparent chloride differences is the lack of information on
the sources of chloride within the basalt units and the release kinetics. The
variations observed in the chloride concentrations with depth will be influenced
by the sources of chloride in various basalt and interbed formations, by anion
exchange reactions and by matrix diffusion processes. The higher concentrations
of chloride in the deeper basalts (i.e., Grande Ronde) may be the result of
larger amounts of soluble chloride bearing minerals in the deeper formations.
Anion exchange and matrix diffusion reactions could also either increase or
decrease the chloride concentrations in groundwater, depending upon the hydro-
chemical conditions. The potential effect of matrix diffusion on chloride con-
centrations due to diffusion of chloride from the rock matrix into the fractures
through which the active groundwater flow occurs, or from the fractures into
the matrix, is uncertain. Matrix diffusion has, however, been suggested as
having a potentially significant effect on solute migration in fractured rock
(Grisak and Pickens, 1981; Neretnieks et al., 1982; Feenstra et al. tin
preparation]).

The mixing of chemical constituents between formations generally results from
groundwater flow between formations in response to hydraulic gradients. Inter-
pretations of the degree of groundwater discharge flow between formations must
consider the groundwater gradients, the local and regional stratigraphy and
structure, and flux rates in addition to the hydrochemical data. It is impera-
tive to know the hydraulic properties of the units before drawing any strong
conclusions regarding vertical mixing based solely on hydrochemical data.

The diffusion of chemical constituents between formations in response to chemi-
cal concentration gradients is generally negligible with respect to mixing by
groundwater flow, but could be important if groundwater flow is slow, and
diffusion coefficients and concentration gradients are high.

Even if the hydrochemical data are used in a coupled manner with other types
of data, it is expected that reliable quantitative interpretations of the
extent of potential mixing between the different basalt formations in boreholes
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DB-15, DC-14, and DC-15 will not be forthcoming because the sample locations are
separated vertically by distances of 50 to 300 m. The sodium chloride con-
centrations of one sample from the interface between the Wanapum and Grande
Ronde in borehole DC-15 is transitional between the concentrations in the
overlying and underlying formations. This suggests that a mixing zone may
exist between the formations, but spacing-of the-samples generally prevents
the definition of any such mixing zone, particularly across the contact. In
borehole DC-12 there are no major differences in the sodium and chloride con-
centrations between the Wanapum and Grande Ronde formations. This lack of
difference is consistent with an interpretation that locally there is consider-
able mixing between these formations. This interpretation based solely on the
hydrochemical data, however, cannot be taken as conclusive.

The degree of vertical mixing between the formations will be difficult to
reduce if the lateral groundwater flow in adjacent formations is sufficient
to'dilute any leakage between formations and mask the hydrochemical evidence
of the mixing. For example, the chloride concentrations in borehole DC-15
range from 10-50 mg/l in the Wanapum Basalt and from 200-250 mg/l in the Grande
Ronde Basalt. Vertical leakage from the Grande Ronde to the Wanapum could con-
tribute to as miuch as 10-20 percent of the total groundwater flow in the
Wanapum before chloride concentrations would be increased to levels above
those characteristic of the Wanapum. The average horizontal transmissivity
and consequently the horizontal groundwater flow within the Grande Ronde Basalt
is approximately 6 percent of that in the Wanapum Basalt. (Transmissivity
387 ft2/day compared to 6550 ft2/day; see Appendix H). This indicates that
the entire flow of the Grande Ronde could discharge to the Wanapum without an
identifiable change in the chloride concentrations in the Wanapum. Therefore,
although major ion hydrochemical data may not indicate identifiable vertical
leakage between the'basalt formations, it should not be concluded that signifi-
cant vertical leakage does not occur.

4.2 Methane

The analyses of dissolved gases in the groundwaters indicate that methane is
the predominant constituent in the Saddle Mountains and Wanapum Basalts, com-
prising from 60 to 98 percent of the total dissolved gas. Methane comprises
from <0.01 to 1.6 percent of the total dissolved gas in the groundwater of
the Grande Ronde in boreholes DB-6 and DC-14, but comprises 98 percent of the
total dissolved gas in the Grande Ronde in borehole RRL-2.

The delta carbon-13 of the methane ranges from -44 to -66 per mil (PDB). This
suggests that the methane in the groundwater is the result of methanogenic
bacteria which utilize' organic geologic material in the interbeds and flowtops
to generate methane (Barker and Fritz, 1981). The difference between the
methane concentrations in the Saddle Mountains, Wanapum, and Grande Ronde is
attributed to the less frequent occurrence of interbeds in the Grande Ronde
Basalt with a correspondingly smaller amount of available organic material.

The production of methane in the groundwater can have an important influence
on the interpretation of carbon-14 age dating of the groundwater. This will
be discussed in a following section.
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4.3 Oxyqen-18 and Deuterium

The groundwater in the basalt formations can be categorized into three groups
according to its delta oxygen-18 and delta deuterium isotopic compositions in
the same way as described for the chemical composition. As is the case for
the major ion chemistry, distinct differences in the delta oxygen-18 and delta
deuterium of the groundwater generally occur between the different basalt forma-
tions. Group I generally represents the shallow groundwaters in the Saddle
Mountains and Wanapum Basalt, and is characterized by delta oxygen-18 of -20.5
to -16.5 per mil (SMOW) and delta deuterium of -155 to -135 per mil (SMOW).
Group II generally represents groundwater in the Grande Ronde and is character-
ized by delta oxygen-18 of -15 to 13.5 per mil (SMOW) and delta deuterium of
-135 to -110 per mil (SMOW). Group III represents the groundwater in borehole
DC-12 and is a transition between the other two groups. Profiles of the delta
oxygen-18 and deuterium in the groundwater in boreholes DC-12, OB-15, DC-6,
DC-14, and DC-15 are shown in Figures F-3 and F-4.

These profiles indicate distinct differences in the delta oxygen-18 and deute-
rium of the groundwater between the Saddle Mountains and Wanapum Basalt in
OB-15; and distinct differences between the Wanapum and Grande Ronde Basalts
in DC-14 and DC-15. In borehole DC-12, there are no distinct differences
between the Wanapum and Grande Ronde Basalt, and the delta oxygen-18 and deute-
rium values are intermediate between the range of values observed in the other
boreholes.

Although the vertical positions of breaks in the delta oxygen-18 and deuterium
in the groundwater between the different basalt formations are generally con-
sistent with the breaks in the major ion chemistry (see Figure F-2), they are
not identical. For example, the Na-HCO3 groundwater in the Saddle Mountains
has an oxygen-18 and deuterium isotopic composition characteristic of Group I.
The NaCl groundwater in the Grande Ronde of boreholes DC-6, DC-14, and DC-15
has an oxygen-18 and deuterium isotopic composition characteristic of Group II.
However, the Na-Cl-HCO3 groundwater which occurs throughout the Wanapum and in
the Grande Ronde in borehole DC-12 does not have an oxygen-18 and deuterium
isotopic composition of a particular group. The Na-Cl-HCO3 groundwater in the
Wanapum in boreholes DC-14 and DC-15 is characteristic of Group I, whereas the
Na-Cl-HCO3 groundwater in the Wanapum of DC-12 and DC-15 and the Grande Ronde
of DC-12 is characteristic of Group III.

In the same way that the breaks in the major ion chemistry suggest some degree
of separation of flow in the different basalt formations, the breaks in delta
oxygen-18 and deuterium also suggest some degree of separation of flow.
However, the delta oxygen-18 and deuterium do not provide a more quantitative
indication of the rate of leakage or vertical mixing between the formations.
However, because the differences in delta oxygen-18 between the formations is
no larger than approximately 5 to 6 per mil, vertical mixing could contribute
as much as 10-20 percent of the total flow in adjacent formations before the
delta oxygen-18 in the receiving formation would be identifiably changed.

The delta oxygen-18 and deuterium in groundwater is influenced predominantly
by the climatic conditions which prevailed during recharge of precipitation
to the groundwater sytem. In theory, it should be possible therefore to use
the delta oxygen-18 and deuterium data to assist in the intrepretation of the
origin and age of the groundwaters in the different basalt formations.
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Origin and age interpretations are generally ambiguous unless 
major climatic

changes have occurred during the time span of groundwater recharge 
to the

various zones in the flow system. The delta oxygen-18 and deuterium values

of precipitation, and consequently of recharge to the groundwater 
system, will

be lower (more negative) in cold climatic conditions and in 
areas of high

elevation. A decrease of 10C in the mean annual temperature would result 
in a

decrease of approximately 0.7 per mil in the mean delta oxygen-18 
of precipita-

tion and a decrease of approximately 6 per mil in the mean 
delta deuterium

(Dansgaard, 1964). Mean values of delta oxygen-18 in precipitation in moun-

tainous areas can decrease by from 0.15 to 0.5 per mil per 100 
meter increase

in elevation, while delta deuterium can decrease by 1 to 4 per 
mil (Gat, 1980).

Consequently, if the delta oxygen-18 and deuterium of groundwater 
is found to

be less (more negative) than the present precipitation in the 
suspected

recharge areas, it may indicate that the groundwater has recharged 
at a time

when climatic conditions were colder or that it recharged at a 
higher eleva-

tion than suspected. Evidence that groundwater recharged during different

climatic conditions (such as during the last glaciation) may 
provide informa-

tion on the age of the groundwater. Similarly, evidence that the groundwater

recharged at a particular elevation may suggest locations where 
groundwater

recharged.

The delta oxygen-18 and deuterium of the groundwaters at the 
Hanford site should

be evaluated with due consideration of the isotopic composition 
of both present

and past inputs to the groundwater system in order to evaluate 
the possible

origins and ages of the groundwaters in the basalt formations. 
Information on

the isotopic composition of present inputs to the groundwater systems 
can be

derived from the analysis of the delta oxygen-18 and deuterium 
of the precipita-

tion or irrigation water in the suspected recharge areas. Information on the

isotopic compositions of past input to the groundwater systems 
can be estimated

based on the elevation and paleoclimatic conditions which may 
have existed in

the suspected recharge areas. No such information on the isotopic composition

of present or past input to the groundwater system is presented 
in the SCR.

Consequently, it is not possible, at this time, to evaluate the possible origins

and ages of the groundwaters in detail using the delta oxygen-18 
and deuterium

isotopic data.

The delta oxygen-18 and deuterium of the groundwaters can also 
be altered by

isotopic exchange with minerals in the groundwater system. The potential for

isotopic exchange must be considered together with data on the isotopic 
composi-

tion of inputs to the groundwater system in order to evaluate the 
origin and

age of the groundwaters using the delta oxygen-18 and deuterium 
data. The

delta oxygen-18 of groundwater can be increased (to more positive 
values) by

exchange with silicate or carbonate minerals in the basalt formations. 
The

elevated temperatures (50
0-601C) and suspected long residence time for ground-

water in the Grande Ronde Basalt would enhance the potential for 
delta oxygen-18

isotopic exchange between the groundwater and minerals in the basalt. 
The

delta deuterium of groundwater can be increased by exchange with 
hydrogen

sulfide in the groundwater. This process would seem unlikely in the ground-

waters at the Hanford site, because hydrogen sulfide was not 
reported in the

groundwaters. However, there is no indication in the SCR as to whether or not

H2S analyses were conducted on any of the groundwater 
samples.
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The following is an example of the type of interpretation which may be possibleusing the delta oxygen-18 and deuterium isotopic data from the Hanford site,but which has not been presented in the SCR. Delta oxygen-18 and deuteriumdata are generally presented in a plot of delta deuterium versus oxygen-18.The delta deuterium-delta oxygen-18 relationship for groundwater from thebasalt formations at the Hanford site and for springs emerging from the SaddleMountains Basalt in the Rattlesnake Hills is shown in Figure F-5. This rela-tionship is shown together with the Global Meteoric Water Line defined by Craig(1961). Most groundwaters will plot along or close to this line unless theyhave been influenced by isotopic exchange processes (Fritz and Frape, 1982).The springs in the Rattlesnake Hills plot along the meteoric waterline,whereas the groundwaters from the basalt formations are shifted to the rightof the meteoric waterline. Although isotopic data for present precipitationin Hanford area are not available, the springs in the Rattlesnake Hills pro-vide an indication of the isotopic composition of the present inputs to thelocal groundwater system. The springs in the Rattlesnake Hills have tritiumactivities of 10 to 100 T.U. and therefore represent water that containsappreciable percentages of water that entered the groundwater system since 1953.
The delta oxygen-18 and deuterium of the groundwater likely differ from thoseof the springs in the Rattlesnake Hills and from the meteoric waterline due todifferences in the climatic conditions which prevailed during their recharge.
Groundwaters in the basalt formations generally have tritium activities ofless than 1 T.U. and represent water which has recharged to the basalt priorto 1953. Based on the measured hydraulic conductivities and hydraulic gradi-ents in the basalt formations and the distances from the suspected rechargeareas, the groundwaters in the basalt formations could be thousands of yearsold, and could have recharged under very different climatic conditions thanthose presently prevailing in the Hanford area. For example, the deltaoxygen-18 and deuterium of the groundwater in the Saddle Mountains and WanapumBasalt in boreholes DB-15, DC-14, and DC-15 (Group I) are less than (more nega-tive) those of the springs in the Rattlesnake Hills. This suggests that thesegroundwaters may have recharged to the basalt at a time when a colder climateprevailed, or in an area of higher elevation. Similarly, although the deltaoxygen-18 values for the Group II waters are shifted to the right of themeteoric waterline, the delta deuterium values for the Group II groundwatersmay suggest that these groundwater recharged at a time when climatic condi-tions were similar to those at present in the Hanford area. The increase indelta oxygen-18 (shift to the right) for the Group II waters may have resultedfrom exchange with minerals in the basalt formations. The Group III ground-waters may represent waters which recharged at a time when climatic conditionswere intermediate between those for the Group I and Group II waters, or mayrepresent the mixing of the shallow Group I groundwaters and deeper Group IIgroundwaters in the area of borehole DC-12.

In order to develop a detailed evaluation of the origins and ages of ground-waters in the basalt formations using the delta oxygen-18 and deuterium iso-topic data, it will be necessary to consider the data in light of the paleo-climatic and paleohydrologic conditions which prevailed during recharge, andthe locations of probable recharge areas. The integration of the oxygen-18and deuterium isotopic data within a suitable paleoclimatic and geographicframework has not been presented in the SCR. The paleoclimatology of interest
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is that of the Quaternary 'Era. The necessity for consIderation of Quaternary
paleohydrology is provided in 10 CFR 60.1.2.2.

4.4 Carbon-14 Age Dating

The carbon-14 age dating of groundwater is based on the assumption that the
initial carbon-14 activity of dissolved carbon in the groundwater is estab-
lished during recharge to the groundwater flow system, and since that time
only radioactive decay results in a decrease in the carbon-14 activity of the
carbon in the groundwater. This assumption allows the measured carbon-14
activity of a groundwater to be related to the time elapsed since recharge,
or age of the groundwater. There are, however, a number of geochemical pro-
cesses which can occur in the groundwater or during sampling to affect the
carbon-14 activity measured in the groundwater. The processes which occur in
the groundwater generally act to add carbon with low carbon-14 activity to
the groundwater, and thereby reduce the carbon-14 activity of the groundwater
and increase its apparent age. Consequently, a variety of corrections can be
applied to "uncorrected" or analytical carbon-14 ages to account or "correct"
for the effects of processes which yield dead carbon (Fritz et al., 1979).
None of the geochemical models that are described in the literature were devel-
oped specifically for application to groundwater that moves through strati-
graphic sequences composed primarily of basalt.

The contamination of the groundwater samples by atmospheric carbon dioxide
during sampling will add carbon with a high carbon-14 activity to the ground-
water, and thereby increase the carbon-14 activity of the groundwater and
decrease its apparent age. It is not possible to "correct" carbon-14 ages to
account for this contamination.

The carbon-14 ages presented in the SCR have been corrected to account for the
addition of dead carbon to the groundwater from carbonate mineral dissolution.
They have not been corrected in a manner that accounts for the effect of
carbonate-mineral precipitation. The SCR suggests that carbonate precipita-
tion occurs within some of the basalt layers. There is another geochemical
process which can add dead carbon to the groundwater and increase the analyti-
cal carbon-14 ages, which has not been addressed in the SCR. Barker et al.
(1979) indicate that methanogenesis by bacteria in deep groundwaters can
result in a substantial dilution of the carbon-14 activity in the groundwater
by the addition of "dead" carbon (low carbon-14) from geologic organic mate-
rial utilized by the bacteria. This addition of dead carbon to the ground-
water will result in anomalously old carbon-14 ages.

Dissolved gas analyses of the groundwaters at the Hanford site indicate signi-
ficant methane production occurs in the Saddle Mountains and Wanapum Basalts.
The delta carbon-13 of the methane indicates that it is of biogenic origin.
Biogenic methanogenesis is further evidenced by significant enrichments
(increases) in the delta carbon-13 of the dissolved carbon in the groundwaters
which contain large concentrations of methane. Vertical profiles of delta
carbon-13 in the dissolved carbon are shown in Figure F-6.

Methane concentrations in the groundwater in the Grande Ronde are substan-
tially lower, and there is generally no enrichment in delta carbon-13 in these
groundwaters.

F-11



Based on the potential influence of methanogensis on the analytical carbon-14
ages, it may be anticipated that the carbon-14 ages for the groundwaters from
the Saddle Mountains and Wanapum Basalts could be anomalously old because of
Figure F-6

The high concentrations of methane in these formations, whereas the carbon-14
ages for the Grande Ronde Basalt may be more representative of the actual
groundwater age. Indeed, uncorrected carbon-14 ages as young as 11,400 years
were determined for groundwater in the Grande Ronde (from data collected at
the BWIP Workshop, July 1982). Any corrections for the addition of dead carbon
to the groundwater would tend to decrease the carbon-14 ages for the Grande
Ronde groundwaters. This contradicts the carbon-14 ages reported in the SCR,
which indicate a mean corrected carbon-14 age of >32,000 years for the Grande
Ronde groundwater. The SCR also indicates mean corrected carbon-14 ages of
17,000 years and 25,000 years for the Saddle Mountains and Wanapum, respectively.

The occurrence of the youngest carbon-14 ages in the Grande Ronde is contrary
to the expected groundwater age relationships in the basalt. This casts con-
siderable doubt on the applicability of carbon-14 ages in determining relative
groundwater ages at the Hanford site. Barker et al. (1979) present several
models for the correction of carbon-14 ages to account for the effects of
methanogenesis, and it is suggested that application of such models be con-
sidered for use at the Hanford site.

There is the possibility that these young carbon-14 ages for the groundwaters
in the Grande Ronde are due to contamination by atmospheric carbon dioxide
during sampling. The low bicarbonate concentrations in the Grande Ronde ground-
waters necessitate the collection and treatment of large volumes of groundwater
for the carbon-14 analyses. Such contamination would result in anomalously
young carbon-14 ages. The possibility of this type of contamination is an
important consideration that is not addressed in detail in the SCR.

5 CONCLUSIONS

(1) The hydrochemistry sections in the SCR pertaining to characterization,
origin, age and mixing of groundwaters at the Hanford site are not pre-
sented in a format of the type that is normally considered to be accept-
able for scientific evaluation. The most serious deficiencies in the
SCR presentations include: a lack of description of methods by which
the boreholes were prepared for water sampling and of the sampling and
analytical methods, a lack of presentation of the basic data in the SCR
even though there is not a cumbersome amount of data from the depth
zones of main interest, and a lack of unbiased graphical summaries of
data in a manner that is conducive to assessment of the hydrochemical
conclusions in the SCR.

(2) Based on informal information pertaining to the sampling and analytical
methods acquired at the BWIP Hydrogeology Workshop in July 1982 and on
listings obtained at this meeting of much of the basic data, it is con-
cluded that a moderate amount of useful hydrochemical data have been
obtained from the Hanford site. In spite of some uncertainties relating
to the influence of drilling fluids and sampling methods, it is reasonable
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to expect that the major ion data, stable isotope data, tritium data and
gas data have adequate integrity for the main interpretive purposes.

(3) In future drilling, the use of drilling mud should be avoided so that
more detailed geochemical characterizations of the groundwater can be
accomplished with less uncertainty.

(4) Except for the shallowest basalt unit, the number of boreholes from which
hydrochemical data have been obtained is small, and the geographic loca-
tions of the deep holes are not well suited for evaluation of hydrochemi-
cal conditions across the study area. The vertical positions of sampling
zones in the boreholes are generally far apart relative to the spacing
that would be needed to assess vertical leakage or mixing between forma-
tions. There are few or no hydrochemical data available for the least
permeable zones in the stratigraphic sequence.

(5) Groundwater in the basalt formations at'the Hanford site varies in general
chemical composition from a Na-HCO3 type water in the Saddle Mountains to
a Na-Cl type water in the Grande Ronde. In the SCR this variation is
interpreted as representing a hydrochemical evolutionary sequence in
which Na-HCO3 water represents the youngest water and the Na-Cl water
represents the oldest water. This type of evolutionary sequence has been
used in the interpretation of many groundwater flow systems in sedimentary
deposits in several regions of the world, but generally in situations
where there is a large increase in the total dissolved solids and a marked
increase in chloride concentrations. Such increases have not been observed
at the Hanford site. The origin and release rates of chloride in deep
groundwater at the Hanford site have not been established and have not
been related to the hydrochemical evolutionary sequence.

(6) In the hydrochemical interpretations presented in the SCR, the possible
effects of matrix diffusion on the major ion and isotope distributions
are not evaluated, nor are the hydrochemical influences of mineral coat-
ings on fracture surfaces assessed.

(7) The SCR makes reference to hydrochemical information on four deep boreholes
at the Hanford site. The profiles of major ions and oxygen-18 and deute-
rium concentrations from these holes are variable from one hole to the
next. In DC-14 and DC-15, there are considerable differences in concentra-
tions between the Wanapum and the Grande Ronde Formations. The SCR con-
cludes that these differences indicate the groundwater flow systems in
these two formations are separate. It is the opinion of the NRC staff
that the precise degree of leakage between formations (vertical mixing)
cannot be ascertained from the existing hydrochemical data. Vertical mix-
ing between adjacent formations will be difficult to deduce because dilu-
tion will mask the hydrochemical evidence of mixing. Interpretations
regarding vertical mixing must consider hydraulic gradients and hydraulic
conductivities in the formations in question in order to offer a possibil-
ity for definitive interpretations.

In the hydrochemical sections of the SCR, arguments in support of the con-
clusions regarding separation of groundwater zones are based only on hydro-
chemical data. These conclusions are very speculative. Borehole DC-12
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exhibits no major shifts in major ions and isotopes from Wanapum to the
Grande Ronde. This hydrochemical information, if used in the same manner
as other hydrochemical borehole data are used in the SCR, could be taken
as supporting a conclusion that there is little or no degree of local
flow system separation between these two formations.

(8) Uncorrected carbon-14 ages as young as 11,400 years were determined for
groundwater samples from the Grande Ronde (from data received at the BWIP
Hydrogeology Workshop). Correction of these dates to account for geo-
chemical effects will tend to decrease the carbon-14 ages. This contra-
dicts the carbon-14 ages reported in the SCR, which are listed as having
a mean age of greater than 32,000 years. The SCR reported mean corrected
ages of 17,000 and 25,000 years for the Saddle Mountain and Wanapum,
respectively. These carbon-14 ages may be much older than the actual
groundwater ages due to the effect of methanogenesis in these formations.
Methanogenesis in these two formations is a process that renders the
carbon-14 ages difficult or impossible to interpret in terms of actual
groundwater age.
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Figure F-1 Location of boreholes for which detailed hydrochemical
data are available
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Table F.A-1 Selected key hydrochemical data - borehole DB-15

71r1jt".)

SAMPLE DEPTH 8"o 82H 813C ' 4c 3H C544 f Cl No HC03UNIT NUMBER in) ° 0/0o (/°°) (Years) (Md, (T.U.) (Mol.'h) (mg/L) (mg/L) (mg/L) (mg/L)

Rattlesnake R. 79-17 46-68 -17.2 -152 -13.1 10.8

79-22 -17.1

Selah 79-20 _ ...-17.6 ______ = =__ Ina . ______

79-35 113-129 -17.9 -150 -23.a.. .
Cold Creek 79-27 155-1881 -17.8 -152 n in _
=_________________ 79-33 _ -17.9 -155 -15.5 0.11

Umatilla 79-8 195-208 -17.1 _ _ = _-6.5 _______ _______

79-15 -17.2 -150 -8.4 _

79-38 _ -17.5

79-39 -17.3 -153 26,300 3.77

Mabton 79-25 233-258 -17.5 -149

79-31 233-258 -17.2 -151 -3.9

Priest Rpd. #1 79-51 262-295 -14.6 -135 +10.4 0.25 22 117 171 115

_ __________ - 79-61 _ -14.8 -131 +1.5 _ _ _

79-92 _ -15.0 -146 -- _ _ _ _

Priest Rpd. #2 79-85 _ -14.9 +8.2 0.19 _

Priest-Roza 79-99 -14.9 -129

Roza 79-68 319-337 -15.0 -129

__________________ 79-80 -14.8 _ _ _+15.9 23,760 5.17 0.15 _______ _ _

Frchmn. Spr. #2 79-90 396-439 -15.4 -130 89.8 17 95 166 140
Frchmn. Spr. #3 80-35 -14.9 -131 -16.0 >32,000 1.9 0.11

________ __ 80-41 -15.1 -131 +16.0 >32,000 < 1.95 0.17 _

Frchmn. Spr. #4 80-24 . -15.2 -132 +11.6 27,670 3.2

80-74 424-440 -15.0 -132 +11.6 27,670 3.18 94.4 20 .108 1S0 I 109
Frchmn. Spr. #5 80-77 441-466 -15.4 -132 +13.3 >30,000 C2.4 0.09 1

80-42 441-466 _ 90.9 17 102 ...2 148
Frchmnn. Spr. #6 80-1 479-513 -15.0 -129 +11.6 27,800 3.1 0.04 93.8 20 105 164 114

*Uncorrected



Table F.A-2 Selected key hydrochemical data - borehole DC-6

.Im

w

SAMPLE DEPTH 180 82 ,i 8c4 4 c CI 4 F CI No HCOs
UNIT NUMBER (mi) (5 0 (P/B) (Year's) ( (T.U.) (Mole%) (mg/L) (mg/L) (mg/L) (mg/L)

Grande Ronde 80-161 657-730 35 113 229 61

80-191 730-822 -13.9 -114 -18.0 19,070 9.3 0.09 22 297 350 85
80-186 730-822 -13.9 -115 -18.0 l 0.04

80-118 912-938 -13.5 -110 -21.3 -0.06 42 166 310 62

81-82 988-lOS -14.5 -125 0.01 36 289 360 42

80-37 1076-116 -14.3 -125 -23.8 >20,000 < 8.26 -0.01 39 96 219

79-57 1125-113' -14.3 -125 -23.3 >23,000 < 5.69 -0.01 31 108 212 17

81-45 1269-1321 -14.1 -128 -15.8 11.440 21.0 -0.20 242
79-58 -14.4 -135 -23.2 16,790 12.32 +0.1

79-91 -14.5 -127

80-29 -14.5 -125 -23.8 >20,000 < 8.3 -0.01 _

80-15 -13.4 -120 _ 0.12

80-238 -15.1 -131 -26.4 13,380 18.8 -0.13

81-18 -16.2 -135 0.04

*Uncorrected



Table F.A-3 Selected key hydrochemical data - borehole DC-12

UNIT
SAMPLE DEPTH
NUMBER (

8(80
(/0/o
lCsun

82H
(0o00)

815C
(0/00)
8 P'3

1 4c.

(Years)

14C

lMod Urn

(UH
{T. U.)

CHO
(mole %/)

F
(mg/L)

CI Na HC03
(mg/L)I(mg/L) I (ma/L)

I 4 '~~~~~~-'~~~-' 1- I +~~~~I
Priest Rnd. 80-80 371-382 -15.8 -139 +12.8 1 27,750 3.2 -1.71

-I

,8.__rag-62 371-382 . 95.9 10 103 142 115

Priest-Roza 80-100 405-416 -15.8 -134 +15.2 >32,000 < 1.9 0.42

80-63 405-416 94.1 9 97 123 115

Roza-Frchinn. 80-97 493-513 -15.9 -136 +14.8 >34,000 < 1.45 0.34

80-73 493-5131 8 105 126 118

Frchm. Spr. #2 80-32 -15.6 -133 +8.0 26,415 3.7 1.16

Frchmn. Spr. #5 80-82 -15.6 -134 +12.8 27,660 3.18 0.59

Frchin. Spr. #8 80-124 625-634 -16.8 -140 +15.2 29,300 2.60

80-102 625-634 10 102 135 117

Grande Ronde 80-234 -16.1 -136 +2.5 15,030 15.3 9.27 _

Grande Ronde #4 80-174 733-746 -16.4 -132 -24.8 22,670 5.9 4.10 14 128 148 114

Grande Ronde #6 80-209 859-867 -16.2 -135 +3.6 19,440 8.9 2.10

_80-233 859-867 11 117 163 123

Grande Ronde #10 81-61 935-961 -16.4 -136 +20.7 17,240 11.7 0.16 13 131 161 74

*Uncorrected



Table F..A-4 Selected key hydrochemical data - borehole OC-14

-I
m
C.

SAMPLE DEPTHI 8'1o 82" 813C 14C 14C 3 H CH4 F CI No HCOsUNIT NUMBER Im (° / ° o° PD/00) (Y %) T.U.) (MoIe%) (mg/L) (mg/L) (mg/L) (mg/L)

Elephant Mtn. 80-3 119-129 -18.4 -147 -11.6 23,940 5.1 0.10 _ -

Rattlesnake R. 80-53 150-161 -19.1 -155 -11.0 26.160 3.8 -0.08

Selah 80-47 -19.3 -155 -11.6 -24.460 4.7 0L.0

. 80-85 214-233 -19.1 -155 -11.6 24,460 4.74 0.07

Huntzinger 80-69 -17.8 -150 -12.8 > 32.00( < 1.9_ 0.12

80-89 -17.8 -149 -12.6 > 28.00 .< 3.05 0.76

Umatilla 80-99 -17.9 -151 -12.7 >34.000 C 1.45 0.23

Mabton 80-71 295-330 -18.0 -148 -11.4 23.475 5.36 1.23

Priest Rpd. 80-136 -19.1 -152 -12.2 32.150 1.82 -0.03 _
80-144 -19.6 -152 -12.2 32,150 1.82

80-189 365-371 -19.6 -151 -12.1 )34.000< 1.45 1.0 6.3 65 156
Roza 80-112 394-409 -19.5 -151 -12.2 28,110 3.0 0.63

80-168 394-409 0.9 6.9 61 147
Squaw Cr. 80-183 451-462 -19.2 -151 -12.8 30,250 2.3 0.37

80-157 451-462 _ 2.2 .0 732 13-1
Frchmn. Spr. #2 80-155 480-497 -19.4 -149 -12.4 29.500 2.5 0.04 < 0.01 2.2 6.9 76 112
Frchmn. Spr. #3 80-104 500-521 -19.4 -151 -12.3 24,630 4.6 1.8 5.6 80 110

80-148 -20.4 -151 -12.3

Frchmn. Spr. 14 80-129 528-555 -18.8 -153 -12.5 >32.000 C 1.85 0.22 2.3 5.8 75 102
Frchmn. Spr. #5 80-170 -19.4 -152 -12.7 >30.000 < 2.4 1.45

Frchmn. Spr. #6 80-117 -18.6 -148 -12.9 >34.WK < 1.45 0.02

Frchmn. Spr. #7 80-213 -16.0 -136 -19.7 25.220 4.3 0.26

Grande Ronde 07 81-44 969-983 -14.1 -121 -19.9 17.090 11.9 1.38 47 238 325 91
Grande Ronde #8 81-21 -17.2 -145 -13.9 23.600 5.4 2.13

Umtanum 81-30 936-958 -13.1 -114 -17.3 41 231 316 71
Grande Ronde 81-20 -14.8 -127 -16.2 17.260 11.6 1.81

80-236 646-681 24 71 161 113

*Uncorrected



Table F.A-4 (Continued)

SAMPLE DEPTH 8180 82 H 813C 14C I
UNIT NU (i) (W/O W ool 0/00 (Ye rs)

Grande Ronde 80-141 973-984

80-42

E =_ __ __

M.XI)



Table F.A-5 Selected key hydrochemical data - borehole DC-15

.1 \
-4

SAMPLE DEPTH 8"o 82H 813c 14C * 14C H C H4 F CI No HCOs
UNIT NUnrBERl (m) (5°/-°0-; (s°/°o°4 (°/°°) (Yor'= Polk r (T.U.) (.MCIe%) (mg/L) (mg/L) (mg/L) (mo/L0

Levey 80-56 87-95 -17.3 -145 -13.3 205.80 7.7 0.16

Rattlesnake R. 8 133-150 -17. 4 -145A .16.2 24&372 .4 A n.J2L_

Cold Creek 80-57 220-234 -17.1 -141 +4.1 >37.000 < 1.0 0.14 82.5

Mabton 80-87 310-324 -16.8 -138 +14.5 36.200 1.10 0.35 96.7

Priest-Roza 80-137 -17.2 -136 +0.3 26.450 3.7 ___

Roza 80-176 372-394 -17.1 -139 23.350 5.4 0.42 87.9

80-197 372-394 1L 47 91 106.

Frchmn. Spr. #2 80-149 -17.2 -137 -9.4 0.87

_________________ 80-135 416-420 -17.5 -137 -9.4 27,000 3.4 0.89 80.0 9 40 98 118

Frchun. Spr. #4 80-120 469-485 -17.4 -137 -5.2 >34,000 < 1.5 4.61 65.7 11 45 102 145

Frchmn. Spr. #5 80-108 -17.3 -137 -17.4 >32,000 < 1.85 0.44 _

80-131 529-559 -16.5 -137 -17.0 >30.000 < 2.38 0.44 0.14 12 65 117 .100

Frchmn. Spr. #6 80-114 559-575 -17.4 -139 -22.1 >33,000 < 1.64 0.69 0.35

80-193 -17.4 -139 -22.1 >33.000 < 1.6 0.69

Grande Ronde 02 81-2 _ -14.5 -124 -31.3 12.520 21.0 3.80

81-41 -14.2 -122 -25.5 16,010 13.6 0.90

Grande Ronde #7 81-27 902-949 -13.5 -114 -31.5 22,450 6.2 0.63 33 189 260 51

81-33 -13.0 -123 -20.4 0.81

Grande Ronde #10 81-64 989-1004 -13.3 -111 -28.8 17.700 11.4 1.48 24 308 362 .64

Grande Ronde #11 81-96 006-104C -13.4 -111 0.64 23 210 277 86

Grande Ronde 81-46 808-823 18 183 229 65

*Uncorrected
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LIMITATIONS OF PACKER TESTING FOR
HEAD EVALUATION IN HANFORD BASALTS
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1 INTRODUCTION

This appendix addresses the question of the accuracy of head measurement in
boreholes using packer techniques, with specific application to the Hanford
basalt flows.

Accurate head measurements are of critical importance in a regional study of a
geohydrologic system because they are used for the following purposes:

o Determination of head gradients so that the direction of flow (vertically
and horizontally) can be determined in the undisturbed state.

o Calibration of steady-state models for later use in performance analysis.

o Evaluation and calibration fo the transient behavior of the system (by
observing the long-term fluctuation of heads due to natural and induced
changes in the system).

Because gradients and fluctuations tend to be small in locations like the
Hanford site, the spot head values must be obtained with considerable
accuracy.

Head measurements at the Hanford site have been made during the drill-and-test
sequence by packing-off sections of corehole and measuring the fluid pressure
or fluid level in a riser pipe which is open to the formation over the
packed-off interval (Figure G-1). If pressure rather than water level is
measured, it is converted to a head by application of a conversion formula,
taking fluid density into account.

There is a possibility that errors may occur in using this testing technique.
Assuming that the test itself is properly conducted, two main sources of error
are still possible. Measured head may differ from the head which existed
before the hole was drilled because:

o Transient head perturbations caused by drilling may not have fully
dissipated.

o Heads may be different from the original head even at steady state due to
the effects of the open hole immediately above the packer.

This study considers each of these possibilities for the expected ranged of
permeabilities at Hanford.

A wide range of other possible causes of error in this technique of head
measurement are not considered in this study. These other sources of error
are due to less-than-ideal test methods and include:

o Improper packer seating
o Equipment elasticity effects
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o Errors in pressure measurement
o Errors in conversion of pressure to heads
o Wellbore effects.

2 METHODOLOGY

2.1 System Analyzed

Analyses considered in this appendix have been performed on the same idealized
system. This system is a horizontally layered section, with the layers alter-
nating between low permeability (representing dence basalt) and high permeabil-
ity (representing flow tops and interflows). Each layer is 10 m thick. To
simulate conditions at the most critical point (i.e., the repository horizon),
a depth of 1000 m to 1200 m below the top of the zone of saturation has been
analyzed. The system analyzed is shown in Figure G-2. The hole diameter
chosen for study is 0.1 m (4 in.). The packer, 4 m in length, is set in a low-
permeability unit between depths of (effectively) 1100 m to 1096 m.

2.2 Analytical Evaluation

Various analytical evaluations have been performed to bound the behavior of
the system. These typically involve analyses of infinite, radial systems,
using the Theis (1935) equation for nonleaky transient analyses.

2.3 Numerical Evaluation

In order to more accurately evaluate the condition around a real packer test
in basalt, a series of numerical analyses have been performed using the Golder
Associates' finite-element-method computer code. Each analysis used the same
mesh, details of which are shown in Figure G-3. Again, the hole diameter was
taken'a 0.1 m, and the outer boundary was fixed at about 10,000 m. Transient
analyses were performed to simulate time-dependent behavior of the system,
while steady-state analyses were performed to evaluate equilibrium conditions.
Table G-1 shows the ranges of parameters used in the various analyses. Assumed
values of horizontal hydraulic conductivity are consistent with test results
reported by DOE for the Pasco Basin. Vertical hydraulic conductivities are
based on generic information relating to the anisotropic characteristics of
basalt.

Two different sets of boundary conditions were used on the upper and lower
planes of the modeled domain: fixed head and no flow. This set of conditions
bounds the actual case.
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Table G-1 Parameters-used in numerical analysis

Hydraulic Conductivities
(meter/day) Analysis -Performed

High K Layer Low K Layer,
Horiz. Vert. Horiz. Vert, Steady State Transient

1 1 . 1 1: X
1 10 10-4 10-4 X
1 10 10-5 10-4- X

1 10 10-6 10-5 X

1 10 10-7 1O_6 X X
0.1 1 10-6 10-' X

3 RESULTS

3.1 Steady-State Results

The steady-state results illustrate the effect which the open drillhole above
the packer has upon the head in the packed-off section. In order to stress
the system in such a way as to make any effect obvious, the outer boundary of
the analysis region was subjected to an upward head gradient of 1 percent. As
the center of the packed-off zone is at 1105 m below the phreatic surface, the
head at this point, before the hole was drilled, would be 11.05 m above the
phreatic surface.

The head which would exist at equilibrium in the drill hole above the packer
is the average of the upper 1098 m of hole which'is open. This head is
approximately 5.49 m above the phreatic surface, and this head was fixed at
the hole boundary.

Results of the analyses of steady-state flow are presented in Table G-2. All
heads are expressed as a distance above the phreatic surface.

Although Table G-2 does not have great generality, it does indicate that the
head measured in the packed-off section represents a combination'of the effects
of the undisturbed head at that elevation and of the head in the open hole
above. For systems with very low vertical permeabilities in'dense basalt, the
error induced by this effect is negligible. This would be true at Hanford for
dense-zone vertical permeabilities of 10-5 m per day (10-10 m per second) or
less. For dense-zone vertical permeabilities above about 10-4 m per day
(10-9 m per second), this effect becomes significant, with more than 10 percent
of the difference between the head in the hole and the original head appearing
in the measured head. The effect depends to some extent upon the horizontal
permeability and thickness of the flow-top. This study shows that the errors
induced by the open hole above the test section can be significant, even at
steady state.
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Table G-2 Results of steady-state analysis

Hydraulic Conductivities Head In
(meter/day) Packed-off Percentage

High K Layer Low K Layer Section, Hp Influenced by
Horiz. Vert. Horiz. Vert. (Meters) Head in Hole (P)*

(2) (3)
1 1 1 1 9.22** (8.45)*** 33 (47)

1 10 10-4 10-3 10.11 (8.97) 17 (37)
1 10 106 10-5 10.78 (10.74) 5 (6)
1 10 10-7 10-6 10.97 (10.98) 1 (1)

0.1 1 10-6 10-5 10.45 (9.80) 11 (22)

Notes:

*The influence of the head in the hole above the packed-off section
is expressed as a percentage influence where:

Hp = Hb + P/100 (Hh - Hb)

H = head (above the phreatic surface) in packed-off section
HP = head (above the phreatic surface) in hole = 5.49 m
Hh = head (above the phreatic surface) at far boundary = 11.05 m
P = percentage influence of hole.

"*Values from analyses with no-flow boundaries at top and bottom of
analyzed domain.

***Values in brackets taken from analyses with fixed heads at top and
bottom of analyzed domain.

3.2 Transient Results

The transient analyses performed using the finite-element model began initially
with the head in the drill hole elevated 100 m above the original groundwater
table, with all heads at steady state. This situation is equivalent to having
an open hole filled to approximate ground surface with water, for an infinite
time before the packer test was performed. The boundary condition at the outer
boundary was the same 1 percent upward head gradient used in the steady-state
analysis.

At t = 0, the packer is introduced into the bottom of the hole, and the water
level in the hole is allowed to return to its equilibrium level. The head in
the packed-off section is then monitored. The results of this decaying excess
head are shown in Figure G-4, for both the high and low hydraulic conductivity
cases described in Table G-1. The process was performed for both no-flow and
fixed-head top and bottom boundaries with similar results.
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The head takes about 50 days to approach equilibrium in both cases. Evaluation
of the detailed printout shows that this is the. time taken for the pressure
reduction to reach the boundary; the equilibration time would be longer if the
model boundary were further way from the drill hole. Figure G-5 shows the head
distribution with distance away from the well, as a function of time, for
both the high and low vertical conductivity cases with no-flow top and bottom
boundaries. The fixed-head boundary case is shown in Figure G-6.

Clearly, the system analyzed is somewhat extreme, as it assumes that the well
overpressure has been applied for infinite time before the packer is inserted.
To assess the impact of shorter periods during which the hole is charged, a
simple analytical solution of the system was performed assuming that nonleaky
flow occurs in the high permeability strata (equivalent to zero vertical
hydraulic conductivity in the dense basalts).' The results of this analysis are
the displayed in Figure G-7, together with the finite-element analysis results
for low hydraulic conductivity situation. The conclusions which can be drawn
from this analysis are that the time which the hole has been charged is important,
and that the value of the vertical hydraulic conductivity of the dense basalts
exerts a major influence upon the rate of equilibration of the test.

4 CASE EXAMPLES

There are a few case examples which allow field evaluation of the accuracy of
head measurement using packer technology in a highly-confined, layered flow
system. Two examples are cited below:

o An example of head-testing during drilling at BWIP followed by permanent
completion using multiple piezometers.

o An example of head-testing during drilling at an oil shale project in
Colorado followed by a permanent completion.

4.1 Testing of Heads at Hanford Well ARH-DC-1

Well ARH-DC-1 was drilled just north of the 200E waste storage area on-the
Hanford Reservation to a depth of 1,725 m. The drilling and testing is described
in La Sala and Doty (1971) and was generally as follows:

o Drilling began on April 27, 1969.

o The drilling.method was conventional rotary, using air-mist and aerated
foam for cuttings removal.

o The hole was cased to a depth of 110 m and left open below; diameter
was 250 mm.

o Permeability, head, and water-quality testing took place at depths to
1,305 m.

o Drilling was suspended on September 23, 1969.
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At a later date, the well was completed by the United States Geological Survey,
at a total of five depths as shown in Figure G-8. The comparision between
stable heads measured in these permanent completions and the head measured
during drilling is shown in Figure G-9. The plot of water levels versus time
for the piezometers is shown in Figure G-10.

Some comments appear warranted. First, the time taken for the piezometers to
settle down appears to be very long. Second, there is an apparent seasonal
fluctuation of the water levels. Third, there appears to be a significant
difference between the piezometer water-levels and the head found during test-
ing. (Note that the tested heads are consistently lower that the piezometer
values due to the fact that air-mist drilling continually produces water from
the hole, thus lowering regional heads during drilling.) Errors vary between
1 and 15 m. Finally, the vertical head gradients which would be estimated from
the data collected during drilling are significantly different than those which
would be estimated from the piezometer data.

4.2 Testing of Heads in the Piceance Basin, Colorado

This example is drawn from tests which were performed by Golder Associates during
drilling as part of an evaluation of an oil shale mining project in the Piceance
Basin in Colorado during 1974 through 1975 (Arco et al., 1974 et seq.). Broadly,
the program involved:

o Core drilling using an air-mist drilling technology.

o Packer testing during drilling using a single packer. Both mechanical and
inflatable packers were used.

Testing involved shut-in pressure measurement, and withdrawal and injection
permeability tests. Pressures were measured downhole to avoid problems
associated with water level measurements at the surface, and the tool had a
downhole shut-in valve for flow control.

As is usual in an ongoing coring program, there was considerable emphasis to
keep the hydrology testing short. Each test took from 12 to 24 hours, and each
shut-in pressure measurement was continued until an apparently stable reading
was obtained, which generally required from a few minutes to 2 hours.

After the hole was drilled, it was completed with two strings of galvanized
iron pipe, cemented in place. Communication between the formation and the
string was created by explosive perforation in specific intervals. The lower
string completion failed due to blockage caused by inflow of viscous hydro-
carbons (kerogen), but the upper completion remained operational. The water
level in this string finally stabilized 6 months after completion.

The results of the permeability and head tests for this hole are shown in
Figure G-11. The following points are noteworthy:
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o The heads determined by the packer testing were quite variable, especially
given the layered sedimentary rock system.

o The variability has a weak negative correlation with permeability; the
higher the permeability, the lower the head. Note that during air-mist
drilling water is extracted from the formation, so the head transients
induced in the formation serve to lower the observed head.

o The actual static head measured in a reliable permanent completion in the
top 250 m of saturated material was about 10 m higher than the aver-
age of the relevant packer-test values.

o The time taken for the head to stabilize in the permanent completion was
in the order of 6 months in this highly confined system.

On this project, the head system could not be understood or analyzed until the
entire site had been vacated for 6 months to allow head transients to dissipate.
At that time, however, the head pattern was unambiguous and entirely in accord-
ance with expected regional groundwater flow patterns. Head data from packer
testing proved to be entirely unuseable.

5 SUMMARY AND CONCLUSIONS

This appendix has attempted to evaluate the reliability of head data obtained
by packer-testing methods in single holes. Substantial errors have been shown
to be possible as a result of:

o Transient head-errors induced by drilling; these changes may take months
to dissipate.

o Steady-state head-errors in the packed-off zone due to the presence of the
open hole above the packers.

Both effects can lead to substantial error in estimates of static head at the
the depth. For relatively high vertical-permeability materials both effects
can cause significant cumulative error, while for low vertical permeability
materials the transient effects dominate. For practical ranges of permeability
of Hanford basalts, it appears that enough error would be introduced to cast
serious doubt on the value of packer-test results for evaluating static heads.
Based on this study, an error range of +10 m would appear to be likely.

The problems with this method of head measurement are illustrated with two
actual case examples where packer testing was used in relatively low permea-
bility, layered.rocks (oil shale and basalt). No useful head information was
obtained in either case until permanent completions were installed.
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There findings are important because they suggest that the present and planned
approach to head measurement at Hanford will not produce results which will be
useable for the purposes of model calibration or radionuclide transprot analyses.
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1 INTRODUCTION

The following discussion describes a preliminary attempt to integrate existing
hydrogeologic data in the Pasco Basin for the purpose of formulating a concep-
tual flow system model. The goal is not to determine a definitive flow system
model but rather to evaluate whether measured hydraulic parameters and hydraulic
heads can be used to support the overall conceptual model of the Pasco Basin
which has been put forward by DOE in the SCR. This overall conceptual model
is based upon a horizontally layered flow system consisting of permeable inter-
flow zones (aquifers) separated by relatively low permeability intraflow zones
(confining layers). For a conceptual model to be incorporated into a numerical
model, it must be demonstrated that hydrologic properties of the system are
predictable between measuring points, and that the model is consistent with
measured field data.

For this study an effort is made to define hydrostratigraphic units (HSUs) based
primarily upon geologic data-and then to determine whether measured hydraulic
parameters and heads can be used to characterize the HSUs. This process of
identifying HSUs and characterizing their hydrogeologic properties is usually
a prerequisite for developing mathematical flow system models which can predict
processes such as radionuclide transport. Although there is no standard proce-
dure for accomplishing this task, the overall methodology described below is
generally applicable in horizontally layered flow systems such as exist at
Hanford, and is consistent with the approach taken by DOE.

2 HYDROSTRATIGRAPHIC UNITS

2.1 General Definition

The term "hydrostratigraphic unit" was proposed by Maxey (1964) to describe
"bodies of rock with considerable lateral extent that compose a geologic
framework for a reasonably distinct hydrologic system." Further discussion
of HSUs is given by Carnahan et al. (1982), who describe several additional
characteristics which an HSU should display, including:

o hydraulic properties which contrast in a uniform way with the properties
of the surrounding units;

o for the purpose of groundwater modeling, hydraulic properties which are
statistically similar (i.e., predictable) over the extent of the proposed
unit;

o for continuum analysis, each HSU must be made up of at least one Represen-
tative Elemental Volume (REV) which behaves as a continuum.

The term "geohydrologic unit" (or hydrogeologic unit) is often used synonymously
with HSU, although Maxey suggests that it should be reserved for use as a more
general descriptive term.
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HSUs are defined primarily for the convenience of one trying to model the
hydraulic behavior of porous media. The thickness, extent, hydraulic parameters,
and other characteristics of an HSU will vary depending upon the particular
requirements of the modeler. However, it is usually assumed that these charac-
teristics can be determined (i.e., by field measurement) at various locations
within an HSU and then predicted by some method over the remainder of the HSU.
An evaluation of how this process could be applied to the Pasco Basin is discussed
below.

2.2 Determination of HSUs

In the thick basalt sequence underlying the Pasco Basin, the SCR asserts that
groundwater flow occurs primarily in high permeability flow tops and basal
rubble (interflow zones), which are separated by dense basalt of much lower
permeability (intraflow zones) (pages 5.1-198 to 5.1-203). This conceptual
model predicts essentially horizontal flow with high flux rates in the inter-
flow zones and vertical flow with low flux rates in dense basalt. Since inter-
flow zones are stratigraphic in nature, it seems reasonable to develop a
conceptual model based on identifiable stratigraphic units.

Hydrostratigraphic units which were chosen for this appendix are shown in
Figure H-1, along with the geostratigraphic units to which they correlate.
Geologic units are well defined and can be correlated reliably within the
Pasco Basin. Therefore, it is relatively easy to develop a geologic framework
for the conceptual hydrogeologic model. The resulting model is conceptually
similar to a layered sedimentary system model consisting of alternating
aquifers and aquitards.

A number of the HSUs shown in Figure H-1 consist of several basalt flows.
Greater detail was retained near the proposed repository horizon, with three
HSUs defined to represent the Umtanum flow top (El), the dense Umtanum (E2),
and the underlying flow top (E3). The Through Runner Unit of the Sentinel
Bluffs Sequence was selected as an HSU since it is under consideration as a
repository horizon.

The selection of HSUs is more or less arbitrary. Different HSUs which may be
equally or more appropriate for modeling the hydrogeologic system could have
been selected. However, the HSUs shown in Figure H-1 are used throughout the
remainder of this study. No HSUs above the Mabton (i.e., within the Saddle
Mountains Basalt) are considered because the bulk of hydrogeologic data used in
this study pertains to units in the Wanapum and Grande Ronde Basalts.

3 HYDRAULIC PARAMETERS

3.1 Observed Data

The data used for this study are listed in Table H-1. Values of transmissivity
and hydraulic conductivity were taken from RHO data examined during a July 1982
workshop and from Gephart et al. (1979a, 1979b). They generally agree with the
test ranges presented in SCR Figures 5-18 to 5-24, although some differences
exist. Since specific test results are not presented in the SCR, it is not
possible to determine why some differences between the July Workshop data and
the SCR exist. The SCR contains several test intervals that were completed in
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DC-16A and RRL-2 subsequent to the July workshop. These results are not included
in this study. Values of hydraulic head used in this study were taken from
SCR Figures 5-34 to 5-41 and also from Gephart et al. (1979b).

Tests to determine hydraulic parameters (primarily transmissivity and horizontal
hydraulic conductivity) were performed by straddling one or more interflows
with packers set in dense basalt. Since dense basalt has low permeability, a
calculated value of transmissivity was assumed to represent only the charac-
teristics of the interflow zone(s). Average horizontal hydraulic conductivity
of an interflow(s) within a test interval was obtained by dividing measured
transmissivity by the thickness of the interflow(s) tested. Total transmissiv-
ity of a hydrostratigraphic unit was obtained by summing the transmissivities
of all interflows within the unit. The effective horizontal hydraulic conduc-
tivity (KH) of interflows within an HSU was calculated by dividing the total

transmissivity by the sum of the interflow thicknesses. In this manner, one
value of hydraulic conductivity was determined to represent a particular HSU
at each hole tested.

The distribution of effective hydraulic conductivity for each HSU was plotted
on a base map of the Pasco Basin (see Figures H-2A through H-2K). Few trends
in the spatial distribution of hydraulic conductivity are discernible by visual
inspection. In most units the data range over several orders of magnitude and
vary spatially in what appears to be an unpredictable pattern.

3.2 Statistical Tests of Differences

Figures H-3 and H-4 show histograms of total transmissivity and effective
hydraulic conductivity for each HSU. Within most HSUs the hydraulic param-
eters vary by several orders of magnitude and it is difficult to visually
identify distinct ranges within the different units.

Since no measurements of the vertical hydraulic conductivities of potential
confining beds are currently available, it is not possible to determine HSUs
on the basis of vertical isolation. However, the degree of vertical isolation
between various HSUs will be an important consideration in choosing HSUs appro-
priate for modeling. Significant differences in total transmissivity and/or
horizontal hydraulic conductivity between HSUs constitute another basis for
choosing HSUs. The statistical analysis presented below was conducted to
determine if the HSUs chosen on the basis of stratigraphy also have character-
istic values of measured hydraulic parameters.

The data were analyzed to determine if the differences in the mean values of
log (total transmissivity) and log (effective KH) between proposed hydro-

stratigraphic units were significant. The means (geometric means), standard
deviations and 95 percent confidence intervals for the means of the units are
shown in Figures H-5 and H-6 for transmissivity and hydraulic conductivity,
respectively. The 95 percent confidence interval is:

m 6 1.96 -
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where m = sample mean
S = sample standard deviation
n = sample size.

The probability that the confidence interval shown for each unit contains the
actual mean for the unit is 95 percent. Note that the confidence intervals for
adjacent units overlap in many cases.

Additional methods are available to determine if mean effective hydraulic con-
ductivities of assumed HSUs are statistically different from one another, thereby
implying that it may be useful to treat the two units as separate HSUs. One
method of testing differences is the t-test (Blalock, 1972). The t-test examines
the null hypothesis that two population means are the same. Assuming that the
population standard deviations are not different, the test statistic

MI-M2
t S

ml -in2

where m1,m2 = means of samples 1 and 2,

S =s L ; and
MI-M2 n, n2

nln2 = size of samples 1 and 2;

2 2
(n1-1)S1 + (n 2 -1)S 2

nS + n2 -2 = pooled variance,

where S1 ,S2 = standard deviation of samples 1 and 2;

and degrees of freedom,

DF = n, + n2 - 2,

are calculated. A similar formulation can be developed for cases where it
cannot be assumed that the population standard deviations are not different.
If the computed value of t will occur more than a of the time, where a is the
significance level of the test and refers to the probability of Type 1 error
(concluding that the null hypothesis is false when in fact it is a true statement
about the populations sampled), then the null hypothesis is accepted. Tables
of the distribution of t can be found in many statistics references, for example,
Blalock (1972).
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By testing and rejecting the null hypothesis that no difference in mean values
exists between adjacent HSUs, the implication is that the assumed HSUs have
significantly different values of effective hydraulic conductivity. If the
hypothesis is not rejected, no significant difference can be implied.

It was determined that the null hypothesis could be rejected at the 5 percent
significance level for only two pairs of adjacent units: the Mabton and Priest
Rapids units and Grande Ronde A and B units. The conclusion can be drawn that
mean values of effective hydraulic conductivity for these pairs of units are
different with only a 5 percent chance of being wrong. All other adjacent pairs
tested showed no significant difference in means at the 5 percent confidence
level. The t-test is sensitive to the sample size and standard deviation, thus
the conclusions relating to statistical differences between units could change
if more sample points are obtained.

In using the t-test it is assumed that the actual distribution of effective
horizontal hydraulic conductivity within a unit can be described by a log-
normal distribution. This assumption is commonly made in hydrology, and the
histograms of log (effective KH) shown in Figure H-4 do not indicate that some

other distribution would be more appropriate. However, the sample sizes are
small (n<9), so the histograms cannot confirm that the population distribution
is actually log-normal. Other tests, for example the Wald-Wolfowitz runs test,
the Mann-Whitney test, and the Kolmogorov-Smirnov test (Blalock, 1972), do not
require the normality assumption. However, since the assumptions are weaker,
these tests are less powerful; that is, there is a higher risk of Type II error
(not concluding that the null hypothesis is false when in fact it is not a true
statement about the populations).

3.3 Variograms

Variograms are a method of relating the degree of spatial correlation between
measured data points (David, 1977). In a continuously varying system, it can be
expected that measured values of a particular parameter (in this case horizontal
hydraulic conductivity) will correlate better as the distance between measuring
points decreases. That is, it is expected that the effective horizontal
hydraulic conductivity values within a particular HSU will be more similar to
each other in closely spaced holes than in widely spaced holes. Once a vario-
gram model relating spatial data has been established, it is possible to inter-
polate between measured data by a technique called Kriging (David, 1977). This
technique would be valuable in interpolating the characteristics of HSUs between
points at which measured values exist. An interpolative model is a necessary
requirement in developing hydrogeologic models for performance assessment.

Variograms relate the average distance between test values to the average
squared difference between those values:

N(h)

y(h) = (Z (x) - Z (x+h))2
2N(h) i=1 i
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where: y(h) = variogram value for distance h

N(h) = number of combinations of values with intervalue distance h

Z.(x) = value at point x

Zi(X+h) = value at a point distance h away from x

Since for unevenly spaced data only one pair of values might exist at a given
distance, variograms are frequently smoothed. The smoothing method selected
for BWIP data was a moving average over a distance of 20,000 feet.

Variograms graphically illustrate the variability of values in space. Where
variograms can be described by an approximately monotonic function, they indicate
spatial correlation, and allow development of realistic spatial models and
spatial averages. Where variograms are erratic and nonmonotonic, they indicate
that values are not meaningful on the scale of distance used or that the actual
in situ properties are not spatially correlated.

Smoothed variograms were calculated using effective horizontal hydraulic con-
ductivity for the eleven hydrostatigraphic units. Of these, only Grande Ronde B,
which is shown in Figure H-7, indicated any spatial correlation. The variogram
of the Grande Ronde El (Umtanum Flow top) shown in Figure H-7 is typical of the
units with no spatial correlation. Possible conclusions to be drawn from these
variograms are:

o representative elemental volumes were not tested (except possibly in the
Grande Ronde B)

o effective hydraulic conductivity is spatially uncorrelated

o the hydrostratigraphic units used are not appropriate for definition of
effective horizontal hydraulic conductivity.

The NRC staff believes that the first factor above is the most likely cause of
the lack of spatial correlation.

3.4 Regression Analysis

Two regression analyses were performed to determine whether average horizontal
hydraulic conductivity (in this case for a single test interval) is related to
either depth below ground surface or the thickness of the interflow in which
the value was determined. Qualitatively, it can be expected that depth may be
a factor, because greater depths might result in smaller fracture openings and
greater secondary mineralization, resulting in lower conductivities. It is
also possible that interflow thickness might be a factor if thicker interflows
have more prominent vesicular and brecciated zones than thinner interflows,
resulting in greater hydraulic conductivity.
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A scatter diagram of average hydraulic conductivity versus depth is shown in
Figure H-8. A least-squares linear regression indicates that hydraulic conduc-
tivity is related to depth by the equation:

log KH = 1.7680-0.00094 d,

where d is the depth below ground surface. The correlation coefficient r, which
is a measure of the goodness of fit, is equal to -0.514. A perfect fit would
have r equal to -1.0 or 1.0. The square of the correlation coefficient is the
amount of total variation in the dependent variable, KH, which is explained by

the independent variable, d. The r2 value of 0.26 for this case indicates that
the linear relationship explains 26 percent of the observed variation in Ki. Thus,

there appears to be a weak relationship between depth and average horizontal
hydraulic conductivity.

The scatter diagram of KH versus interflow thickness (b) is shown in Figure H-9.

The following equation relates the two variables:

log KH = 0.12521-0.00375 b

The correlation coefficient is equal to -0.0694 for this relationship, and the
value of r2 is 0.005. This indicates that there is essentially no relationship
between K and interflow thickness.

4 HYDRAULIC HEAD

Measured (uncorrected) hydraulic heads were tabulated using data from the SCR and
Gephart et al. (1979b). Most measurements were made in packed-off sections of
open boreholes after the hydraulic response had apparently stabilized. Vertical
hydraulic gradients were calculated by dividing the difference in interpolated
head values at the midpoints of two adjacent HSUs by the vertical distance
separating the midpoints. A positive value indicates upward vertical flow
potential. These apparent head gradients are shown in Figures H-1OA through H-10K.

Hydraulic heads in the SCR are uncorrected for temperature and compressibility
effects. It is expected that these effects will not significantly change the
inferred direction of groundwater flow, since temperature and compressibility
effects should be relatively insignificant between two adjacent HSUs. Thus,
the gradients should be good qualitative indicators of the direction of potential
vertical flow.

The calculated gradients are highly variable, with the indicated direction of
vertical flow changing, even within the same hole. This leads one to conclude
that either the vertical flow pattern between the assumed HSUs is very complex
or that the measured heads are not representative of the true formation heads.
In either case, it would probably prove to be a difficult task to calibrate
groundwater flow models based upon the given heads.

Based upon this simple analysis of apparent vertical gradients, it appears
essential to demonstrate that the measured heads reflect true formation heads
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(see Appendix G). This will probably require the installation of permanent
head monitoring installations at varying depths within the same or adjacent
holes. This would allow representative, time-coincident heads to be measured
and would provide a check on the reliability of heads measured during the
current drill-and-test sequence.

5 CONCLUSIONS

It is relatively easy to define hydrostratigraphic units based upon geologic
units. However, it is not apparent, based on existing single-hole test data,
that characteristic hydraulic parameters can be assigned to the HSUs. Existing
horizontal hydraulic conductivity data indicate wide variations in values within
the assumed HSUs, which are in some cases taken to be individual flow tops. A
lack of correlation of measured characteristics of HSU's could be caused by
several factors:

o inappropriate choice of HSUs

o nonrepresentative measurements of HSU properties (i.e., measurements do
not represent a representative elemental volume of the medium)

o inaccurate measurements of HSU properties

o lack of spatial correlation within HSUs (i.e., interflow/intraflow
characteristics vary unpredictably within individual HSUs).

This problem is possibly the result of the testing strategy used to determine
hydraulic parameters. The current strategy of determining parameters from
single-hole tests may not be adequate to obtain representative bulk parameter
values. That is, the tests may not be of large enough scale to characterize
representative elemental volumes. The variability in measured parameters could
be a reflection of the variability of intraflow structures (flow tops, colonnade/
entablature, fanning structures). It currently does not appear that such
structures can be predicted with any confidence even over relatively short
distances (i.e., several hundred meters). A strategy of large-scale hydraulic
testing using pumping wells and observation wells may yield much more uniform
estimates of hydraulic parameters since such tests have the capability of
characterizing a large volume of the flow system.

It is also possible that the data are representative of REVs but that the flow
system is highly heterogeneous. If this is the case, it will be very difficult
to characterize and model the flow system for the purpose of predicting reposi-
tory performance.

A simple evaluation of measured hydraulic head data also raises questions of the
representativeness of existing data. Vertical head gradients do not seem to fit
into any overall conceptual model of groundwater flow. Rather, they indicate a
complex flow system which would appear to be extremely difficult to duplicate by
a predictive flow system model. This complexity could be the result of the
method of head measurement (i.e., short-term monitoring in packed-off intervals).
The installation of reliable, permanent head monitoring installations may
greatly improve the head data available for calibration of flow system models.
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Table H-1 Summary of Hydrologic Data

EXPLANATION

Hydrostratigraphic Units

MB Mabton
PR Priest Rapids
RZ Roza
FS Frenchman Springs
GRA Grande Ronde A
GRB Grande Ronde B (Through Runner)
GRC Grande Ronde C
GRD Grande Ronde D
GREl Grande Ronde El (Umtanum flow top)
GRE3 Grande Ronde E3 (flow top below Umtanum)
GRF Grande Ronde F

..L Calculations

o Effective interflow thickness given by RHO or estimated from RHO borehole logs. If data not available,
effective thickness set equal to thickness of test interval.

o Average KH of Test Interval = Transmissivity/Effective Thickness.

o Total Transmissivity of HSU = Sum of Transmissivity for All Interflows.

o Effective KH of HSU = Total Transmissivity/Sum of Effective Thickness.

Sources of Data

o NRC/BWIP Hydrogeology Workshop (July 1982): DB-15, DC-1, DC-2, DC-6, DC-7, DC-12, DC-14, DC-15, DC-16
(Ford, McGee, RRL-2)

o Gephart, et al. (1979a): RSH-1

o Gephart, et al. (1979b): DB-12, DB-13, DC-1



Table H-1 (Continued)

HSU Borehole
no.

Test interval
(m below GS)

Head
(m MSL)

Transmissivity
(m2 /day)

Effective
thickness

(m)

Average
K
(Aps)

Total
transmissivity

(m2 /day)

Effective
KH

(m/i)

I-

MB

MB

MB

MB

MB

MB

PR

PR

PR

PR
PR
PR

PR
PR

PR

PR
PR

PR

PR

RZ
RZ

RZ

RZ

RZ
RZ

DB-12

DB-13

DB-15

DC-14

DC-16

RRL-2

DB-12

DB-15

DC-12

DC-14
DC-14
DC-14

DC-15
DC-15

DC-16

Ford
Ford

McGee

RRL-2

DB-15
DB-15

DC-12

DC-14

DC-15
DC-15

114.3

364.2

207.3

295.4

425.2

415.7

156.4

261.5

370.9

359.7
364.5
370.9

305.7
350.2

515.1

190.5
198.1

246.9

479.8

318.5
338.6

404.8

391.7

371.6
413.6

159.7

393.8

257.3

330.1

477.9

469.4

199.0

295.4

382.2

363.3
370.9
387.4

326.7
362.4

526.7

236.8
243.8

271.3

522.4

336.8
349.3

415.7

415.7

394.1
423.7

124.0

149.0

128.1

127.4

125.0

123.6

150.6
150.2
150.6

117.0
117.6

116.3

281.4

122.3

124.8

123.5

150.2

118.0
117.6

1. 5E+02

1. 8E+02

1. 7E+02

1. 7E+00

1. 2E+01

2.7E-03

3.8E-04

2. 2E+02

1. 2E+01

2. 7E+02

5. OE+00
3.5E-02

4. OE-01

8.4E+03
9.3E+03

4. 3E+03

6. OE+01

1. 7E+02
3.5E-06

8. 6E+02

5. 4E+02
6. 6E+01

42.1

29.0

27.4

34.7

29.3

15.2

42.7

11.0

10.4

4.3

14.9
8.8

0.6

2.7
15.2

24.4

7.6

13.4
10.7

12.8

16.2
3.0

4.2E-05

7.lE-05

7.lE-05

5.6E-07

4.6E-06

2. OE-09

1. OE-02

2.4E-04

1. 3E-05

7.4E-04

3.9E-06
4.6E-08

7.8E-06

3.5E-02
7.1E-03

2.OE-03

9.2E-05

1.4E-04
3.9E-12

7.8E-04

3.9E-04
2.5E-04

1. 5E+02

1. 8E+02

1. 7E+02

1. 7E+00

1.2E-01

2.7E-03

3.8E-04

2. 2E+02

1. 2E+01

2. 7E+02

5. OE+00

4. OE-01

9. 3E+03

4. 3E+03

6. OE+01

1. 7E+02

8.6E+02

6. OE+02

4.2E-05

7.1E-05

7. lE-05

5.6E-07

4.6E-06

2. OE-09

1. OE-02

2.4E-04

1. 3E-05

7.4E-04

2. 5E-06

7.8E-06

7. 1E-03

2. OE-03

9.2E-05

8. lE-05

7.8E-04

3. 5E-04



Table H-1 (Continued)

HSU Borehole Test interval
no. (m below GS)

Head Transmissivity
(m MSL) Wm2/day)

Effective
thickness

(m)

Average
K
(ms)

Total
transmissivity

(m2/day)

Effective
K

(m/i)

RZ

RZ

RZ

FS
FS

FS
FS
FS
FS
FS

FS
FS
FS
FS
FS
FS
FS

FS
FS
FS
FS
FS
FS

FS
FS
FS
FS
FS
FS

DC-16

McGee

RRL-2

DB-15
DB-15

DB-15
DB-15
DB-15
DB-15
DB-15

DC-1
DC-1

DC-12
DC-12
DC-12
DC-12
DC-12

DC-14
DC-14
DC-14
DC-14
DC-14
DC-14

DC-15
DC-15
DC-15
DC-15
DC-15
DC-15

536.4

313.3

528.8

396.2
412.4

424.6
442.0
478.5
524.3
548.6

405.4
600.5

459.6
493.2
514.2
581.9
624.8

451.1
481.6
499.9
524.3
554.7
571.5

425.2
451.4
458.7
469.4
528.8
559.0

557.2

334.1

540.4

409. 3
418.5

439.8
466.3
513.0
548.6
588.9

463.3
658.4

467.6
513.3
521.2
604.7
633.7

462.1
497.4
520.6
554.7
571.5
604.4

449.0
459.0
473.4
485.5
558.7
572. 1

122.7

123.1

124.4
124.8

125.4
124.8
124.8
123.7
123.4

123.6
123.8
123.8
123.8
123.8

147.8
149.4
148.4
148.4
148.0
133.8

117.6
117.6
117.6
117.6
117.6
117.6

2. OE+03

2.8E+01

2. 2E+02

9.3E-01
3. 5E+Ol

1. 5E+01
8. 4E+00
6. 6E+01
6. 2E-03
8. 9E-04

7.4E-01
4. 1E+00

1. OE+O0

4. 3E+00
6.6E-02
1. OE+01

2. 5E+00
3. lE+01
9. OE+00

2. 7E+0O
1. 3E+02

2.8E-Ol
1. 8E+02
5.4E+Ol
1. 7E+02
5. 9E+00
3. 6E+02

4.3

20.7

7.0

10.1
4.9

9.1
21.0
24.7
3.0
6. 1

57.9
57.9

2.4

3.0
9.8
6.7

3.4
8.5
10.4

3.7
15.2

0.6
5.5

14.6
6.1

23.8
11.6

5.6E-03

1.6E-05

3.5E-04

1. lE-05
8.5E-05

1. 9E-05
4.6E-06
3. lE-05
2. 5E-08
1.7E-09

1. 5E-07
8. IE-07

5. 3E-06

1.6E-05
7.8E-08
1.8E-05

8. 8E-06
4.2E-05
1. OE-05

8.5E-05
9.9E-05

5.3E-06
3. 9E-04
4.2E-05
3.2E-04
2.9E-06
3.5E-04

2. OE+03

2. 8E+01

2. 2E+02

1. 3E+02

4. 8E+0O

1. 6E+01

2. OE+02

7. 6E+02

5.6E-03

1. 6E-05

3.5E-04

1. 8E-05

4.9E-07

8. 1E-06

5.6E-05

1. 4E-04



Table H-1 (Continued)

HSU Borehole
no.

Test interval
(m below GS)

Head
(m MSL)

Transmissivity
(m2/day)

Effective
thickness

(i)

Average
K
(mvs)

Total
transmissivity

(m 2 /day)

Effective
K

(m/A)

P-

FS
FS

FS
FS

GRA

GRA

GRA
GRA
GRA

GRA
GRA

GRA
GRA
GRA

GRA
GRA

GRB
GRB

GRB

GRB

GRB

GRB

GRB

GRB

GRC
GRC

DC-16
DC-16

RRL-2
RRL-2

DC-1

DC-6

DC-12
DC-12
DC-12

DC-14
DC-14

DC-15
DC-15
DC-15

RRL-2
RRL-2

DC-2
DC-2

DC-6

DC-12

DC-14

DC-15

RRL-2

RSH-1

DC-1
DC-I

576.7
641.6

581.3
684.0

600.5

689.5

676.0
691.0
734.0

646.2
717.8

639.8
678.8
723.0

812.3
828.8

714.5
724.2

730.3

782.7

734.6

759.6

908.6

588.0

792.5
832.1

609.6
657.1

677.3
805.9

658.4

730.6

688.8
701.3
745.5

681.2
733.0

670.0
714.1
758.0

826.9
887.9

724.2
734.3

822.0

811.1

766.0

776.6

920.5

611.1

847.3
887.0

122.6
122.8

122.5
121.9

124.1

133.5

124.0

142.6
132.6

118.6
118.6
119.2

121.6
121.0

135.3
128.9

129.0

134.8

119.2

121.0

122.5
125.3

3. 9E+02
2. 0E+0O

1. OE+02
2. OE+02

4. 1E+00

1. 9E-01

2. 1E-02
1. 7E-01
1. OE+01

5.4E+01
2.4E-02

3. OE-01
2. OE+02
1. 9E-01

1. 6E-01
8. OE+01

5.9E-03
2.5E-03

1.4E-02

3.9E-01

1. 7E+01

9.3E-04

1. 4E-01

2. 3E+O0
3. OE-02

2.7
3.4

9.8
19.8

-57.9

13.7

6.1
6.1
8.2

12.2
6.7

20.4
10.1
3.0

5.5
17.4

6.4
10.1

19.8

7.6

7.3

3.0

23.2

54.9
54.9

1.7E-03
7. 1E-06

1. 2E-04
1. 1E-04

8. 1E-07

1.6E-07

4.2E-08
3. 2E-07
1.4E-05

5.3E-05
4.2E-08

1. 7E-07
2.3E-04
7. 1E-07

3.3E-07
5.3E-05

1. 1E-08
2.9E-09

8. 1E-09

6. OE-07

2.6E-05

3.5E-09

7. 1E-08

4.9E-07
6.4E-09

3. 9E+02

3. OE+02

4. 1E+00

1. 9E-01

1. OE+01

5.4E+01

2. OE+02

8. OE+01

8.5E-03

1. 4E-02

3.9E-01

1. 7E+01

9.3E-04

1.4E-01

2. 3E+00

7.4E-04

1. 2E-04

8. 1E-07

1.6E-07

6. OE-06

3.3E-05

7. 1E-05

3.9E-05

6. OE-09

8.IE-09

6.OE-07

2.6E-05

3.5E-09

7. lE-08

2.9E-07



Table H-1 (Continued)

HSU Borehole
no.

Test interval
(m below GS)

Head
(m MSL)

Transmissivity
(m2/day)

Effective
thickness

(m)

Average
K
(ms )

Total
transmissivity

(m2 /day)

Effective
K

(mIA)

I-

GRC

GRC
GRC

GRC

GRC
GRC
GRC

GRD

GRD

GRD

GRE1

GRE1

GRE1

GRE1

GRE1

GRE1

GRE1

GRE1
GRE1

GRE3
GRE3
GRE3

GRE3

DC-6

DC-12
DC-12

DC-14

DC-15
DC-15
DC-15

DC-1

DC-12

DC-14

DC-1

DC-2

DC-6

DC-12

DC-14

DC-15

RRL-2

RSH-1
RSH-1

DC-1
DC-1
DC-1

DC- 14

822.0

858.9
865.0

809.9

808.0
820.5
857.4

832.1

934.8

877.8

887.9

900.4

912.0

975.1

932.7

902.5

796.7
799.2

958.9
965.0
968.3

969.3

881.8

866.5
872.6

876.0

823.0
842.2
874.2

887.0

961.0

906.8

910.4

916.5

938.2

1000.4

958.3

948.8

819.9
815.6

986.3
974.1
988.2

983. 0

130.0

124.6

132.8

118.8
118.8
119.2

125.3

132.8

124.4

134.5

124.6

134.4

121.4

595.6

126.5

134.4

3. 3E+00

1. 4E+02
5. 5E+01

3. 1E-02

7.5E-Ol
3. OE-01

3. OE-02

5.9E-02

2.2E-02

5. 5E-03

4.6E-02

5. lE-Ol

2. 3E+00

9.3E-01

1.IE-03
6.8E-05

7. 2E+00
6.7E-02

3.9E-Ol

42.7

3.7
4.0

22.9

3.0
1.8

54.9

10.7

19.2

14.3

8.8

20.1

36.0

45.7

23.2
8.2

27.4
9.1

4.6

9.2E-07

4.6E-04
1. 6E-04

1.5E-08

2.9E-06
1. 9E-06

6.4E-09

6.4E-08

1.3E-08

4.6E-09

6. OE-08

2. 9E-07

7.4E-07

2.4E-07

5.6E-10
9.5E-11

3. OE-06
8.5E-08

9.9E-07

3. 3E+00

2. OE+02

3. 1E-02

1.OE+00

3. OE-02

5.9E-02

2. 2E-02

5. 5E-03

4.6E-02

5. lE-01

2. 3E+00

9.3E-01

1.IE-03

7. 2E+00

3.9E-01

9.2E-07

3. OE-04

1.5E-08

2.5E-06

6.4E-09

6.4E-08

1. 3E-08

4.6E-09

6. OE-08

2. 9E-07

7.4E-07

2.4E-07

5.6E-10

3. OE-06

9. 9E-07

2.9E-06GRE3 DC-15 989.1 1004.6 112.2 6.4E-01 2.4 2.9E-06 6.4E-01



Table H-1 (Continued)

HSU Borehole
no.

Test interval
(m below GS)

Head
(m MSL)

Transmissivity
(m2 /day)

Effective
thickness

(m)

Average

(mzs)

Total
transmissivity

(m2 /day)

Effective
K

(mIA)

Ln

GRE3

GRF
GRF
GRF
GRF
GRF

GRF
GRF
GRF

GRF
GRF
GRF
GRF
GRF

GRF
GRF
GRF
GRF

GRF

GRF
GRF
GRF

GRF
GRF
GRF
GRF

RSH-1

DC-1
DC-1
DC-1
DC-1
DC-1

DC-6
DC-6
DC-6

DC-7
DC-7
DC- 7
DC-7
DC-7

DC-12
DC-12
DC-12
DC-12

DC-14

DC-15
DC-15
DC-15

RSH-1
RSH-1
RSH-1
RSH-1

861.1

1011.9
1150.3
1191.8
1198.2
1450.8

988.8
1075.9
1270.7

1255.8
1298.8
1354.5
1427.7
1472.2

1018.3
1225.6
1324.1
1244.8

933.6

1006.1
1140.3
1261.3

979.3
1255.5
1472.8
1804.7

871.7

1051.9
1199.1
1240.5
1234.7
1478.0

1075.9
1165.6
1321.6

1297.5
1351.5
1406.7
1471.3
1526.4

1240.5
1240.5
1357.9
1357.9

1016.5

1040.0
1172.0
1293.3

1002.5
1278.6
1496.0
1827.9

126.8
126.9

135.0
135.5
140.0

123.4
123.4
124.4
122.6
119.2

124.0

124.0

134.4

117.0
121.6
123.0

414.5
291.7
304.5
260.6

3. OE-04

6. IE-02
5.2E-02
7. OE+00

9.3E-01
9. 3E+00
1. lE-Ol

4.5E-04
8.2E-04
2.5E-02
1. 2E-01
3. OE-02

7. 2E+01
5.9E+01

1. 5E+01

1. 7E+00

9.3E-02
4.8E-03
4.7E-01

4.1E-02
2. OE-03
3.9E-03
3.7E-01

5.5

39.9
48.8
48.8

25.9
61.6
12.8

24.4
4.0

13.7
25.9
16.2

48.8
7.3

12.2

16.2

14.9
24.4
12.8

23.2
23.2
23.2
23.2

6.4E-10

1. 8E-08
1.2E-08
1. 7E-06

4.2E-07
1.8E-06
1. OE-07

2. lE-10
2.4E-09
2. IE-08
5.3E-08
2. 1E-08

1. 7E-05
9.2E-05

1. 4E-05

1.2E-06

7.4E-08
2.3E-09
4.2E-07

2. OE-08
9. 5E-10
1.9E-09
1.9E-07

3. OE-04

7. 1E+00

1. OE+01

1. 8E-01

8. 7E+01

1. 7E+00

5.8E-01

4.2E-01

6. 4E-10

6. OE-07

1. 2E-06

2.4E-08

1. 7E-05

1.2E-06

1. 3E-07

5.3E-08
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APPENDIX I

DRILLING MUD EFFECTS ON HYDROGEOLOGIC TESTING
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1 INTRODUCTION

The majority of the deep test wells referenced in the report "Site Characteriza-
tion Report for the Basalt Waste Isolation Project" (SCR) were drilled using
mud rotary drilling techniques. Many of these wells were tested for hydraulic
properties. SCR Section 5.1.3.1 describes the hydrologic test methods utilized.
The effects of drilling mud on the results of the hydraulic testing program are
not discussed in the SCR, although these so-called "skin effects" may induce
erroneous test results which can contribute to a non conservative assessment of
groundwater flow. The SCR presents no plans to correct for the effects of
drilling mud in future hydrogeologic testing.

The purpose of this report is to evaluate the extent to which drilling mud
effects may have affected the results of hydrogeologic testing as reported in
the SCR and to present the background for this evaluation. The objectives are
to: (1) describe the mud invasion problems associated with mud rotary drilling
in basalt, (2) evaluate the literature that prescribes methods of correcting
negative effects of drilling mud on hydraulic test results, and (3) evaluate
the potential effects of drilling mud on the test results presented in the SCR.
Potential effects of drilling mud contamination on hydrochemical data are
considered in Appendix F.

2 DRILLING MUD EFFECTS

Drilling mud transport from the borehole into the surrounding basalt occurs
because during drilling the hydraulic head within the borehole is greater than
the hydraulic head in the surrounding formation. The drilling mud often has a
high density; mud level is maintained at land surface to facilitate removal of
drill cuttings. The hydraulic head of the drilling mud thus creates an outward
gradient from the borehole. Drilling mud migration into the basalt is dependent
on the hydraulic conductivity of the material surrounding the borehole, the
physical and chemical characteristics of the mud and the drilling time.

Details concerning the physical and chemical characteristics of the muds used
and the extent of mud migration into the basalt units at the Hanford site are
not available in the SCR. Data on the rate of mud loss reportedly were
collected by Rockwell Hanford Operations (RHO) on some of the test wells.
These data are not presented in the SCR.

Well development is a standard practice used to reduce formation damage caused
by drilling near a completed well. Development procedures include physical and
chemical actions to remove drilling mud and cuttings from the formation. The
density and viscosity characteristics of the mud make it very difficult to
remove from the formation. Full rehabilitation of formation damage from clay
based drilling muds is normally not possible (Abrams, 1977).

Two distinct well development techniques have been utilized by RHO (personal
communication with RHO hydrologists, July 1982). Flowing wells are allowed to
free flow until the drilling mud no longer emanates from the well. Fluorescein
dye is used as a tag to determine when drilling mud is no longer being removed
from the borehole. A second technique utilized by RHO involves direct pumping
either by airlift or other means to remove drilling mud from the borehole.
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River water is added to some wells to facilitate well development; these wells
have yields too low to make their development practical under natural
conditions. Trisodium phosphate also has been used by RHO to enhance removal
of clays used in the drilling muds from the borehole and the basalt immediately
surrounding the borehole. Well development is very dependent upon the ability
of the test interval to produce sufficient water at a high enough velocity to
flush the drilling mud from the rock near the borehole.

3 EFFECTS OF DRILLING MUD ON MEASUREMENT OF HYDRAULIC PROPERTIES

Significant research has been conducted on the effects of drilling muds on well
testing for hydraulic properties in the petroleum industry. Abrams (1977, p. 586)
noted that a number of previous investigators have found that:

(1) Invasion and formation damage occur with all muds.

(2) The depth of invasion and level of impairment can be controlled, to a
certain degree, by designing the mud to include bridging material.

(3) The effectiveness of the bridging material in reducing invasion is a
function of the concentration and practice size of the material and of the
pore sizes of the formation rock.

(4) Damage is most likely to occur in higher permeability formations; most
muds contain sufficient quantities of particles, including cuttings, in
the size range required to bridge lower permeability rocks.

(5) Where invasion occurs, backflushing does not remove the impairment.

The invasion of drilling mud into the basalt surrounding a borehole reduces the
hydraulic conductivity near the borehole. Hydrogeologic testing involves the
measurement of friction losses within the formation resulting from the flow of
water to or from the borehole. The drilling mud effect or "skin effect" can
impact test results dramatically.

Numerous articles are available in the petroleum field which describe various
procedures for determining the significance of the skin effect or drilling mud
effect on hydraulic testing and on quantifying the skin effect. Some useful
references are: (1) Earlougher (1977), review of basic principals; survey of
well testing techniques, (2) Gringarten et al. (1979), constant flow rate tests
with wellbore storage and skin effects, (3) Ramey et al. (1975), slug tests with
wellbore storage and skin effects, and (4) Brereton (1979), improved method for
step drawdown tests.

One of the most basic equations describing the skin effect is

HW = BQ + CQn

where: HW = hydraulic drawdown, B = a time dependent coefficient describing

friction or head losses in the aquifer, Q = pumping rate, C = coefficient
describing laminar and turbulcant friction or head losses near the well including
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the skin effect, and n = an empirical constant (Ramey, 1982). The typical
methods for determination of aquifer parameters from single hole tests include

the assumption that the CQn portion of the equation is equal to zero. Drilling
mud effects can make this portion of the equation very significant.

A clear distinction should be made between "linear" well loss resulting from a
low permeability skin (skin effect) and well loss resulting from "nonlinear"
flow. Linear flow is defined as laminar flow for which Darcy's law is valid.
In the petroleum literature, the linear head loss (HLL1) across a borehole skin

is related to a dimensionless skin factor(s) as follows:

H 11 = Q/2nT (s)

where T is aquifer transmissivity. Nonlinear flow is defined by flow conditions
for which Darcy's law is not valid. This includes laminar flow with large inertial
forces and turbulcant flow. In the petroleum literature, the head loss resulting
from nonlinear flow (HL2) is given by the following empirical equation:

HL2 = DQ2/2 itT

where D is an empirical constant. The hydrology literature makes no mathematical
distinction between skin effects and nonlinear head loss. The two effects are
combined and described as a total well loss (HL) by the following empirical equation:

HL = HLl + H12 = CQn

where C and n are as defined earlier.

4 RHO HYDRAULIC TEST METHODS

SCR Section 5.1.3.1 describes the hydrologic test methods used for BWIP. Figure 5-5
on page 5.1-15 indicates that different test procedures are used if the water
level response after packers are set in slow or intermediate to fast. However,
nowhere in SCR Chapter 5 are the analysis procedures described. Consequently, it
is impossible to determine from the SCR whether petroleum based analysis tech-
niques that include analysis of and correction for skin effects have been applied.
RHO hydrologists (personal communications, July 1982) have indicated that analysis
for skin effects was conducted on data from some of the sites. But such corrections
are not discussed in the SCR.

An important aspect of well testing is the effective radius of influence of the
test. A short-term test of the type that dominates the BWIP testing program
affects a much smaller radius of influence than a long-term test. The radius
of influence relative to the area of mud penetration is important with respect
to evaluating the mud effects on testing results. RHO hydrologists (personal
communication, July 1982) have indicated that late data from air-lift recovery
tests were used wherever possible to eliminate or minimize the mud effects.
Therefore, it is probable that hydrogeologic parameters calculated from long-
term recovery tests are more valid than results from short-term pulse or
constant head tests.
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It is not possible to evaluate accurately the drilling mud impacts on the values
of effective hydraulic conductivity presented in SCR Chapter 5 with the avail-
able information. The results from short-term tests probably reflect both the
characteristics of mud invasion and the properties of the aquifer. Consequently,
considerable uncertainty is introduced into all of the hydraulic parameter results
presented in the SCR.
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INTRODUCTION

The importance of understanding the nature of the groundwater systems of the
Hanford site is stated clearly by DOE

It is generally recognized that the most probable mode by which radio-
nuclides could be released from a repository facility is through the
groundwater system (SCR, page 12.1-1).

The combination of innate complexity and inadequate site characterization at
the Hanford site was summarized by William Twenhofel of the Hydrology and
Geology Overview Committee of the Basalt Waste Isolation Project:

The data to date on the subsurface hydrologic flow system of the Hanford
Reservation are most puzzling. I can only conclude: (1) some of the
head data are in error, or (2) the flow system is so complex that it will
never be able to be properly characterized for eventual licensing. I do
not believe it will be possible to develop credible risk assessment
models without characterizing the flow system (Domenico et al., 1981,
page VI-9).

The NRC staff also regards a quantitatively adequate characterization of the
nature of the present groundwater flow system at the Hanford site to be
indispensable to the evaluation of licensing issues related to proposed
10 CFR 60. Selected groundwater issues of major significance with respect to
the SCR are discussed in Chapter 4 of the main body of this report. The Site
Issue Analyses (SIAs) reproduced in this appendix support and expanded on the
issues discussed in Chapter 4. These SIAs include analyses of the following
major topics: (1) the three-dimensioal distribution of hydraulic parameters;
(2) boundary conditions for the flow system; (3) potential effects of structural
and stratigraphic discontinuities on groundwater flow; (4) the use of hydro-
chemistry for characterization of groundwater flow; (5) the DOE conceptual model
of groundwater flow; and (6) the DOE mathematical models of groundwater flow.
The complete set of SIA documents, including analyses of the nature, probabil-
ities, and potential effects of changed conditions, is located in the NRC Public
Document Room.

ISSUE NO. 1.1

1. Name of the Site: Basalt Waste Isolation Project (BWIP) - Hanford,
Washington.

2. Statement of the Issue: What is the nature of the present groundwater
system?

3. Importance of the Issue to Repository Performance

A knowledge of the nature of the groundwater system is required for evaluation
of the performance of any repository. This performance evaluation is critical
to the licensing process.
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4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§§60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

Specifically, 10 CFR 60 requires

o evaluation of radionuclide release for comparison with the EPA standard
(§60.112, Performance Objective)

o evaluation of undisturbed groundwater travel time (§60.113(a)(2), Geologic
Setting)

o evaluation of a wide range of potentially favorable and unfavorable
conditions (§60.112(b) and (c), respectively).

5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

Present State of Knowledge

The groundwater flow system is not adequately understood at this time. The
directions and velocities of flow in the presently existing system cannot
be assessed utilizing existing data, and it is not possible to make any of the
evaluations of repository performance which depend upon hydrogeology. These
evaluations depend upon an understanding of the components of the groundwater
system which are discussed in the following site issue analyses:

o parameters (1.1.1)

o recharge and discharge locations (1.1.2)

o boundaries (1.1.3)

o structural heterogeneities (1.1.4)

o stratigraphy and lithology (1.1.5)

o hydrochemistry (1.1.6).

These components must also be organized into a conceptual model of the system,
which is discussed in SIA 1.1.7. This model can then used for mathematical
analysis, as discussed in SIA 1.1.8.

Uncertainties

The present uncertainty about the nature of the groundwater system derives
from the uncertainties in the components. Parameters and heads are known only
within very wide ranges, and some important parameters are not known at all.
Boundary conditions, including recharge and discharge locations, have not been
investigated in the field. The hydrogeologic significance of known structural
heterogeneities is unclear, and it is not known whether all significant hetero-
geneities have been identified. The significance of stratigraphy and lithology
within the flow systems has not been demonstrated. The hydrochemistry cannot
by uniquely interpreted.
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Because of these uncertainties, the conceptual model of the groundwater systems
is uncertain, and thus mathematical modeling remains highly speculative.

6. Summary of the Additional Information Needed to Resolve the Issue By the
Time of Construction Authorization Application

Several key sets of information are needed to allow development of an accept-
able understanding of the nature of the groundwater system. A reliable
knowledge of the present groundwater heads must be obtained, both in three
dimensions and over time. This information is needed to allow evaluation of
existing flow directions, and to allow calibration of the mathematical model
for steady-state conditions. Information is required about the behavior of the
system when it is subjected to a large-scale hydrogeologic stress. This is
required for calibration of the mathematical model under both steady- and
nonsteady-state conditions. Values of horizontal and vertical hydraulic
conductivity appropriate to repository scale do not exist and are required for
performance assessment. The porosity of the host rocks is presently almost
unknown, Retardation and dispersion behavior are also inadequately known.
Matrix diffusion behavior and parameters have not been evaluated, despite the
possibility that this mechanism may have a major positive effect on repository
performance.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide Information Needs of (6)

The planned approaches to evaluating the present groundwater system are
essentially a continuation of the previous testing program. Primary emphasis
will remain on temporary completions in single boreholes to obtain further
information about heads, horizontal hydraulic conductivities, and hydro-
chemistry. In addition, several dual-borehole tests are planned within the
Cold Creek Syncline and one cluster test is planned at a site immediately south
of the RRL site. While a general description of the proposed testing program
is presented in the SCR and supporting documents (BWIP, 1982a, 1982b and 1982c),
details are lacking. Additional tests will be conducted in portholes and
possible room-scale environments within the exploratory shafts. Several tracer
tests are planned to evaluate effective porosity and dispersivity, although
locations and test details are not specified in the SCR. Boundary conditions
will be evaluated using hydrogeologic test data and the results of regional
models. Hydrochemical samples will be taken during the single borehole drill-
and-test sequence and from selected zones in existing holes using double packer
systems. The effects of geologic discontinuities and structures upon ground-
water flow will be evaluated using results of limited-scale hydrogeologic tests,
hydraulic head measurements, and hydrochemistry. DOE plans to perform numerical
modeling at various scales to resolve all other questions about boundaries, flows,
and to validate the conceptual hydrogeologic model.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of Success

The NRC staff includes that the proposed test plan will not provide adequate
definition of the groundwater system. This conclusion is drawn from the con-
clusions of the contributing site issue analyses (1.1.1 through 1.1.8) and is
based primarily upon the following factors:
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o Head distributions developed from temporary completions are too inaccurate
to allow the flow system to be identified.

o Hydraulic conductivities developed from tests in single boreholes vary
widely and only represent a small sample of the hydrogeologic system. The
values are inappropriate for use in performance evaluation because they do
not allow development of sufficient confidence in the results.

o Models used for evaluation of repository performance will not be calibrated
for steady-state conditions because of the lack of accurate head data, or
in the transient case because of the lack of sufficient area-scale pump or
stress tests. Performance modeling is not reliable without such
calibration.

o Fluid and solute transport parameters will not be sufficiently quanitified
by the proposed test program.

The NRC staff regards large-scale testing of this site as essential. Such
testing is feasible at this site (Appenaix E) and is considered to be the normal
test approach for site evaluations (as distinct from reconnaissance). A limited
number of such tests would provide much of the data which the NRC staff has
identified as lacking. The staff also considers that one such test should be
conducted at the center of the repository location, to provide a hydraulic
analogue of repository performance. This test would directly address many of
the repository performance questions, and would reduce uncertainty about
behavior of the groundwater system.

ISSUE NO. 1.1.1

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: What is the three-dimensional distribution of
hydrogeologic parameters (including vertical and horizontal hydraulic
conductivity, hydraulic head, effective porosity, double porosity, disper-
sivity, and matrix diffusion)?

3. Importance of the Issue to Repository Performance

The three dimensional distribution of hydrogeologic parameters is necessary
for formulating and calibrating groundwater models for performance evaluation.

4. Portions of 10 CFR 60 That Are Directly Connected To This Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.
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5. Summary of the Present State of Knowledge, With An Analysis of Uncertainties

Present State of Knowledge

Hydrogeologic parameters have been measured primarily from single-hole tests
using packer technology. Numerous measurements of horizontal hydraulic conduc-
tivity and hydraulic gradient have been obtained in interflow zones. Some
measurements of horizontal hydraulic conductivity have been made in dense basalt
zones. No measured values of vertical hydraulic conductivity exist. Two tracer
tests have been conducted at one location in one zone to measure effective
porosity and dispersivity. Matrix diffusion has not been measured. A high
degree of variability exists in the measured parameters, making interpolation
between measured values unfeasible at this time using normal interpolative
methods.

Uncertainties

The accuracy and bulk representativeness of measured data are uncertain because
of potential problems associated with using packer technology for hydraulic
head measurement (Appendix G), drilling mud (Appendix I), the large variability
of data (Appendix H), and the lack of large-scale tests for bulk parameters
(Appendix E). There is a high degree of uncertainty associated with the use of
normal interpolative methods to develop the three-dimensioned distribution of
hydrogeologic parameters due to the uncertainties associated with the measured
data.

6. Summary of the Additional Information Needed to Close Out the Issue by
the Time of the Construction Authorization Application

Representative bulk values of hydraulic parameters are required at a scale
appropriate for performance assessment. Accurate long-term measurements of
hydraulic head are also necessary. An interpolative method to define the
three-dimensional distribution of parameters must be developed and validated.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6)

Additional testing of hydraulic parameters and measurement of hydraulic heads
are planned in single boreholes using packer technology. Several dual-borehole
tests and at least one multiple-hole test are also planned. Specific details
of the planned tests are not given in the SCR. Tests for hydraulic parameters
are planned from the exploratory shaft and underground test facility. The
detailed methodology by which measured data will be used to develop the three-
dimensioned distribution of hydrogeologic parameters is not presented in the
SCR. The SCR indicates that an iterative process between data collection, and
modeling will be used to establish additional data needs.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of Success

The NRC staff includes that primary emphasis on single-hole tests using packer
technology and the limited number of multiple-hole tests will not provide
sufficient bulk hydrogeologic parameters for repository performance evaluation.
The NRC staff considers that short-term monitoring of hydraulic head using
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packer technology is inadequate and that long-term monitoring using conven-
tional methods is necessary. It is also important to consider matrix diffusion,
since this could have a positive effect upon repository performance. Integra-
tion of measured data into a three-dimensional distribution of parameter values
is not currently feasible due to large variations in measured values and
uncertainty in their bulk representativeness. The iterative process described
to establish additional data needs is considered very appropriate. However,
it does not appear that the proposed plans contain enough large-scale tests to
permit adequate development of the three-dimensional parameter distribution.

ISSUE NO. 1.1.1.1

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: What are the measured hydrogeologic parameters
of each unit tested?

3. Importance of the Issue to Repository Performance

Formulation of defensible groundwater models for performance evaluation, and
development of a continuous three-dimensional distribution of parameters for
use in those models require a data base of representative hydrogeologic
parameters obtained by in situ testing.

4. Portions of Draft 10 CFR 60 That Are Directly Connected To The Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

5. Summary of the Present State of Knowledge with an Analysis of Uncertainties

Present State of Knowledge

Values of horizontal hydraulic conductivity are primarily from single-hole
tests in flow tops, with some values from dense basalt zones. One multiple-
hole test in OC-7/8 yielded a bulk value representative of a scale of at least
15 meters (50 feet). Present data are extremely variable, even within the
same stratigraphic unit tested at different locations (Appendix H). Based on
these test results, flow tops are significantly more permeable than dense
basalt zones. No values of vertical hydraulic conductivity have been measured.
Effective porosity is on the order of 10-4 based on only two tracer tests over
a distance of approximately 15 meters (50 feet) in an interflow breccia in
DC-7/8. Dispersivity, based on the same DC-7/8 tests, is 0.8 meter (2-3 feet).
No data on matrix diffusion coefficients are available. Hydraulic head has been
measured within a number of test intervals using packer technology to obtain
hydraulic isolation.

Uncertainties

Analysis of uncertainties considers only horizontal hydraulic conductivity
effective porosity, dispersivity and hydraulic head. Measured horizontal
hydraulic conductivity has a high degree of uncertainty because of short
duration tests on single wells drilled using mud rotary techniques. Effective
porosity and dispersivity have been measured at only one site, over a very
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limited lateral distance. Uncertainties in hydraulic head result from the lack
of long-term data, possible disturbances caused by drilling and testing, and
measurement using packer technology. It is our belief that much of the
variability and uncertainty has been introduced by the method and scale of
testing.

6. Summary of the Additional Information Needed to Close Out the Issue by
the Time of the Construction Authorization Application

Bulk values of horizontal and vertical hydraulic conductivity need to be
measured using appropriate tests (e.g., see Appendix E). A data base needs to
be established for effective porosity, double porosity, dispersivity, and
matrix diffusion coefficient. Measurements that represent stable long-term
hydraulic head are required. All parameters should be measured at the scales
required for performance assessment.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,
and Investigations to Provide the Information Needs of (6)

Additional measurements of hydraulic parameters and hydraulic heads are planned
in selected intervals of the Saddle Mountain, Wanapum and Grande Ronde Basalts.
The great majority of these tests are to be in single boreholes using packer
technology. Several dual-borehole tests are planned within the Cold Creek
Syncline (e.g., DC-1/2, DC-4/5, DC-7/8), and one cluster test (multiple bore-
hole) is planned immediately soth of the RRL site (DC-16, A, B, C).

One large-scale test is planned in the Cold Creek Valley, some 10 kilometers
(6 miles) from the RRL. A general description of these plans is provided in
the SCR and supporting documents (BWIP, 1982a, 1982b, and 1982c). Vertical
hydraulic conductivity will be determined in multiple-hole tests using the
ratio method (Neuman and Witherspoon, 1972). Specific zones to be tested are
not described in the SCR. The SCR indicates that permanent installations for
monitoring hydraulic head are being considered, although further details are
not provided. Tracer tests are planned to evaluate effective porosity and
dispersivity. Plans for evaluating matrix diffusion and double porosity are
not provided. Some hydraulic testing is planned in the exploratory shaft and
underground test facility (pages p. 17.2-26 to 28); however, no details are
provided.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of
of Success

It is difficult to evaluate the previously described planned approaches because
no details are presented in the SCR. However, the plans appear to place
primary emphasis on single-hole tests using packer technology. The NRC staff
feel the limited number of multiple borehole tests (DC-1/2, DC-4/5 and DC-7/8,
and DC-16A, B, and C) and the relatively small volume of the medium to be
tested will not provide sufficient bulk hydrogeologic parameters for the
performance evaluations required by 10 CFR 60. It is also questionable
whether the information gathered during the planned large-scale test will be
transferred to the site. DOE's plans are incomplete because plans to evaluate
matrix diffusion and double porosity are not given. The current and proposed
method of measuring hydraulic head using packer technology is considered
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inadequate. The NRC staff considers permanent (or semipermanent) piezometers
necessary to accurately evaluate hydraulic head (see Appendix G).

The tests planned for the test shaft and test facility are essential to the
development of an understanding of the near-field hydrology, but do not in any
way remove the necessity for obtaining bulk hydrogeologic parameters for the
far-field system.

In summary, the NRC staff includes that the proposed testing program will not
yield the needed information on hydraulic parameters, aquifer/aquitard continuity
and hydrogeologic effects of geologic discontinuities (see Appendices H and L).

ISSUE NO. 1.1.1.2

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: What is the method of data integration which is
used to develop the three-dimensional distribution of hydrogeologic
parameters?

3. Importance of the Issue to Repository Performance

The development of a continuous three-dimensional distribution of parameters
from a finite number of measured data points requires a defensible method of
data integration and interpretation.

4. Portions of Draft 10 CFR 60 That Are Directly Connected To The Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

5. Summarize Pertinent Topics and the Summary of the Present State of
Knowledge with an Analysis of Uncertainties

Present State of Knowledge

Available data (i.e., measured values of horizontal hydraulic conductivity)
indicate that normal methods of interpretation between measured data are not
valid because of very large and apparently unpredicatable spatial variations.
Existing performance models are based upon mean parameter values from single-
hole tests which are considered representative of specific units. For
example, the preliminary RHO performance model presented in the SCR (Sec-
tion 12.4.3) subdivides the analysis domain into basalt flows consisting of
dense zones and flow tops. With two exceptions, the hydraulic properties of
each of the two types of layers (dense, flowtop) are the same.

Uncertainties

Large uncertainties will exist in interpretative methods because of large varia-
tions in measured values and lack of knowledge about their representativeness.
It is not clear whether parameters spatially vary in a random manner or whether
they vary in a definable manner.
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6. Summary of the Additional Information Needed to Close Out the Issue by
the Time of the Construction Authorization Application

It must be demonstrated that measured hydrogeologic parameters are representa-
tive at a scale appropriate for performance assessment. Also, an interpolative
method to define the three-dimensional distribution of parameters must be
developed and validated.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods,
and Investigations to Provide the Information Needs of (6)

Hydrogeologic testing plans are discussed in 1.1.1.1. The detailed methodology
by which measured data will be used to develop the three-dimensional distribu-
tion of hydrogeologic parameters is not presented in the SCR. The SCR contains
a brief description of the use of geostatistical interpolation (Kriging) to
analyze available horizontal hydraulic conductivity data from the Umtanum flow
and Mabton interbed (pages 12.4-17 to 20). However, details of the analysis
are not provided. The SCR indicates that results from testing activities will
be continuously input to modeling studies and that "additional data needs will
be established by an iterative process between data collection and modeling
confidence" (page 13.3-47).

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of
of Success

Interpolation of hydrogeologic parameters between points at which measured
values exist is not feasable based upon existing data. If the variation
currently reported (e.g., 4 to 6 orders of magnitude for horizontal hydraulic
conductivity (BWIP, 1982c, p. 33)) is characteristic of repository scale volumes
of material, then the methodology being used is appropriate. However, the
methodology may be inadequate to achieve the required accuracy for performance
evaluation. If parameter variation at a repository scale is much smaller than
that observed in existing data, then an interpolative method could probably
be developed and the required accuracy of performance evaluation may be
achieved. It does not appear that the proposed program is sufficient in either
case because of the limited number and locations of appropriate large-scale tests.

ISSUE NO. 1.1.2

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: What are the groundwater recharge and discharge
locations, mechanisms, and amounts for the Pasco Basin?

3. Importance of the Issue to Repository Performance

Knowledge of groundwater recharge and discharge locations, mechanisms, and
amounts is necessary input for formulating both conceptual and mathematical
models of groundwater flow systems in the Pasco Basin and for calculating
travel times.
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4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

Present State of Knowledge

Groundwater recharge and discharge locations for deep aquifers are currently not
identified due to the complex distribution of hydraulic head data. Mechanisms
and amounts of groundwater recharge and discharge are not defineable at this
time. Data are conflicting but suggest that groundwater discharge enters the
Columbia River within the Pasco Basin. DOE assumes that groundwater recharge
areas are usually basalt outcrops while discharge is into either an overlying
aquifer or into a surface water body (page 5.1-12). Thus, the major recharge
area for the Grande Ronde would be outside the Pasco Basin at locations where
the Grande Ronde is at or near surface. DOE assumes that the groundwater in
the basalts discharges to the Columbia River near Wallula Gap (pages 5.1-57,
61, and 64). Assessment of the importance and magnitude of recharge/discharge
through basalt confining layers is not possible because vertical hydraulic
conductivity has not been measured.

Uncertainties

Groundwater recharge and discharge locations, mechanisms and amount in the
Pasco Basin are not defineable at this time due to the complexity and limited
areal distribution of the available hydraulic head data, limited data on
vertical and horizontal hydraulic conductivity, and lack of demonstrated
hydraulic continuity (Appendices G and L). Regional hydrochemical data which
might help identify recharge and discharge locations and mechanisms have not
been collected.

Water balance studies have proven inconclusive due to inaccuracies inherent in
obtaining the required data. In particular, the large flow of the Columbia
River makes it impractical to calculate potential discharge from deep basalts
to the Columbia River based on measured river flows. That is, errors in flow
measurement of the Columbia River exceed expected discharge from the basalt.

6. Summary of the Additional Information Needed to Resolve the Issue By
the Time of Construction Authorization Application

A broader data base is required in a vertical and areal sense that also mini-
mizes the effects well drilling and testing procedures have on measured heads.
Hydraulic head data are required that represent long-term water level recovery
at most test intervals in all wells. Because variations will affect recharge/
discharge mechanisms and amounts, vertical and horizontal hydraulic conductivity
requires definition over broad areas in the vicinity of Reference Repository
Location (RRL). Testing is needed on a number of colonnade/entablature zones
to measure bulk values.

Detailed, accurate head and hydrochemical data delineating recharge/discharge
areas are needed.
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The impact of vertical leakage through what are assumed by RHO to be low
hydraulic conductivity, confining layers must be assessed.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods and
Investigations to Provide the Information Needs of (6)

Evaluation of groundwater recharge/discharge will involve primarily continued
field testing of hydraulic parameters and hydraulic heads within the Pasco
Basin. In particular, vertical interaction between aquifers in the basalts as
well as between basalt aquifers and unconfined aquifers will be evaluated
using measurements of hydraulic head and vertical hydraulic conductivity.
Hydrochemistry will also be used to evaluate vertical groundwater mixing. No
additional regional recharge/discharge studies (i.e., outside the Pasco Basin)
are discussed in the SCR. For purposes of modeling, emphasis will apparently
be placed upon defining head and flux conditions at the boundaries of the
Pasco Basin which constitutes the extent of the far-field model. Sensitivity
studies will beconducted to evaluate the effects of different boundary condi-
tions upon the modeled groundwater flow paths and travel times.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of
Success

An evaluation of DOE's planned approaches is not feasible because no details
are presented in the SCR. Details concerning dual- and multiple-borehole tests
are not provided in the SCR, hence no evaluation can be made as to the likeli-
hood of success in determining the previously described hydrogeologic param-
eters, especially vertical hydraulic conductivity. The concept of determining
fixed point in time as well as time variant measurements of hydraulic heads is
appropriate; however, details for obtaining time-variant measurements of
hydraulic head are not presented. No evaluation can be made as to the proba-
bility of success in determining the variations in hydraulic head within the
basalt intraf lows and flow tops.

Staff believes that the importance of vertical leakage has not been sufficiently
evaluated as a major recharge-discharge mechanism.

ISSUE NO. 1.1.3

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: What are the boundary conditions of the flow
systems significant to repository performance?

3. Importance of the Issue to Repository Performance

Knowledge of boundary conditions is necessary input for formulating both
conceptual and mathematical models of existing groundwater flow systems
for analysis of repository performance.
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4. Portions of Draft 10 CFR 60 That Are Directly Connected To The Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

5. Summary of the Present State of Knowledge, With An Analysis of Uncertainties

Present State of Knowledge

Boundary conditions of the Pasco Basin are basically unknown. External basin
boundaries are no flux (flow) or constant flux and are controlled by geology
and/or hydrology. Present knowledge only provides a general framework for the
conceptualization of these boundaries. For example,/past modeling efforts have
based boundaries partially upon maps of the configuration of head distribution
within the Mabton interbed (SCR, p. 12.4-7,15). Boundaries internal to the
basin are also controlled by geology and/or hydrology. Examples include mapped
and inferred structural and stratigraphic discontinuities (page 3.7-29 and
Appendix L of this NUREG) and head pattern changes, such as flow toward Gable
Mountain in the Mabton interbed (page 5.1-54).

Uncertainties

The existence and character of postulated boundaries are not definitive. The
distribution of vertical and horizontal gradients in the basalts on the Hanford
Reservation as well as near the Pasco Basin boundaries are poorly defined.
Boundaries are postulated on the basis of structural features, not on the basis
of head measurements and large-scale, state-of-the-art pump tests. Boundary
conditions must either be evaluated accurately or moved out far enough away
from the region of interest (i.e., the Pasco Basin) that they do not signif-
icantly affect the model results.

6. Summary of the Additional Information Needed to Close Out the Issue
by the Time of the Construction Authorization Application

Information about heads, permeabilities, and mass fluxes at boundaries is
required. It may be possible to obtain this information at least in part from
calibration of Pasco Basin scale models. Model calibration is dependent upon
knowledge of the three-dimensional distribution of hydrogeologic parameters
(see SIA 1.1.1).

Boundary conditions associated with structural or stratigraphic discontinuities
must be identified by long-term, high-stress hydrogeologic testing. Lateral
continuity of hydrogeologic properties requires definition, especially in the
vicinity of the RRL. Definition of hydrogeologic significance of the Umtanum
Ridge-Gable Mountain structural features north of the RRL is particularly
important.
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7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6)

The SCR does not include a plan specifically directed toward boundary conditions.

Evaluation of boundary conditions will be based upon existing and future hydro-
geologic data coupled with modeling studies. Since the planned hydrogeologic
testing program concentrates on the RRL site and the Cold Creek Syncline, it
is not apparent that data required for definition of boundaries will be obtained
for the far-field modeling effort. Proposed tests for hydraulic parameters and
heads in the areas of the far-field boundaries rely upon single-hole techniques.

Additional definition of the apparent hydrologic discontinuity west of the RRL
will be achieved by the testing the McGee well and nearby boreholes
(page 12.3-42).

Planned hydrogeologic data collection in the RRL and the Cold Creek Syncline
(Chapter 13) will be input to improve modeling and thus understanding of modeled
boundary conditions.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of Success

It is important to define hydrogeologic boundaries with field data. The
current hydrogeologic test plans place major emphasis upon the RRL site and
the Cold Creek Syncline. It is not clear that the existing plans will be
sufficient to define boundary conditions to the extent that a high degree of
confidence can be placed on the results of far-field models. As an example,
the potentially important Umtanum Ridge-Gable Mountain structural feature will
not be investigated using multiple-hole tests under present plans. The
reliance upon single-hole tests and head measurements using packer technology
will probably not provide sufficient data to estimate heads and flux rates at
far-field boundaries.

ISSUE NO. 1.1.4

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: How and to what extent is groundwater flow
affected by structural discontinuities?

3. Importance of the Issue to Repository Performance

Structural discontinuities can affect groundwater flow significantly. These
structural discontinuities frequently are associated with hydrogeologic boundaries
that are necessary inputs to the conceptual and mathematical models of ground-
water flow systems for far-field and Pasco Basin studies.

4. Portions of 10 CFR 60 That Are Directly Connected To The Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.
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5. Summary of the Present State of Knowledge with Analysis of Uncertainties

The effect of structural discontinuities on groundwater flow of poorly under-
stood. Little evidence exists indicating large scale structural disconti-
nuities in the subsurface within the Cold Creek syncline area; however,
geophysical and hydrological data indicate that numerous small-scale discon-
tinuities may be present. Geologic and geophysical evidence are discussed in
SIA No. 1.1.5 and Appendix L.

Little is known about the effects of structural discontinuities due to the
limited understanding of the groundwater flow systems and related areal hydraulic
continuity (Appendix H). Some of the hydrogeologic information collected to
date has revealed evidence of the effects of structural discontinuities on the
flow systems. Analysis of hydrochemical data presented in the SCR suggests
that groundwater mixing is taking place in the vicinity of the Untanum-Gable
mountain structure. Data from wells immediately west of the RRL indicate an
abrupt change in a hydraulic head which may indicate the effects of a structural
discontuity. A northeast treading magnetic anomaly shown in SCR Figure 3-52
is in the vicinity of this hydraulic head difference.

Uncertainties

Structural discontinuities have been inferred primarily from surface geophysical
methods and little effort has been made to confirm and/or define their existence,
nature, and extent. Limitations in geological and geophysical methods allow
for the possibility of undetected features (Appendix L and SIA No. 1.1.5).
Considerable uncertaintyexists regarding the nature of the groundwater flow
systems, and the effect of structural discontinuities is highly dependent upon
the conceptual groundwater model assumed. Discussion of the significance of
conceptual groundwater models is presented in Appendix L.

Hydrologic testing has consisted of single-point borehole tests in small diam-
eter holes which has done little to define the overall hydrologic system and
assess the effects of structural discontinuities on the systems. Single-point
tests stress the test horizon only within close proximity of the well so results
cannot be considered representative of the scale of structural discontinuities.
Furthermore, the test hole locations (apparently) have not been controlled by
inferred structural discontinuity locations shown in SCR Figure 3-52, and few
hydrologic data can be considered representative of structural discontinuities.

6. Summary of the Additional Information Needed to Resolve the Issue By
the Time of the Construction Authorization Application

Further collection and interpretation of geologic and geophysical data are
needed to accurately locate and identify structural discontinuities. The
effects of known or inferred structural discontinuities on groundwater flow
need to be defined together with location of any other discontinuities not
detected by geological or geophysical studies. A much better understanding of
the overall groundwater flow systems is essential to this goal. Testing is
required on a scale large enough to stress a significant area; sufficient
observation wells must be constructed to facilitate the location and definition
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of structural discontinuities. Such tests should be conducted on more than
one interflow zone to verify the hydrogeologic continuity at the site.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6)

Additional borehole investigation and prediction from tectonic models are
planned. Boreholes designated for future testing include some in the Cold
Creek Valley west of the RRL and DC-18 near the Gable Mountain structure. The
nature of data expected from boreholes is not specified in the SCR, but pre-
sumably additional stratigraphic information and single-hole hydrologic test
data will be obtained. Further analysis of large-scale structures, primarily
through field mapping, is planned in an effort to refine the mechanical model
to predict the nature and occurrence of structures. Numerical modeling of
groundwater data will be done to define groundwater flow paths and predict
effects of structural discontinuities.

8. Analysis of (7) as to Completeness, Practicality, and Likelihood of Success

It is difficult to analyze the work plans because the SCR contains only general
information on methods and location of further work. Drilling a few additional
holes will provide additional stratigraphic information from which definition
of some structural discontinuties may be possible. However, the location of
proposed drilling sites does not appear to be determined by potential geophysical
anomalies (Figure 3-52), so most of the inferred discontinuities will remain
unconfirmed and others may remain undetected.

Knowledge of the groundwater flow systems and of the effects of structural
discontinuties is very incomplete and proposed hydrologic testing will do little
further understanding.

Other than the plans to test the Cold Creek Valley structure, no plans are
presented to analyze the existence and significance of the inferred structures
in the RRL area (Figure 3-52); therefore, these discontinuities will not be
hydrogeologically characterized. Drilling and testing near Gable Mountain may
increase the knowledge of ground water flow near this major structure but will
do little toward defining the existence and effects of structures on a large
scale because multiple-hole, state-of-the-art, pump tests apparently have not
been planned in this area.

Large-scale pump tests should not only better define hydrologic parameters but
should also be useful in locating hydrogeologic boundaries which have not been
detected by geologic or geophysical studies. Without studies directed specifi-
cally at structural discontinuites, the likelihood of defining the effects of
structural discontinuities on groundwater flow to achieve realistic estimates
of groundwater travel time is very low.

ISSUE NO. 1.1.5

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: How and to what extent is groundwater flow
affected by stratigraphic and lithologic discontinuities?
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3. Importance of the Issue to Repository Performance

Stratigraphic and lithologic discontinuities can significantly affect ground-
water flow. These stratigraphic and lithologic discontinuities are associated
frequently with hydrogeologic boundaries that are necessary inputs to the
conceptual and mathematical models of groundwater flow systems and to travel
time calculations.

4. Portions of 10 CFR 60 That Are Directly Connected to the Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

5. Summary of the Present State of Knowledge, With An Analysis of Uncertainties

Present State of Knowledge

The Columbia River Basalt Group consists of numerous separate basalt flows
varying in thickness and areal extent. The distribution of individual basalt
flows within stratigraphic units containing multiple flows can be less con-
tinuous than the stratigraphic unit due to pinch out of individual flows.
Internal flow structures vary markedly independent of flow distribution.
Intraflow structures include variations of flow top, entablature, colonnade,
vertical fans, vesicle zones, brecciation, and tiering. A relationship has
been demonstrated between petrography and intraflow structure such that flow
top, colonnade, and entablature can be identified. However, prediction of
intraflow structure variation away from any sample location is unreliable.
Some of the intraflow flow structures such as inverted fans could significantly
increase fracture density and related vertical permeability. Fracture filling
may moderate potential changes in vertical permeability. However, little is
currently known about the extent, spacing, and filling of fractures near the RRL
(see Appendix L for further discussion).

Knowledge of the groundwater systems is so limited that the assessment of
potential effects of stratigraphic and lithologic discontinuities is highly
conjectural. Hyprologic testing to date has consisted of single-hole packer
isolation tests which yield little data on bulk horizontal hydraulic conduc-
tivity and no data on vertical hydraulic conductivity. In addition, 95 percent
of the tests have been performed on flow tops with the remaining 5 percent
on flow interiors.

Uncertainties

A high degree of uncertainty exists with regard to the effect of stratigraphic
and lithologic discontinuities on groundwater flow. This uncertainity is due
to the severely limited understanding of the groundwater flow system, the
limited knowledge of the areal distribution of stratigraphic and lithologic
discontinuities, and the inadequacy of the current testing program. The
potential significance of stratigraphic and lithologic discontinuities on
groundwater flow is highly dependent upon the degree of vertical interconnec-
tion assumed in the conceptual model which is used to describe the existing
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groundwater flow systems. Currently, insufficient data exist to permit an
accurate determination of the degree of vertical interconnection due to the
potential effects of stratigraphic and lithologic discontinuities.

The SCR indicates that the location, nature, and distribution of stratigraphic
and lithologic discontinuities cannot be predicted with any certainty. Thus,
prediction of these effects through numerical modeling and related travel time
calculations are very uncertain.

Single-well packer isolation tests are used to quantify horizontal parameters
from vertically limited zones and do not provide vertical hydraulic conductivity
data. Furthermore, single-well tests have a limited radius of investigation
and cannot adequately test the scale of stratigraphic discontinuities. Certain
intraflow structures (most significantly inverted fans) cannot be detected from
fracture analysis in cores, petrographic analysis or borehole geophysical
analysis. Therefore, these potentially significant features cannot be located
or identified for testing.

6. Summary of the Additional Information Needed to Close Out the Issue by
the Time of the Construction Authorization Application

Locations of lithologic or stratigraphic variation must be identified and state-
of-the-art testing conducted at these locations to determine the effect of
these discontinuities on groundwater flow and related travel times. Testing
is required on a scale large enough to stress a significant area to include
the scale of anticipated discontinuity. Sufficient observation wells to
facilitate the general location and characteristics of discontinuities are
needed. Identification of the type of discontinuity is not needed other than
hydraulically. Tests should be conducted on more than one stratigraphic unit
as well as individual flows to verify the overall hydrogeologic continuity at
the site at various scales.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6)

Additional testing is planned in both existing boreholes and a few new boreholes.
The nature of the data expected from these boreholes is not specified in the
SCR, but presumably will consist of additional stratigraphic information and
30 single-hole, four dual-hole and one cluster hydrologic tests. DOE plans to
evaluate the significance of inverted fan structure on hydrogeologic properties
only if such structure is identified during exploratory shaft construction. No
information on how this evaluation might be done is presented in the SCR.
Numerical modeling will be used to describe groundwater flow in zones of strati-
graphic and lithologic variation.

8. Analysis of (7) as to Completeness, Practicality and Likelihood, of Success

Additional drilling and borehole hydrologic testing may provide additional
localized data, but large geographic areas will remain for which little or no
data exist concerning stratigraphic discontinuities or groundwater flow system
parameters. Construction of a numerical model will require the assumption
of continuity among data locations. Therefore, the data base should demon-
strate continuity. Current limitations in identifying heterogeneities from
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borehole data suggest that additional borehole data will not provide signifi-
cantly greater resolution of subsurface stratigraphic and lithologic hetero-
geneities. In addition, single-hole hydrologic testing will yield little data
useful to determination of hydrologic effects of these heterogeneities. The
proposed program will be very incomplete, and the probability of such a program
adequately defining the groundwater flow system will be very low without state-
of-the-art, large-scale hydrologic testing oriented specifically toward
stratigraphic heterogeneities.

ISSUE NO. 1.1.6

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue:' What is the hydrochemistry of the groundwater
systems of the Pasco Basin?

3. Importance of the Issue to Repository Performance

Knowledge of hydrochemistry-can be combined with other hydrogeologic data to
better define both conceptual and mathematical models of existing ground water
flow systems for farfield and Pasco basin studies. DOE hypothesizes that hydro-
chemical data can yield unambiguous information on the flow system at Hanford.
Appropriate use of the hydrochemical data must be made in analyzing flow paths,
flow rates and ages of groundwater.

4. Portions of Draft 10 CFR 60 That Are Directly Connected To The Issue

H§ 60.21, 60.111, 60.112, 60.'122, 60.123, and 60.124.

5. Summary of the Present State of Knowledge, With Analysis of Uncertainties

Present State of Knowledge

The SCR reports hydrochemical data from only four boreholes which penetrate the
Grande Ronde. There has been no attempt to collect regularly spaced samples.
While vertical hydrochemical profiles in some wells show apparent breaks in
major ion, dissolved gas, and/or isotopic values, the profiles are not
consistent among the four deep holes. Based on limited samples presented in
the SCR and in the July 1982 hydrogeology workshop, the NRC staff notes that
hydrochemical data from wells DC-12, DC-14, and DC-15 are compatible with a
hypothesis of mixing between the Wanapum and Grande Ronde or even between the
Saddle Mountains and Grande Ronde, as suggested by DOE for DC-15 (page 5.1-139).
Carbon-14 analyses of inorganic carbon in the groundwater provide calculated
model ages, but the model ages have not been corrected by state-of-the-art
methods (Appendix F). Consequently, the NRC staff places no credence in the
carbon-14 apparent ages reported in the SCR.

Uncertainties

The number of boreholes and the'vertical spacing of data points within the bore-
holes is an inadequate data base for applying hydrochemical data to flow system
analysis. DOE has presented no information in the SCR on methods and procedures
of sampling and chemical analysis. Consequently, there is substantion uncertainty
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as to the validity and integrity of the analytical data. The potential for
cross-unit mixing in open boreholes at BWIP has been raised by Witherspoon
(1979), but the SCR does not address this uncertainty. The collection of
water samples during the drill-and-test sequence described in the SCR
(p. 5.1-14 - 5.1-15) is not a state-of-the-art sampling technique. Carbon-14
apparent ages have not been appropriately corrected for the effects of methane
or other geochemical processes. DOE has presented no regional values of 6 D or

O and no systematic paleoclimatologic and paleohydrologic models with which
their model of large-scale recharge over geologically significant time spans can
be tested. In the absence of such data and models, interpretations of stable
isotopes of oxygen and hydrogen are highly uncertain. DOE has made no attempt
to geochemically characterize methane from the Paleozoic section underlying the
test basalts. Thus, their assertion that the methane in the Saddle Mountains
and Wanapum Basalts was produced in situ, rather than being produced in the
Paleozoic section and concentrated in structural or stratigraphic traps in the
younger basalts, has a measure of uncertainty. No measurements for matrix-
diffusion coefficients in Hanford'basalts have been presented in the SCR, nor
have any estimates been used in preliminary assessments of matrix diffusion
effects.

6. Summary of the Additional Information Needed to Resolve the Issue by
the Time of the Construction Authorization Application

Representative groundwater samples must be acquired from locations and depths
that are relevant to unit boundaries, the regional hydrologic system, and the
proposed repository location for'the hydrochemical and isotopic data to be
applied appropriately. 'The boreholes used for sampling must be drilled in a
manner that does not detract from sample integrity and be instrumented in a
manner that provides for repeated sampling over long time periods. The data
which are collected must be studied using state-of-the-art geologic, geochemical
and isotopic conceptual and analytical models which are consistent with the
overall conceptual model of groundwater flow.

7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations to Provide the Information Needs of (6)

DOE will continue to collect hydrochemical samples as part of the drill-and-
test plan. Water samples will also be collected in the exploratory shaft and
from newly drilled and existing boreholes.' Additional stable and unstable
isotopes will be evaluated for their potential for flow system characterization
and age dating. Hydrochemical models are proposed for analysis of hydro-
chemical variations and evolution, although details of such models are not
provided. A peer review of hydrochemical data is proposed to obtain a tech-
nical consensus on the nature of groundwater chemistry and its use in
conceptual model development.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of Success

It is unreasonable to expect to obtain quantitative data on hydrochemistry and
environmental isotopes that can be used to conclusively describe the origin,
flow paths and age of the groundwater at depth in the Pasco Basin. While
hydrochemical and isotopic data can provide useful supportive information,
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primary evaluation of the flow system must be based on hydrogeologic information
and on the results of large-scale hydraulic testing and accurate measurements
of hydraulic head.

In the opinion of the staff, hydrochemistry should be used as supporting data
in the evaluation of hydrostratigraphic units and groundwater flow systems,
not as the primary data. DOE is placing much significance upon hydrochemical
indications of distinct, separate flow systems and low vertical hydraulic
conducitivies. We believe the flow system should be evaluated using standard,
hydrogeological testing techniques (e.g., large-scale pump testing) and that
hydrochemistry should be used to support the results of physical testing.
Alternatively, it must be demonstrated that hydrochemistry can be used for
quantitative evaluations of groundwater flow.

ISSUE NO. 1.1.7

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: What is the conceptual groundwater flow model?

3. Importance of the Issue to Repository Performance

Conceptual models of the hydrologic system guide development of numerical models
used to predict groundwater flow and travel times and dictate the location, type,
and extent of future testing.

4. Portions of Draft 10 CFR 60 That Are Directly Connected To The Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

5. Summary of the Present State of Knowledge With Analysis of Uncertainties

Present State of Knowledge

The preliminary conceptual hydrogeologic model is a stratified sequence of
permeable flow tops separated by nearly impermeable flow interiors resulting in a
highly confined flow system(s). Flow is assumed to be essentially lateral and
controlled by the attitude of basalt units. Recharge to and discharge from
deep basalt units is assumed to occur only where these units are at or near the
surface or where vertical discontinuities permit significant vertical movement.
Significant vertical mixing is thought to occur only where vertically disruptive
features exist.

Uncertainties

The major uncertainty is whether the proposed conceptual model is valid. The
variability and uncertainty in existing hydrogeologic data permit the formula-
tion of several alternate conceptual models including:

o Continuous layered, leaky confined system (relatively high vertical
hydraulic conductivity areally)
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o Large-scale homogeneous system with discontinuous layers (anisotropic)

o Structurally controlled semi-isolated cells (bounded by low hydraulic
conductivity structures or zones)

o Structurally controlled, conduit-dominated system (bounded by high
hydraulic conductivity structures or zones)

Other uncertainties in the conceptual model result from uncertainties in
hydraulic parameters, hydraulic heads, and hydrogeologic boundaries (e.g.,
structural and stratigraphic discontinuities, recharge/discharge) as outlined
in Issues!1.1.1 through 1.1.6.

6. Summary of the Additional Information Needed to Resolve the Issues By
the Time of the Construction Authorization Application

Alternative conceptual models need to be considered that fit the existing data
(see Appendix L). Representative bulk values for hydraulic parameters and
reliable long-term hydraulic heads must be determined. Hydrogeologic bound-
aries must be located and assessed. The conceptual models should be reassessed
based upon these new data. It may be possible to reduce the number of alter-
native conceptual models; even more alternative conceptual models may be required.

7. Summary of the Planned Appraoches to Testing, Tests, Test Methods, and
Investigations To Provide the Information Needs of (6)

The planned efforts to refine the existing conceptual model are based on the
additional determination of hydraulic properties, hydraulic heads, and hydro-
chemistry from existing and new boreholes. These efforts are based primarily
on single-borehole tests and limited multiple-borehole tests. Results from
test activities will be input to mathematical models to identify additional
data needed to refine the conceptual model.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of Success

The NRC staff finds that the existing hydrogeologic data could support several
Conceptual hydrogeologic models and not just the preliminary hydrogeologic
model-proposed by the DOE. Other conceptual models are certainly possible
given the large variation and uncertainties in existing data. However, the SCR
does not consider alternative conceptual models, nor do the plans specify that
such a consideration will be made in the future. The hydrogeologic test plans
are not considered adequate to definitively evaluate all possible conceptual
models. Representative bulk values of hydraulic parameters, long-term
hydraulic heads and evaluation of hydrogeologic boundaries are considered
extremely important by the NRC staff, if a definitive conceptual model is to
be determined. The tests proposed by DOE are considered inadequate for
obtaining the required data (see Issues 1.1.1 to 1.1.6).

The groundwater flow system(s) in Hanford basalts would appear to be amenable
to large-scale testing (Appendix E). Such testing would not only yield bulk
hydraulic parameters and information on hydrogeologic boundaries, but may
verify the conceptual model(s) most appropriate to the Hanford basalts.
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ISSUE NO. 1.1.8

1. Name of the Site: BWIP - Hanford, Washington.

2. Statement of the Issue: What are the mathematical models used to predict
groundwater flow?

3. Importance of the Issue to Repository Performance

A mathematical model to predict groundwater travel times and flow paths is
essential to predictions of repository performance.

4. Portions of Draft 10 CFR 60 That Are Directly Conneced To The Issue

§§ 60.21, 60.111, 60.112, 60.122, 60.123, and 60.124.

5. Present State of Knowledge With an Analysis of Uncertainties

Present State of Knowledge

DOE has obtained or formulated a number of numerical codes for near-field and
far-field groundwater modeling. The level of sophistication of the numerical
codes is high. The conceptual groundwater model used by DOE (see Issue 1.1.7)
consists of horizontal, laterally continuous basalt layers with permeable
flow tops and interbeds and low permeability dense flow interiors. DOE's
numerical models have been based only upon this conceptual model, including the
most recent effort present in the SCR, utilizing the code PORFLO (pages 12.4-28
tol2.4-50). This latest model utilizes simplified geology, constant parmeter
values within layers, and assumed boundary conditions. It is not clear from the
SCR that existing models have been calibrated against measured head conditions.

Uncertainties

Major uncertainties are associated with all existing numerical groundwater flow
models of the Pasco Basin and near field. The most significant uncertainty is
in the validity of the conceptual model (see SIA 1.1.7). Other uncertainties
result from the highly variable nature of hydraulic parameters, unknown boundary
conditions, the lack of appropriate hydraulic head data to use for model calibra-
tion, and the failure to include specific geologic conditions. Uncertainties
associated with the mathematical bases of the numerical models are relatively
low but not insignificant.

6. Summary of the Additional Information Needed Resolve the Issue By
the Time of Construction Authorization Application

Alternative conceptual models which fit existing data need to be developed.
Measurements of representative bulk hydraulic parameters and reliable
long-term hydraulic heads are required. Hydrogeologic boundaries must be
located and assessed. Based upon the additional information, conceptual models
should be assessed and numerical models developed for all valid conceptual
models. Calibration of numerical models based upon representative hydraulic
heads is required. Additional calibration could be made against large-scale
hydrogeolic tests.
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7. Summary of the Planned Approaches to Testing, Tests, Test Methods, and
Investigations To Provide the Information Needs of (6)

The present conceptual groundwater flow model will be refined by additional
determinations-of hydraulic properties, hydraulic heads and hydrochemistry from
existing and new boreholes. Existing numerical codes will be verified and
bench marked. Selected models will be used to predict groundwater travel times
and flow paths. Parametric and sensitivity studies will be conducted to
identify key parameters, parameter distributions, and model inputs. Stochastic
models may be used to bound predictive uncertainty. Numerical groundwater
models will also be used to guide additional needs for field investigations.

8. Analysis of (7) As To Completeness, Practicality, and Likelihood of Success

The NRC staff finds that the propsed plans for mathematical modeling are not
adequate to predict groundwater flow system behavior. Apparently the DOE will
consider only the existing conceptual flow system model as a basis for
mathematical models. Existing data indicate that other conceptual models may
be possible (see Issue 1.1.7), and therefore should be considered by mathematical
modeling or conclusively disproven.

The NRC staff is concerned that the proposed field program is not adequate to
provide representative hydraulic parameters, hydraulic heads, and hydrogeologic
boundary conditions as noted in Issue 1.1.1 to 1.1.6. In particular, the lack
of representative long-term hydraulic heads will not allow sufficient calibration
of numerical models. Furthermore, DOE does not demonstrate how consideration
will be given in numerical models to the interactions between the shallow
unconfined aquifers and the deep basalt. This is important because of the
significant water table changes which have occurred at the RRL site as a result
of artifical recharge activities. No plans are presented for the calibration
of numerical models against large-scale tests, even though such calibration
would add considerable validity to the numerical models.

DOE has taken the approach of testing components of the hydrogeologic system
and then using numerical models to combine components and predict the hydraulic
behavior of the system. One advantage of the Hanford site is its testability
using large-scale hydrogeologic tests (Appendix E). Therefore, it is possible
to directly observe the hydraulic behavior of the system, rather than rely
totally upon predicted hydraulic behavior from numerical models.
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EXECUTIVE SUMMARY

Current geologic studies conducted by the Rockwell Hanford Operations Energy
Systems Group for the Department of Energy (DOE) on the Hanford Site are
reviewed in this appendix as part of an effort to evaluate the potential of
basalt as a high-level radioactive waste repository site. The analysis reflects
the NRC staff's evaluation of techniques used and results obtained in studies
of stratigraphy and structural relationships, as related to hydrogeology within
the Pasco Basin, which are cited in the SCR

Major stratigraphic (geologic) subdivisions consist of the Columbia River Basalt
Group and suprabasalt sediments. Suprabasalt sediments vary significantly in
thickness and can include sediments of the Ringold Formation, the Hanford
Formation, and surficial deposits. All sedimentary deposits exhibit consider-
able facies variation. Stratigraphic units are defined on gross lithology
obtained through analysis of surface exposures and borehole samples. Paleo-
magnetics have proved of little use in further subdivision of sedimentary units.

Principal techniques for definition of basalt stratigraphic units include
major-element and trace-element chemistry, paleomagnetics, including varia-
tion in polarity and inclination angle, and borehole geophysics. Basalt
chemistry is the most widely used technique but needs additional strati-
graphic control to be most effective, particularly in the Grande Ronde
Formation. Problems encountered with the techniques include: (1) little
chemical or magnetic polarity variation within flow groups, (2) large
statistical variation of inclination angles within a sampled unit, and (3)
variation of physical parameters that affect geophysical log responses.

Stratigraphic investigation of the basalts has produced delineation and lateral
correlation of individual members and chemical subtypes within the three major
subdivisions of Grande Ronde, Wanapum, and Saddle Mountains basalt. Definition
and correlation of units within the Saddle Mountains and upper Wanapum is more
complete than for the Grande Ronde because a greater number of unique chemical
types and polarity reversals occur in the two formations. Intraflow structure
variation of selected Grande Ronde flows was examined and a correlation between
flow petrography and intraflow structure has been recognized. Prediction of
lateral intraflow structure variation is difficult and essentially lacking.
This has potentially major implications with respect to groundwater flow.

The primary technique for the evaluation of structure is synthesis of surface
geophysical data with stratigraphic information to produce structure contour
maps and display geophysical anomalies. Assumptions made in contour map
construction, while necessary because of limited available data, could affect
interpretations. Strain analysis and mechanical modeling of major Yakima-type
folds in the area also have contributed to structural interpretation.

Geologic mapping indicates the Cold Creek syncline to be an assymetric
feature with variation in axial direction and plunge. Little evidence exists
to support major structural discontinuities within the Cold Creek syncline,
although the presence of numerous geophysical anomalies indicates that
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small-scale features may be present in the subsurface. Again, these features
may be very important with respect to determining flow path and travel time
from the repository.

The geologic studies have been effective in defining stratigraphy and major
structures within the Cold Creek syncline area. Substantial uncertainty
still exists concerning definition and continuity of flows within the lower
Wanapum and parts of the Grande Ronde basalts and the presence of small-scale
structures in the area. Questions of potentially greater significance exist
with respect to the effect of stratigraphic and structural variation on the
various hydrogeologic parameters important to repository performance. Geologic
mapping of stratigraphic units has correlated basalt formations successfully
on the basis of rock chemistry, paleomagnetic data, and interbed definition by
boreholes. Little work has been done toward converting these geologic strati-
graphic units to hydrostratigraphic units that can be demonstrated to be con-
tinuous or discontinuous with defensible assigned values of saturated hydraulic
conductivity, thickness, porosity, and storage coefficient. The conceptual
groundwater flow model presented in the SCR is based on an assumption of a
stratified hydrologic system. Hydrologic and geologic data indicate that a
variety of alternative conceptual models are equally plausible. Some informa-
tion exists to indicate that the basic assumption of stratification of the
flow systems may not be valid. Efforts to conduct long-term, large-scale,
state-of-the-art tests (Hantush, 1960; Neuman and Witherspoon, 1972) would
prove useful in eliminating uncertainties.
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1 INTRODUCTION

This appendix presents an evaluation of methodology and current results of
continuing Basalt Waste Isolation Project (BWIP) geology studies and their
implications with respect to groundwater hydrology within the Pasco Basin in
south-central Washington State. This report is part of an evaluation of a
program to determine the feasibility of underground high-level radioactive
waste storage in the layered basalt sequence of the Columbia River Basalt
Group. Studies on which this report is based are centered currently on an area
known as the Cold.Creek syncline area within.the Hanford Site. Figure L-1 shows
the area under investigation and illustrates-the location of major geographic
features of the Pasco Basin and Hanford Site. Most of the references listed
herein are products of the BWIP research effort.

The purpose of this report is to serve as a reference for analysis of ground-
water flow issues which are part of the NRC review of the "Site Characterization
Report for the Basalt Waste Isolation Project" (SCR). The general objective is
to assess the approaches taken in defining the area's geology and to ascertain
the completeness and reliability of these geologic studies with respect to
understanding the controls on groundwater flow.. Specific objectives are as
follows: -(1) present information on techniques used in the assessment of
stratigraphy and a duscussion of the resulting conclusions, (2) present the
same information and-discussion of structure,.and (3) evaluate the effects of
the uncertainties in geologic information on.-the conceptual model of ground-
water flow presented in the SCR. On less otherwise stated information concern-
ing the BWIP geologic studies summarized in this appendix has been gathered
from two major reports prepared by the BWIP geologic staff (Myers et al., 1979;
Myers and Price, 1981) and the SCR.

2 STRATIGRAPHY

Evaluation of a potential site for a repository requires a detailed under-
standing of stratigraphy in the vicinity of the proposed location. Such an
understanding is essential to determining the continuity of individual strati-
graphic units, the nature of geologic structures and related tectonic deformation,
and the thickness and extent of hydrostratigraphic units. Knowledge of strati-
graphic discontinuities is particularly important in evaluating potential paths
and travel times for radionuclide movement, both vertically and horizontally, to
the accessible environment.

Within this section, discussion centers on two major stratigraphic subdivisions:
the basalts and interbedded sediments of the Columbia River Group, and the
group of sediments which overlie the basalts. Discussion of each subdivision
involves evaluation of the techniques used to define stratigraphic units and
analysis of the results of these techniques in determining the stratigraphic
framework. The stratigraphic sequence and nomenclature presently recognized
within the Pasco Basin is given in Myers et al. (1979).

2.1 Suprabasalt Sediments

The suprabasalt sediments are a complex group of deposits which include stream,
flood, and lacustrine facies as well as assorted facies of volcanic and near-
source erosional origin. The sedimentary deposits range in thickness from
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o to greater than 200 m (0-660 feet). They embrace a complex history of changing
facies complicated by periods of erosion and/or nondeposition. Although the
sediments are not under consideration as a repository host rock, their
stratigraphy and age have considerable importance in defining the structural
evolution of the Pasco Basin.

2.1.1 Techniques

Definition of stratigraphic units within the suprabasalt sediments has depended
primarily upon investigation of surface exposures, borehole cuttings, and core.
Delineation of stratigraphic units is based primarily on differences in litho-
logy and/or texture. Generally, techniques involve the measuring and sampling
of surface stratigraphic sections and analysis of borehole samples to detect
facies variations. Subsurface information collected is mainly in the form of
cuttings from cable tool or rotary borings; however, a number of boreholes have
been drilled specifically to obtain corroborating data on the suprabasalt
sediments. In addition, Tallman et al. (1981) reported the use of granulo-
metric analyses and calcium carbonate determinations on samples from selected
boreholes to assist stratigraphic delineation and correlation.

Definition of stratigraphic units on the basis of lithologic and textural varia-
tion is desirable because it provides a direct means of unit identification.
It also has limitations, particularly in sediments that exhibit considerable
facies variation. While definition of gross lithologic units seems quite
possible within the suprabasalt sediments, definition and correlation of
lithologic variation within these gross units are less likely. In addition,
rotary or cable tool drilling techniques produce disaggregated samples which
may be adequate for interpretation of gross lithologies but may introduce
considerable error into efforts to recognize more subtle lithologic changes.

To a lesser extent geophysical methods have been used to help determine unit
thickness and distribution. Surface geophysical methods, including gravity and
magnetics, have helped to define the top of underlying basalt and the total
thickness of the sediment sequence. Surface techniques have not been particularly
useful in determining position and thickness of individual units, however.

Borehole geophysical data have been obtained from selected drill holes. These
data have assisted in defining major stratigraphic units as well as facies
changes within the units. Borehole geophysical methods can be of considerable
use within sequences similar to that of the suprabasalt sediments. Often units
which have some lithologic variation will produce a consistent geophysical
signature in response to consistent porosity, density, or natural radioactivity.
These same features necessitate, however, that identification and correlation
based on borehole geophysics must be carefully controlled by lithologic data.
In addition, in an area where contamination by human induced radioactivity is a
possibility, reliability of results from induced and natural radiation tools is
less certain.

Analysis of remnant magnetic polarity of sedimentary units has been done also
in an attempt to further define stratigraphic relationships within the supra-
basalt sediments. Packer and Johnston (1979) report analytical results of
nearly 300 samples from both surface and subsurface locations. Their work on
surface exposures indicates the possibility of definition and correlation of
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three polarity changes within the upper Ringold unit. Unfortunately, within
the Cold Creek syncline, only a very thin upper Ringold unit is present which
significantly reduces the possibility of surface to subsurface correlation.
Furthermore, the coarse conglomeratic nature of the middle Ringold unit does
not facilitate determination of paleomagnetic polarity data and analysis is
restricted to a few thin sequences of fine material distributed throughout
this unit. Thus, the absence of the upper Ringold and the difficulty in
obtaining reliable data from the middle unit renders the use of paleomagnetics
in defining stratigraphic units or time horizons difficult. Despite this
fact, Tallman et al. (1981, p. 2-3) report that paleomagnetic data are
being used to delineate time-stratigraphic units; however, no discussion of
such units is presented. It is unlikely that paleomagnetics will be of great
significance in further defining stratigraphic units unless data of a greater
consistency can be obtained.

2.1.2 General Stratigraphy

The complex nature and relationship of facies within the suprabasalt sediments
has resulted in description of a variety of sedimentary units. Currently,
three major divisions of the sedimentary sequence are recognized. These divi-
sions are the Ringold Formation, a sequence informally referred to as the
Hanford Formation, and the overlying recent accumulations collectively referred
to as surficial deposits.

Suprabasalt sediments within the vicinity of the Cold Creek syncline consist
mainly of the Ringold Formation and the Pasco Gravels of the Hanford Formation.
Tallman et al. (1981, p. 2-13) report Ringold sediments in the area of the
Reference Repository Location (Figure 1) to be predominantly of type I ("normal"
Ringold sequence) but note that interfingering of type III (fanglomerate deposits)
sediments occurs in the area's western part. Parts of the four principal units
(basal, lower, middle, upper) within the type I sequence are recognized, but
their occurrence does not remain consistent throughout the entire area. In
some areas, principally the synclinal flanks, erosion and/or nondeposition have
resulted in the absence of either part or all of some of the units.

The Hanford Formation is primarily a sequence of Pasco Gravels within much of
the Cold Creek syncline. Myers et al. (1979, p. 2-24) report excellent exposure
of these gravels in excavations for waste facilities east of the Reference
Repository Location (RRL). Distribution of the Hanford Formation within the
Cold Creek syncline area is highly variable. It thins and thickens in response
to glacial floodwater paths and subsequent erosion.

Developing an understanding of the nature and stratigraphic relationship of
suprabasalt sediments is a difficult task. The sediments are of considerable
importance because they provide a key to unraveling much of the tectonic history
of the Pasco Basin. Unfortunately the nature of the units themselves and the
method of deposition makes confident delineation and correlation of units
difficult. In addition, analysis of variations in thickness and/or deposi-
tional history is complicated by channel cutting and erosion which, when coupled
with a necessarily limited sample inherent in subsurface correlation, can lead
to confusion and/or incorrect analysis.
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2.2 Basalt

Although suprabasalt sediments are important as indicators of recent geologic
history, the thick sequence of flood basalts which underlie the sediments is of
even greater significance. Precise knowledge of thickness, extent and internal
character of individual basalt flows is imperative because the basalts are the
proposed repository host rock. Stratigraphic discontinuities may provide the
avenues for rapid vertical movement of contaminants from the repository horizon
to the accessible environment. Thus, considerable effort has been directed
toward defining unit stratigraphy of the Columbia River Basalt Group within the
Pasco Basin.

2.2.1 Techniques

A variety of techniques has been employed to define and trace numerous basalt
flows present in the basin. These techniques include determination of major-
and trace-element chemistry of basalt flows, examination of mineralogical and
textural variation, analysis of fracture and intraflow structures, determina-
tion of natural remnant magnetism and geophysical studies.- Principal methods
of stratigraphic identification and correlation (chemical analysis, paleo-
magnetics, geophysics) are discussed in separate sections. Discussion of
mineralogical and textural variation and their relationship to intraflow
structure are presented in the section on Grande Ronde Basalt.

2.2.1.1 Chemical Analysis

Mineralogic and petrographic similarity among many of the basalt flows has
necessitated developing other methods of differentiating individual flows or
flow groups. Chemistry; particularly major-element chemistry, has become the
dominant criteria upon which stratigraphic division of the Columbia River Basalt
Group is based. Although chemical analyses of basalts have been conducted for
some time, little significant use was made of this technique in defining
stratigraphy until Waters (1961) delineated three chemical variations in the
basalts of the Columbia River Group. In the following decade significant
progress was made in relating major-element chemistry to stratigraphy,
ultimately leading to the establishment of a series of chemical types (Wright
et al., 1973) which provide unique identification of individual flows or flow
groups. Continued field mapping and related analysis of major-element chemistry
resulted in the establishment of a formal stratigraphic nomenclature for the
Columbia River Basalt Group (Swanson et al., 1979a). This formal stratigraphy
is based almost entirely upon major-element chemical types.

Subsequent to the codification of stratigraphical nomenclature, additional
definition of units has occurred in and around the Pasco Basin (Myers et al.,
1979; Myers and Price, 1981). Units within the Pasco Basin and much of the
Columbia Plateau have been divided into three major formations based primarily
on chemical type. These formations are, in order of decreasing age, the Grande
Ronde, the Wanapum, and the Saddle Mountains basalts. Individual members
within these formational units have also been described. -

Members within the Saddle Mountains Basalt are usually represented by a single
chemically unique flow, while members within the Wanapum include multiple flows.
No member designations within the Grande Ronde have as yet been formalized.
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The dearth of member designations within the Grande Ronde is due to a lack of
chemical diversity among the numerous basalt flows which make up 80 percent of
the three formation's combined volume.-

The inability to define units with-in the Grande .Ronde-with desired precision_
using major-element chemistry has precipitated attempts to use trace-element
chemistry to achieve more desirable results. Early attempts using trace-element
data to define stratigraphy were performed by ARHCO (1976). Trace-element data
were used with major-element chemical data to -delineate basalt units in and
around the Pasco Basin. McDougall (1976) also used trace-element data to
differentiate flows and flow groups in a variety of locations throughout the
Columbia Plateau. Reidel (1978) showed that discriminant analysis of major-and
trace-element data could further refine correlation, and later Reidel and Long
(1980) applied these techniques to basalts in the Pasco Basin.

Work by Reidel (1978) and Long et al. (1980) indicates the most useful chemical
constituents for flow identification appear to be a combination of selected
major and trace elements. MgO, TiO2, Zr, Ba, and P205 were found to be most
useful for discriminant analyses of Grande Ronde Basalt chemistries (Reidel
and Long 1980).

While chemical analysis is the single most important tool in defining basalt
stratigraphy, it is not without limitations. Virtually every flow within
younger basalt sequences, most notably the Saddle Mountains Basalt, is a unique
chemical type. This uniqueness permits accurate identification of each flow at
differing locations. Chemical composition within the Grande Ronde and, to a
lesser extent the Wanapum basalts, often does not change significantly between
adjacent flows or among a group of several basalt flows. Reidel (1978, p. 127),
recognizing the limitations of total reliance on chemistry, noted that basalt
chemistry is not adequate for flow correlation and that physical characteristics
and stratigraphic position are equally important factors. He also noted (p. 137)
that is stratigraphic control is added, evaluation capabilities improve.
Discussion of specific limitations with respect to'stratigraphy of the Pasco
Basin is addressed subsequently in a discussion of stratigraphy.

2.2.1.2 Paleomagnetics

Determination of the natural remanent magnetism of individual basalt flows is
one of the techniques being used in an attempt to delineate stratigraphy of
basalt units. Early work by Watkins (1965) and Rietman (1966) indicated that
reversals in magnetic polarity occur within the thick sequence of the Columbia
River Basalt Group. This work indicated also that such reversals might be
useful as a tool for stratigraphic correlation. Regional work by Swanson and
Wright (1976) led to subdivision of the basalt sequences by polarity intervals.
These intervals were later included in the description of formal stratigraphic
units by Swanson et al. (1979a).- Choiniere and Swanson (1979) used secular
variation of the geomagnetic field to correl-ate flows of the Columbia River
Basalt Group with similar flows from the Oregon coast. They determined that
virtual geomagnetic pole positions of these flows were unique enough to permit
tentative correlation.
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Work in the Pasco Basin (Myers et al., 1979) resulted in recognition of many
of the regional polarity intervals both in surface and subsurface samples
(Figure L-2). Unfortunately, polarity intervals within the thick Grande Ronde
sequence include many flow groups; consequently, division on the basis of
polarity alone did little to assist definition of flow stratigraphy. Subse-
quent efforts investigated the possibility of using other criteria such as
changes in inclination angle, secular variation, and magnetic intensity to
further break out individual units.

Initial attempts by Coe et al. (1978) to determine paleointensity of some
Grande Ronde flows exposed near Sentinel Gap (Figure L-1) were largely unsuc-
cessful. However, their work, and that by Packer and Petty (1979), indicated
that variation in inclination angle from flows within the same polarity
interval is evident, and that correlation between surface and subsurface
locations using inclination angle variation is possible. Some Grande Ronde
flows exhibited consistently unique paleomagnetic inclination angles which
permitted correlation with reasonable certainty. Others, however, lacked
clear-cut distinction thereby making correlation much less certain.

Long and Landon (1981) report recent, although as yet unreleased, work of
stratigraphic delineation based upon secular variation of paleomagnetic
direction. They present no comparison of secular-variation units to strati-
graphic ones; however, they do indicate that, at present, correlation of the
secular-variation units is limited. Although information is limited, a
figure referenced in the discussion by Long and Landon (1981) indicates that
the units are based only on variation of inclination angle rather than true
secular variation, which includes changes in declination. This distinction
may be little more than academic, however, as Coe et al. (1978, p. 19) point
out that for the Grande Ronde flows sampled at Sentinel Gap, most variation in
paleomagnetic direction is in the inclination component.

Work by Packer and Petty (1979) indicates that, in general, samples collected
from surface sections yielded results of good stability. Samples tested from
core, however, were less consistent. In their evaluation several samples
were collected and analyzed from individual flows. A mean and standard
deviation was calculated for each group. In some cases groups had a narrow
standard deviation while in other cases the variation was large. Part of
this variation may have resulted from the fact that selection of sample group
was based upon other stratigraphic factors such as common chemical type or
geophysical log response.

Thus, while sample groups had similar chemistry, large standard deviation of
inclination data may indicate that selection of group boundaries were in
error. This error would inadvertently force a stratigraphic configuration on
the data group. Packer and Petty also indicate that the large variation in
inclination data could be caused by a variety of factors including remagnet-
ization by an overlying flow, chemical alteration, remagnetization by the
drilling process, or related core handling problems.

A variety of alternatives may affect the results of paleomagnetic inclination
data; this substantially influences the degree of certainty of stratigraphic
delineation by this method. Such a method is likely to be useful only when
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good repetition of magnetic data is present and when it is supported by other
methods.

2.2.1.3 Geophysics

Surface geophysical techniques used have included seismic, magnetic, gravity,
and electrical methods. With the exception of seismic techniques, the surface
geophysical methods have been employed largely to define the top of the basalt
surface and the nature and magnitude of subsurface structures. Attempts were
made to obtain and laterally trace seismic-reflections from individual flows or
flow groups but they generally were unsuccessful. The seismic-reflection study
indicated little velocity contrast to be present between basalt flows; indi-
vidual flows or flow groups seldom returned consistent reflections. Thus,
seismic-reflection techniques, while potentially useful for defining the basalt
surface and near surface structures, provide little assistance in defining and
tracing subsurface stratigraphic units. In contrast to surface methods, bore-
hole geophysical techniques have proved useful in defining and tracing strati-
graphic units. They are particularly useful in obtaining stratigraphic data in
boreholes from which samples or core were not taken. Siems et al. (1974)
demonstrated the potential for borehole geophysics in combination with major-
element chemistry as a stratigraphic tool. Later work by Brown (1979) showed
that borehole geophysics could be used reliably for subsurface correlation over
substantial areas. Myers et al. (1979) report being able to trace a flow
within the upper part of the Grande Ronde on the basis of its consistent
borehole geophysical response.

The principal disadvantage of borehole geophysical technology is that the
instrumentation responds primarily to changes in physical parameters of the
flow and, to a lesser extent, to some changes in major-element chemistry.
Thus, identification and correlation of flows can be difficult and misleading
because a flow will undergo sufficient change in physical character to alter
its geophysical response from one location to another. Correlation using bore-
hole geophysics alone is difficult because of these problems and because bore-
hole conditions can affect log''responses profoundly. Nevertheless, borehole
geophysics is a useful tool in subsurface stratigraphic definition and correla-
tion when it is combined with other stratigraphic methods such as flow chemistry
and paleomagnetics.

2.2.2 General Stratigraphy

The current understanding of stratigraphic relationships of the Columbia River
Basalt Group within the Pasco Basin is based primarily on rock chemistry,
paleomagnetics, and geophysics. Physical examination of drill cores is used
for examination of intraflow structures. Much of this discussion is directed'
toward stratigraphy of the Grande Ronde Basalt because stratigraphy of the
Wanapum and Grande Ronde basalts is less well defined than that of the Saddle
Mountains Basalt, and because current interest in a waste storage horizon is
directed at units within the Grand Ronde. The discussion is also directed to
the area known as the Cold Creek syncline because this is the area in which
potential locations for a storage site are being investigated. Basic strati-
graphic relationships and unit nomenclature are presented in Myers et al. (1979).
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2.2.2.1 Grande Ronde Basalt

Definition and correlation of individual flows within the thick Grande Ronde
sequence are difficult because of their chemical and paleomagnetic homogeneity.
Regional work by Swanson et al. (1979a) indicated a consistent change in
potassium and magnesium chemistry within the total Grande Ronde sequence; the
delineation of two-subdivisions informally recognized as the high-magnesium
(high-Mg) and low-magnesium (low-Mg) sequences resulted. This chemical change
within the Pasco Basin has been recognized and the names Sentinel Bluffs for
the upper high-Mg sequence and Schwana for the underlying low-Mg sequence have
been applied (Myers et al. 1979). Swanson et al. (1979a) also recognized a
very high Mg chemical type in the Grande Ronde which has also been found in the
Pasco Basin. Long et al. (1980) delineated chemical subtypes for flows in the
immediate area of the Schwana-Sentinel Bluffs contact. In addition, they report
the presence of thin flows or parts of flows separated stratigraphically from
the Umtanum flow with chemistry characteristic of the Umtanum subtype. They
also note the presence of less extensive flows of low-Mg chemistry within the
basal part of the high-Mg Sentinel Bluffs sequence and flows of very high Mg
chemistry within the upper part of the low-Mg Schwana sequence. Myers et al.
(1979) have suggested five chemical subtypes for the part of the Schwana
sequence below the Umtanum flow; however, insufficient data exist to determine
whether or not these subtypes are really extensive.

The Sentinel Bluffs sequence is considerably thinner than the Schwana sequence
and identification and correlation of flows is somewhat easier. Long et al.
(1980) delineated a chemical subtype for the McCoy Canyon flow which is, in
most locations, the lowermost unit within the Sentinel Bluffs sequence. They
delineate this subtype in comparing it with chemistry of flows stratigraphically
adjacent to it. When compared with the entire high-Mg sequence, the McCoy
Canyon flow is much less distinct. Trace element chemistry also appears to be
useful in defining units within the Sentinel Bluffs sequence. Long and Landon
(1981) report changes in chromium content appear to define at least one
individual flow and a flow group within the Sentinel Bluffs.

While the stratigraphic relationship of these various chemical subtypes is
understood generally, the above discussion indicates some of the potential
problems in relying on chemical types for identification and correlation of
Grande Ronde basalt flows. Additional definition of chemical subtypes probably
will depend to an even greater degree on subtle distinctions among adjacent
flows. Thus, the usefulness of these chemical differences will depend upon an
increasing knowledge of stratigraphic relationships.

Paleomagnetism also helps identify stratigraphic horizons within the Grande
Ronde. Swanson et al. (1979a) report four basic polarity intervals (Ri, N1,
R2, N2) for the Grande Ronde sequence. Only the R2 and N2 polarity intervals
have been encountered within the Grande Ronde sequence investigated in the
Pasco Basin. RI and N1 intervals presumably exist but at depths as yet
unexplored. Long and Landon (1981) report that secular-variation units within
these polarity intervals have been recognized and are being used for correlation
purposes. While some individual basalt units may possess significantly unique
magnetic parameters (e.g., inclination angle or secular variation) that permit
their identification, samples collected from other units often exhibit a wide
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variation in parameter values. Furthermore, changes in some paleomagnetic
parameters may occur only between large groups of flows. Such inconsistencies
in data can limit the reliability of paleomagnetics for stratigraphic purposes.

Considerable work has been done also in evaluating intraflow structure within
the Grande Ronde sequence. Long (1978) investigated several flows of the
Sentinel Bluffs sequence both in surface section and in drill core. His
investigation included an evaluation of types of intraflow structures present
and a comparison of these types with flow petrography. On the basis of this
work, Long proposed that these Grande Ronde flows exhibit three general types
of intraflow structure. The types are based primarily on entablature, flow
top, and colonnade development within the flows. Subsequent examination of
flows from other locations indicated that while representatives of each type
are present, "intraflow structure types are best thought of as end members
with nearly continuous gradations between all of the types" (Long and
Davidson, 1981, p. 5-10).

Analysis of fracture logging from cores proved of little use in identifying
these intraflow structures; however, petrographic analyses of both surface
and core samples appear to show a relationship between petrography and intra-
flow structure. Although mineralogical and textural characteristics of
Columbia River Basalts are similar enough to preclude use of these character-
istics in flow identification, Long (1978) noted changes in glass abundance and
texture between entablature and colonnade within individual basalt flows. The
consistency of these changes, regardless of the flow being observed, led to a
conclusion that, within individual basalt flows, entablature and colonnade
could be distinguished on the basis of these petrographic differences. This
relationship between petrography and intraflow structure is significant because
it appears to provide a means of determining intraflow structure within the
subsurface'.

Despite the apparent ability to delineate entablature and colonnade within
the subsurface, the nature of lateral intraflow variation is more difficult
to assess. Long and Davidson (1981) report that the Umtanum flow may change
completely from one intraflow structural type to another between surface
exposures. They also report (p. 5-32) that fanning column structures within
Umtanum surface exposures radiated from "centers spaced at intervals ranging
from a few to 160 m" (530 ft). According to the SCR (p. 3.5-25) "...the
intraflow structures may vary greatly in thickness, be absent entirely from
any given flow, or occur repeatedly within a single flow."

Comparsion of Grande Ronde intraflow structures among coreholes reveals con-
siderable variation in intraflow structures within the Cold Creek syncline area.
The SCR (p. 3.5-32) concludes

The location of other features (in intraflow structures) such as thinning
of colonnade, multiple tiers of entablature or colonnade, fanning of
entablature columns, and thickening of flow-top breccia probably cannot be
predicted with any certainty. These features should, however, be anticipated
in the Umtanum and other Grande Ronde flows...
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Knowledge of intraflow structures is critical because of the potential effect
that they may have on groundwater movement. Such features have a low
probability of being identified in the subsurface by analysis of cores but have
a high probability of being important hydrologically. Their existance and
hydrologic significance is best understood based upon results of large scale
pump testing.

2.2.2.2 Wanapum Basalt

The Wanapum Basalt is comprised of the Frenchman Springs, the Roza, and the
Priest Rapids members, all of which are present within the Basco Basin.
These members have a combined thickness in excess of 400 m (1320 ft) in the
southern portion of the basin and thin to between 300 and 400 m (990-1320 ft)
within the Cold Creek syncline area. The Frenchman Springs Member makes up
between 190 and 220 m (630-720 ft) of the total Wanapum (Reidel and Fecht,
1981). Efforts to identify and correlate Frenchman Springs flows have been
of limited success. Reidel and Fecht (1981) report no obvious chemical
differences among flows, and paleomagnetic data also are not definitive.
They report (p. 3-11) seven to nine flows or flow lobes to be present in the
Frenchman Springs Member within the Cold Creek syncline area; however, their
individual correlation across the area is currently not possible because of
similarities between flows.

The Roza Member consists of one or two flows or flow lobes; it averages about
50 m (165 ft) in thickness; however, within the Cold Creek syncline, its
thickness approaches 70 m (230 ft). The Roza is not identifiable by chemical
means because of chemical similarity between the Roza and Frenchman Springs
members. It is, however, one of the few flows within the entire Columbia
River Group that is distinguishable in hand specimen because of its even
phenocryst distribution. The Roza also has a transitional paleomagnetic
direction which helps distinguish it from the normal polarity flows of the
Frenchman Springs Member.

Flows of the Priest Rapids Member overlie the Roza. Swanson et al. (1979a)
report two distinct chemical types (Lolo and Rosalia) within the Priest Rapids;
both are present in the Pasco Basin. Reidel and Fecht (1981) report that
generally only one flow of each chemical type is present; however, multiple
flows or flow lobes of the Rosalia type are present in some areas. Within the
Cold Creek syncline, only two flows have been recognized with total thickness
varying from 40 to 70 m (130-230 ft) (Reidel and Fecht, p. 3-13).

2.2.2.3 Saddle Mountains Basalt

Distribution of individual Saddle Mountain Basalt units within the Pasco Basin
appears much less uniform than units of the Wanapum Basalt. Units of the Saddle
Mountains Basalt are usually recognized more easily and subsurface correlation
is much more certain than is the case for the Grande Ronde and Lower Wanapum
basalts. Saddle Mountains flows are characterized by individual chemical types
and distinct paleomagnetic polarities and by the development of interbedded
sediments between basalt flows. These characteristics coupled with the closer
proximity of the Saddle Mountains Basalt to the surface have allowed a much
more complete understanding of flow distribution from core/drill hole data for
the Saddle Mountains than for either the Wanapum or Grande Ronde basalts.
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II

Details on characteristics of individual flows or flow units of the Saddle
Mountains Basalt are presented in the SCR and earlier BWIP publications. They
are not discussed in this report because of the much greater importance of
stratigraphic features of the Grande Ronde and Wanapum Basalts to repository
related groundwater flow patterns.

2.2.2.4 Interbasalt Sediments

Interbedded sedimentary deposits of the Ellenburg Formation are present within
the Columbia River Basalt Group particularly between members of the Saddle
Mountains Basalt. The interbeds vary in distribution and thickness and contain
a variety of facies. Most interbeds contain tuffaceous sand, silt, and clays
and occasionally exhibit coarser facies. The sediments are generally poorly
indurated but do contain layers of welded tuff or simular lithified material.

In most locations, the three basalt formations are separated from each other
by sedimentary interbed. The Vantage interbed occurs between the Grande Ronde
and Wanapum basalts while the more extensive Mabton interbed is present
between many of the Saddle Mountains basalts. Sedimentary interbeds occur
between many of the Saddle Mountains members and to a less extent members of
the Wanapum Basalt. No interbeds are present within the Grande Ronde Basalt.

Thickness and distribution of these sedimentary units are highly variable
being dependent upon the mode of deposition and pre-depositional topography.
The Mabton interbed appears to be most extensive and reaches a thickness in
excess of 45 m (150 ft) in the Cold Creek syncline area. Most interbeds are
less extensive with thickness of these units commonly less than 20 m (65 ft).

2.2.2.5 Discussion

Significant progress has been made in defining subsurface stratigraphy within
the Pasco Basin and the Cold Creek syncline area despite the similar chemistry
and magnetic polarity of many of the flows. Delineation of valid chemical
types and subtypes along with more refined paleomagnetic techniques have
resulted in definition and correlation of many individual basalt flows with a
high degree of certainty.

Although the stratigraphic framework appears consistent, discontinuities which
are of significance for waste storage considerations are poorly understood.
Discontinuities such as flow pinchouts could have a significant impact on
groundwater movement and related contaminant travel time. Discussion and
figures presented in the SCR (p. 3.5-18; Figures 3-23 and 3-24), for example,
indicate that the number of basalt flows within the Sentinel Bluffs sequence
varies from 6 to 10. This variation indicates that numerous stratigraphic
discontinuities associated with flow distribution are likely present within the
Cold Creek syncline area. Techniques for further definition of intraflow
structures are limited to additional drilling or hydrologic testing. Even with
additional core holes, data are obtained only a relatively small sampling of a
particular flow; few assumptions can be stated reliably about the extent of
intraflow conditions apparent in the cores. It is possible that large-scale
hydrologic testing might provide additional information on variation of basalt
flow characteristics in the subsurface. Hydrologic testing considerations are
discussed in more detail later in this report.
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3 STRUCTURE

As mentioned in the introduction, evaluation of geologic studies of the Cold
Creek syncline requires investigation of two topics: structure and-stratigraphy.
Evaluation of structural deformation within the Pasco Basin and the Cold Creek
syncline requires a discussion of the techniques and methods used to define
structures and of completeness of resulting structural interpretation.

3.1 Techniques

Myers (1981, p. 8-1) lists four methods of field investigation that were
integrated in efforts to define subsurface structures within the Cold Creek
syncline area. The four methods are: (1) surface geologic mapping of bedrock,
(2) borehold geologic studies, (3) structural analysis of Yakima folds, and
(4) geophysical surveys.

An understanding of stratigraphy is an essential part of investigating structural
deformation in any location. Consequently, some of the methods for definition
of structural features, including field mapping and some borehole studies and
geophysical techniques, were employed in stratigraphic definition within the
Pasco Basin. They are mentioned here only briefly because earlier discussions
of stratigraphy included evaluation of these techniques. Discussion of tech-
niques presented here center on principal surface geophysical methods used and
on efforts to analyze Yakima folds in the area.

3.1.1 Surface and Borehole Geologic Studies

Surface geologic mapping and borehole geologic studies were combined to produce
a series of structure contour maps. These maps were prepared for several
surfaces including the top of basalt, top of the Wanapum Basalt, top of Grande
Ronde Basalt, and the top of the Umtanum flow within the Grande Ronde. These
surface maps are the basis for most of the conclusions concerning subsurface
structure in the Cold Creek syncline.

The number of drill hole data points in the older surfaces is significantly
less than for the top of basalt because of the depth of older basalts. In
fact, Myers (1981) reports that data from about 300 holes were used in defin-
ing top of basalt, whereas data from some 25 holes were available to define
the top of the Wanapum, and even fewer were available for the top of the
Grande Ronde. Many of the borehole geologic studies involved the collection
of lithologic and stratigraphic data; these data were discussed previously.
Some borehole studies were conducted specifically to obtain data on subsurface
deformation and related stress evaluation. These methods, reported by Moak
(1981), include analysis of core to determine the presence and nature of
tectonic breccia and evaluation of a phenomena known as core disking.

Evaluation of breccia included examination of core and geophysical logs for zones
of brecciation and determination of the cause of brecciation. Moak (1981) lists
intervals from 15 boreholes that were examined for tectonic breccia and related
features. Some of these zones exhibited tectonic features while others did not.
Generally, there appears to be a limited amount of tectonic brecciation within
the area investigated. In most cases the brecciation is interpreted as
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representative of small-scale features. Moak (1981, p. 6-3) does report,
however, that most of the tectonic breccias identified, are in the Grande
Ronde and Wanapum basalts.

Core disking, the tendency for core to separate into a series of thin disks,
also was investigated. This disking phenomena is of interest because it occurs
in core from the Umtanum and other Grande Ronde flows. Moak (1981, p. 6-8)
reports that no definitive relationship between drilling method or flow petrology
and the disking phenomena could be established. Currently, it is thought that
disking is a result of higher horizontal than vertical stresses within a basalt
flow.

3.1.2 Analysis of Yakima Folds

Work on definition of Yakima folds consists primarily of studies by Price (1981)
on the Umtanum Ridge structure. Price developed conclusions about strain
geometry and, ultimately, a mechanical model to explain the formation of the
Umtanum Ridge structure through a program of detailed mapping and evaluation
of strain features. Other structures were examined briefly to see if they
showed features similar to those of Umtanum Ridge and whether or not their
formation could be explained with the same model. Price concluded that at least
two other locations exhibit structural relationships similar to that of Umtanum
Ridge. Price concluded also that since the Cold Creek syncline is in close
proximity to the eastern extension of the Umtanum Ridge structure, the mechanism
for the development of the Umtanum structure is the same as that which produced
the Cold Creek syncline. The model proposed by Price suggests that relatively
little strain is present in synclinal troughs and, hence, resulting deformation
is small. Borehole studies mentioned above indicate that some faulting is
present within the syncline. The SCR (p. 3.7-17) reports that "Small fault
zones a few centimeters to 1 meter in apparent width have been observed in cores
taken from many core holes (Moak, 1981a). Gouge and fractures associated with
these small faults physically resemble those observed within anticlines... Any
moderately dipping basalt may contain similar small, disseminated low-dip faults."

3.1.3 Surface Geophysics

An extensive program of surface geophysical investigation also was used in
evaluating structure. Major surveys were conducted using aeromagnetic and
seismic methods; gravity and, to a much lesser extent, electrical methods were
used to facilitate interpretation in selected areas.

3.1.3.1 Seismic Investigations

Most early seismic investigations in basalt utilized only refraction methods.
In some cases such surveys were useful in differentiating basalt from over-
lying sediments, but little success was achieved in delineating individual
basalt flows. Holmes and Mitchell (1981) report that early (1963) refraction
studies in the Pasco Basin encountered problems with velocity inversions
which made interpretation difficult, and that reflection studies were limited
by shothole expense and the lack of digital recording techniques. However,
seismic reflection is now considered to be a useful technique for tracing
subsurface units because of recent advances in seismic energy sources and
seismic-reflection data processing. An extensive seismic-reflection survey was
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undertaken over much of the Cold Creek syncline area. Holmes and Mitchell
(1981) report than in excess of 200 km (124 miles) of reflection lines were
run over a 2-year period.

Processing of seismic-reflection data involved the same procedures used in
petroleum exploration. Processing included stacking and trace-enhancement
techniques. It was hoped that such a survey would produce consistent traceable
reflections from deep reflectors such as flows within the Wanapum or Grande
Ronde basalts, but little consistency in reflection data was apparent below the
top of basalt. Holmes and Mitchell (1981, p. 8-8) report that modification in
both collection and processing techniques were subsequently implemented in an
attempt to define more shallow reflecting horizons such as the top of basalt
and units within the Saddle Mountains Basalt. Results presented by Holmes and
Mitchell indicate that this was successful in some areas of the survey. Other
profiles, however, show few consistent reflecting horizons. On the basis of
these seismic data, a series of seismic anomalies were defined and targeted for
further investigation. The SCR presents the general categories of these
anomalies in Figure 3-33 (p. 3.6-4). A program for quantitative assessment of
the seismic reflection data is described in SCR Chapter 13.

3.1.3.2 Magnetics

Discussion presented by Swanson et al. (1979b) of an early low-level aeromagnetic
survey flown over part of the Columbia Plateau indicates the potential of this
method for defining structures and other features within the Columbia River
Basalt Group. As a result a high-sensitivity aeromagnetic survey was flown
over the Pasco Basin in early 1980 (Holmes and Mitchell, 1981). Five constant
elevation surveys between 760 and 1680 m (2500-5500 ft) were flown as part of
this survey. Data were assembled in the form of contour maps; in addition,
Werner deconvolution profiles were run along each flight line. The profiles
were used in identifying anomalies which could be significant structurally.
Like the seismic anomalies, magnetic anomalies were then plotted on a map of
Cold Creek syncline area and efforts were made to determine their nature and
significance. Some of the apparent seismic and magnetic anomalies were examined
in greater detail. Detailed evaluation involved use of other techniques such
as ground magnetic and gravity profiling; in a few cases, electrical resistivity
measurements were implemented. Development of a general structural picture of
the Cold Creek syncline area involved interpretation of structure contour maps
produced by combining surface and subsurface geologic and geophysical data. In
addition, data obtained from evaluation of borehole tectonic features were
included where appropriate. In some cases structure contour and geophysical
anomalies revealed good correspondence. In other cases, anomalies and basalt
surface data appeared inconsistent.

3.1.4 Results

Results of the synthesis presented by Myers (1981) indicate the Cold Creek
syncline is a rather broad assymetric feature with a steeply dipping limb to
the southwest. The syncline is bounded by large-scale structures such as
the anticlinal features associated with Umtanum Ridge-Gable mountain on the
northeast and Rattlesnake Hills-Yakima Ridge to the south. The synclinal
axis trends generally northwest-southeast but alters to a near east-west
trend in some locations (Figure L-3). In addition, the structure appears to
change plunge direction, which suggests changes in its attitude normal to the
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axial strike in some locations. Structure contour maps and geophysical
anomalies indicate the presence of numerous small-scale structural changes
within the syncline, some parallel to synclinal strike and others of a cross-
cutting nature (Figure L-4). Figure L-4 is a reproduction of SCR Figure 3-52
(page 3.7-29). While none of these structures appears to be a major disrup-
tion of general structural trends, many are not well defined and at present
little is known about the presence, nature, extent and potential effects of
these features on groundwater flow. As an example, Myers (1981) notes a feature
in the northwest end of the syncline which, based on magnetic anomalies, appears
to cross-cut synclinal strike. Although magnetic data indicate the presence of
such an anomaly, little reinforcement of it is apparent from seismic-reflection
data and structure contour maps do not define its existence clearly. Therefore,
whether a cross-cutting structure does in fact exist is not at all certain.
What is known is that hydraulic head data from water wells west of this general
area appear to be about 70 m (225 feet) higher than those obtained to the east
(SCR, p. 5.1-55). Thus, numerous questions exist as to the presence of structures
in the subsurface, whether these structures are reflected in geophysical surveys,
and what effect, if any, these structures might have on groundwater flow.

Several assumptions were made in the process of structural evaluation of the
Cold Creek syncline area. These assumptions, although possibly justifiable
by the nature and distribution of data, could have affect conclusions signif-
icantly. Myers (1981) points out that in preparation of structure contour
maps, primary emphasis was placed on defining the top of the basalt and that
interpretation of structure is based largely upon this particular contoured
surface. However, such a map is not a true structure contour map because the
top of basalt is not necessarily a consistent stratigraphic horizon.
Consequently, changes in elevation interpreted as structure may in fact be
erosional elevation changes in the basalt; some structures may show little
surface expression. Myers (1981, p. 8-11) indicates that where chemical data
were available, attempts were made to distinguish erosional from structural
control; however, significant parts of the top of basalt map are based on
surface geophysical data where this distinction is not possible.

Preparation of structure contour maps of horizons beneath the top of basalt
was accomplished largely by subtracting contoured isopath data from the Top-
of-Basalt Map. Consequently, except where specific control points exist,
structure contour maps are at least in part a projection of the top of basalt
surface. Although this procedure may be necessary because of lack of
adequate control on deep horizons, it may introduce considerable error; there
is no guarantee that structures at depth will necessarily be reflected in a
contour map of the top of basalt surface.

It is doubtful that these assumptions have either created or masked any
stratigraphically disruptive structures of major proportion. Indeed, evaluation
of current stratigraphic and structural information suggests the presence of a
structural feature creating a vertical stratigraphic disruption of major
proportion within the Cold Creek syncline is unlikely.

However, the number, location and nature of small-scale features are poorly
known. While these features may not produce significant stratigraphic
disruption, their effects upon groundwater flow and the related integrity of a
waste repository are highly uncertain.
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4 HYDROGEOLOGIC IMPLICATIONS

4.1 Introduction

The vertical and horizontal distribution of hydrogeologic properties is of major
importance to the feasibility of underground high-level radioactive waste
storage in the basalt sequence of the Columbia River Basalt Group. Distribution
of hydrogeologic properties in the Grande Ronde and Wanapum basalts units is
dependent upon the structural and stratigraphic features described in this
report. This section is a discussion of the significance of structural and
stratigraphic discontinuities on groundwater flow. The discussion of their
significance is presented in light of different conceptualizations of basalt
groundwater flow. A brief section on current hydrologic testing in the Cold
Creek syncline area follows the evaluation of stratigraphic and structural
discontinuities.

4.2 Stratigraphic and Structural Discontinuities

The primary difficulty in assessing the hydrologic implications of strati-
graphic and structural discontinuities at the Hanford site is a very limited
understanding of the nature of groundwater flow in basalts. This problem is
highlighted in several portions of the RHO overview committee report (Demenico
et al., 1981) It is difficult to predict the effect of subsurface geologic
changes on groundwater flow because, to date, little is known about the way
groundwater moves through a fractured medium like basalt. Until recently it
has been assumed that the presence of high permeability interflow zones and low
permeability flow interiors within a layered sequence of basalt flows produces
a stratified groundwater flow system. The dense, presumably low permeability,
flow interiors are assumed to be-effective aquitards that limit vertical move-
ment of groundwater and result in dominantly horizontal movement within each
layered zone.

A conceptual groundwater flow model of the Cold Creek syncline has been proposed
in the SCR and can be described as an areally continuous, layered system with
minimal vertical leakage. Because of the relatively impermeable nature attributed
to individual basalt flow interiors, recharge to and discharge from subsurface
basalt units are assumed to occur only where these units are present at or near
the surface or where significant structural discontinuities such as major
anticlines or faults permit vertical interconnection. Based on these assump-
tions, the model produced in the'SCR indicates recharge is taking place only
along topographically prominent ridges such as Umtanum and Yakima Ridge with
flow to the south and east through the Cold Creek syncline. No avenue for
vertical leakage is assumed to exist because no large-scale structures are
present within the syncline. Thus, while discharge from the Saddle Mountains
Basalt is thought to occur at locations where the units are in close proximity
to the Columbia River, discharge from the Wanapum and Grande Ronde basalts is
believed to occur only at the south end of the Pasco Basin near Wallula Gap
where a large fault and/or near surface location of these units permits vertical
movement.
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Results of stratigraphic and structural studies presented earlier indicate
that other equally viable conceptual models can be proposed. Such models
include but are not limited to:

(1) An areally continuous, layered system with high vertical leakage. In this
conceptual model, the intraflow structures, such as inverted fans'or hackly
entablature development, are considered to permit significant vertical
leakage between layers and reduced but not eliminate totally the assumed
confining nature of basalt flow interiors. In all respects this is a
porous-flow-equivalent, continuum'model like that of the DOE.

(2) An areally discontinuous, layered system with high vertical leakage that
performs hydraulically as a large-scale, h6mogeneous, anisotropic system.
In this conceptual model, the layered basalt system is laterally discontin-
uous because of intraflow structures (e.g., page 3.5-25) and variable flow
distribution (e.g., page 3-18, 3-22, 3-23, and discussion of those figures).
These small-scale discontinuities would result in a homogeneous system on
a large-scale due to their high frequency of occurrence and random
distribution. Furthermore, the high vertical leakage associated with intra-
flow structures would impart-an anisotropy to this model system. This is
also a porous-flow-equivalent, continuum model.'

(3) An areally discontinuous, layered system bounded by high permeability
structures. In this conceptual -model, the layered basalt system is divided
into a series of discrete blocks as suggested by SCR Figure 3-52
(page 3.7-29). The blocks-are bounded by-vertically disruptive features
of high permeability (e.g., fault zones or tectonic breccias) which
provide a direct means of recharge and discharge to and from deep aquifers.
On the scale of the zone between the RRL and the accessible environment,
this is noncontinuum model for which the porous-flow equivalent numerical
modeling used in the SCR could yield erroneous and nonconservative flow
paths, travel times, and radionuclide fluxes.

(4) An areally discontinuous,'layered system bounded by low permeability
structures. In this conceptual model, the' layered basalt system is divided
into a series of discrete blocks separated'by low permeability zones which
impede lateral groundwater movement. The low permeability barriers might
consist of gouge zones along'major faults or might represent simple juxta-
position of low horizontal hydraulic conductivity units (e.g., a dense
basalt flow interior) against high horizontal hydraulic conductivity units
(e.g., a brecciated flow-top). As with case'3 above, this is a'noncontinuum
model, although' in this case containment of radionuclides might be excep-
tionally good, depending on the vertical leakage within a given block.

The importance of stratigraphic or structural changes in the lateral continuity
of individual basalt flows on groundwater flow becomes immediately evident if
flow is assumed to conform to the conceptualized stratigraphy. Any feature
which disrupts lateral hydraulic continuity will presumably interrupt normal
horizontal groundwater flow. A discontinuity like a fault or a fractured fold
axis could create a barrier to groundwater flow or provide a conduit for vertical
movement of groundwater (Newcomb, 1961) not feasible under normal layered condi-
tions. The presence of a direct vertical conduit among otherwise stratified
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zones could create discharge conditions for some zones and recharge conditions
for others, and significantly disrupt horizontal groundwater flow. A vertical
conduit could also "short circuit" normal flow paths and travel times of radio-
active contaminents resulting in their premature and unpredicted release to the
accessible environment. The presence of significant changes in basalt intraflow
structure would also result in groundwater flow paths and travel times signif-
icantly different than those predicted by a stratified groundwater flow model.
Intraflow structures such as inverted fans or hackly entablature development
could significantly increase the vertical leakage between layers and reduce the
assumed confining nature of basalt flows to vertical migration of contaminants.

Recent work by Brown (1980) has indicated that the concept of a stratified
groundwater system may not be totally valid. Comparison of hydrostatic head
data with stratigraphy from a variety of locations within the Columbia Plateau
reveals that head changes expected as a result of stratigraphic isolation of
aquifers do not occur. Instead, thick basalt sequences containing several
laterally extensive basalt flows exhibit very little vertical change in hydrostatic
head. Significant changes are found to occur across zones of sedimentary interbed
material. These results produced a conclusion that structural and stratigraphic
discontinuities within basalt flows permit a much higher degree of vertical
groundwater flow than thought previously, and that sedimentary interbeds are
more important than basalt flows in limiting vertical groundwater movement.
Hydrochemical data in Hanford wells DC-6, DC-14, and DC-15 suggest that the
Vantage interbed may function in this manner at those locations.

If such a nonstratified concept is valid, then the potential effects of strati-
graphic and structural discontinuities are an inherent aspect of groundwater
flow conceptualization. The disappearance of a particular basalt flow, for
example, could mean the connection of two otherwise unconnected hydrologic
zones in the stratified model; however, if vertical interconnection already
exists among basalt flows, the pinching out of one unit would have a minimal
effect on hydrostatic head and related groundwater flow. Similarly, small-
scale structures which might vertically disrupt a stratified anisotropic
system are less significant in a more isotropic unstratified system.

Flow in the Cold Creek syncline could be significantly different than that
proposed in the SCR if a nonstratified conceptualization is valid. The
prospect of significant vertical leakage among basalt flows indicates that
recharge to and discharge from deep aquifers could be taking place in much
closer proximity to a repository horizon than in a stratified system.

Each of the above conceptual models is as likely an explanation of groundwater
flow as that proposed in the SCR. Currently the amount and reliability of
hydrologic data collected are limited such that it is virtually impossible to
eliminate any of these models. Clearly, depending upon the model chosen to
explain the collected data, groundwater flow and related contaminant travel
time could be interpreted as either highly beneficial or highly detrimental to
repository performance.

The conceptual model of groundwater flow in the vicinity of the RRL as presented
in the SCR is based upon horizontal layers of high and low hydraulic conductivity--
a stratified groundwater system. As such, structural and stratigraphic discon-
tinuities are especially important. The SCR descriptions of geology (Chapter 3)
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and hydrogeology (Chapter 5) indicate that structural and stratigraphic discon-
tinuities are present within the Cold Creek syncline. However, the study program
has not provided an assessment of their location and characteristics nor their
hydrologic importance. The problem is summarized in the following three statements.

(1) Significant structural and stratigraphic discontinuities have not been
fully identified using geologic and geophysical studies. Little is known
about small scale features such as intraflow structures, flow boundaries,
tectonic fractures and tectonic breccia zones. Presently, there are pro-
bably many undetected features. The predictability of such features is
poor if not impossible. The brief discussion presented above suggests that
indications of structural and stratigraphic discontinuities are present;
they are not seen as significant enough in the SCR to warrant detailed
investigation.

(2) Geologic and geophysical studies are limited in their abilities to charac-
terize adequately the complex nature of structural and stratigraphic
discontinuities in the basalts of the Pasco Basin. Therefore, it is
expected that features important to groundwater flow will remain poorly
understood even after the planned geologic and geophysical studies outlined
in SCR Chapter 13 are completed.

(3) The structural and stratigraphic discontinuities that have been identified
to date have not been adequately tested hydrogeologically at the scale of
the features. No large-scale state-of-the-art pump tests have been con-
ducted to obtain bulk values of either vertical or horizontal hydraulic
conductivity. The problem has been highlighted in several portions of the
RHO overview committee report (Domenico et al., 1981).

Consideration of potential effects of specific structural and stratigraphic
features on groundwater flow within the Pasco Basin yields an important
conclusion. This conclusion is that a basic understanding of how groundwater
behaves in a layered basalt sequence is lacking. This creates a fundamental
problem in evaluating the progress of current research and in producing an
accurate and realistic assessment of the effects of particular conditions on
the groundwater flow system. Consideration of some of the possible conceptual
models above reveals significant differences on the effects of stratigraphic
and structural discontinuities. Resolution of these differences cannot be
achieved until basic questions of how the basalt hydrologic system operates are
answered. Of even greater importance is the ability to assess repository
performance without a basic understanding of the hydrologic system.

4.3 Hydrologic Testing Program

The hydrologic testing program that has been followed in the Cold Creek syncline
area appears to have accomplished little in defining the groundwater flow system.
The program has involved predominantly single-hole, drill stem-packer type tests
which produces information on hydrostatic head and hydraulic conductivity for
selected thin zones within each borehole. The conductivity values obtained
appear to be of little use in defining hydrostratigraphic units or in determining
the effect of structural or stratigraphic discontinuities. There appears to be
little consistent correlation of these values among boreholes. While a higher
density of boreholes might provide additional information, it is unlikely that
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increased collection of these data will improve significantly the reliability of
the data and understanding of the system. Significant questions will continue
to exist concerning the applicability of the point values obtained from single
hole testing as being representative of the hydrologic system.

The pump testing program outlined in SCR Chapter 13 includes single, dual and
cluster borehole testing (pp. 13.3-39 and 13.3-41). The SCR testing program
is not sufficiently explained to judge the extent to which structural and
stratigraphic discontinuities will be identified and examined hydrologically.
Large-scale pump testing (affecting an area of 3 to 5 km2 (1.8-3 mi2) is needed
to help define subsurface discontinuities and provide an examination of hydro-
logic continuity within the Cold Creek syncline. Without this scale of testing,
it is not possible to achieve the level of understanding necessary for mathematical
modeling under the framework of hydrostratigraphic units. It is doubtful that
any holes other than clusters 16a, 16b, and 16c can be tested adequately.

5 CONCLUSIONS

(1) Significant structural and stratigraphic discontinuities have not been
fully identified using geologic and geophysical studies. Little is known
about small-scale features such as intraflow structures, flow boundaries,
tectonic fractures and tectonic breccia zones. Presently, there are pro-
bably many undetected features. The predictability of such features is
poor if, not impossible.

(2) Geologic and geophysical studies are limited in their abilities to
characterize adequately the complex nature of structural and stratigraphic
discontinuities in the basalts of the Pasco Basin. Therefore, it is expected
that even after the planned geologic and geophysical studies outlined in
SCR Chapter 13, features important to groundwater flow will remain poorly
understood.

(3) The structural and stratigraphic discontinuities that have been identified
to date have not been adequately tested hydrogeologically at the scale of
the features. No large-scale, state-of-the-art pump tests have been
conducted to obtain bulk values of either vertical or horizontal hydraulic
conductivity, or to detect discontinuities.

(4) A sufficient number of structural and stratigraphic discontinuities may
be presented within the Cold Creek syncline area to modify or invalidate
the basic conceptual model of stratified groundwater flow in basalts
presented in the SCR. Consideration should be given to alternative con-
ceptual models because the conceptual model in turn directs future data
collection and modeling efforts.

(5) The pump-testing program outlined in SCR Chapter 13 may not provide a
large enough scale to examine or detect structural and stratigraphic
discontinuities. Testing of hydrologic continuity is necessary for mathe-
matical modeling based upon the framework of hydrostratigraphic units.
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Figure L-1 Index map of the Hanford site and vicinity
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APPENDIX M

SEISMIC HAZARD AND SOME EXAMPLES OF HAZARD STUDIES AT HANFORD



The purpose of this appendix is to present a brief review of the steps necessary
to complete a seismic hazard study and to discuss examples of hazard studies
that have been undertaken for the Hanford region where the Basalt Waste Isola-
tion Program is located. In studying seismic hazards, we are interested in
calculating the probability that an earthquake or its associated ground motion
will occur at a site during a specified period of time. The exceedance
probability is the probability that over some period of time an earthquake will
generate a level of ground shaking greater than some specified level. The
return period is the reciprocal of the annual probability of exceedance.
Seismic hazard (probability) estimates are not meant to be used in a time
predictive manner but rather represent average estimates for long periods of
time. The following discussion will contain two parts. First, the discussion
will be centered on seismic hazard in general. Second, there will be a brief
synopsis of three seismic hazard studies that have been completed for the
Hanford region.

In general, seismic hazard is typically quantified as the probability (which
may or may not have a distribution) that certain size earthquakes (either
intensity or magnitude) or certain values of ground motion (such as peak
acceleration) will occur during given intervals of time. Steps which are
necessary to estimate the seismic hazard are: (1) the identification of
seismic source zones (could be a specific fault); (2) the quantification of an
earthquake occurrence model for each seismic source zone; (3) the quantifica-
tion of a ground motion relationship; and (4) a way of integrating numbers 1-3
to evaluate the seismic hazard at a site. Examples of programs by which
seismic hazard can be estimated are those of Cornell and Merz (1974) and
McGuire (1976).

An important part of completing a seismic hazard analysis involves the selection
of an approach to incorporate the uncertainty of all input parameters into the
analysis. In the definition of seismic source zones this includes all source
zone alternatives with a certain likelihood of being correct (degree of belief),
and the shape of each source zone alternative. For example, the existence of a
specific seismic source zone may be relatively certain but the exact shape of
the boundaries may be uncertain.

For the earthquake occurrence model the location and size of earthquakes for
each source zone must be quantified. This includes an evaluation of the
completeness of the seismic record for each zone. As an example, in one
seismic source zone a magnitude 4.0 event may have been detectable for the past
50 years, while in another zone it may be a magnitude 5.0 event in 50 years
because of a lack of seismic instrumentation in this region. In addition the
earthquake recurrence must be defined for each zone. This includes the mean
number of earthquakes and the size distribution. Uncertainty of the number of
earthquakes must be assessed along with the ratio of large to small earthquakes
(commonly called the 'b" value). For very long periods of time an important
factor may involve the likelihood that seismicity will increase or decrease
with time.
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In dealing with the ground motion attenuation relationship, the investigator
is usually faced with the problem that little if any strong ground motion data
is available in the region of study. A mean ground motion relationship should
be defined along with the uncertainty in this mean value. When little or no
data exist, other studies on attenuation can be used to help assess how strong
ground motion-will attenuate.

Two types of uncertainties exist in the parameters discussed above. These are
random and systematic uncertainty. Random uncertainty involves the independent
variability (inherent in nature) of a parameter from earthquake to earthquake.
An example is the peak acceleration variability given the same size earthquake
at the same distance. Systematic uncertainty involves the possible mistakes in
the assumptions of the hazard model. An example would be an incorrect mean
attenuation model or an incorrect seismic source zone. In completing a seismic
hazard analysis, it is common to keep these two types of uncertainties separate,
so a judgment can be made on the best estimate (with random variability included)
and the distribution about this best estimate due to possible systematic errors.

Through many different sensitivity runs, major assumptions and parameter choices
that lead to significant variations in the predicted hazard at the site in
question can be identified. Discussed below are some sensitivity results of
the Systematic Evaluation Program (SEP) (NUREG/CR-1582) and from studies by
Perkins (1981)..

As part of the SEP, a comprehensive study was undertaken by Lawrence Livermore
National Laboratory and the Tera Corporation to define the response spectrum
of different return periods at a number of power plant sites. This study
included the use of expert opinion (10 experts) in defining seismic source zones
and the amount of activity in each zone. Results of sensitivity tests from this
program are listed in numerical fashion below.

(1) The nearest seismic source zones to a site are the most important. Variabil-
ity in a particular source zone is particularly important if a site lies
within a potential source zone.

(2) In terms of seismicity, the level of seismicity was found to have relatively
little impact on the results. However, the relative size distribution
(the "b" value) was found to be important at long return periods. Including
the uncertainty in "b" values increases acceleration 30 to 50 percent at
return periods of 4000 years.

(3) In terms of the upper magnitude cutoff, this, like the 'b" values becomes
important at long return periods. A combination of a low "b" value and
high upper magnitude cutoff (causing shorter return periods for larger
magnitude earthquakes) was found to be very important at long return
periods.

(4) The ground motion attenuation model was found to be extremely important,
particularly in how one accounts for the amount of uncertainty.
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General conclusions from the SEP are that variations are greatest for longer
return periods--periods in excess of about 10,000 years. If extrapolation
beyond the existing data is required then significant differences could result
from small variations in input parameters.

Perkins (1981) has also studied the effect of changing return periods from
single parameter variations. He found that including the uncertainty in the
ground motion model increases the peak acceleration by a factor of 2 at return
periods of thousands of years or more. To get this level of increase in peak
acceleration from other parameters requires very drastic parameter variations.
For example, to double-the peak acceleration one would need a 10-fold increase
in level of seismicity or a change in the maximum magnitude from 5.0 to 8.5.
Perkins (1981) concluded that at long return periods, uncertainty in ground
motion swamps reasonable changes in seismicity parameters.

How do these comments impact the high-level waste repository (HLWR)? The answer
to this question will depend on how long a return period one requires for various
aspects of the HLWR. If the surface facility needs to be operational for about
100 years and the reliable confidence in return period is out to about 10,000
years, then a judgment on what peak acceleration has about a 1 percent chance
of occurring in 100 years can probably be made. However, if return periods in
excess of about 10,000 years are required, then the specification of design
values will require considerable judgment regarding the input parameters, or as
an alternative the design levels selected may be very conservative.

Discussed below are three seismic hazard studies which-have some information
on seismicity parameters of the Hanford region.

(1) Woodward-Clyde, 1980, "Factors Influencing Seismic Exposure of the South-
east Washington Region": In this study earthquakes are assumed to occur
only in source areas, not on specific faults or structures. The Hanford
area is in a diffuse source region except for specific source zones near
Walla Walla and Ellensburg. No uncertainty-is included in the definitions
of source zones or in the levels of seismicity and thus represent areas
where sensitivity tests could have been completed. In addition, the peak
acceleration values may not include uncertainty, although tests were made
to show what effects including this uncertainty would have (if they were
not included). Results of this study conclude that a mean peak accelera-
tion of 0.16 g has a return period of about 1200 years. For a 10,000 year
return period this would imply a mean acceleration of near 0.25 g.

(2) USGS Open File Report 8-471, 1980, "Probabilistic Estimates of Maximum
Seismic Horizontal Ground Motion on Rock in the Pacific Northwest and the
Adjacent Outer Continental Shelf": This report uses both geologic and
seismologic data to define seismic (seismogenic) source zones. Peak
acceleration values are not generated for the Hanford region, although
levels of seismicity are defined. This report suffers due to the lack of
sensitivity regarding the seismic source zones and seismicity levels assumed.
From the earthquake occurrence rates assumed, one finds that a magnitude
6.1 earthquake has a return period of about 14,000 years within 25 km of
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the HLWR. Where peak acceleration values are determined, these investigators
do not account for possible systematic attenuation difference between the
Pacific Northwest and California, and do not include ground motion uncertainty.

(3) Woodward-Clyde, 1981, "Seismic Exposure Analysis for the WNP-2 and WNP-1/4
site, Amendment 18 to the WNP-2 Final Safety Analysis Report": In contrast
to the 1980 Woodward-Clyde report, earthquakes in this analysis are modeled
as occurring on known geologic structures (faults). No earthquakes are
assumed to have the potential for occurring randomly (in a source zone)
and only faults within 50 kilometers of the site are thought to contribute
to the hazard. This approach allows for the incorporation of some
uncertainties and alternative hypotheses, including the tectonic model,
fault geometry, potential source segmentation, source capability, and
maximum magnitude on each fault. In addition, uncertainty is included in
the ground motion attenuation relationship. Shortcomings of this report
include the lack of sensitivity on the exclusion of alternative seismic
source zones, the lack of variability on earthquake recurrence on indi-
vidual structures, the potential that the level of earthquakes below a
magnitude 6.0 are underpredicted, and the possibility that the mean
attenuation rate is incorrect for the Columbia Plateau. The conclusion of
this report is that for the WNP-2 site, a peak acceleration of 0.25 g has
a return period of about 9,000 years (3700 years at 90 percent confidence
level). It is difficult to transfer this value to other areas in the
Hanford region because the peak acceleration value is sensitive to the
distance of particular geologic structures. For example, the Gable
Mountain structure contributes about 75 percent with the Rattlesnake
structure contributing about 16 percent for the WNP-2 site. For the HLWR
these numbers might change due to Gable being further away and Rattlesnake
being closer.

The NRC staff concluded (WNP-2 SSER) that sensitivity tests would have to be
completed before more confidence in the estimates of the ground motion hazard
could be made regarding the Woodward-Clyde report (1981). This is essentially
true for all three seismic hazard studies. It will be important to set a
target if a seismic hazard analysis is going to be used to help reflect a
design level for the HLWR. This means that it will be very difficult to have
high confidence in a particular return period from a seismic hazard analysis
unless sensitivity tests are completed showing which parameters have the
largest impact on the hazard. For the Woodward-Clyde report the return period
for the WNP-2 site is on the order of 1,000 to 10,000 years (a specific number
such as 9,000 would be difficult to support). For longer return periods the
spread in confidence on these return periods becomes even larger due to
uncertainty in the analysis.

In conclusion, seismic hazard analysis study is a powerful tool, particularly
in a region where there are no obvious seismic source zones, in assessing
relative levels of ground motion in a given region. It can be very useful in
helping assess a specific level of design for a site particularly if wide
ranging sensitivity tests are completed.
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APPENDIX N

EARTHQUAKE SWARMS IN THE COLUMBIA PLATEAU



The purpose of--this appendix-is to-present-a brief review of earthquake swarms
that have been recorded within the Columbia Plateau. The recognition that
swarms were occurring within the Columbia Plateau was concurrent with the start
of microearthquake monitoring in 1969.

An earthquake swarm is defined as a localized clustering of events in both space
and time in which the size and number of events gradually increases, then
decreases, with time, with no outstanding main shock (Mogi, 1963). Of partic-
ular importance is the cause of these microearthquake swarms, and how they may
or may not impact the siting of the high-level waste repository (HLWR).

Past swarm activity in the Columbia Plateau has been discussed by Pitt (1971),
Malone et al. (1975), Rothe (1978), and as part of Appendix 2.5J of Amendment 18
to the Washington Nuclear Project No. 2 (WNP-2) Final Safety Analysis Report.
This discussion will concentrate on the swarm earthquake activity within the
Pasco Basin. It is also assumed for this discussion that the HLWR will be
located just west of the 200W liquid waste disposal operation within the Cold
Creek syncline area of the Pasco Basin. The Pasco Basin is delineated by the
dotted line of Figure N-i.

Within the Plateau, swarm earthquakes are defined by a clustering of events in
both space and time. Swarms are typically localized to an area of a few kilo-
meters, within the upper 3 kilometers of the crust. Figure N-2 displays a plot
of swarm earthquakes are defined by Woodward-Clyde Consultants for the WNP-2
site. Within the Pasco Basin swarm events have occurred south-southeast of
Saddle Mountains, along the Columbia River (Wooded Island and north of Gable
Mountain and Gable Butte), and most importantly near the 200W disposal area
within 10 kilometers of the HLWR. Within these areas the largest earthquake
was the October 25, 1971 Mc=3.8 event at Coyote Rapids. Mc is a duration
magnitude (based-upon earthquake coda length) that was developed by the
University of Washington which roughly correlates with ML (Mc - ML = 0.40).

The largest earthquake near the 200W disposal area was the Mc=2.44 event on
September 8, 1979, while the largest swarm earthquake recorded in the Columbia
Plateau was the December 20, 1973 Mc=4.38 Royal Slope event.

Both Malone et al. (1975) and Rothe (1978) have concluded, based upon focal
mechanism solutions of individual swarm sequences, that slip takes place on a
number of different fault planes. Fault plane solutions also indicate that
slip is in response to a roughly uniform north-south compressive stress field.
There have been different ideas concerning the type of fractures this slip is
occurring on. Rothe (1978) suggests that slip takes place on columnar joints,
while Woodward-Clyde (1982a) favors slip along tectonic fractures within the
basalt. In either situation, any judgment concerning the size of future swarm
seismicity must take into account the uncertainty in the dimensions of potential
fracture surfaces that will be involved in any one swarm event.
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As shown in Figure N-2, it appears that the swarms within the Columbia Plateau
are not occurring randomly. However, no mechanism has been found which can
explain the cause of all the swarms. The Pasco Basin has relatively few occurr-
ences of swarms compared to the area to the north near the Saddle Mountains and
Frenchman Hills. One assumption is that swarms occur only on large anticlines.
However, swarms have not occurred on the topographic expressions of all the
largest known anticlines. In addition, some investigators have concluded that
they find no well defined planar trends that might define active faults
(Woodward-Clyde 1982a). Various investigators (Turcotte, 1975; Rothe, 1978;
Woodward-Clyde, 1982a) have suggested that groundwater level changes may be a
triggering mechanism for the swarm seismicity. As shown in Figure N-3, a visual
inspection reveals that the majority of swarm events have occurred in areas of
irrigation or in areas bordering (within 5 kilometers) irrigation. However,
this does not explain all the swarms because some swarms have occurred in
nonirrigated areas.

In general, the following items may facilitate the occurrence of swarms in the
Pasco Basin. The region must be fractured, the region is likely to have some
history of seismicity (many swarms have occurred repeatedly at the same place;
Wooded Island is one example), and the stress level must be relatively close
to the strength of the stressed material. With this in mind, the swarms (as
discussed below) may impact the HLWR in both the short term (construction
operation) and long term (life of repository).

The observation that swarms have occurred within 10 kilometers of the HLWR leads
one to the conclusion that fractures exist within this region, and that some
fractures are close to (or have exceeded) their failure strength. In the short
term, the mining operation may cause enough stress perturbations that inter-
sected fractures may move. This could result in degradation of the mine
openings or damage to mining equipment. In the long term, repeated movement
along fractures could lead to modification of the route or rate of groundwater
movement. It could be argued that an individual swarm event or sequence produces
only minor (fractions of centimeters) amounts of displacement. However, because
of the long life of the repository (1,000 to 10,000 years) it is possible that
many repeated swarms may affect the HWLR. Critical information will be obtained
during the exploratory drilling, determining the extent of fractures at the
HWLR.

The nature of the ground motion resulting from the occurrence of a swarm earth-
quake is difficult to assess. Ground motion is likely to be of short duration
and high frequency although the peak acceleration may be relatively high. For
example, Woodward-Clyde (1982b) has estimated 0.31 g (84th percentile) for a
ML = 4.0 event at a hypocentral distance of 3 kilometers. A study by McGarr

et al. (1981) has also documented short duration, high frequency, high peak
acceleration (up to 11.7 g) strong ground motion in the near field of small
magnitude earthquakes. McGarr et al. (1981) also observed that none of the
studied events significantly damaged the mining excavations where the ground
motion was observed. He suggested that it may be more reasonable to assess the
damage potential of swarm earthquakes in terms of peak velocity. A general
comment might be that if a particular system or component, either on the surface
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or in the subsurface, is sensitive to short duration, high frequency ground
motion, then more detailed investigations (to define more accurately the ground
motion conditions) may be prudent.

In conclusion, swarm earthquakes have occurred within 10 kilometers of the HLWR.
These swarms could impact the construction of the repository in the short term,
and could increase the route and rate of groundwater movement through the
repository in the long term.
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APPENDIX 0

SEISMIC GROUND MOTION AT DEPTH



In siting the high-level waste repository (HLWR) it will be necessary to assess
both the potential for free-field ground motion and ground motion at depth
(where a large portion of the facilities will be). The purpose of this report
is to assess available information on observations of ground motion at depth.
A large portion of this information is contained in the proceedings to the
Workshop on Seismic Performance of Underground Facilities (1981), although
attempts have been made to obtain empirical observations of ground motion at
depth (such as Vortman and Long, 1982).

In general, as discussed by Pratt (1981), McClure (1981), and Dowding and Rozen
(1978), there have been numerous observations that underground structures
suffer less damage than surface structures during strong motion shaking. A
large portion of this information, however, is qualitative rather than quantitative.
In general, damage to subsurface facilities can be caused by one or more of the
following: (1) damage by ground failure (landslide, liquefaction), (2) damage
from fault displacements, and (3) damage from strong ground motion (Dowding and
Rozen, 1978). Since the subsurface portion of the HLWR will be at a depth of
about 1 kilometer, ground failure can be essentially eliminated.

Dowding and Rozen (1978) have estimated the peak acceleration and velocity in
tunnels that have experienced seismic shaking. Their conclusion is dependent
upon McGuire's (1974) attenuation relationship. They conclude that at peak
surface accelerations which are expected to cause damage to surface facilities
(up to 0.40 g), there is little damage to tunnels. They also state that
"shaking damage can be eliminated by stabilizing the soil or rock around the
tunnel ... especially by improving the contact between the lining and the rock"
(Dowding and Rozen, 1978).

Stevens (1977) has studied the effects of earthquakes on underground mines.
He states that severe damage is inevitable when a mine or a tunnel intersects
a fault along which movement occurs during an earthquake. Damage due to shaking
may occur in the epicentral area and is least likely to occur in fresh competent
bedrock.

Various authors have documented (WCC, Iwasaki et al., 1977) that ground motion
decreases with depth. However, the majority of these recordings have been in
soil, whereas the HLWR will be in bedrock. Iwasaki et al. (1977) recorded
10 earthquakes at three depth levels (OM, 80M, 120M) in sandstone and siltstone.
In general, the ground motion at the depths of 80 and 120 m are less than at
the surface. In reviewing this sparse data, there is some slight indication
that the depth reduction factor may be magnitude and distance dependent (more
reduction for shorter distances or smaller magnitudes). The closest distance
of this data set is 40 kilometers.

A large amount of information on downhole ground motion has recently become
available from underground nuclear tests (Vortman and Long, 1982). Approxi-
mately 3,000 records are available, comparing measurements at the surface to
those at depths ranging from 61 meters to 762 meters.
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Comparisons (between surface and subsurface) have been made using vector peak
accelerations, velocity, and displacement; vector response spectrum; and
multiple peaks of vector acceleration, velocity, and displacement. Recordings
have been acquired in a variety of mediums such as alluvium, shale, limestone,
tuff, and granite.

Comparisons in Vortman and Long (1982) are tabulated for nuclear shots at Pahute
Mesa (Nevada Test Site) and are shown in the report figures for both Pahute
Mesa and Yucca Flats. For vector peak acceleration, velocity, and displacement
there is a trend of decreasing motion with depth (for all site conditions),
averaging to be factors of 1.92, 1.73, and 1.54 for vector peak acceleration,
velocity, and displacement at a depth of 300 meters. Similar reduction factors
are found for multiple vector peaks (such as the average of the highest 15
peaks) of acceleration, velocity, and displacement.

Ratios of vector response spectrum are also shown in Vortman and Long (1982).
These response spectra demonstrate that for a particular site, there are one or
two frequency bands that have very large reductions in the downhole ground
motion.

The data set of Vortman and Long (1982) is by far the most extensive set of
quantitative information on downhole strong motion recordings. The BWIP
applicant should closely follow the continued processing of this information
and assess what data can be used to estimate the reduction factors for the HLWR
at Hanford. One area for further work will involve the impact that these
recordings are from explosions instead of earthquakes. Are the results
transferable from one to the other?

The impact of potential fault displacement at depth can be initially assessed
when test drilling is completed. Until that time only qualitative statements
can be made, such as the synclines around Hanford tend to have less faults
compared to the anticlines.

In addition, it would be prudent for the BWIP applicant to attempt downhole
recordings (if possible) at the HLWR site. This would be the best quantitative
information on how ground motion (and at what frequencies) decreases with depth.

In conclusion, the qualitative information contained in the Workshop on Seismic
Performance of Underground Facilities (1981) along with the quantitative data
of Vortman and Long (1982) indicate that ground effects and amplitude decrease
with depth. Exact quantification of these factors for the HLWR at Hanford can
be best assessed by recordings at the BWIP site.
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1 INTRODUCTION AND PURPOSE

Cast steel and cast iron canisters have been identified by BWIP for storage of
radioactive waste in a basalt rock repository. Many studies of container
integrity have been made providing satisfactory fracture, corrosion fatigue
and uniform corrosion degradation rates (Charlot and Newby, 1982; Gause and
Newby, 1981; Molecke). This appendix reviews these degradation processes in
the context of a repository environment and waste package design identified in
the BWIP SCR. The objectives of this review are:

(1) To address a broad scope of corrosion types and mechanisms for corrosion
of waste canisters.

(2) To conduct a literature survey of both experimental and theoretical work
that can provide understanding to model corrosion mechanisms within a
basalt repository. Data bases used in the literature include the follow-
ing: Navy studies of brine corrosion; DOE sponsored investigations;
microbial corrosion studies; oxide characterization, integrity, and
adherence studies; investigations of radiation, heat transfer and hydrogen
overpressure effects on iron and steel; and symposia on localized corrosion.

(3) To identify and discuss probable failure modes and to estimate when
failures may occur as a function of canister design.

(4) To identify crucial uncertainties in our understanding of canister life-
time and thus indicate how to improve this understanding.

2 LITERATURE BACKGROUND

2.1 Theory

Corrosion is an electrochemical process which oxidizes metals. An electro-
chemical cell requires a potential (electromotive force) and involves an
oxidation (corrosion) reaction and a reduction reaction. Within this cell,
oxidation takes place at the anode and reduction at the cathode. For example:

Fe = Fe + 2e (dissolution of metal at anode)

H20 = OH + 1/2H2 (breakdown of water at cathode)

Electrons flow through the base metal from the anode to the cathode. The cir-
cuit is completed by ion migration through solution (or condensed moisture) in
contact with the metal surface. Oxygen often facilitates corrosion. Sources
of oxygen include 02 in air or water and electrochemical breakdown or radiol-
ysis of water. Electrical potential is provided by a differential in almost
any parameter of the system, e.g., chemical composition, pH, oxygen concentra-
tion, temperature.

Since iron is thermodynamically not favored as an ion in water when oxygen or
hydroxide is present, rust is precipitated from solution. "Rust" can take the
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form of an oxide, magnetite (Fe3O4) or hemitite (Fe203), a hydroxide, or some
other species, including potentially colloidal species in suspension. Thermo-
dynamic equilibria indicate which corrosion products will be stable in a given
system. For aqueous systems, Pourbaix diagrams applicable to systems in equi-
librium show stable regions at constant temperature and varying potentials
(Eh) and pH values. Figures P-1 and P-2 show corrosion and passivation behavior
for a pure iron system. These particular diagrams are an aid in predicting
oxide stability; however, their applicability in a repository situation is limited
for several reasons. First, Figures P-1 and P-2 are for a system at 250C while
repository conditions are calculated to range from 3000C to 650C. Secondly,
this is a binary system at equilibrium and unit activity. Repository condi-
tions will have chemical gradients, temperature gradients and stresses as well
as the added components of salts and dissolved hydrogen (due to radiolysis).
Figures P-3 and P-4 show the shifts in equilibrium lines due to (3) salinity
increase and (4) salinity and temperature increase. Furthermore, these dia-
grams do not address corrosion kinetics or mechanisms. Thus, in order to
predict oxide growth one must consider the possible corrosion mechanisms and
predict kinetics on the basis of theoretical extrapolation of short-term data.

2.2 Uniform Corrosion

Data. Rates for uniform corrosion in aqueous solution and soil calculated
from experimental data are listed in Table P-1 along with some of the key
experimental conditions. Most of these studies would indicate corrosion rates
are low enough so that a 25-30 mm thick overpack would protect the waste for
many hundreds of years. However, Southwell and Alexander (1969) found the
pitting rate to be about four times faster than the general corrosion rate
(i.e., a "pitting factor" of 4). Romanoff (1968) found a pitting factor of
11 in soil. Accelerated localized corrosion mechanisms will be discussed in
more detail later.

Rates for uniform corrosion of carbon steel in air and steam are listed in
Table P-2. Since these data were obtained at temperatures higher than repository
conditions, the corrosion rates are probably also higher unless the mechanisms
are different. This study also suggests that air and steam would corrode a
canister less than 1 cm during the cansiter's first 100 years in a repository.

Charlot and Westerman (1981) have also compiled a table of penetration depths
of cast iron and carbon steel under acid, alkaline and neutral water and soil
conditions (see Table P-3). They find that if one allows a corrosion factor of
5, a canister would need to be 1.9 to 3.3 cm thick to last 1,000 years.

Radiation Effects. Physical effects will also cause alterations in predicted
corrosion rates such that they may not be expected to meet regulatory crite-
ria. Radiolysis is one such effect. Byalobzhesky (1966) states that radiation
increases the rate of atmospheric corrosion of iron 10 to 100 times. He found
the variation in increase rates K to depend on three factors.

K = F(Er Ed, Eph)
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Ed is a measure of the effect of defect creation in the metal and oxide'(which

is almost entirely controlled by fission fragments and neutrons, and conse-
quently is a negligible effect in waste solutions). Eph, the photo-radiation

effect, is not generally considered important in these applications, although
it can raise oxide conductivity and thus accelerate corrosion somewhat. Er,
the effect of radiolysis, will be the most important influence of radiation in
this study. The result of radiolysis is a shift in chemical potential of the
corrodant due to radiolytic products.

Glass (1981) has reviewed radiolysis of water in connection with nuclear waste
storage in repositories. He concludes that water irradiated by gamma-rays
yields primarily the following distribution of products:

g(HW) = 0.60*
g(H2) = 0.45
g(H202) = 0.75

g(H30+) = g(e eq) = g('OH) = 2.6 + 0.3
g(H20 ) = 0.02
(02 absent)

These figures are roughly independent of pH (Glass,-1981). However, if any
dissolved oxygen is present, the concentration of hydrogen peroxide and other
oxidizers will increase by two orders of magnitude when 02 concentrations
increase from 0 ppm to 1.5 ppm (Townsend, 1981).

Radiolysis will'also affect gases trapped in the backfill near a container.
Glass (1981) predicts radiolysis products of air to include ionic oxygen

(02+, 02, 04*°, 04 ), ionic clusters (02 (02)n), and ozone (03). Oxides of
nitrogen will also be formed: N205, NO3, N203, N204. This will result in
nitric acid presence in wet oxide films. Water vapor will not-be affected by
radiolysis to any great extent due to the efficiency of back reactions for the
intermediates.

In sum, gamma radiation will result in several simultaneous changes in the
iron system. The production of hydrogen will tend to reduce corrosion by
creating a reducing atmosphere. The presence of strong cathodic depolarizers
such as H202 and 03 will greatly enhance corrosion. The hydrogen will most
likely diffuse out of the system leaving an oxidizing environment.

Molecke (1981) shows that the overall effect of radiation is to accelerate
general corrosion rates. Table P-5 shows Molecke's data on the effect of gamma
radiation on carbon steel in harsh brines. If salts dissolved in basalt water
are concentrated by evaporation (due to the heat from the waste products) prior
to full resaturation, containers may well be subjected to conditions similar to
those in brines.

*g(x) = A primary yield established by inference. G(X) = the total yield
established by observation. G = 100/w x m/n where w = energy used/ion pair,
m = molecules altered, n = ion pairs formed.

P-3



Heat Transfer. Another important parameter affecting corrosion is heat flux
at a corroding surface. Stepanov and Strokan (1981), in their studies of heat
transfer walls holding seawater in desalination plants, show that increasing
the heat flux at a metal increases its corrosion rate. This occurs for several
reasons:

(1) It accelerates diffusion processes and electrochemical reactions.

(2) It changes the degree of protection provided by passivating layers.

(3) It produces thermogalvanic cells (with hot spots acting as anodes).

(4) It produces thermal stresses.

(5) It promotes salt deposition on or near the heat transfer surfaces and
hence concentrates brine altering Eh and pH.

Even at small heat fluxes, the corrosion of carbon steel has been shown to
increase markedly. Pits are also shown to develop at temperature differentials
of 15-20 degrees (Stephanov and Strokan, 1966).

Butler and Ison (1961) propose that under heat transfer conditions the type of
attack may differ from that of general corrosion. Under acidic conditions,
they cite corrosion rate increases of 1100 percent for samples under a thermal
gradient along the metal surface, compared to those in isothermal conditions.

Yasuda et al. (1982) also show that in caustic solutions, carbon steel is corroded
under heat transfer conditions, although carbon steel may be passive isothermally.
Localized corrosion is found to be the dominant corrosion mode in dilute solu-
tions under temperature differentials of 1.70 to 12.40C. (These differentials
correspond to thermal fluxes of 4 x 104 and 4 x 105 kcal/m2-hr, respectively.
The test solution has 0.1 m NaOH which yields 4000 ppm anions. This is nine
times more concentrated than fresh basalt water and also contains dissolved 02-)
After 50 hours, pitting depth ranged an average 5 to 10 pm with a maximum pit
depth of 40 x 10-6 m.

Results from these articles do not allow one to quantify the expected increase
heat transfer will cause in predicted corrosion rates in a repository. However,
the testing for this effect is indicated. In addition, steam boiler technology,
not reviewed here, provides a wealth of long-term data for carbon steel perform-
ance in anoxic alkaline water. This data should be reviewed, particularly the
data concerning corrosion under sludge deposits, since this may be typical of
the environment created by the backfill.

Oxide and Backfill Properties. Another factor which may modify corrosion rates
is variation in iron oxide properties over time or under dynamic conditions.
Key properties in determining oxide protectiveness are:

(1) conductivity of bentonite or other backfill as well as the wetted porous
corrosion scale on the iron,

(2) adherence and integrity,
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(3) solubility of oxides and other corrosion products,

(4) chemical/physical structure.

Because corrosion is fundamentally an electrochemical process, electrical con-
ductivity of a saturated bentonite clay mixture is a key parameter in determin-
ing the corrosiveness of the basalt repository system. Evidence from ship wrecks
buried in deep sea beds (Johnson and Francis, 1980; Barkman, 1977) and steel
piling corrosion tests in Danish harbors (Arup and Glatz) indicate very slow
general corrosion rates for cast iron in saturated soils although some cannons
and ship hulls are pitted through. Logan (1963) shows that in soils corrosion
decreases rapidly with increasing resistivity (see Figure P-5). Considering a
saturated bentonite clay in the perspective of this chart, one can assume an
upper bound conductivity of pristine basalt water of 1,250 pmho-cm (Anderson,
1981). This places basalt in the 5 mg/dm2-day range, a low corrosion rate
relative to soils of higher conductivity. However, this is just an estimate
of bentonite conductivity. Data should be gathered to include effects such as
radiolysis. A potential source for these data are studies involving the cathodic
protection of cast iron piping in soils. For example, it is known that a current
density of 0.1-5 mA/cm2 is needed to electrically connect pipe with a sacrificial
anode (Pourbaix, 1973).

In addition to the conductance of the backfill, the flux of ions through the
oxide film on the waste canister will be proportional to the corrosion rate
of the base metal. Thus, a porous oxide-will be less protective than a dense
layer with fine pores (Feigenbaum, 1978). In addition, if an oxide conducts
electronically, the potential gradient across the oxide will be kept at a minimum,
thus reducing the protective quality of the film. Table P-6 compares density,
conductivity, and other characteristics of iron oxides (Anderson, 1981).

In sum, knowledge of the range of porosity and resistivity of actual corrosion
films on canisters would be desirable as an aid in predicting the protective-
ness of the iron oxides and hence in determining a corrosion rate correlation.

As straightforward as this may appear, determining the morphology of the corro-
sion film that will be present on a canister in a repository in order to run
tests on it is not a simple matter. First of all, canisters entering a reposi-
tory will have an oxide already on them. This oxide will have been formed
after canister fabrication. Then the canister will be heated to 10000C as the
vitrified waste is poured into it, and will slowly cool to a temperature deter-
mined by a balance between the internal heat generation and heat transfer mech-
anisms. The nature of the oxide film formed is unknown. However, one can guess
that it may be similar to a mill-scale left on steel plates after hot rolling.
Evans (1960) points out two possible scenarios in corrosion under mill-scales.
If the mill-scale is loose, cracks in the film may initiate localized attack,
but this attack will undermine the flakes of scale to produce a smooth
protective general corrosion film. On the other hand, in cases where mill-
scale is very adherent, aggressive pitting will occur at cracks and may lead
.to spalling.

To illustrate the degree to which surface condition may affect corrosion rate,
Southwell et al. (1960) exposed unalloyed low carbon steel to a tropical marine
environment for 8 years. They found that a pickled surface was about 10 percent
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more protective than mill-scale against uniform corrosion and about 15 percent
more protective against pitting. Contrary to these results, however, Butler
and Ison (1961) found that pitting depth increased by a factor of 2 for a pickled
surface over an untreated surface (Butler and Ison, 1961). A 4-month Belgian
study of cast irons in a humid clay atmosphere showed a corrosion increase
from 51 mg/dm2 weight loss to 234 mg/dM2 for grade 42 iron when mill-scale was
removed. Similarly, grade 60 iron corrosion increased from 88 to 275 mg/dM2
when mill-scale was removed (Dresselaers).* All that can be concluded from
these studies, then, is corrosion depends on the nature of the scale (Evans,
1960). Canister processing may need to be tailored to produce a desirable
scale. Corrosion tests should include the scales expected on production
containers.

Assuming an optimal corrosion film, to determine long-term behavior in a
repository, specific information is needed about scale adherence properties,
integrity (ability to withstand stresses without cracking or undulating) and
the chemistry of local repository water attacking cracks in the film.

Within the literature, there are discrepancies as to whether or not a high
temperature and alkaline environment will produce an adherent scale. Huijbregts
et al. (1972) have shown evidence that at 2500-3000C, solutions which are either
deaerated (4 ppb 02) or undeaerated and weakly alkaline (3 x 10-2 to 10-5 N
NaOH), produced loose spalling oxide (Huijbregts, 1972). In a similar 3-month
study, Potter and Mann (1960) saw some spalling on samples, but not all. The
double-layered oxide formed in this experiment was described as partially
protective. Testing conditions were 5-20 wt% NaOH, 250-3550C on mild steel;
rate kinetics were parabolic (Potter and Mann, 1960). Effertz (1972) has found
oxide to be double-layered and protective without spalling when produced by
high-pressure water or superheated steam (250-600'C) at 30 ppb 02- Steam and
water formed oxides of different morphology, but both formed in accordance with
parabolic rate laws (Effertz, 1972). Alloying elements also affect the adherence
of an oxide film. Chromates-in stainless steel and silicates in wrought iron
form very tight protective films (personal communication from Ronald Latanision,
1982; and Butler and Ison, 1961). In plain carbon steels and irons, however,
Tylecote (1960) indicates that the higher the degree of purity, the more
adherent and strong the corrosion film. He attributes this to a decrease in
preferentially oxidizable impurities accumulating and causing stress at the
metal/oxide interface (Tylecote, 1960). The level of purity to which Tylecote
refers is spectral grade, and thus this may have little application to the
large-scale manufacture of waste containers.

Many studies indicate very little difference in the corrosion behavior of low-
alloy steels versus the irons (Huijbregts, 1972; Reinhart, 1965). However, in
soil media, grey iron has been found to be more protective than malleable irons
by a factor of 10 (Bureau of Reclamation, 1965). Grey iron is also superior to
ductile iron or carbon steel in uniform corrosion, although it is much less
resistant to localized attack (Hudson and Watkins, 1968). The corrosion of grey
iron, however, may be more a function of the integrity of the graphite matrix
left after graphitization processes have leached out the iron than a function

*Note if comparing these data to rates in Table P-1, Dresselaers added an
artificial defect to his specimen.
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of low corrosion kinetics (personal communication from Ronald Latanision, 1982;
Butler and Ison, 1961). Thus, in the presence of radiolysis and heat transfer,
which make electrolytes more aggressive, it is better to use a material such
as a carbon steel which is not vulnerable to graphitization (dissolution of
the metal in cast iron to produce a "skeleton of graphite flakes").

Determining the solubility of oxides and chlorides in basalt water will be
important in determining loss of iron that does not add to further protection
via corrosion film (Berge, 1977; Gadiyar, 1980). Gadiyar and Elayathu have
studied corrosion in terms of percentage of adherent oxide. Their figures show
about 70 percent adherence (i.e., about 30 percent loss to environment; see
Table P-1 for experimental conditions) (Gadiyar and Elayathu, 1980). Similarly,
Huijbjegts et al. (1972) show about 50 percent nonadherent oxide. A probable
mechanism to explain this loss involves the oxidation of iron to ferrous hydroxide

(Fe(OH)2). Ferrous hydroxide is usually ionized as Fe and OH ions making it
highly water soluble (see Table 6). At ambient temperatures and anoxic conditions,
ferrous hydroxide is the primary corrosion product (Bloom, 1960; Linnenbom, 1950).
At high temperatures (60-250'C), ferrous hydroxide will rapidly oxidize to
magnetite via the Schikkor reaction:

3Fe(OH)2 = Fe304 + H2 + 2H20 (Linnenbom, 1950)

This may occur near the substrate and magnetite will precipitate on the existing
oxide film as a loose, flakey oxide (Huijbiegts, 1972) or it may occur at some
distance from the metal (Gadiyar and Elayathu, 1980).

The Schikkor reaction is also reversible and, in a hydrogen-enriched atmosphere,
magnetite is susceptible to partial reduction to ferrous hydroxide (Berge, 1977).
Under experimental conditions simulating a PWR loop (high temperature, alkaline,
low 02 level), the soluble iron content was found by Berge et al. (1972) to be
proportional to the concentration of dissolved hydrogen to the power 1/3. Other
experiments have derived lower values for percentage soluble iron produced by
H2 (Berge, 1977). An additional possibility in this situation is complete
reduction of magnetite back to iron (Barkman, 1977). Magnetite reduction, however,
would not be expected in a repository.

2.3 Localized Corrosion

Localized attack, more specifically pitting or crevice corrosion, is mecha-
nistically similar to uniform attack. An oxygen concentration cell is estab-
lished with a small oxygen-starved anode and a large oxygen-rich cathode. The
anode is kept from contact with the bulk electrolyte by a long narrow transport
path in a crevice, or a thin mushroom film of corrosion products over a pit.
The absence of oxydizer within these occluded cells allows the hydrogen ion
concentration to rise and attracts aggressive ions such as chloride into the
pit to maintain electroneutrality. Acid, usually hydrochloric acid, builds up
in the anode accelerating metal dissolution (Pourbaix, 1973; Gadiyar, 1980;
Piccinini, 1971).

Pitting is a disease of passivity; in pitting, passivity breaks down on a local
basis with the result that a very low rate of general corrosion is combined
with very rapid corrosion in a few localized areas.
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Figure P-6 shows the effect chloride ions at 355 ppm have upon the Pourbaix dia-
gram. In comparison, Table P-7 shows anion and cation concentration levels in
basalt water. In addition to chloride ions, the only other potentially aggres-
sive species is fluoride (Newby et al., 1982). However, Ogura and Ohama have
found that fluoride ion does not induce pitting in iron even at concentrations
of 950 ppm (Ogura and Ohama, 1981).

Propagation. Many factors render metals susceptible to localized attack. These
include defects and microinhomogeneities within the oxide, stresses within the
base metal, and surface abrasions (Evans, 1980; Townsend, 1981; Kruger, 1982).

Mechanistically, there are many explanations to account for protective film
breakdown and the establishment of an autocatalytic occluded cell. Kruger and
Hardman have compiled and assessed these theories. One that seems particularly
applicable to pitting in iron is due to Galvele. Pits are assumed to initiate
at transient breaks in the film produced by mechanical or electrochemical means.
Before the oxide has an opportunity to heal the passive layer, hydrolysis
occurs, lowering the local pH. If acidification at this point is sufficient
to prevent repassivation, the pit will grow. If conditions can be specified
well enough using a Pourbaix diagram one can estimate regions at which metal
dissolution can occur and the pits that will exclude repassivation. This
allows one to gather insights into the pitting rate as a function of potential.
This model explains the existence of empirically established Pourbaix protec-
tion potentials as well as corrosion or open circuit potentials characteristic
of metals (Pourbaix, 1973; Galvele, 1978).

A crevice corrosion model particularly applicable to iron is the four-stage
model proposed by Oldfield and Sutton (Oldfield and Sutton, 1978):

Stage 1: Uniform corrosion reactions take place both within and without
the crevice. Eventually, corrosion products build up in the crevice
providing only a tortuous diffusion path for oxygen. Inside the crevice,
oxygen supply is depleted and a concentration cell is established. (Note
in the pitting model this is analogous to the production of corrosion
products around a pit.)

Stage 2: Metallic dissolution continues within the crevice; ferrous ions
scavenge hydroxides; hydrogen ion concentration rises. Reduction of
oxygen continues outside the crevice. Chloride ions migrate into the
crevice to maintain electroneutrality. Ferric (formed from passive iron)
and ferrous (formed from active iron) ions combine with chlorine ions.

Stage 3: The concentration of Cl and H within the crevice reaches a
level that prevents any repassivation of oxide on crevice walls. Accel-
erated corrosion begins.

Stage 4: Crevice corrodes rapidly. Hydrogen may evolve leading to
hydrogen embrittlement and stress corrosion cracking even in iron
(Townsend, 1981; Oldfield, 1978).

If crevice geometry, critical HCl levels to inhibit repassivation and passivat-
ing current can be specified, this crevice corrosion model can predict one of
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two outcomes: (1) pH level will be controlled by mass transport of FeCl2 from
the crack, or (2) pH will drop further and corrosion rate will accelerate
(Rosenfeld and Danilov, 1967).

Given the presence of chloride ions, the necessity of welds or mechanical clo-
sure for canisters, and the geologic periods of time for which container integ-
rity must be maintained, occluded cell corrosion is of very serious concern.
The models above are difficult to apply quantitatively, since repository condi-
tions cannot be accurately specified at this time. However, one can predict
that the conditions for occluded cell corrosion will occur. Defects within an
oxide layer cannot be completely avoided even under the best of conditions.
Chemical microinhomogeneities can be drastically reduced by vacuum arc remelting
or electroslag remelting of the carbon steel/cast iron to remove impurities.
Yet localized stresses and scratches cannot be avoided. Stresses, particularly
in the heat-affected zone about a weld, are perhaps the most severe weakness
in a canister. Cramer and Carter (1979) provide data for carbon steel weld
corrosion in dearated, hot, harsh brine (primarily NaCl; see Table P-8). The
weld itself corroded at rates similar to the control specimen. However, in
the heat-affected zone, corrosion rates as high as 920 pm/year (for E7016) are
reported (Cramer and Carter, 1979).

The welds analyzed in Table P-8 are in a solution far more saline and acid than
is expected for a basalt repository. However, these specimen are small
(2.5 x 2.5 cm) and show a -5 percent to +43 percent change in corrosion damage
(Cramer and Carter, 1979). Similar changes might be expected for the thick welds
(up to 25 cm) considered in the past for BWIP.

Cramer and Carter also ran a field test on these welded specimen for 45 days.
Carbon steel suffered very deep pitting, particularly in the heat-affected zone.
The 4130 steel was penetrated in the heat-affected zone in both brine and
steam (Cramer and Carter, 1979). Because the general corrosion rates in geothermal
brine are so high, pitting factors were low relative to Romanoff's data (note
ratio of pitting to general corrosion rates for data in Table P-i), which range
from 2.2-4.8. However, these geothermal brines cannot readily be used to
model behavior in basalt, particularly since it is not known to what extent
dissolved gases (C02, S02, etc.) were responsible for corrosion rates.

Mechanical closure will also provide a crevice for occluded cell attack. If the
closure is sealed with a weld, one can calculate from the weld thickness the
time needed for general corrosion (or more quickly, localized) processes to
expose the weld to the bulk electrolyte.

Scratches provide sites for attack because of the stresses induced in the metal
when they are formed. Tensile stresses will render part of the metal anodic
relative to the unstressed areas. These stresses can crack the oxide layer,
leaving the metal exposed to attack (Evans, 1960). Evans (1960) notes that
scratches repassivate in iron more readily than in steel (Evans). However, with
Mears he found that if a scratch has a load on it, probability of corrosion
occurring increases (19 to 52 percent with a mass increase from 100 to 800 gm)
(Mears and Evans, 1935). Loaded scratches will be present in a repository. For
example, a current BWIP design places canisters on two metal railings (see Appen-
dix A, Figure A-19). Minor loads produced by crushed basalt pressed against the
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container by a water-swollen backfill may not severely affect general corrosion
rates, although they could be sites for localized corrosion.

Growth of Pits and Crevices. Ultimately, one should assume that pits will
propagate on waste containers. Then one is left with the question of how fast
and how deep these pits will grow. Factors that control pitting have been
analyzed using extensive data taken at the National Bureau of Standards. Newby
(1982), following much earlier work by G. N. Scott (API Bulletin 1933),
rationalized this data by the following equation:

P = K K (10 - pH)n(t/p)nAa

where: K = soil aeration factor. 170, 222 or 355 for soils that
are well, fairly well, and poorly aerated, respectively.

K = 1.06 for steel and 1.40 for cast irona

n = soil aeration power 1/6 for well aerated soils
1/3 for fairly well aerated soils
1/2 for poorly aerated soils
2/3 for poorly aerated soils with

soluble corrosion products

t = time in years

p = soil resistivity in ohm-cm

A = exposed surface area in ft2

a = 0.16 for steel and 0.22 for cast iron

In a repository environment radiolysis can, at least in principle, reduce local-

ized corrosion rates. Radiolysis in a crevice can consume H at the same time
it increases the pH in the crevice and the H202 reduces the differential by the
reaction:

2H2 02 = H2 0 + 02

Both consumption of H+ and production of 02 in the occluded region tend to slow
further corrosion. In addition, these conditions establish a protective oxide
film on the inside of the occluded cell (Pourbaix, 1973; Townsend, 1981). In

other words, the repassivation effects of the 02 will compete with the Cl break-
down effects. Townsend puts these protective mechanisms into perspective by
showing that additions of NaCl at 1 ppm overcome the passivating effect of
3000 ppm H202 (Townsend, 1981).

Radiolysis will also supply H2 and H+ within a pit (Glass, 1981). Hydrogen

radical will readily combine, perhaps with the H available in solution to
produce hydrogen. Also, if the hydrogen potential inside the pit is low enough
to generate hydrogen gas from the solution, then anodic reactions will produce
H2 (Pourbaix, 1973). The effect of H2 from either or both of these sources
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will be to restrict the decrease in pH (by scavenging excess H+). However, it
may lead to hydrogen embrittlement and to increased solubility of magnetite
(Townsend, 1981; Berge, 1977).

What the net effect of radiation on localized corrosion will be in the long
term is still unknown.

The conclusions drawn from a literature assessment of localized corrosion
indicate that analyses upon which licensing decisions are to be based need to
be highly specific and incorporate as many aspects of the system as possible
(i.e., welds, radiation, electrolyte and steam flow, dissolved gases, pressure).
If it is possible, field testing should verify failure modes and corrosion
rates (personal communication with P. P. Carter, 1982).

2.4 Stress Corrosion Cracking and Hydrogen Embrittlement

Metals subjected to tensile stresses in certain chemical environments can fail
through crack propagation. There are two such phenomena likely to be of concern
in waste containers: hydrogen embrittlement and stress corrosion cracking.

The distinctive feature of these phenomena is that they cannot be allowed for
in a waste package design, and they must be guarded against. The point is
that reasonable selection of materials can make allowance for general corrosion
and even for pitting corrosion; but, even rather slow cracking failures propa-
gate at velocities measured in millimeters per hour, and a waste container
vulnerable to such failure but proof against it because of overdesign would,
for a 300-year containment requirement, have to be hundreds of meters thick.

The mechanism of neither of these processes can be described as fully understood,
in part because we lack an adequate understanding of fracture in plastic mate-
rials. However, from the standpoint of high-level waste disposal, the basic
points are fairly straightforward. Hydrogen embrittlement is generally a prob-
lem of transition metals and alloys; hydrogen uptake by these metals and alloys
depends on the hydrogen fugacity in the environment, and thus is severely
aggravated by radiolysis; and much conventional wisdom about such embrittlement
(e.g., the desirability of having inclusions to act as traps for hydrogen) is
based on the unspoken assumption that the alloy will be exposed to hydrogen
for relatively brief periods and will not become saturated. This assumption,
which is rarely stated explicitly in analyses and prescriptions, is wrong in
this situation and both DOE and NRC must guard against accepting arguments based
upon it. Both iron and titanium alloys are vulnerable to hydrogen embrittlement,
titanium alloys being much worse affected.

Stress corrosion cracking (SCC), on the other hand, is more likely in iron than
titanium alloys, especially if carbonate ions are.present in the groundwater.
In general, SCC is more of a problem in alloys than pure metals, but we have
not found any study of whether SCC exists in pure iron. There are carbonate
ions present in basalt groundwater and these will be concentrated by thermal
effects. In some cases, it is possible to have a noncarbonate-based stress
corrosion cracking called "caustic cracking" in iron alloys, which typically
occurs in very basic environments.

While in principle we have no certain way of excluding stress corrosion cracking
for iron or titanium containers in most repository environments, there are
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practical things which can be done. It is possible to use slow-strain-rate
tests to establish a stress level which offers some degree of assurance that
SCC will not be a problem. Superficially, this offers a solution: just deter-
mine the stress level which will offer some security against SCC, and design
to keep stresses below this level. This simpleminded approach fails for two
reasons: first, there will almost certainly be a broad statistical spread in
repository conditions, which means that some containers will be in a quite
different stress state from the nominal one; and second, the governing stress
is a local stress, and reflects not only stresses exerted by the environment but
also thermal stresses, radial stresses from fabrication, stress concentrations
at irregularies (weld heads, for example), etc. Thus, the problem of offering
assurance against SCC is quite a complex one.

2.5 Galvanic Corrosion

Galvanic interactions are caused by metals in electrical contact and having
different corrosion potentials, thus establishing an electrochemical cell.
There should be little reason to worry about this, however, if waste canister,
overpack, and metal rail upon which the canister is to be seated are all
made of the same material. Weld metal should also be chosen with care to avoid
galvanic potential. However, if a titanium overpack is used and it comes into
electrical contact with iron, iron will be anodic. Ferrous ions will be pro-
duced and react with water to form hydroxides. This will release hydrogen
which will embrittle the titanium.

2.6 Bacterial Corrosion

Microbial-induced corrosion is a major concern for subterranean metals. In
Belgian mines, for example, over a 90-year period, 50 percent of the corrosion
to iron was believed to be attributable to bacterial action (Dresselaers,
undated); the bacteria in question are usually anaerobic, so the limited
oxygen in repositories is not a problem for them.

There are at least three different mechanisms by which the bacteria accelerate
corrosion. First, they generally produce oxidizing species which are chemically
aggressive. Second, they act to depolarize the cathodic hydrogen generation
reaction and thus accelerate cathode-limited corrosion processes. Third, they
create differential aeration cells by producing small pipes in the metal, called
"tubercul es."

While the waste containers are dry, bacteria cannot be expected to be a factor
in corrosion, and the radiation field will probably prevent the bacteria from
acting as depolarizers or forming tubercules for a significant period. However,
these effects may not be insignificant for times in excess of 300 years, and
the action of bacteria in generating oxidizing agents must be considered even
if the immediate vicinity of the containers is too "hot" radioactively, since
the bacteria can generate oxidizing species in regions where the radioactivity
level permits them to live, and these species can then be transported to the
containers by groundwater.
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2.7 Conclusions

In summary, several conditions present in a repository will accelerate on
corrosion rates. These are heat transfer gradients, radiation, and oxygen
supply from air shafts.

(1) Heat transfer will not only accelerate corrosion due to its effect on the
metal canister itself, but it will also concentrate, to an unknown extent,
the salts dissolved in repository waters. A best-case scenario would be
to assume that this concentration will be negligible; a worst case is to
assume that the waters reach saturation.

(2) Radiation is known to accelerate general corrosion. Its effects on local-
ized corrosion have been conjectured, but not proven.

(3) Oxygen supply, even in very small amounts, will have large effects on
corrosion rates. In trying to estimate these effects, one can expect that
oxygen will constitute 20 percent of the air prior to backfilling. Supply
will diminish over time, although there is question as to when premining
conditions will be reestablished.

Occluded cell corrosion is expected to be the dominant mode of corrosive attack.
Of principal concerns are pitting in the heat-affected zone around a welded
closure as well as crevice corrosion in a mechanical closure and in loaded
scratches such as those created by containers on metal railings or under loads
induced by the packing materials. Accelerated pitting factors* may be expected
to range from 1-4 in a best-case scenario (Braitwaite, 1980, derived from 02
free basalt water data) to 11 (Romanoff, 1968, derived from soil corrosion data).
However, in some cases pitting factors are not useful at all. For example, in
some copper alloys it is possible to have very severe pitting with extremely
small general corrosion rates. As a practical matter, where the metal shows
considerable passivity, pitting must be considered separately and not accounted
for by use of a "pitting factor."

General corrosion, whether its rate follows a linear or parabolic law, should
not be a concern as a failure mode. The only concern would be the statistical
distribution of container failures. Even if the average corrosion rate predicted
for the canisters is satisfactory, an unacceptable number might fail to meet
regulatory criteria within the lifetime objective.

Stress corrosion cracking and hydrogen embrittlement must be considered in any
analysis of corrosion of iron or steel canisters; these failure mechanisms
require extensive research on the part of both DOE and NRC, especially consider-
ing that the time frame involved in waste repository problems is so much
different from those in more conventional problems.

3 REPOSITORY DESIGN

Provided here is a short summary of current BWIP research and development that
is specific to the environment of waste containers. While these proposed

*A pitting factor is the ratio of the pitting to general corrosion rate.
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designs do not necessarily reflect those that will be included in the license
application, they do provide the reader with an idea of design parameters as
well as a visual picture of a hard-rock repository and waste canisters.

Basalt is unusual in that the maximum horizontal stress in the rock is about
twice as large as the vertical stress. Thus, horizontal emplacement of canis-
ters into holes running between two large tunnels (drifts) is now favored over
vertical emplacement with boreholes in the drift floor. Figure P-8 illustrates
storage panels between drifts (BWIP Project View Graph, 1982). Figures P-7 and
P-9 give an example of a repository layout with dimensions.

Because of the requirements of 10 CFR Part 60 and in view of the complexity
and uncertainty in predicting the long-term reliability of geologic formations
on inhibiting radionuclide migration from the repository, engineered barrier
systems are being incorporated into repository design. These barriers are
designed to protect the canister from corrosion and mechanical rupture, to
inhibit leaching of waste from the canister, and-to sorb or fix any radionuclide
which has leached out of the canister. Waste is to be incorporated in a stable
ceramic/glass matrix within a canister. The canister is placed within a
buffer-lined overpack container. The container is emplaced and backfilled
(see Figure P-10) (BWIP Project View Graph, 1982; Smith, MI, 1980)

The idea of engineered barriers is supported by several current BWIP beliefs:

(1) Reversible backfill dehydration is a function of pressure.

(2) Reducing environment retards nuclide migration.

(3) Most radionuclides appear solubility limited.

(4) Reducing conditions rapidly reestablish via hydrothermal basalt reactions
(BWIP Project View Graph, 1982).

Items (1) and (2) are probably correct; (3) and (4) are important points but
BWIP beliefs are not adequately supported by data.

Figures P-11 through P-13 depict procedures for backfilling and sealing a
repository. In particular, backfilling the main shaft into the repository
(2,000 feet underground) will be important to prevent oxygen from diffusing
into the repository. Backfilling of the individual boreholes may be done
immediately once the canisters are emplaced, or a period of ventilation to
dissipate heat produced by cesium and strontium may be provided for up to
50 years prior to backfilling (BWIP Project View Graph, 1982).

4 CONTAINER DESIGN

The design concepts used by BWIP to develop a waste container are: waste pack-
age functions, emplacement conditions, and design description (i.e., horizontal
emplacement and simplified waste package). Tables P-10 and P-11 provide a view
on BWIP functional design criterion called "work elements." Tables P-12
through P-14 describe canister functions and predicted environment (BWIP View
Graph, 1982).
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The SCR refers to a simplified waste package utilizing 77-26 borosilicate
glass as the waste form, low carbon steel as the canister material, and
25 percent bentonite clay/75 percent crushed basalt backfill. It should be
noted, however, that other materials are being considered. Specifically, for
canister fabrication these are: titanium and ticode-12, inconel, hastelloy,
cupronickel, zircaloy, and stainless steel (Smith, 1989; BWIP View Graph,
1982). The reasons for concentrating on cast iron and carbon steel in this
study, in spite of their known high corrosion rates, are as follows:

(1) They are inexpensive and can therefore be used in large sections
(Chariot, 1981; Newby, 1982; Gause, 1982; Newby, 1981).

(2) They are easy to fabricate and most steel are easy to weld (Charlot, 1981;
Newby, 1982; Gause, 1982; Newby, 1981).

(3) Our knowledge of the characteristics and long-term reliability of carbon
steels and iron has been built up over centuries (Johnson, 1980).

Figures P-14 and P-15 provide an example of one canister construction and
emplacement design. In general, the canisters are prescribed to be very long
relative to their diameter. Proposed wall thicknesses range from 4 cm to
25 cm (BWIP View Graph, 1982; Newby, 1982; Newby, 1981).
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Table P-2 Corrosion of carbon steel in steam and air
(Metals Handbook, Vol. 1, 1961)

Penetration depth
Corrosive Temp. after 10,000 hrs Rate in
medium 0C Alloy (14 months) mm x 103 mm/yr

Air 454 A216 10.2 0.009
1029 14.5 0.013
1035 14.7 0.013
1116 33.0 0.029

Air 538 A216 40.6 0.035
1029 50.8 0.045
1035 38.1 0.033
1116 71.1 0.062

Steam 454 A216 8.64 0.007
1029 10.9 0.009

Steam 538 A216 66.0 0.058
1029 30.5 0.027
1035 96.5 0.085
1116 55.9 0.049

Alloy Identification

C Mn P S Si Cu Ni Cr Mo V

A216 .30 1.00 .04 .045 .60 .50 .50 .40 .75 .403
1029 .25/.31 .60/ .90 .04 .050 .35 -- -- -- -- --
1035 .32/.38 .60/ .90 .04 .50 -- -- -- -- -- --

1116 .14/.20 1.10/1.40 .04 .16/.23 -- -- -- -- -- --
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Table P-3 Corrosion of carbon steel in steam and air
(Metals Handbook, Vol. 1, 1961)

Materials: Cast iron and carbon steel
Environment: Anoxic brine

Overpack lifetime (years)*

500C 1000C 150 0C 2000C 2500C 3000C

2 x 108 2 x 107 4 x 106 9 x 105 3 x 105 1 x 105

*Lifetime defined as time to pit through a 30 cm overpack thickness and
simultaneously consume 7.5 cm by general corrosion. Equations used are:

(1) General
x (mm)

corrosion assumes parabolic kinetics:
32.6 exp (-2850/T(OK)) t(y) 5

(2) Pitting corrosion uses a pitting factor of 4
x (mm) 130 exp (-2850/T( 0K)) t(y)Y5

Table P-4 Estimated uniform metal penetration in
cast iron and carbon steel (Newby, 1982)

Environment Temp. 0C Rate Law 1000 yr Penetration Depth (cm)

With factor 5
Uniform allowance

pH 7 to 8, H2 0 250 Parabolic 0.38 1.90

13% NaOH 250 Linear 0.38 1.90

Neutral H20 250 Linear 0.66 3.30

Soil Ambient Linear 0.57 2.55
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Table P-5 The effects of radiation on uniform corrosion
of 1018 steel (Molecke, SAND 81-1585)

T = 901C

*Corrosion
Irradiation Test Corrosion rate w/o
Rate Duration Rate Radiation
(Rem/hr) Solution (days) (mm/yr) (mm/yr)

107 Brine B 79 1.00 0.040

107 Brine A 79 1.00 0.261

105 Brine A 49 0.10 0.261

105 Seawater 49 0.03 ----

*Estimated from data given by Braithwaite and Molecke (Braithwaite
1980), assuming linear kinetics between data points at 70%C and
2500C.
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Table P-6 Comparison of oxide attributes
(Source: Bloom, 1960; Potter, 1966)

Electrical
Composition Mineral name resistivity Density (gm/cm2) Thermal behavior Chemical stability

Fe(OH)2 ---- Insulator 3.40 Decomposes at 1000C to Stable only in absence of 02.
magnetite Highly soluble in water.

Fe304 Magnetite Electrical 5.20 Stable to 15970C Insoluble in high tempera-
Conductor ture water.

May be partially reduced by
hydrogen to ferrous
hydroxide.

y - Fe203 Maghemite Semiconductor 4.88 Transforms to hemitite Water causes conversion to
to insulator above 2500C hemitite at lower

temperature.

a - Fe203 Hematite Insulator 5.25 Decomposes to magnetite
at 14590C and 1 atm

y - FeOOH Lepidocrocite Insulator 3.97 Dehydrates to maghemite Water causes conversion to
above 100%C maghemite at lower

temperatures.

a - FeOOH Geothite Insulator 4.20 Dehydrates to hematite Water causes conversion to
above 200% hematite at lower

temperature.

-0
1�
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Table P-7 Basalt groundwater (Newby et al.,
AESD-TMT-3113, 1981)

Ion Concentration (ppm) Millequivalents

Na. 250.0 10.870

K+ 1.9 0.050

Mg2 0.04 0.004

Ca + 1.3 0.066

Co3-2 27.0 0.900

HCO3 70.0 1.148

OH- 1.4 0.082

H3SiO4 103.0 1.084

Cl 148.0 1.096

So4-2 108.0 2.250

F- 37.0 2.176
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Table P-8 Corrosion of weld and nonweld
specimen in salton sea brine
in mm/yr (Galvele, 1978)

Temperature: 2320C ppm Cl : 155,000 pH: 6.1 at 250C

Alloy/filler alloy Nonweld Weld Heat-treated weld
Deaerated

1020 C Steel/E6010 0.419 0.510 0.520

1020 C Steel/E6011 0.419 0.380 ---

1020 C Steel/E6012 0.419 0.420 0.430

1020 C Steel/E6013 0.419 0.510 0.540

1020 C Steel/E7016 0.419 0.520 0.410

1020 C Steel/E7018 0.419 0.430 0.460

1020 C Steel/E7024 0.419 0.600 0.420

4130 Steel/E6010 0.330 0.430 0.470

Oxygen at 100 ppm

1020 C Steel/E6010 26.900 30.000 ---

4130 Steel/E6010 25.400 28.400 ---
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Table P-9 Summary of scenarios

Maximum penetration depth

Carbon steel
General Pitting

after 1,000 years (cm)

Cast iron
General PittingScenario

I --- --- 2.3 9.2

II --- 3.6 - 11 8.0

III 1.9 10.4 0.6 15.2

IV 19 - 28 failure --- ---

V failure failure --- ---

Table P-10 Typical waste package design work elements
(BWIP Project View Graph, 1982)

Determine the conditions that affect waste package design

* Thermal loading
* Chemical environment

Determine the susceptibility of canister materials to degradation

* Corrosion
* Embrittlement

Determine the release rate of waste forms

* Repository chemical environment
* Repository thermal environment

Determine interaction between waste package components

* Canister
* Waste form
* Backfill

Determine backfill characteristics

* Porosity/permeability
* Swelling properties
* Chemical properties
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Table P-11 Data needed to satisfy design-related work
elements (BWIP Project View Graph, 1982)

Characteristics of waste package components

* Waste form
* Canister materials
* Backfill materials

Interactions of components and near-field environment

* Advanced corrosion tests
* Backfill performance
* Waste form/groundwater (leach)
* Basalt/groundwater (buffering/alteration)
* Canister/basalt/groundwater (corrosion)
* Waste form/basalt/groundwater (release)
* Waste form/backfill/basalt/groundwater (retardation effects)

Design concepts .

* Conceptual design descriptions
* Waste package functions
* Emplacement conditions

- Temperature of components
- Groundwater migration
- pH and Eh chemical composition of groundwater

Table P-12 Waste-package component functions versus repository
history for reference waste-package conceptual design

Barrier Operating period Function

Waste form Preemplacement and Retard release of radio-
repository life nuclides upon breach of

containment

Canister Preemplacement Provide physical support
and protection of waste
form

Thermal period Permit retrievability;
primary physical barrier
to groundwater intrusion

Backfill Thermal period Control of water diffusion

Geologic control Control of radionuclide
diffusion (supports
geology)
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Table P-13 Summary of repository conditions in basalt

Temperature Equilibrium Em Pressure
(CC) (pH) (volts) (bars)

Operating period 59 9.6 +0.54 1

Thermal period 100 8.7 -0.50 114
150 7.9 -0.54 114
200 7.2 -0.57 114
250 6.7 -0.61 114
300 6.2 -0.63 114

Period of geologic 59 9.6 -0.48 114
control
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Table P-14 Expected repository conditions at the emplacement location

Time General characteristics
Period Condition/operation (yr) (reference horizon)

Preemplace-
ment

Containment
(thermal)

Natural undisturbed
host rock

Construction of
waste-emplacement
panels

0 Low-permeability basalt .
saturated with alkaline,
anoxic water (0.1% by
volume) at 590C hydro-
static pressure

1 to 20 Most rock exposed to
atmosphere provided by
repository ventilation
system

Waste emplacement
initiated, filled
panels isolated
from main ventila-
tion system

Panels, tunnels,
and shafts are
backfilled and
sealed and the
repository is
decommissioned

10 to 80

80 to 90

Basalt heated by the
waste package dries the
rock in the vicinity
of the waste packages;
maximum temperatures
reached in emplacement
environment

Decreased heat-generation
rates, as a result of
continued radioactive
decay, cause lower
emplacement-environment
temperature, trapped
oxygen being consumed
by emplacement media

Wastes are con-
tained by the
canister

Wastes isolated by
action of waste
form, tailored
backfill, reposi-
tory backfill,
and host-rock
characteristics

90 to 1,000

1,000 to 100,000

Waste-package backfill
slowly resaturated,
emplacement temperature
drops, hydrostatic
repository pressure
established, and anoxic/
alkaline conditions
reestablished

Repository conditions
approach those of
original undisturbed
host rock

Geologic
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Figure P-3 Potential pH diagram for iron in high salinity
brine at 250C (7)
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(a) Represents a lower stability line for water H2 2H+ + 2e-

(b) Represents a upper stability line for water H20 h 02 + 2H+ + 2e'
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Figure P-6 Pourbaix diagram for iron with 355 ppm Cl (Pourbaix, 1973)

At pH 8 this can be interpreted as:

1 = general corrosion of nonpolarized iron in anoxic
solution

2 = pitting of nonpolarized iron in oxic solution
3 = active pits or crevices
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Figure P-7 Dimensions of a repository drift
(Source: BWIP Project View Graph, 1982)
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Figure P-8 Typical cross section of repository
(Source: BWIP Project View Graph, 1982)
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1 INTRODUCTION

The predominant effort in the development of a waste form for the containment
of radioactive waste is encapsulation in glass.

Glass in contact with water is a "worst case" scenario that assumes nuclear
waste repository flooding in which the glass will be subjected to various types
of chemical and mechanical damage. The main thrust in waste form development
centers on the performance of the waste form as a barrier to radionuclide
release. A thorough understanding of the physical and chemical properties of
the waste form as well as its probable behavior in a variety of aqueous envi-
ronments are prerequisites to the assessment of waste form integrity over
geological time.

The purpose of this section is to outline the mechanisms of glass corrosion
under various laboratory and field conditions through a compilation of current
data. Emphasis is given to commercial and nuclear waste borosilicate glasses
since these are the primary candidate compositions for nuclear waste encapsula-
tion. Other glass types are included for the purpose of comparison and for
those instances where these tend to illustrate various processes of glass
corrosion common to all glass compositions. Within each section of the report,
processes are discussed pertinent to any attempt at long-term prediction of
glass corrosion.

The inherent radiation environment of the nuclear waste package is another
factor to be considered for the assessment of the integrity of glassy waste
forms. A brief summary of the radiation effect and its consequences are also
presented.

2 GENERAL CORROSION

General corrosion is a major mode of leaching in glass. In the discussion that
follows we will first summarize the models for dissolution kinetics and corro-
sion mechanisms. More specifically, the solution effects and the effects of
various glass characteristics are critically evaluated for commercial and
nuclear waste borosilicate glass. The variables under consideration in evaluat-
ing solution effects include solution composition, pH, flow rate, temperature,
pressure, and reprecipitation. The discussion of glass characteristics includes
composition, phase separation, surface area to volume ratio, surface stress,
cracks, surface finish, and matrix inhomogeneity.

Cation selectivity in ion exchange and diffusion of gas and ions are reviewed
seperately since both characteristics are important to the assessment of radio-
isotope migration and gas generation over geologic time. Finally, considera-
tion is given to corrosion by weathering particularly by the vapor phase since
this is a likely condition to be encountered in actual repository environments.
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2.1 Kinetic Law

There is general consensus that in a static condition stage 1, dealkalization
reactions occur with a square root time dependence at low to intermediate pH
values while the appearance of a stage 2, network dissolution reaction occurs
with a linear time dependence at high pH. The fractional power relation between
the amount of alkali removed Q and the time t, therefore, may be expressed in
the form:

Q = a 47 + bt (1)

where a and b are appropriate constants. No comprehensive mechanistic studies
are available at the present time to explain this relation. The square root
indicates a diffusion controlled reaction and the linear relation reflects an
interface controlled reaction. The relation is more or less empirical in
nature. Most of the experiments are reconcilable with an overall rate process

which varies with 4t at short times and low temperatures, and 't' at long times
and high temperatures. Examples include the work done on glass powders (Holland,
1964), on alkali-oxide silica and soda-lime silica glasses (Douglas, 1967;
El-Shamy, 1972), and on PNL 72-68 glass (Hench, 1978).

Although there has been considerable controversy over the transition between
the square root to linear time regimes, as well as in the extent of the transi-
tion and the origin of it, it is generally acknowledged that the change from
diffusion controlled stage 1 to interface controlled stage 2 primarily depends
on the time required for the pH to reach a value of 9-10. It has been observed
that the long transition period occurs only when glass powders are corroded.
In powdered glass, concentration-cell effects locally increase the surface-area-
to-volume ratios causing a rapid increase in the pH surrounding many of the
glass particles.

The formulation of leach kinetics through the use of empirical or semiempirical
equations is based on several assumptions such as homogeneous leaching, the
preservation of leachant composition, surface area and mechanical integrity.
In real situations, these factors should be incorporated into the formulations.

2.2 Reaction Mechanism and Kinetic Models

At least three different stages are involved in the reaction of water with a
silicate glass containing alkali ions: the first is ion exchange of hydronium

(H30 ) or hydrogen ions from the water with alkali ions in the glass; the second
is the partial hydration of the silicon-oxygen network of the glass; and the
third is the dissolution of the glass into the contacting solution. Either or
both of the first two steps can be absent, depending upon glass composition or
solution pH, and the third is absent when the glass reacts with water vapor
instead of liquid water or a solution. The initial exchange of alkali ions in
the glass and hydrogen or hydronium ions from water can be described (Doremus,
1973; Doremus, 1979) as follows:
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Na+ (glass) + H20 (solution) = H (glass) + NaOH (solution)

Na+ (glass) + H30 (solution) Na+ (solution) + H30+ (glass) (2)

In this layer of partial exchange the network structure of the glass is intact
and the only change is the replacement of one ion by another. Closer to the
glass surface the network can become partially hydrated through the reaction
of silicon-oxygen bonds with water (Doremus, 1979):

Si-O-Si + H20 = -Si-O-H-H-O-Si (3)

This partial hydration leads to a more open structure than in the original glass;
ions from solution and water molecules can penetrate through this partially
hydrated or gel layer with mobilities much higher than in the glass network
which remains intact. At extended times of reaction, silicon and other glass
constituents dissolve as follows (Doremus, 1979):

2H20 = SiO2 = Si(OH)4
(4)

H20 + CaO = Ca(OH)2

The dissolved species are ionized further. Sometimes, hydration involves stress
generation in the hydrated layer causing swelling, contraction, cracking, or
peeling of the layer.

In more complicated systems, the absence of one or more steps described above
leads to another classification of corrosion modes in view of the apparent over-
all dissolution. The glass may: (1) react with the corrosive materials to form
new compounds on the surface; (2) be preferentially dissolved leaving a leached
surface layer; and (3) be totally dissolved continuously exposing fresh glass.
Workers at the University of Florida (Hench, 1977; Hench, 1975) extended this
concept to five types of surfaces (Figure Q-1) of a silicate glass and correlated

0

these to its durability. A type I surface has undergone only a thin, <50A,
surface layer hydration. Vitreous silica exposed to neutral pH solutions has
a type I surface. A type II surface possesses a silica-rich protective film
due to selective alkali ion removal. A glass with this type of surface is
reasonably durable. Two layers of protective surface films are characteristic
of type III. Such glasses are very durable in both acid and alkali solutions.
Type IV glass surfaces also have a silica-rich film but the silica concentration
is insufficient to protect the glass from rapid attack by dealkalization of
network dissolution, resulting in poor durability. A glass of type V undergoes
uniform attack losing considerable quantities of ions into solution.

Paul (Paul, 1977) proposed the importance of the thermodynamic stability as well
as conventionally studied kinetic stability. The relative influence of either
of these two factors on durability will depend on the nature of the test. For
low temperature tests, the kinetic aspects will be predominant while thermo-
dynamic considerations will be more important if the surface area of the glass
sample exposed to the corroding medium is high, and/or the experiment is carried
out at relatively high temperatures. Also, it is very likely that steady
potentials will be obtained with conventional glass electrodes within a short
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time such that the kinetic barrier would not appear to play any important role,
at least at the surface of the glass. Paul calculated the stability of
different oxides commonly used in glass making (SiO2, ZnO, PbO, A1203, ZrO2,
etc.) in aqueous solutions at different pH, and related the quantitative results
to the corrosion behavior of various glass compositions. The important finding
of this study is that the long-term chemical resistance of a glass may be
determined by the thermodynamic activity and stability of its component oxides
in aqueous solutions.

A quantitative prediction and interpretation of glass durability as a function
of time needs comprehensive analytical models based on the qualitative and
mechanistic observations described above. Doremus (Doremus, 1979) proposed a
mathematical model in which the two steps of interdiffusion of ions and dissolu-
tion of the glass can be combined in a diffusion model where the surface of the
glass is progressively removed. By solving the diffusion equations of a moving
boundary, the model estimates the kinetics of the cumulative amount Q of ions
diffusing out of the glass per unit area; square root of time law at early
stages, linear time law at longer periods for a diffusion coefficient. This
model is oversimplified considering the many factors involved during the corro-
sion process such as changes in solution chemistry as well as various glass
characteristics which will be discussed separately in later sections. In spite
of the simplification, the study presents important features in the long-term
prediction of glass durability. As the corrosion system becomes complicated,
as in the case of a concentration-dependent diffusion coefficient, the kinetic
equations will also be complicated. During the laboratory testing period, the
kinetics can be approximated by a linear time law. However, for longer time
extrapolation the exact solution may exhibit significant discrepancy from the
linear behavior. Thus, it may not be valid to use the simple apparent linear
time law in the prediction of long-term glass durability. Even in a simple
system it is necessary to make measurements over a range at least three to four
orders of magnitude in time to obtain reliable values for the coefficients of

4 and t of the kinetics, since it is easy to deceive oneself about the
linearity of the plots of Q against t or l. The interpretation of short-term
laboratory data should take these facts into account.

A similar model was proposed by Godbee et al. (Godbee, 1980; ORNL-TM-4333) based
on mass transport theory which assumes that diffusion through the solid is a
rate-limiting process. They include factors arising from more complicated
situation such as periodic leachant renewal, initial wash-off of active or
contaminated surface, the rapid change of surface concentration as well as the
moving boundary condition by surface dissolution. The calculated results show
good agreement with the cumulative loss of radioactive isotopes leached by
distilled water from waste borosilicate glass and cement. Similar models have
been developed by Ewest (Ewest, 1979) for more ideal situations, and by Machiels
(Machiels, 1980a; Machiels, 1980b) including surface reaction and diffusion
processes. Again it is pointed out that data fitting based on short-term
laboratory tests may result in significant discrepancies when such models are
applied to long-term predictions.
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Workers at Catholic University of America (Barkatt, 1978; Macedo, 1979;
Macedo, 1980) and at Brookhaven National Laboratory (Ahn, 1980) have attempted
to calculate the cumulative mass release from the waste form over geologic time
based on experimentally observed corrosion rates of glass. This model is the
first attempt to include the flow conditions-and tlhe accompanying pH-change of
the leachate. The model is purely phenomenological in its assessment of leach
rates in that it lacks a basic understanding of the corrosion mechanisms.

At the present time, more comprehensive models that would take into account the
complex factors involved in real corrosion systems are not available for
estimating glass durability..

2.3 Solution Effects

2.3.1 Solution Composition

A small concentration of ions present in water or other aqueous solutions affects
glass leachability in various ways. Preliminary studies by Hench, et al.
(Hench, 1980) have shown that leach rates in groundwater are greatly decreased
from those in deionized water commonly used in laboratory experiments. During
the leaching process, the pure solution will undergo compositional change as
the rate of surface attack progresses until it reaches a steady-state value;
concomitantly the solution will contain some fraction of the ions from the
glass components. A significant fraction of the mixed alkali effect, for
example, is due to solution ion effects (mixed alkali effect: if a second
alkali oxide, such as potassium, is added to a sodium silicate glass, the
durability of the glass is increased; the presence of Na2O and K20 together
serves to lower the rate of surface dealkalization).

The influence of the salt compounds on improved durability has been investigated,
indicating some of the effects of solution ions on the durability of glass
(Hench, 1978; Hench, 1977). The influence of the salt compounds on leaching are
in decreasing order: CaCl2, ZnCl2, AlC13. Two extremes, Ca2+ and Al3+, will
be described as follows: Ca2+ ions in solution improve the corrosion resistance
of binary alkali-silicate glasses by a factor of-10 in comparison with pure water;
for A13+ ions in concentrations up to 25 ppm, glass dissolution increased due to
a more rapid increase in dealkalization and resultant solution pH. This is due
to insufficient A13+ ions to passivate active surface sites and incomplete
formation of stable alumino-silicate surface complexes. At concentrations
greater than 25 ppm A13+, the total dissolution of the glass is greatly reduced.
Sufficient concentration of A13+ in solution creates a dual protective film
against extensive network dissolution. The rate of selective leaching or ion
exchange within the glass is relatively unaffected by the presence of A13+ in
solution.

2.3.2 Solution pH

There is a fundamental difference between chemical attack by water or acids
and that of alkaline solutions. The former limit their action to the other
constituents but have very little effect on silica, while the latter attacks
all constituents, including silica. The general effect of pH of the solution
on the relative rate of attack for a low expansion borosilicate glass (the
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reference waste form glasses are not low expansion glasses) is shown in Figure
Q-2. The test was performed at a temperature of 950C. Figure Q-3 shows the
rate of attack for a borosilicate glass (Corning 7740) in 5 percent NaOH at
95%C. Below pH 7, alkali or alkaline earth ions are replaced by hydrogen or
hydronium ions, but the silica matrix of the glass is unaffected. As the solu-
tion becomes more alkaline, the silicic acid formed by bulk amorphous silica in
water ionizes and dissolution becomes more rapid. Because of the ionization
reactions, the solubility of amorphous silica increases sharply above a pH of
about 9, leading to a sharp increase of the dissolution rate above this value.
The dissolution of silicate glasses, therefore, shows a strong dependency on
the solution pH. The dissolution rate is not influenced much by pH in neutral
or acidic solutions because the dissolving species (non-ionized silicic acid)
has a nearly constant solubility. In a static leaching condition, a transition
occurs by the replacement of alkali ions in the glass to increase silica dissolu-
tion. Hench (Hench, 1980) explained this transition in terms of typical surface
structures (see Figure Q-1)--the change from a protective surface (type III) to
a rapidly deteriorating surface (type IV or type V).

The addition of other constituents, such as lime, only slightly modified the
typical shapes of the graphs. For more complicated glasses, such as borosilicate
waste glasses, this general trend may still be valid with some modifications
for the addition of multicomponents. The quantitative and detailed effects of
these multicomponents are not known at the present time. Some examples are
given below.

In alkaline solutions, boron oxide in Pyrex borosilicate glass does not influence,
to any great extent, the rate of dissolution of the silicate lattice, while in
some instances (7050 glass which is a high silica glass) it leads to reduced
alkaline durability. Similarly, in 0010 glass (high silica and high lead) a
small amount of lead has little effect on durability, while in large concentra-
tions it reduces alkaline durability.

Certain ions in the glass can lead to preferential attack by acid solutions.
Glasses containing substantial amounts of boron, aluminum, or lead, such as
Corning 1720 and 7050, are much more rapidly attacked by acid than soda-lime
glass, while Pyrex and vitreous silica glasses retain their durability. The
high solubilities of boron, aluminum, and lead oxides in acid apparently lead
to their deleterious influence on the durability of glass.

Such complications lead to the leach rates of UK borosilicate waste glass being
pH dependent as shown in Figure Q-4 (Boult, 1979). It has been shown that
leach rates are increased by low as well as high pH leachants. Similar results
were also obtained for Savannah River Plan (SRP) borosilicate waste glass
covering a wider range of pH than the UK study. The SRP results are shown in
Figures Q-5 (ONWI-212) and Q-6 (DPST-79-294).

Waste glasses usually contain less than 50 wt% SiO2 while commercial container
glasses contain more than 70 wt% SiO2. This accounts for the difference in
behavior at lower pH (PNL-3802). At high pH, the trend of leach rates for
waste glasses generally follows that of commercial glasses. In actual repository
conditions, the unbuffered solution or groundwater that first contacts the
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waste would have little effect on the leach rate; however, as the concentration
level of the leached sodium builds up in the leachant the pH would increase and
the increased pH would accelerate the leach rate.

2.3.3 Flow Rate

The replacement or flow of solutions has been reported as showing two opposite
effects on the glass corrosion. In a leach test of K20-SiO2 glass at 401C
(El-Shamy, 1972), a marked increase in the extraction of silica was shown as
the number of replenishments is decreased. The increase can be attributed to
the evident accompanying rise in the pH of the attacking solution. If the
flow rate is slower than the rate of replenishment, the dissolution rates will
slow down as a result of the saturation of the surrounding medium by silica
(Macedo, 1980). If the flow rate is high enough to keep the system from
reaching saturation, this could account for conditions exhibiting higher leach
rates. However, should reprecipitation of insoluble hydroxides, hydrates,
oxides, or silicates at high pH occur, radionuclide release to the environment
could be retarded (NUREG/CR-2333, Vol. 4). At very high flow rates, the leach
rates would be controlled by the pH of the medium and the stability of the
dealkalized layer. Taylor and Smith (Shand, 1958) reported a significant
increase in weight loss under these erosive conditions.

Some leach data are available for borosilicate waste glass subjected to different
flow rates. Leach rates on British waste glasses (Boult, 1979) were obtained
using a Soxhlet apparatus, heating in static water, and exposed to flowing
(1 x 10-8 m3/sec) water. Duration of the tests was dependent on time sufficient
to achieve a measurable weight loss. This varied from approximately one week
at 1000C to several months at ambient temperature. Leach rates were obtained
(Figures Q-9 and Q-10) over a range of temperatures. The figures point to higher
leach rates in the Soxhlet method over the static. Glass 189 was doped with
5 wt% 238Pu and stored. The results obtained in Soxhlet leach tests for yearly
intervals are shown in Table Q-1. It is evident that higher leach rates are
obtained using the Soxhlet method than in static tests. Under repository condi-
tions, the slow flow rates would tend to have an insignificant effect on the
leach rates as indicated by the above observations.

2.3.4 Temperature and Hydrothermal Effects

The quantity of alkali extracted from a glass in a given period of time increases
with increasing temperature. The type of reactions which control the release
of radioisotopes in waste glass are also affected by temperature. For most
silicate glasses, the quantity leached in a given time is nearly doubled for
every 8 to 15'C rise in temperature and the reaction rate increased by a
factor of 10-100 for every 1000 C increase in temperature, depending on the
composition of the glass and the type of alkali ion. Some workers (Paul, 1977)
have attempted to express the temperature dependence of alkali extraction in
terms of the Arrhenius equation. However, it is not easy to assign a single
activation energy, since alkali extraction is always associated with pH changes
and these depend not only on the quantity of alkali released but also on that
of silica. Further, below approximately 80'C, a siliceous layer forms on a
glass which acts to retard further leaching. Metasomatic reactions, in which
new crystalline compounds form from some of the glass constituents, can also
occur at the glass surface, particularly at elevated temperatures. Such
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complications make it difficult to theoretically define a single rate-
determining step in a given temperature range. Nevertheless, for a large
number of nuclear waste glasses, the apparent leach rate follows the single
activation energy Arrhenius equation (White, 1980). For PNL waste glass
(Mendel, 1980) representative leach rates at 250C are 1 x 10-6 to 1 x 10-5 g
of glass/cm2-day. Representative leach rates at 40-500C are 5 x 10-6 to
5 x 10-5 g of glass/cm2-day. White (White, 1980) has found the expected
expotential increase in rate with temperature well up to the hydrothermal range.
This is noteworthy for the assessment of waste glass durability since accelerated
testing at high temperature may be a valid means for the simulation of leaching
over geological time as a result of this single activation process. However,
it is premature to define the leaching mechanism based on these activation
analyses due to a lack of data and the system's complexity, which is described
below.

In hydrothermal environments, the complexity is more significant since glass
is altered rapidly if the temperature is sufficiently high. Although it is
generally assumed that the maximum temperatures at which water will contact a
solidified waste form in a repository are more likely to be in the range of
150'C, or less, substantial research efforts have been invested in hydrothermal
(300'C and 300 bars) reactions of waste glass.

Tests conducted on PNL 76-68 glass at 300%C and 300 bars in de-ionized and
artificial Hanford groundwater, resulted in the conversion of the glass shards
to crystalline and noncrystalline products plus dissolved species in a 2-week
period. The major products were (Cs, Na, Rb)2(UO2)2(Si205) - 4H20 (weeksite)
and pyroxene-like phases (Na, Ca)(Fe, Zn, Ti)Si206 (acmite, augites). High
Na2O and low SiO2 may be responsible for the rapid alteration of the sample.

The role of water under hydrothermal conditions may be described as follows:

(1) Crystallization catalyst: acts to convert a Na-Fe rich glass into Na-Fe
rich crystalline pyroxene-like phases.

(2) Solvent and transport medium: dissolves and transports Cs, Na, U, and Si
from a glass as weeksite-like crystalline phases.

(3) Reactant: forming hydrated weeksite-like phase and a hydroxyapatite.

Additional research reported hydrothermal alteration of powdered sodium zinc
borosilicate glass at temperatures up to 2000C (Strathdee, 1980). Zincsilite
is a major product in the alteration. The addition of ZnO was found to improve
durability at 1000C through the formation of a Zn-rich alteration zone. ZnO
is said to promote sub-liquidus immiscibility in borosilicate glasses.

Under hydrothermal conditions, alteration is a major variable influencing the
enhanced leach rate. Since the alteration is accompanied by complications
such as stress generation, a delineation of the mechanisms involved in
hydrothermal leaching is not easily achieved.
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2.3.5 Reprecipitation

The dissolved silica in glass begins to recrystallize under prolonged leach
conditions. Barkatt (Barkatt, n.d.) observed the recrystallization of Pyrex
glass in water at a pH of 9.5. It was further observed that multivalent ions
and species are tightly bound to the matrix by the recrystallization process.
Recrystallization has received recent attention as a result of its effect on
the measurement of leach rates by solution analysis. It is quite easy to
distort leach data by ignoring the analysis of precipitates in solution. When,
under what conditions, and to what extent precipitation takes place depends
largely on the system. The controlling mechanisms and accompanying variables
are only recent subjects requiring further investigation.

2.4 Effects of Various Glass Characteristics

2.4.1 Glass Composition

Adams and his co-workers (Adams, 1978) have provided a generalized ternary
description of complex commercial glasses composed on network formers, B203,
and network modifiers. The sum of network formers is described as X02 which
replaces SiO2 in the ternary scheme and generally consists of additional oxides
such as A1203, ZrO2, TiO2, Fe2O3, Cr2O3, P205, Y203, MoO3, TeO2, La2O3, CeO2,
Pr6011, Nb2O3, Gd2O3, and Sm203. Network formers are known to be relatively
insoluble in water. The network modifiers include the sum of all alkali oxides,
R20, such as Na2O, K20, and 1i20. They generally weaken the networks and are
readily soluble in water. The alkaline earths or divalent atoms, RO, can be
considered as part of X02 since they generally enhance water durability, or as
part of the R20 since the role of RO in the formation of crystallographic
structures is similar to that of R20. RO includes oxides such as CaO, MgO,
PbO, ZnO, BaO, SrO, and NiO. In this stuidy compositions of various commercial
borosilicate glasses were plotted in the ternary system of X02-B203-R20(+RO)
(Figure Q-7). Approximations were made for the lines of equivalent durabilities
(isodurs) using a model based on the correlation between the integrity of
crystallographic structure and the chemical durability. Numbers 1, 2, and 3
are in decreasing order of the chemical durability. Since their model is
empirical in nature and supported by experimental data, the contour lines
illustrate fairly well the general trend of the composition effect.

The composition effect has been studied, qualitatively in most cases (Doremus,
1979; Hench, 1977; Paul, 1977; Barkett, 1978; Westsik, 1979; Strathdee, 1980)
by considering whether the component: (1) is thermodynamically stable in a
given pH-temperature range and whether it affects the thermodynamic stability
of other components; (2) affects the formation of insoluble surface film and
concomitantly retards or accelerates the surface dissolution rate; (3) affects
the diffusion rate of certain ions responsible for the observed dissolution
rate (such ions include hydrogen ions, hydronium ions or other cations);
(4) influences the solution chemistry, especially the pH; and (5) changes the
crystallographic structure of the network leading to a change of dissolution
rate. The studies vary from simple binary systems to complex multicomponent
systems while the majority restrict their tests to room temperature. Never-
theless, as shown in the beginning of this section, the general trend can

Q-9



still be observed from room temperature to maximum 1000C for the borosilicate
glass system. A summary of the effects of particular components is given below.

Network Formers

o SiO2: The stability of vitreous silica has been illustrated for a given
pH range at room temperature. The solubility or dissolution rate increases
rapidly at pH above 9 by the increased ionization of silicic acid. The
solubility increases linearly with temperature up to 200 0C.

o A1203: The addition of A1203 slightly increases alkaline durability and
mechanical abrasion resistance. Presumably this improvement is attributed
to: (1) decreased mobility of hydronium and alkali ions, (2) formation of
a protective aluminosilicate film in a static condition, (3) the stabiliza-
tion of calcium-silicate-rich film, and (4) the reduction of the effect
of pH in the glass dissolution.

o ZrO2: A small amount of ZrO2 (about 2 wt%) increases acid and alkaline
durability. The hydrated ZrO2 surface is stable at all conceivable pH
ranges and offers a very high activation barrier for the diffusion of
other ionic species.

o TiO2: Similar to A1203 and ZrO2, TiO2 is expected to increase chemical
durability. However, no measurements of ionic mobilities are available.

o P205: An extensive investigation of corrosion reactions of an inert soda-
lime-silica glass containing P205 has been conducted because of the
incredible property of the glass to form a strong and stable bond with
living bone. This is attributed to the formation of a stable calcium
phosphate film when in contact with an aqueous environment (type III
surface in Figure Q-1), occasionally accompanied by the formation of a
fine-grained polycrystalline apatite mineral phase.

B2 03

B203 causes a reduction in the diffusion coefficient of alkali ions. In Pyrex
borosilicate glass, the diffusion coefficient is low compared to other silicate
glasses, including fused silica, and it also accelerates inert film formation
as in the case of the P205-containing glass. The extracted B203 acts to
neutralize the alkali and reduce the solution pH. These effects combine to
increase glass durability.

Network Modifier: R20

As the amount of monovalent alkali element increases with the remaining con-
stituents held in the same ratios, the rate of reaction with water increases.
In static solutions this trend is primarily related to the increase in the
total quantity of alkali in solution surrounding the glass. This leads to a
progressively more alkaline solution and a rapid attack of the glass. The
diffusion coefficient of alkali increases as the amount of alkali in the glass
increases. This increased reaction rate has also been interpreted in terms of
surface effects (type IV surfaces in Figure Q-1).
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The relative durability "contribution" of ions among the R20 group is in the
order of Li20 > Na2O > K20. Their role in the formation of a durable SiO2-film
is reflected in this order. It has been observed that the hydronium ions have
a higher mobility in potassium. Also, from the thermodynamic point of view,
the absolute stability increases in the above order.

If a second alkali oxide, such as potassium, is added to a sodium glass, the
durability of the glass is reported to increase. The increase is greatest
when the molar ratio of alkali ions is about equal. This increase is a result
of the "mixed-alkali" effect, in which the mobility of an alkali ion is
reduced when another alkali ion is added, or when the second alkali aids film
formation leading to a limited surface attack.

Network Modifier: RO

o CaO: The addition of calcium oxide improves the durability and reduces
the extent of selective alkali leaching (up to approximately pH 10). It
appears that the addition of calcium lowers the mobility of alkali and
hydronium ions. When the alkali ions are lost during corrosion, they
leave behind a much more stable CaO-SiO2-rich film reducing the surface
dissolution rate. However, at high temperatures CaO greatly weakens the
glass network.

o MgO, SrO, BaO, CdO: These oxides of divalent metals give a similar
enhancement of durability as CaO. SrO is known to provide a greater
resistance to the destruction of the calcia-silicate surface film
mentioned above. The addition of BaO is reported to reduce the extent
of selective alkali leaching.

o ZnO: ZnO addition to a silicate glass increases its chemical durability
in the alkaline range up to approximately pH 13, and is susceptible to
vigorous alkaline attack above pH 13. Also, zinc-containing glass will
be susceptible to acid attack up to approximately pH 5.5.

o PbO: It is generally known that lead oxide increases the alkaline
durability and decreases the acidic durability.

The preceding discussion on the composition effects and the particular mechanisms
involved was aimed at providing a brief summary on a complex subject. Most of
the data presented were obtained for relatively simple systems (usually ternary
components). As the number-of components increase, the characteristics described
should be modified to some extent, especially when nuclear waste is incorporated.
Quantitative measurements relating to composition effects are scarce at the
present time. One attempt made by PNL (Mellinger, 1979) centered on the effects
of 26 oxides in a generic study of defense waste glass. Chemical durability
was tested in acid and basic solutions and in distilled water at room temper-
ature and at 99oC; percent weight loss was determined for each of the samples.
Table Q-2 is a summary of the results which show a general agreement with the
summary of each component described previously. In addition, the effects of
U308, MnO2, Fe203, and NiO were observed. These types of studies are useful
in determining the effect that a certain component may have in a specific
glass composition.
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A PNL study (PNL-3060; PNL-3050-2) on the generic effects of composition on
waste glass properties was conducted where testing involved a systematic varia-
tion of glass components. The fitted models used in the prediction of glass
properties are shown below. Figure Q-8 gives the predicted Soxhlet weight loss
of a four-component mixture including the defense waste calcine. The general
trend is consistent with our previous summary with the exception of complica-
tions arising from the addition of B203. However, as the number of glass
components increases, complications are compounded due to interactions among
the various components as shown in the test of the 11 components (Figure Q-9).

This type of graphical presentation of compositional effects is useful in
illustrating multicomponent effects such as in nuclear waste glass, although
experimental data are very limited at the present time.

2.4.2 Phase Separation

The chemical durability of phase-separated glasses is closely related to the
microstructure. The microstructure of phase-separated glasses may be classified
into three types: (1) an interconnected microstructure; (2) chemically more
durable (e.g., SiO2 rich) phase particles dispersed in the chemically less
durable (e.g., Na2O-B203 rich) phase matrix; and (3) chemically less durable
phase particles dispersed in the chemically more durable phase matrix. The
chemical durability of glass deteriorates with phase separation when the glass
exhibits microstructural types (1) and (2); chemical durability remains increased
or relatively unchanged when the glass durability was found to depend primarily
upon the composition of the microstructural type (3) described above.

The presence of phase separation in borosilicate glasses strongly influences
their chemical durability. There is evidence that commercial Pyrex borosilicate
glass separates into a disconnected sodium borosilicate phase in a silica-rich
matrix (having a maximum depth of 20A), contributing to chemical durability.
However, as Pyrex borosilicate is heated to 6000C or higher, its durability
deteriorates as a continuous sodium borosilicate phase separates from a silica-
rich phase. Previous studies by Skatulla et al. (Skattula, 1958) for Pyrex-
type glass have illustrated the phenomenon of decreased durability due to phase
separation. Transitions in behavior between a discontinuous and a continuous
microstructure also depend on the types of glass considered. For most commercial
borosilicate glasses, the phase-separated microstructure results in a reactivity
of the glass similar to that of a high silica phase leading to high chemical
durability. Even when the sodium borosilicate phase was continuous, it could
not be easily etched out because of the high pressure needed to force liquid
water through capillaries 30A in diameter. However, as the interconnected
microstructure becomes bigger, the soluble sodium borosilicate phase will be
easily etched out.

The immiscibility boundaries of the system Na2O-B203-SiO2 have received the
widest attention since this system is the basis of many commercial borosilicate
glasses. A variety of sodium borosilicate glasses containing up to about
10 percent Na2O and from about 10 percent to 70 percent B203 (balance: SiO2)can readily separate into two phases; other elements such as calcium oxide and
aluminum oxide reduce the tendency to phase separation. Currently, several
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places in the U.S. are involved in research on the immiscibility boundary for
nuclear waste-borosilicate glass.

The surface of commercial glasses will sometimes exhibit a slightly different
composition from that of the bulk. This compositional difference can be
accentuated through phase separation, resulting in a considerable difference
in the chemical durability of the surface layer. One example (Tomozawa, 1964)
is commercial borosilicate glass with an interconnected microstructure having
an excess A1203 concentration in the surface layer. Excess A1203 lowers the HF
etch rate because of the lower extent of phase separation on the surface.

Researchers have considered the possibility of increasing the driving force for
crystallization by prior glass phase separation. However, there is no consensus
on this point nor any experimental evidence for demonstration.

2.4.3 Devitrification

The effects of devitrification on corrosion are dependent on the composition
and the degree of devitrification. In a simple system such as 33L glass, i.e.,
a silica-lithium glass (Hench, 1980) 90 percent crystallization improved corro-
sion resistance considerably when tested for 120'hours at 951C. This is
attributed to the absence of a compositional gradient across the phase boundaries
between the glass and the crystals. However, in practical systems, the composi-
tion of the crystalline phase is different from that of the glass, leading to a
measurable attack of the glass phase. In fact, PNL 72-68 which was devitrified
at 700C showed an increase in Soxhlet leach rate of nearly one order of magnitude
(Hench, 1980). When the extent of devitrification is reduced, a very small
change (less than a factor of 5) in leach rate was 'observed in 72-68 glass, and
no difference was reported in 76-68, 77-107 and 77-260 glasses (Wald, 1979).
In nuclear waste repository conditions, the thermal devitrification rate is so
low that the enhancement of the leach rate may not be significant: at most an
increase of a factor of 10 which is well within the leach rate variations
observed between waste glasses of different compositions.

There is a possibility that devitrification affects leach rate indirectly. PNL
76-68 glass in a hydrothermal environment (300'C and 300'bars water) showed
that crystalline phases may be responsible for the subsequent glass fragmenta-
tion which increases the exposed surface area leading to an enhanced leach rate
(Westsik, 1979). The formation of a zinc-rich alteration zone was reported as
being composed of mainly zincsilite under hydrothermal conditions in sodium
zinc borosilicate glass'(Strathdee, 1980). This alteration was presumed to be
responsible for an improvement in durability. No comprehensive results are
available at present on these indirect effects.

2.4.4 Glass Surface Area (SA) to Solution Volume (V) Ratio

Several investigations have firmly established that: the corrosion rate increases
as the SA/V ratio increases for static corrosion conditions. The data also
show that increasing SA/V is a valid means of accelerating the rates of the
static attack of glass surfaces. For bulk glass surfaces, the quantity of a
specified glass constituent in solution at a given time is directly proportional
to the (SAIV) ratio, namely the constraints, a and b of Equation (1) include
the linear term (SA/V). No systematic data of (SA/V) are available for
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commercial borosilicate glass. The following is a summary of a recent study
on nuclear waste borosilicate glass.

Under static leaching conditions, it was shown that the loss of alkali or
alkaline earth species from glass to an aqueous media increases the solution

pH and concomitantly leads to a transition from t4 kinetics to t kinetics.
The progressive increase in solution pH for PNL 72-68 under static leaching
conditions at 120%C and 15 psi in distilled water has been observed for
various (SA/V) ratios (Hench, 1980). It was shown that the increase of (SA/V)
leads to a more rapid pH change. The surface attack becomes greatly accelerated
at high (SA/V) ratios and only short times are needed to show surface deteriora-
tion. Additional data on nuclear waste glass are currently being generated in
several laboratories.

Tests on powdered glass show complications in the determination of (SA/V) ratios
arising from particle geometry, the surface area-time dependence and concentra-
tion cells. Particle shapes are complicated, containing sharp edges and even
some porosity. The true surface area of these particles decreases with exposure
time causing a corresponding decrease in (SA/V). During a static corrosion
test, the glass grains settle to the bottom of the container, creating an
agglomerate of particles containing concentration cells, and undoubtedly
corroding in a manner different from that of the bulk glass surfaces due to
local pH variations. Also film formation on smaller particles greatly alters
the effective surface area for further reactions and this error becomes more
severe the longer the exposure time until the smaller particles are totally
dissolved. No quantitative data are now available for the dynamic determina-
tion of the effective (SA/V) ratios and its effect on leach rates.

2.4.5 Surface Stress

During the glass leaching process, the surface experiences stresses or swelling
arising from hydration, ion exchange, or crystallization. They subsequently
lead to the spalling or peeling-off of surfaces before the congruent state is
reached. For PNL 72-68 and 77-107 glasses leached using the IAEA technique of
deionized water at 250C with weekly changes of leach solution, the glasses
exhibited cracked "mud flat" surfaces (Wald, 1979). Surface disintegration was
also observed in strontium alumoborosilicate glass by volatile Cs in the temper-
ature range of 5500C-6000C for up to 300 hours (Shumitskaya, 1976). For the
above mentioned surface deterioration conditions, the leach rate will -rise
abruptly due to cracking and partial or complete peeling off of the protective
layer. The abrupt leach rate makes it difficult to predict the leaching kinetics
of the type described by Equation (1).

Sometimes surface stress generated by the crystallization of the leached layer
induces a catastrophic failure of the bulk glass by the propagation of the
stress into the interior of the sample. This again will result in an
unpredictable leach rate. Glass failure of this type will be discussed
further in the section on static fatigue.
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2.4.6 Cracking

Considerable controversy exists on the effects of microfracturing in glass
leaching. PNL's study of partially devitrified 244Cm-doped waste borosilicate
glass exhibited microfracturing with no accompanying measurable effect on leach
rate (Weber, 1980; PNL-3050-1). Other groups have, however, considered the
significance of cracking (Barkatt, 1978; PNL-SA-7369). Recently a more
systematic simulation of cracking was performed by Perez, et al. (Perez, 1980).
Cracks were simulated by stacking glass pellets with platinum wire spacers and
holding them together with a stainless steel clamp. Their findings indicate
that crack depth and crack width are important parameters with the possibility
of a minimum crack depth limit required prior to enhanced leaching. In some
cases, more than a factor of 2 increase in leach rate has been observed. It
should be noted that for most cases, the increased cracked area does not appear
to result in a proportional increase in leach rates.

2.4.7 Other Pretreatments

Surface chemical and structural variations can arise from a number of sources
during the manufacture of glass. Variation in batch formulations, including
forming procedures and environments, annealing conditions, subsequent hot end
treatments, and exposure history, will affect the observed corrosion behavior
during testing.

Generally, a more rapid reaction has been observed in the case of glass quenched
with water compared to annealed glass (Doremus, 1979; Morey, 1954). This result
can be understood from the higher ionic mobility in the quenched glass which
has a lower density and a more open structure (Morey, 1954; Charles, 1962).
However, the quantity of the enhancement is usually not significant, being at
most a few percent. In fact, for the ternary sodium borosilicate glass, no
difference was observed between the rapidly quenched glass and the glass
annealed for 2-1/2 hours at 600'C (Adams, 1978).

Glass homogeneity also affects leach rates. Inhomogeneity in this case mainly
includes the quantity of undissolved constituents. Studies of 76-68 glass with
several different thermal histories have shown that the best leach resistance
was obtained from the glass exhibiting the best homogeneity (Hench, 1980). A
quantitative assessment is not available at present.

Other variables such as surface roughness will also have an effect on leach
rates. Sanders et al. investigated this effect in a binary lithium glass by
abrading the surface using various grit sizes (Sanders, 1973). Solution analysis
showed that the initial rate of silica-rich film formation is most rapid for
the smoothest surface. Evidence seems to indicate that surface roughness will
also influence static fatigue behavior. Although complex processes are intro-
duced by this parameter, it is clear that the extent of the roughness will have
an influence on both the relative and total amounts of material removed from
the surface of the glass.

2.5 Weathering

Even though a water solution may be absent, chemical reaction can occur in the
presence of water vapor. Static and cyclic humidity as well as wet-dry cycles
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must be taken into account when assessing glass durability. Corrosion will
proceed if (1) the products of ion exchange (notably alkali) remain on the
surface and (2) ambient conditions of relative humidity or temperature are
disrupted.

Water adsorption tends to increase with time and humidity; alkali generation
increases with time but varies with humidity. Other cations may enhance
durability by decreasing the reactivity of the alkali such as Zn, Sr, Ba, Pb,
Zr. Zr, for example, reacts to form a tight zirconium alkali-silicate
protective layer increasing significantly acid and alkali durability.

Crizzling or spalling is a result of the adverse effects of weathering on glass
surfaces. Spalling of the surface hydration layer may result where the alkali-
depleted network is too weak to sustain stress. The protective layer will act
as a barrier only as long as the high silica network remains intact (Adams,
1979). At the Conasauga test site (Tennessee; shale) (PNL 75-25) borosilicate
glass, subjected to alternating wet-dry cycles, exhibited a 20 pm-thick layer
showing network cracks and nonuniform penetration of corrosion into the under-
lying unaltered bulk glass (ONWI-62). Spalling has been noted in a variety of
archaeological glass compositions that have been subjected to alternate wet-dry
cycles. This phenomenon came to the attention of conservators when glasses
previously submerged were placed in dry environments for exhibit, resulting in
the spalling of the hydrated surface layer.

3 LOCAL CORROSION AND STATIC FATIGUE

There are insufficient data at the present time to draw any definitive conclu-
sions on the importance of local corrosion in glass. The evidence seems to
suggest that under laboratory conditions local corrosion, such as pitting, is
no more severe than general corrosion. Although ancient glass exhibits local
attack during weathering processes, experimental data on the effects of this
phenomenon with respect to overall durability are not currently available.

Static fatigue, on the other hand, is known to be a very important mode of
disintegration for glass in the presence of water. Cracks developed under
static fatigue will increase the exposed surface area leading to a significant
increase in the leach rate. Due to the importance of this phenomenon, static
fatigue mechanisms, time to failure, and pertinent variables such as solution
pH, humidity, temperature, pressure, compositions, matrix microstructuring, and
surface flaws require additional experimental treatment.

Static fatigue occurs only in the presence of water, which reacts chemically
with the strained bonds at the crack tip causing bond rupture. Therefore,
static fatigue is a chemical process that involves a stress-enhanced chemical
reaction between water and the high stressed region near the crack tip. The
general characteristics of static fatigue are as follows:

o static fatigue occurs generally in the presence of water;

a static fatigue can be detected for load times as short as 10-2 seconds;
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o static fatigue is an activated process;

o static fatigue limit is observed in some cases.

4 RADIATION EFFECTS

This section will briefly summarize the anticipated radiation effects on leaching
and overall integrity of glass based on experimental work on commercial and
nuclear waste glass. A more detailed review may be found in the literature
(NUREG/CR-2333, Vol. 1).

In waste glass, alpha, beta, and gamma rays and transmutation effects are
expected to exist (NUREG/CR-2333, Vol. 4). Recently, Walker et al. (Walker,
1981) reported on a preliminary study involving borosilicate glass leaching
during 60Co gamma, 244Cm alpha, and 90Sr beta radiation. The leach rate was
increased within a factor of 2 by gamma radiation, presumably due to the
leachant pH change by radiolysis, while no significant effects were observed
for alpha or beta radiation. To date, transmutation effects on glass leaching
have not been reported in the literature. Studies on crystalline waste forms
(Weber, 1980b) seem to indicate that the effect may not be significant. Indirect
effects involving differential swelling and compaction, which lead to micro-
fracturing, have been observed in partially devitrified glass by that was
subjected to alpha and gamma radiation. The concomitant increase of surface
area will enhance the leach rate significantly. Similar effects are expected
as a result of transmutations. The concentration of transmuted atoms may be
large enough to form a second phase, causing stress generation at the interface.
No experimental evidence has been reported on this topic.

5 CONCLUSIONS

Solution and environmental variables such as temperature and pressure will have
a direct effect on the durability of glass. As dealkalization proceeds, the
nature of the solution will change. The solution composition effects are
difficult to discern since these are interrelated to pH change and passive film
formation at the glass surface. Typical reactions in simple systems involve
silica network dissolution in high alkaline solutions and lower leach rates in
neutral and acidic environments. Multicomponent glass systems also exhibit
greater durability in acidic environments. Changes in pH, precipitation, and
the effects of erosion resulting from variations in flow rates may result in
unpredictable leach rates. The single activation process, observed in many
commercial and nuclear waste glasses, offers a method of accelerating condi-
tions at high temperatures to simulate long-term corrosion effects. For hydro-
thermal conditions, the alteration product resulting from glass-solution inter-
action is one of the most important variables determining the leach rate. A
thorough understanding of the role played by the altered zone is needed in
order to adequately identify the mechanisms involved in the corrosion process.

Glass composition is one of the most important factors determining the leach
rate. Generally, network formers and divalent modifiers increase durability
while monovalent modifiers have the opposite effect. The effects of phase
separation on leaching is dependent on the microstructure and can either
enhance or retard durability. The ratio of solid surface area to solution
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volume is another important parameter effecting leach rates. However, the
difficulty in the determination of the total surface area makes the exact
formulation of this parameter extremely difficult. As parameters having
secondary effects on the leaching process, partial devitrification, internal
stress, surface roughness, and local inhomogeneity contribute to changes in
the leach rate. No quantitative data on the contribution of these parameters
are available at the present time.

In glass, local corrosion is not any more severe than general corrosion. Static
fatigue, however, should be recognized as an important mode of disintegration
over geological time. From the well-defined fracture mechanics, it is known
that there is a fatigue limit for borosilicate glass below which no cracking
occurs; however, changes at the microstructural level may modify the fatigue
limit hypothesis. Modifications may arise due to surface stress, solution pH,
humidity, temperature, pressure, and compositional and microstructural
inhomogeneity. With respect to radiation effects, radiolysis, radiation-induced
cracking and pH change require further investigation.
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Table Q-1 Results of
(Boult, K.

Soxhlet tests of UK glass for yearly intervals
A., 1979)

Total dose
over 3 yrs, Leach rates, (g/cm2-day)

Temperature (C°) disintegra- at 1000C
First yr Subsequent yrs tions per g After 1 yr After 2 yrs After 3 yrs

50 20 2.7 x 1018 1.6 x 10-3 2.3 x 10-3 2.3 x 10-3
2.4 x 10-3

170 20 2.7 x 1018 1.5 x 10-3 2.3 x 10-3 2.6 x 10-3
2.2 x 10-3

Table Q-2 Summary of defense waste glass durability
(Mellinger, G. B., 1979)

Durability
Base 990C

Oxide glass, Variation, Distilled
components wt% wt% water pH-4 pH-9

Li2O 3.0 0-6.0 ++ ++ 0

Na2O 13.9 5.0-15.0 ++ ++ 0

K20 0 0-6.0 ++ ++ O

MgO 0 0-3.0 + ++ 0

CaO 4.53 0-6.0 0 ++ 0

BaO 0 0-3.0 ++ ++ 0

U308 1.53 0-4.0 - 0 0

TiO2 7.5 0-10.0 - -- 0

MnO2 2.58 1.16-4.0 - + 0

Fe203 7.9 0.39-15.41 0 + 0

NiO 0.53 0-3.0 0 0 0

ZnO 0 0-7.0 ++ ++ 0

B2 03 7.50 5.0-15.0 0 ++ 0

A1203 11.60 1.56-21.64 - ++ 0

SiO2 39.4 --- 0

0 indicates negligible chance with increase in this component, + and -
indicate increases or decreases, and ++ and -- indicate large
increases and decreases with component increase.
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1 INTRODUCTION

1.1 Background

The waste package must be designed to contain all radionuclides during the
1000 years after emplacement. Thermal effects related to the decay of short-
lived nuclides will be most severe during this period. Throughout the rest of
the regulatory period, release of each radionuclide from the waste package
must be less than one part in 105 per year of the maximum amount present in the
waste form after the containment period. The role of the packing material in
retarding the movement of radionuclides from the waste form, through the waste
package, to the near-field environment is an important element of the design
of the engineered barrier system. An understanding of the potential transport
and retardation processes is necessary for predictions of the flux of contami-
nants from the waste package. The radionuclide release rate will depend in
part upon the properties of the radionuclide species produced during degradation
of the waste form and the properties of the packing material. In this appendix,
the potential importance of fluid flow, Fickian diffusion, thermodiffision,
and colloid production to the transport of waste elements through the packing
material will be discussed.

1.2 Government Regulatory Framework

1.2.1 Role of U.S. Agencies

1.2.1.1 DOE

The DOE is responsible for the technical research and development necessary to
identify a safe repository site and for construction and operation of the site
after approval by the NRC.

1.2.1.2 NRC

The NRC is responsible for reviewing and approving the DOE repository site
development and issuing the appropriate construction and operating licenses con-
sistent with regulations governing high-level radioactive waste repositories.

1.2.1.3 EPA

The EPA is responsible for the protection of the environment, including protec-
tion from radioactivity releases, and for the issuance of suitable regulations
and requirements.

1.2.2 Portions of 10 CFR 60 That are Directly Connected To The Issue

§ 60.113 Performance of particular barriers after permanent closure.

(a) General provisions.

(1) Engineered barrier system.

(i) The engineered barrier system shall be designed so that assuming antici-
pated processes and events (A) containment of HLW will be substantially
complete during the period when radiation and thermal conditions in the
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underground facility are dominated by fission product decay; (B) any
release of radionuclides from the engineered barrier system shall be a
gradual process which results in small fractional release to the geologic
setting over long times. In the case of disposal in the saturated zone,
it shall be assumed in designing the engineered barrier system that
partial or complete filling with groundwater of all available void spaces
in the underground facility occurs.

(ii) In satisfying the preceding requirement, the engineered barrier system
shall be designed, assuming anticipated processes and events, so that:

(A) Containment of HLW within the HLW waste packages will be substantially
complete for a period of 1,000 years after permanent closure of the
geologic repository, or such other period as may be approved or specified
by the Commission.

(B) The release of any radionuclide from the engineered barrier system
following the containment period shall not exceed one part in 100,000 per
year of the inventory of the radionuclide calculated to be present at
1,000 years following permanent closure, or such other fraction of the
inventory as may be approved or specified by the Commission; provided,
that this requirement does not apply to any radionuclide which is released
at a rate less than 0.1 percent of the calculated total release rate limit.
The calculated total release limit shall be taken to be one part in
100,000 per year of the inventory of radioactive waste, originally emplaced
in the underground facility, that remains after 1,000 years of radioactive
decay.

§ 60.135 Criteria for the waste package and its components.

(a) High-level waste package design in general.

(1) Packages for HLW shall be designed so that the in situ chemical, physical,
and nuclear properties of the waste package and its interactions with the
emplacement environment do not compromise the function of the waste
packages or the performance of the underground facility or the geologic
setting.

(2) The design shall include but not be limited to consideration of the
following factors: solubility, oxidation/reduction reactions, corrosion,
hydriding, gas generation, thermal effects, mechanical strength, mechanical
stress, radiolysis, radiation damage, radionuclide retardation, leaching,
fire and explosion hazards, thermal loads, and synergistic interactions.

2 DISCUSSION

2.1 General

The general topic of radionuclide transport through the waste package can be
divided into three distinct areas: (1) generation of aqueous or colloidal
radionuclide species by degradation of the waste form, (2) transport of these
species by fluid flow, Fickian diffusion, or thermodiffusion, and (3) retarda-
tion of the species by processes such as sorption, chemical substitution,
precipitation, and ultrafiltration. The theoretical principles and experimental
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methods of radionuclide solubility and speciation determinations are discussed
in Appendix U. Hydrothermal alteration of the waste package material is
discussed in SIA Issue 2.22 and in Section 2.2.2.2 below. The degradation
of the waste form is discussed in Appendix Q.

Three specific issues that are relevant to predictions of the radionuclide
release rates will be addressed in this section. These are:

(1) Will fluid flow transport a significant fraction of the radionuclides
through the packing materials? Under what conditions will diffusional
(Fickian or thermodiffusion) transport dominate radionuclide migration
through the backfill?

(2) What are the potential retention times of radionuclides within the pack-
ing material after release from the waste form? Which radionuclides will
decay to relatively low levels during this time?

(3) Under what conditions will radionuclide release be affected significantly
by the production and transport of radionuclide colloids or
pseudocolloids in the waste package?

2.2 Issues

2.2.1 Fluid Flow in the Packing

2.2.1.1 General Principles

The magnitude of fluid flow through the packing material will be determined in
part by the hydraulic conductivity of the material. The conductivity, K
(cm/s), of the packing material is related to the volumetric flux, Q (cm3/s),
and the hydraulic gradient, i (cm/cm), by Darcy's law.

Q = - KiA (1)

Where A is the surface cross-sectional area perpendicular to the direction of
flow (Freeze and Cherry). The hydraulic conductivity can also be related to
more fundamental properties of the packing material by the following
expression

K = Kgp/p (2)

Where K is the permeability (cm2), g is the gravitational acceleration and p
and p are the fluid density (g/cm3) and fluid dynamic viscosity (cp),
respectively.

The hydraulic conductivity of bentonite clay is also related to the compaction
density, swelling pressure, temperature, fluid composition, thermomechanical
stresses, structural integrity, hydraulic stability, and hydraulic gradient.
These parameters are interdependent and each one has uncertainties in its
predicted response. It is difficult, therefore, to quantify the influence of
any one variable on the hydraulic conductivity. For example, the swelling
pressure will affect the porosity and, hence, the hydraulic conductivity of
the packing. The swelling pressure is a function of temperature, hydraulic
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pressure, and the thermomechanical stresses. According to Bida and Eastwood, a
higher compaction density implies a higher swelling pressure. A more compacted
packing, however, presents a higher resistance to mechanical deformation, thus
making it progressively more difficult to collapse the remaining pores.

The compaction pressure will be a function of the in situ stresses in the near
field. The processes of excavation and building tunnels will alter this stress
field. Even before the waste is emplaced, stress concentrations will exist in
the vicinity of the tunnels. The stress field will alter further after the
heat-generating waste canisters are emplaced. It is important to consider the
thermomechanical stresses acting at the waste packing boundary and not just
the pre-excavation in situ stresses. If the thermal conductivity of the packing
is low, higher canister surface temperatures and higher temperature gradients
across the packing may be expected. The mechanical properties of the packing
(Young's modulus, shear modulus) will dictate the stress state in the packing.
These properties, in general, will also depend on temperature, density, and
moisture content.

2.2.1.2 Applications to Waste Package Performance

The design life of the packing material can be divided into two periods (Bida).
In first period, the bentonite is not water saturated. During this time, water
is excluded from the container but an appreciable water flow may occur toward
the canister until 100 percent saturation of the packing material is reached.
The length of this time period is a function of several variables and is
impossible to predict with available data (Bida). The resaturation time will
depend upon the hydration rate of the dry bentonite. Based on preliminary data,
PNL has estimated that several thousand years would be required for water to
penetrate and saturate 20 cm of bentonite (Wheelwright; Bida). Smith (page 2-262)
gives a minimum estimate of 15-50 years for saturation of a 0.3 m-thick packing
assuming a pressure gradient across the barrier of 10 MPa (hydrostatic pressure)
and neglecting the effects of the swelling pressure.

During the second time period, after saturation of the packing, movement of
water through the waste package will be controlled primarily by the hydraulic
gradient within the repository and the hydraulic conductivity of the packing
material. Assuming conservative values for these parameters, Bida and Eastwood
calculated that 1 x 105 years would be required for a volume of groundwater equal
to the volume of a typical waste package to contact the container. It has been
shown (Bida; Apps) that for reasonable bulk diffusion coefficients (%10-6 cm2/
sec), diffusion dominates mass transfer through the packing material when the
hydraulic conductivity is less than 10-11 cm/sec, for the very low hydraulic
gradients (5 x 10-4 to 5 x 10-5) expected at the BWIP site. Values of K for
potential packing materials can be found in Apps et al., Westsik et al.,
Neretnieks et al., Bida and Eastwood, and Smith et al. At a compaction density
of 2.1 g/cm3, Westsik measured hydraulic conductivities 5 x 10-13 cm/s,
7 x 10-12 cm/s, and 1.5 x 10-12 cm/s for pure sodium bentonite, a 25 percent
clay/75 percent sand mixture and a pure calcium bentonite, respectively. The
measured values of K were constant over the range of hydraulic gradients used
(1.2 x 104 to 7.7 x 105). These data are consistent with the values presented
in the other aforementioned references. Calculated breakthrough times for
radionuclides in a clay barrier are independent of the fluid flow velocity.
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Thus, if the packing maintains its mechanical integrity, radionuclide transport
through the packing will occur by diffusion through an effectively stagnant
fluid within the interstitial pores.

It is important to consider-the possibility -that the packing material will not
maintain its mechanical integrity but will crack and fissure. At the time of
emplacement, the packing will be at ambient temperature, but will experience
elevated temperatures within a few years. For a conceptual spent fuel reposi-
tory in basalt, calculations (Altenhofen) show that peak temperatures in
the waste package will range between 1900C to 2600C with the peak occurring
within the first decade of emplacement. Since the packing is likely to have an
initial unsaturated moisture content, a cycle of drying and wetting is very
conceivable. If unsaturated flow occurs it is likely that multiple drying/
wetting cycles might take place. Such drying could cause cracks or fissures in
the packing that can substantially enhance the permeability (and hydraulic
conductivity). Most engineering materials tend to become more ductile (i.e.,
less brittle) with increasing temperature. However, the potential drying in
the packing associated with increasing temperatures is expected to have the
opposite effect; i.e., it would tend to make it more brittle. Whether the net
effect would be favorable or not can only be confirmed by conducting tests in
realistic environments. If cracks and fissures do form due to the dry/wet
cycling process, they could alter the flow and transport significantly.
Fracture flow (advection) could become dominant through the packing with an
associated increase in flow rates and greater chance of colloid transport.

2.2.2 Diffusional Transport

2.2.2.1 General Principles and Definitions of Terms

* Chemical diffusion: a solute-mixing process in which solute species
migrate from regimes of high chemical potential (thermodynamic activity)
to low chemical potential. The flux and concentration of the solute can
be described'by Fick's laws of diffusion as described below.

* Fick's laws of diffusion: basic equations describing solute flux and
concentration under flow regimes where diffusion is important. For
one-dimensional diffusional transport in a fluid

J -Do ax (Fick's First Law) (3)0 x

aC Do 2C (Fick's Second Law) (4)
D1 0 =B

Where J and c are the solute flux and concentration, respectively, x is
the direction of transport, t is time and D0 is the molecular diffusion

coefficient. Although Equations (3) and (4) are written in terms of Dos

the diffusivity in solution, the equations for diffusion in a porous media
contain terms for properties of the clay such as the tortuosity, porosity,
and equilibrium sorption distribution coefficients.
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* Molecular diffusion coefficient (D ): a constant, also called the

diffusivity, which is characteristic of an aqueous species in a given
solution (units: cm2/s).

* Stokes-Einstein equation: an equation which relates the molecular
diffusion coefficient Do to temperature T, viscosity of the fluid a, and

the radius of the solute particles, r.

D = kT (cm2 sec -1) (5)

The Boltzman constant k is equal to 1.38 x 10-16 erg deg-1; other parameters
are in cgs units. The equation does not take into account any interactions
between the solvent and solute that are not reflected in the viscosity of
the fluid. It may be used to obtain an order of magnitude estimate of
Do in most cases.

* Whole sediment or bulk diffusion coefficient (Ds): a diffusion constant

which is characteristic of an aqueous species in a given porous media
saturated by a solution of a given composition. It includes the effect
of the nonlinear transport path of solute molecules due to collisions with
solid particles of the matrix

Ds= De/02 (6)

where 6 is the tortuosity (Berner, p. 36-39).

* Dispersion coefficient (D): a constant used in transport equations which
includes the effect of dispersion, a process whereby solute molecules are
diluted by both mechanical mixing during fluid advection and molecular
diffusion. In general:

D = Ds + a v (7)

where v is the interstitial fluid velocity, Ds is the bulk diffusion

coefficient and a is the dispersivity. In the low velocity fields
expected in the packing material, the diffusion term will dominate the
dispersion coefficient.

Retardation factor: the ratio of the velocities of the groundwater and
the contaiminant. For systems in which sorption is reversible,

R = Kdp (8)

where R is the retardation factor, Kd is the equilibrium sorption

distribution coefficient, and p and 4 are the bulk density and porosity,
respectively, of the clay matrix.
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Apparent diffusion coefficient (Da) a diffusion constant for aqueous

species in a porous matrix which includes the effect of retardation
(units: cm2/s). Under certain conditions this coefficient can be
measured in a laboratory. When adsorption can be described by simple
linear equilibrium adsorption isotherms, when changes of porosity along
the flow path are negligible, and when no other chemical reactions or
physical processes are important, the measured apparent diffusion coeffi-
cient can be written as

D0
0- 0 (9)

where R is the retardation factor as described above.

2.2.2.2 Applications to Waste Package Performance

An equation describing the transport of a radionuclide through a homogeneous
packing barrier in one dimension can be written as

o a2c V ac a = + Ac + reaction terms (10)

where v is the interstitial fluid velocity, A is the radionuclide decay
constant, D is the dispersion coefficient, R is the retardation factor, c the
solute concentration in the fluid, x is the direction of flow, and t is time.
These terms are discussed in more detail in Section 2.2.2.1. The reaction
terms include expression for consumption of the radionuclide by precipitation,
ultrafiltration, irreversible sorption, and substitution or radionuclide pro-
duction by dissolution and radioactive decay of parent nuclides.

Prediction of the ability of the packing material to contain radionuclides
within the waste package will require an understanding of the values of D, R,
and v and the reaction terms under the conditions that prevail within the
repository. Changes in the local oxidation-reduction potential, temperature,
pressure, chemical, and thermal stabilities of secondary phases, radionuclide
solubilities, and solution chemistry will affect the values of these
parameters. In the following sections, progress toward obtaining relevant
values of these parameters is briefly discussed.

Dispersion and diffusion coefficients. As discussed in Sections 2.2.1.2 and
2.2.2.1 it is anticipated that diffusion will dominate dispersion under the
low fluid velocity field expected in a repository at the BWIP site. Diffusion
coefficients of several radionuclides in bentonite and bentonite-quartz mix-
tures have been obtained at room temperature in several investigations (Smith;
Apps; Torstenfelt, 1982a, b). Experimental methods are described in Sec-
tion 2.4.2. In general, the experimental data show poor agreement with
theoretical curves based on Fick's Second Law. Measured values of D , thea
apparent diffusion coefficients, vary up to 3 orders of magnitude and increase
with increasing distance from the tracer source. Molecular diffusion coeffi-
cients D calculated from these data are often anomalous; they are larger than
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measured values for the species in pure water. The ambiguous nature of these
results may be due to (1) nonlinear isotherms for the radionuclides,
(2) undetected precipitation, crystallographic substitution, or irreversible
sorption of radionuclides by the clay, and (3) nonuniform water content of the
clay (Apps; Torstenfelt, 1982a, b). Studies by Torstenfelt and others produced
calculated 0Do values of 4.8 x 10-7 cm2/sec to 5.5 x 10-5 cm2/sec for the actinides.

Do values for Cs and Sr in these studies were approximately 2 x 10-5 cm2/sec,

and 3 x 10-4 cm2/sec, respectively. For comparison D values of about 10-5
cm2/sec can be calculated with the Stokes-Einstein equation (cf. Section 2.2.2.1)
for most ionic species in water at room temperature (r - 10-2 poise, T = 3001K,
r = 10-8 cm) (Lerman, p. 86).

As shown by the Stokes-Einstein equation, the value of the molecular diffusion
coefficient is a function of temperature and fluid viscosity. The latter
variable is a function of temperature, pressure, and solution composition. In
addition, electrical interactions between radionuclide species and other
solute species will affect the value of the molecular diffusion coefficient
(Berner, p. 34).

Equation (7) shows that the dispersion coefficient in Equation (10) is dependent
upon the whole sediment or bulk diffusion coefficient Ds rather than the molecular

diffusion coefficient. Based on a review of published data, Apps (1982) suggested
that a range of Ds values of 1 x 10-6 cm2/sec to 5 x 10-6 cm2/sec was reasonable

for modeling generic radionuclide transport in the packing material. Equation (6)
indicates that the value of Ds depends on the molecular diffusion coefficient and

the tortuosity of the sediment. Thus, the values of the dispersion coefficients
of radionuclides in the packing material depend on a large number of environmental
parameters and material properties. At present, existing data are insufficient
to predict the values of these coefficients under the environmental conditions
that will prevail in the packing material at different times during the
repository post-closure period. Experimental investigations to determine the
dispersion coefficients under conditions relevant packing material performance
are necessary.

Retardation Factors. The retardation factor due to reversible sorption for
solute transport in porous media was defined by Equation (8) in Section 2.2.2.1.

R = 1 + Kdp/¢ (8)

A discussion of restrictions upon the use of Equation (8) and methods for
determining radionuclide distribution coefficients (Rd's or Kd's) for geologic
media may be found in Appendix T.*

*We use the symbol Rd to signify an experimentally determined radionuclide
distribution coefficient where we do not assume that equilibrium has been
achieved. Although they are called "sorption ratios," there is no assurance
that sorption is the only chemical process occurring during the experiments.
We use the term K in its classical sense, i.e., ideal ion exchange equilibrium
involving trace constituents.
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For reversible linear sorption, the retardation factor and radionuclide
distribution coefficient will be independent of concentration. For several
elements, however, nonlinear isotherms such as the Langmuir or Dubinin-
Radushkevich isotherm must be used to calculate concentration-dependent
retardation factors. In general,

S = f(c) (isotherm equation)

R = 1 + [p/I]f'(c) (11)

where f'(c) is the first derivative of the sorption isotherm with respect to
concentration, S is equilibrium concentration of the sorbed ion per gram of solid
and c is the equilibrium concentration of sorbing ion in the bulk solution.

The chemical reactions described in Appendix T for radionuclide migration in
geologic environments will also be important for interactions between
groundwater radionuclides and the packing material within the waste package.
These processes include: ion exchange, chemisorption, hydrolysis precipita-
tion, coprecipitation, and precipitation and changes in speciation due to
redox reactions. Changes in the temperature of the radionuclide-groundwater-
packing material system will introduce other chemical reactions. Basalt will
react with the groundwater to form secondary minerals such as smectites
and zeolites and the composition of the solution will change. Experimental
results from high temperature reactions of basalt with sea water and ground

water from the Columbia River Basalts suggest that concentrations of F , K
2+ 2+ 2..

SiO2, Fe , Mn , CO3 HCO3 will increase and that the pH and sodium content
of the solution will decrease. Analyses of synthetic groundwater solutions
contacted with secondary minerals (98 percent smectite) from the Hanford Site

indicate a significant increase in Mg , Ca , S04 and SiO2, concentrations.
These changes in the solution composition and the mineralogy of the substrate
can affect the Rd values.

Determinations of Rd's for selenium, strontium, technetium, iodine, cesium,
radium, neptunium, americium, plutonium, and uranium have been carried out at
230C, 600C, 1500C, and 300%C with crushed basalt under oxidizing conditions
(Ames, 1980a; 1980b; Salter, 1981a). In general, radionuclides which occur

predominantly as anionic (I , TcO4, SeO32 ) or neutral (NpO2HCO30, U02CO30)

species were poorly sorbed by crushed basalt. Cationic species (Sr+, Cs+) or
easily hydrolyzable (Am, Pu) species were more strongly sorbed. Sorption
ratios of Np, I, and Tc did not show a dependence on temperature under these
conditions. The temperature effects for the other elements and possible
explanations for the results are described in Table R-1. The experimental
methods are discussed in Section 2.4.3.

In general, the high-temperature Rd values presented in DOE/RL 82-3 and RHO-
BWI-LD-48 (Salter) cannot be treated as true Kd values. Reversible ion exchange

of simple ions or complexes generally is an exothermic reaction; values of Kd
should therefore decrease with increased temperature (Salter). The increases
of Rd values at elevated temperatures as described in Table R-1 suggest that
other chemical reactions are dominating the experimental results. These
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processes may include (1) precipitation of the trace elements of interest as
sulfates, carbonates, or sulfides, (2) incorporation of the trace elements
into the crystal structures of secondary hydrothermal minerals, (3) destabiliza-
tion of nonsorbing neutral or anionic complexes in favor of strongly sorbing
cationic complexes or charged colloids (cf. Langmuir for discussion for this
effect in uranium speciation), and (4) sorption of trace elements onto hydro-
thermal secondary minerals.

Rd values for several other candidate packing materials have been obtained at
230C and 600C under oxidizing conditions (Salter, 1981b; Westsik; Smith).
Commercially available samples of bentonite and zeolite or samples of smectite
from fractures in Columbia River Basalts were used for determinations of the
Rd's for Sr, Cs, Am, Np, Pu, U, I, Tc, Se, and Ra in synthetic basalt ground-
water. At 230C, americium, cesium, and plutonium generally exhibited high
(>1,000 ml/gm) Rd values; strontium exhibited high to moderate (>100 ml/gm) Rd
values; neptunium, radium, and uranium exhibited moderate to weak (>10 ml/gm) Rd
values and iodine, technetium, and selenium were poorly sorbed (Rd = 0-10 ml/gm).
No significant effect of temperature on the Rd values was observed for Se, Tc,
I, Np, Am, Pu, and Ra over the range 23°C - 600C. Sorption ratios for Sr and
U increased over the same temperature range. The Rd values for Cs on secondary
minerals from the basalts decreased over the temperature range 230C to 1500C and
increased slightly from 1500C to 3000C (Ames, 1980b).

Reducing alkaline conditions will be reestablished within the repository after
closure of the facility. The length of time required for this process is not
known at present. It is possible that reducing conditions will prevail during
the thermal period of the repository lifetime. High-temperature sorption data
for basalt-bentonite-water systems under reducing conditions, however, are not
available. Results from basalt sorption experiments at 230C with a hydrazine
reducing agent suggest that Rd values for uranium, technetium, plutonium are
higher under reducing conditions than under oxidizing conditions (Salter, 1981a;
Barney; Smith). Available Rd data from these experiments should not be used as
Kd values; reduction and precipitation of aqueous species as reduced solid phases

has probably dominated the experimental results. The effects of temperature upon
the speciation of the radionuclides under reducing condition is not understood.
Extrapolation of results obtained at low temperatures to obtain Rd values at
elevated temperatures is difficult to do at this time.

Radionuclide retention times. In a diffusion experiment, the retention time is
defined as the time required for breakthrough to occur across a barrier. For
a barrier thickness of Z meters, the retention time for a diffusion process
would be given by

t = O.1Z2/Da (12)

(Torstenfelt, 1982b). Breakthrough is defined to occur when the concentration
outside the barrier reaches 5 percent of the concentration at the contaminant
source. Retention times calculated from diffusion coefficients for long-lived
radionuclides in spent fuel suggest that isotopes of Sr, Cs, Th, Pu, and Ra
might be retained in a 1-meter-thick compacted bentonite or bentonite-quartz
mixture until they decay to relatively low (< 5 percent) fractions of their
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original inventories (Smith; Neretnieks; Torstenfelt, 1982b). Thicker barriers
would be required for retention of neptunium.

2.2.3 Thermodiffusion (Soret Effect)

2.2.3.1 General Principles

Diffusion of chemical species along a thermal gradient is known as the Ludwig-
Soret or Soret effect. The flux of solute induced by the temperature gradient
is added to that driven by the chemical potential (concentration) gradient. For
transport in a fluid, the solute flux, J, in one dimension can be written as:

J = -D ac D C aT (14)

The first term is the diffusive flux due to Fickian diffusion; the second term
is the thermodiffusive flux. DT is the coefficient of thermal diffusion, T is

the temperature and c is concentration of the solute. Equation (14) can also
be written as

J = -D (ac + sc -T) (15)

where the Soret coefficient s is equal to DT/Do (deg-'). For common electro

lytes and constituents of natural waters, values of the Soret coefficient are
in the range of 10-3 to 10-2 deg-1 (Lerman, p. 98-99).

During the thermal period of the repository lifetime, a thermal gradient will
be established across the width of the packing material. The maximum gradient
will occur approximately 5 years after emplacement (ATz 1200C for CHLW in an
unsaturated packing) DOE/RL 82-3, Figure 11-4). At this time, however, appreci-
able diffusion and radionuclide release may be precluded by the absence of
interstitial water in the packing material. Available estimates of the time
required to resaturate the packing with water range from 15 years to several
thousand years (cf. Section 2.2.1.2). It is expected that after 1,000 years
there will be no temperature drop across the barrier (DOE/RL 82-3, Figure 11-4).
The possible temperature differences that may occur across the resaturated
packing material during the lifetime of the repository depend upon the rehydra-
tion rate of the packing material under the influence of the changing thermal
field as discussed in Sections 2.2.1.2 and 2.4.1.2.

The relative importance of the thermodiffusive flux compared to the chemical
diffusive flux can be estimated from rearrangement of Equation (15).

JD = 1 D C * 1XaT A- - s (6_ 1 ~~~~~~~~~~~~~~~(16)
i SC a ax-X Z S

Where JD and JT are the fluxes due to chemical diffusion and thermal diffusion,

respectively; Ac and AT are the solute concentration difference and tempera-

ture difference across the barrier; c is the average concentration of the
species within the barrier. The remaining terms have been described above.
It can be seen that the Soret effect will become important compared to Fickian
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diffusion when the concentration gradient is small, the average concentration
is high, and/or the thermal gradient is high. The concentration gradient and
average concentration of each radionuclide will depend upon its solubility
limit, its initial concentration in the waste form, and its leach rate. The
value of ac/c will vary with both time and temperature. The relative importance
of thermodiffusion must be evaluated from Equation (16) on an element-specific
basis for various times during the repository history.

2.2.4 Production and Migration of Radiocolloids and Pseudocolloids

2.2.4.1 General Principles and Definitions

A nontrivial fraction of radionuclides released from the waste form could be
present as pseudocolloids or true colloids. Chemically, colloids could behave
differently than dissolved species; different transport and retardation mech-
anisms may be important in determining their migration behavior. Colloids
refer to systems of large macromolecules or particles ( 1 nm < r < 103 nm)
dispersed in an aqueous phase. The colloids found in most geologic systems
are metastable (lyophobic) colloids which will aggregrate to form noncolloidal
solids within time periods of hours to years (Apps). Colloids may form either
by condensation or by dispersion. Condensation colloids form when the aqueous
solution becomes supersaturated with respect to the formation of an insoluble
solid phase. Often, a kinetically favored, thermodynamically metastable phase
will precipitate in a colloidal suspension. Rapid, sharp changes in Eh, pH, or
groundwater composition can cause such supersaturation. Dispersion colloids
form through degradation of bulk matter into colloidal-size particles. The
importance of this process is well demonstrated for clays and gel layers forming
on borosilicate glass (Apps) and is discussed in Appendix Q.

Flocculation is the aggregation of colloids into larger particles followed by
sedimentation by gravitational forces. The stability of a colloid system to
flocculation depends upon the flow rate of the aqueous phase and the size and
surface charge of the particles. The surface charge depends on both the
charge arising from ionic substitutions within the colloid and the chemistry of
the aqueous solution. Counter ions, which may be absorbed onto the colloid
surface from solution, will decrease the repulsive force between the charged
particles and allow the particles to flocculate. The size, stability, and
other properties of colloids depend upon their mode of formation, chemical
constituents, and the flow rate and chemistry of the solution. In natural
systems, the nature of the colloidal particles can change with time, tempera-
ture and physico-chemical conditions.

Pseudocolloids of radionuclides form when dissolved species of the radio-
elements sorb onto the charged surfaces of existing colloidal-sized particles.
Such particles could be formed by degradation of clay minerals or borosilicate
glass or the precipitation of insoluble phases of other groundwater constituents
(e.g., Fe (OH)3, Al(OH)3).

2.2.4.2 Applications to Waste Package Performance

The potential for production of colloids of the actinides and other metals
present in the waste form exists. Oxides, hydroxides, phosphates, carbonates,
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and silicates of these elements are very insoluble. Supersaturation of the
solution contacting the waste form could occur under stagnant fluid conditions.
The formation of true colloids of Am, Pu, and.Np has been observed in saturated
solutions and in solutions in contact with borosilicate glass (Avogadro;
Olofsson). The occurrence of colloidal-size Pu(IV) polymers is discussed by
Apps, et al.

Pseudocolloids with clay, silica, or ferric hydroxide particles could form with
all of the radionuclides under certain conditions. Aluminosilicate and silica
colloids exhibit a negative surface charge over the pH range expected under
natural conditions. Such particles will attract cations or cationic complexes

2+ + 2+ 2+
of many of the radionuclides (e.g., Cs+, U02 , UO20H , Sr , Ra , Am(OH)2+

2+
AmOH ). Oxides and hydroxides of metal components in the canister and waste
form exhibit a range of points of zero charge (ZPC). Some particles with posi-
tive surface charges might form under the range of pH conditions expected during
the lifetime of the repository (cf. Appendix S). The formation of a leached
silica gel layer on the surface of the glass has commonly been observed in
leach studies (cf. Appendix Q and cited references). Disintegration of this
unstable layer into colloidal-size silica particles is possible. Leaching of
borosilicate glass in the presence of iron results in the formation of iron
silica colloids which may scavenge soluble radionuclide species from solution.
This process produces radionuclide pseudocolloids and leads to an increase of
the release rate of the radionuclides from the waste glass (McVay).

The production of radionuclide colloids and pseudocolloids will be important to
radionuclide release from the waste package only under certain hydraulic
conditions. In stagnant systems, colloids may form but particulate transport
will be limited to diffusion by Brownian motion of microcolloids. In porous
media with nontrivial fluid flow, packing material can retain colloids by
ultrafiltration. This behavior has been observed in clay soil columns
(Avogadro). In'such systems, the release rate of the radionuclides would be
determined by dissolution of the colloids and transport by soluble species.
Apps et al. used a continuum model to compare diffusive fluxes and gravita-
tional settling rates of colloids of different particle sizes in a viscous
fluid. The results of these calculations suggest that gravitational settling
may efficiently remove colloidal particles of all size fractions from diffu-
sional transport in porous or fractured media having pore or fracture apertures
smaller than approximately 1 mm. Processes such as physical adsorption,
chemisorption and pore closing would enhance the rates of removal.

Convective transport through larger fractures was not considered in the above
calculations. The transport of radionuclide colloids or pseudocolloids might
be more important in accident scenarios wherein the packing material is breached
and large fluxes of water contact a previously formed gel surface layer on the
waste glass (Avogadro).

2.3 Information Needs

Currently available data suggest that under normal conditions (i.e., nonaccident
scenarios) appreciable solute transport in the packing material will not occur
during the first thousand years following emplacement of the waste package.
After resaturation of the packing material with water, radionuclide transport
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will occur predominantly by diffusion through interstitial fluid. The avail-
able data and calculations suggest that choice of the proper packing materials
and chemical additives can buffer the water within the engineered barrier and
assure sufficiently long retention times for most radionuclides. Much of the
data used to reach these conclusions, however, were collected under conditions
that are not representative of expected repository conditions. Extrapolations
to repository conditions are often made without a firm theoretical understanding
of the chemical processes responsible for the effects observed in the laboratory.
Equation (10) in Section 2.2.2.2 shows that values of the dispersion and diffusion
coefficients D and Ds, the retardation factor R and the interstitial velocity

v are important in describing radionuclide transport through the packing material.
It is important to obtain accurate values of these parameters under realistic
conditions. The radionuclide distribution coefficient Kd, the hydraulic conduc-

tivity K and the molecular diffusion coefficient Do0 are used to calculate values

of these parameters. In Section 2.4, the methods used to obtain values of these
constants are described. In addition, previous investigatons of the Soret effect
are discussed. Methods used to identify radionuclide colloids are described in
Appendix U.

2.4 Methods

2.4.1 Hydraulic Conductivity

2.4.1.1 Methods of Measurement

Test methods to determine the hydraulic conductivity of bentonite clays as func-
tions of swelling pressure, compaction density, and hydraulic head are described
in Westsik, Bida, and Pusch. In experiments performed at PNL (Westsik), the
permeating fluid was pumped under high pressure into a permeability cell which
contained a column of compacted, powdered packing material. The fluid was
collected in a preweighed vessel after it had flowed through the column. The
volumetric flow rate was determined by weighing the effluent as a function of
time. The hydraulic conductivity K and intrinsic permeability K were determined
from Equations (1) and (2), respectively.

2.4.1.2 Uncertainties in Available Data

The hydraulic conductivity of the packing depends upon compaction density,
temperature and hydraulic gradient. The compaction density, in turn, is a
function of the compaction pressure and the initial water content. During the
first several hundred years after repository closure, the liquid water content
of compacted bentonite in the packing may be nearly zero because of the high
temperatures within the waste package. Water will be present as vapor in the
outer layers of the waste packing. The compaction density will change as the
waste package cools and the packing rehydrates. Futher BWIP investigations of
the performance of the packing material should examine the compaction density
of packing material as a function of the degree of rehydration as the water
vapor in the clay returns to the liquid state (Bida).

The dependence of hydraulic conductivity on hydraulic gradient is discussed in
Westsik, Bida, and Pusch. The permeabilities of swelling clays, such as
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bentonite, increase as the hydraulic gradient increases. Deviations from
Darcy's law are observed at very low hydraulic gradients. Values of hydraulic
conductivities reported from the high-gradient experiments at PNL may lead,
therefore, to overestimates of fluid flow within the BWIP waste package.

The dependence of hydraulic conductivity on temperature can be related in part
to the temperature dependencies of the compaction density, fluid density,
dynamic viscosity (cf. Equation (2)), and diffusion rates. Plans for investiga-
tions of hydraulic conductivity as a function of temperature are discussed in
Bida. The effect of the variation of other environmental parameters such as
groundwater composition, redox potential, and radiation field strength should
also be considered in future studies of fluid flow through packing material.

The failure of the packing due to mechanical stresses may affect its hydraulic
conductivity. It is unlikely that tensile stresses would be experienced by
the waste package. Mechanical failure due to compression, however, could
jeopardize the structural integrity of the packing. The compressive strength
of the packing material as a function of temperature and moisture content
should be a design parameter.

2.4.2 Diffusion Coefficients

2.4.2.1 Methods of Measurement

Apparent diffusion coefficients are given by Fick's Second Law of Diffusion
for one-dimensional diffusion.

dc. .d (D dc) (17)

Laboratory determinations of apparent diffusion coefficients often use a planar
source of the radionuclide of interest which diffuses into a clay cylinder of
effectively infinite length (Torstenfelt, 1982a, b). The solution of equation
for this system is (Crank, p. 9-11):

c - 1 exp (-x2/4D t) (18)
M 1 7 W~11 a2 (n Dat)

where c is concentration (mol/cm3), M is the total amount of diffusing species
added (mol/cm2), x is the distance from the source (cm), Da is the concentra-

tion independent apparent diffusivity (cm2/s), and t is the time (s). In these
experiments, the clay cylinder is placed in a synthetic groundwater which is in
equilibrium with the clay. After a "sufficient" contact time (often 2-3 months)
the clay cylinder is cut open and the concentration of the tracer at several
distances from the source is determined. The molecular diffusion coefficient
can be obtained from the apparent diffusion coefficient through solution of
Equations (8) and (9).

2.4.2.2 Uncertainties in Available Data

As discussed in Section 2.2.2.2, the data produced in many of these experi-
ments cannot be fitted to Equation (18). Equations (8) and (9) are valid only

R- 15



when simple linear reversible isotherms describe the sorption behavior, when
changes of porosity and water content along the flow path are negligible, and
when other chemical reactions such as precipitation are not important. In
general, data are not sufficient to determine if these assumptions are valid in
the experiments. In addition, extrapolation of the results obtained at room
temperature and pressure should not be extrapolated to repository conditions
without justification based on kinetic and thermodynamic arguments. Ideally,
diffusion coefficients should be measured under the temperatures, pressures,
and chemical conditions expected at the repository. Hydrothermal interactions
between waste package components, radionuclides, and other solutes, however,
may make these determinations very difficult.

2.4.3 Radionuclide Distribution Coefficients

2.4.3.1 Methods of Measurement

Techniques for high-temperature batch Rd determinations are described by Ames
(1980a, 1980b) and Salter (1982a, 1982b). In these studies, radionuclide- basalt
reactions are investigated at elevated temperatures (150-300'C) and pressures
(6.9-27.6 MPa) in Inconel pressure vessels. Precautions are taken to minimize
sorption of the radionuclide on the walls of the pressure vessel and sample ports.
After the Rd determinations, analyses of both solution and solid phases are
carried out to determine changes due to the high temperature reactions.

Static and dynamic methods for determining Rd values at lower temperatures are
discussed in Apendix T. Although the available high-temperature Rd data have
been obtained by the batch (static) technique, dynamic (flow-through) systems
could be used in future experiments. The general comments presented in Appen-
dix T concerning experimental methods, presentation of data, and the uncer-
tainties associated with the extrapolation of Rd values obtained in the labora-
tory to modeling radionuclide transport under natural conditions apply to
sorption and retardation at both high and low temperatures.

2.4.3.2 Uncertainties in Available Data

As discussed in Section 2.2.2.2 and Appendix T, Rd values are empirical values
which may include the effects of several chemical processes such as precipita-
tion, substitution or ion exchange. Rd cannot be equated with Kd values (cf.

footnote, p. 8); calculations of retardation factors with Rd values in place of
Kd values in Equation (8) may lead to underestimates of radionuclide discharge.

Elimination of the effects of other chemical reactions through improved experi-
mental technique and the use of isotherm equations in place of single value Rd's
may allow more accurate calculations of retardation factors (cf. Equation (11)).
The experimental techniques may include the introduction of the tracer in pre-
equilibrated groundwater as the aqueous species produced by dissolution of the
waste form (Nowak, 1982). A multi-stage pre-equilibration procedure might
include the following steps: (1) pre-equilibration of groundwater with packing
material at elevated temperature and pressure and low Eh to produce a reaction
solution and (2) leaching of the waste form with the reaction solution at
elevated temperature and pressure and low Eh to produce the tracer and blank
solutions. The tracer solution produced in step 2 above could then be contacted
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with the solid substrate for the Rd determinaton. Such a procedure could
eliminate some of the processes which have obscured the effects of sorption in
previous Rd measurements. In this way, the effects of sorption could be included
in the retardation factor R while other chemical processes could be included
separately in the reaction terms in Equation 10.

2.4.4 Soret Diffusion Coefficients

2.4.4.1 Methods of Measurement

Thermodiffusion in binary aqueous systems has been studied extensively (for
compilations of values at Soret coefficients of common electrolytes, see
Lerman). Soret coefficients for species in fluid phases are obtained by the
use of reaction cells filled with solutions of uniform composition with two
end plates maintained at different temperatures. At steady state, i.e., net
diffusive flux equals zero, the Soret coefficients can be obtained by rearrange-
ment of Equation (15)

J = ° = -D (ac + sc 8T) (19)

1 ac/ax = 5 (20)

The Soret coefficient is obtained by evaluation of the concentration gradient
in the presence of a uniform temperature gradient.

Measurements of Soret coefficients are described in Thornton, 1982a, 1982b and
Seyfried, 1982. In these experiments, temperature and solute concentrations
were measured along a sediment core across which a temperature difference of
2000C was maintained. The slope of experimental curves on semi-log plots
(ln c vs. T) is equal to the Soret coeffient. This can be seen by rearrange-
ment of Equation (20) and integration over the limits of concentration and
temperature

Aln c = -sA T (21)

2.4.4.2 Uncertainties in Available Data

At present there are few available values for Soret coefficients of the radio-
nuclides relevant to waste management. There are abundant data for simple
salts of sodium, potassium, magnesium, and strontium at low (250C-40'C)
temperatures in water (Lerman, p. 98-99). Soret coefficients for Cl, Na, Ca,
and Mg were obtained at higher temperatures (100'C-300'C) in cores of inert
alumina particles and silty clay which were saturated with artificial sea water
(Thornton, 1982a). Although experiments with inert alumina were designed to
minimize high temperature alteration of the substrate by the fluid phase,
precipitation of carbonates and hydroxides may have occurred. Considerable
reaction between the pore fluid and sediment occurred in experiments using a
clay matrix. In view of the paucity of data concerning radionuclide solubil-
ities and potential substitutions into secondary minerals, it is anticipated
that the determination of Soret coefficients for radionuclides in potential
packing materials would be a complicated experimental study.
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Table R-1 Temperature effects on experimental Rd values
for basalt under oxidizing conditions*

Effect of temperature Possible
Element increase on Rd value causes

Cs Decrease: 230C to 1500C (1)
Increase: 1500C to 3000C (3)

Ra Increase: 230C to 600C

Sr Increase: 600C to 1500C (3)

U Increase: 230C to 3001C (4),(2),(5)

Am Increase: 60'C to 1500C (2),(6)**

Pu Increase: 23%C to 601C (4),(6)
Variable: 600C to 150C (3)*X

Se Decrease: 23%C to 60%C (1)
Increase: 60%C to 1500C (2),(50)**

*Reference: RHO-BWI-LD-48 (Salter, P.)

Possible causes of temperature effect:

(1) Increased competition for ion-exchange
and cations leached from basalt.

(2) Precipitation.

sites between radionuclide

(3) Incorporation of radionuclide into secondary
by hydrothermal alteration
of basalt.

mineral produced by

(4) Destabilization of neutral and anionic complexes with respect to
cationic complexes.

(5) Increased sorption onto secondary phases produced by hydrothermal
alteration of basalt.

(6) Stabilization of charge colloidal polymers with greater sorption
potential.

*Additional data on solubility, speciation, colloidal polymer formation,
and secondary mineral formation are required before experimental
results can be evaluated.
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APPENDIX S

DETERMINATION AND INTERPRETATION OF REDOX CONDITIONS
AND CHANGES IN UNDERGROUND HIGH-LEVEL REPOSITORIES



ABSTRACT

The redox condition of the groundwater reflects the oxidizing or reducing
condition of the natural environment. In a nuclear waste repository the redox
conditions of concern are the redox potential (Eh), the redox stabilizing
(buffering) effect, the redox buffering capacity of the geochemical environment,
and the limiting rates of reaction in re-establishing equilibrium after the
disturbance created by construction of a repository. The redox potential of
the groundwater will determine the oxidation state (valence) of multivalent
elements and the redox capacity is a measure of the resistance to change in the
oxidation state of the system. In general, the solubilities of radionuclides
are lower while sorption and retardation are greater in a reducing environment.

In theory the redox potential of natural waters is both measureable using
electrometric techniques and calculable using thermodynamic data and analysis
for the chemical species existing in oxidized and reduced forms. In practice,
it is a difficult task and no single measuring or calculation method can be
relied upon.

Natural systems are frequently not in complete equilibrium and some knowledge
of the kinetic behavior of the system becomes necessary in establishing system
redox conditions. Understanding of natural systems results from characterizing
the various mineral assemblages that determine oxygen fugacity which may effect
the redox potential, multiple application of the various methods for determining
the redox potential, and construction of Eh-pH predominance diagrams for
chemical species in aqueous solution and possible solid phases.

Experimental and thermodynamic methods of redox condition determination are
discussed in this appendix along with the uncertainties involved in their
application to nuclear waste respositories. Considering the present degree of
uncertainty in the determination of redox conditions, it will be important to
use a variety of appropriate alternative methods and to interpret their results
with caution. Confidence is enhanced if there is agreement among results of
various procedures but only if the procedures are applicable to the particular
site.
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1 INTRODUCTION

Knowledge of the Eh (and pH) of repository groundwater and the controls on
these parameters is a necessary part of site characterization because:

(1) Eh of the groundwater is an important aspect for the control of multivalent
radionuclide oxidation state.

(2) Oxidation state of multivalent radionuclides determines the possible
species that may form with various ionic constituents of groundwater either
natural or introduced from the waste package.

(3) The radionuclide species in the groundwater control solubilities of
radionuclides and solubility is a major control on radionuclide movement
to the accessible environment.

(4) The radionuclide species in the groundwater are an important factor in
sorption of radionuclides. Sorption is an important process retarding
movement of radionuclides to the accessible environment.

Because of the importance of Eh and the generally recognized problems with its
measurement, calculation and interpretation, it is important that NRC present
DOE with its position on the fundamentals and relevance of redox conditions to
repository siting. Appendix S presents NRC's position as it now stands.

1.1 Background

The nature of chemical reactions (including precipitation with possible colloid
formation) between the various materials in the near-field strongly influences
the mobilization and transport of radionuclides from the repository into the
surrounding host rock. Additional reactions occur with the primary and second-
ary minerals of the cooler far-field rocks. Depending on the geochemical
conditions at any time, different chemical forms of the elements are possible.
One of the most important sets of geochemical variables constitutes the redox
conditions (ability of the environment to cause oxidation or reduction of a
chemical species) of the system since the chemical speciation of polyvalent
elements includes the possible formation of different oxidation states with
markedly different solubility and sorption behavior. The primary redox param-
eter is the Eh, which is an indicator of the ability of the geochemical
environment to cause oxidation or reduction reactions. Other relevant variables
include groundwater composition, host rock and alteration mineral assemblage,
temperature and degree of buffering (poising, the resistance of the geochemical
environment to change). Consequently, the geochemical conditions that will
affect the oxidation states of the waste radionuclides must be sufficiently
characterized and understood to make a projection into the future that will
permit a more confident prediction of repository performance.

2 FUNDAMENTALS AND RELEVANCE OF REDOX CONDITIONS

Radionuclides transferred 'from the waste packages into the backfill and basalt
environment may be retarded from transport toward the accessible environment by
reactions with constituents of backfill and host rock minerals. Among the
radionuclides generally recognized as critical to site performance (see for
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example EPA, 1982; Moody, 1982) several (for example Pu, Np, U, Am, Tc) are
capable of forming more than one oxidation state (valence) within the range of
redox conditions that may be expected. Some of these elements exhibit markedly
different sorptive and solubility behavior for different oxidation states.
Consequently, an understanding of the redox status along a flow path to the
biosphere is an important parameter in the performance assessment of a waste
repository.

2.1 Issue: Redox Conditions and Radionuclide Mobility

The primary issue to be addressed is the effect of (waste package)/backfill/
host rock/groundwater components on the oxidation state of waste radionuclides
and the consequences of forming particular oxidation states in terms of the
solubility and adsorption behavior of the radionuclides as controls on their
mobility.

2.1.1 Redox Conditions

The redox conditions of concern are the redox potential (Eh), the redox buffering
effect, or "poising," the redox capacity of the system, and the limiting rates
of reaction in reestablishing equilibrium. Poising or Eh buffering is analogous
to the buffering effect associated with the acidity of solutions (pH) for which
Hem (1970) presents an excellent discussion (see also Fairbridge, 1972, for a
more detailed discussion of buffered geologic systems). In natural systems in
equilibrium contact with the atmosphere, Eh is poised by at least in part reac-
tions involving elemental oxygen. In the deep groundwater of the Grande Ronde
basalt, the Eh and poising is probably controlled by oxidation-reduction reac-
tions involving iron-bearing minerals. In general, buffering (either pH or Eh)
results from maintaining the concentration (more precisely thermodynamic
activity) of a component at constant level during fluctuations in the system.
This is generally achieved by means of a chemical equilibrium process which can
absorb or generate the buffered component and compensate for addition or removal
of the buffered components by external means.

Redox conditions (as well as pH) are determined by the chemical species present
in the aqueous phase. Adjacent or intermixed solid mineral phases act as the
external reservoir or sink to control concentrations in the aqueous phase. In
principle, the Eh and pH can be separately calculated if the system is at
equilibrium and the chemical species distribution is completely defined. In
natural systems however, complexity makes such a procedure less reliable. For
nonequilibrium conditions, the calculation is never practical (except for simple
systems in the laboratory) because the kinetics of all the reactions need to be
understood and the reaction rate constants determined as a function of tempera-
ture and pressure.

Many redox reactions involve hydrogen ions and the Eh and pH can be related
through the Nernst equation if the activities of the other reacting substances
are specified and the system is at equilibrium. A graph can then be constructed
with pH as the abscissa and Eh as the ordinate that shows the boundaries of the
epredominance fields for the species and solid phases being considered. It
should be emphasized that these Eh-pH (Pourbaix) diagrams are only useful for
the particular conditions for which they were calculated. Changes in tempera-
ture, pressure, and particularly.composition from those used for the original
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calculations invalidate the application of the diagram for prediction of the
stabile solid phases or the predominant aqueous species.

A brief discussion of oxidation-reduction processes are given in the following
sections, and detailed discussions of the thermodynamics of natural water systems
(including Eh and pH and their effects) are presented by Pourbaix (1949, 1974),
Garrels and Christ (1965), Krauskopf (1967), Fairbridge (1972), Stumm and Morgan
(1981), Rydberg (1981), and Drever (1982).

2.1.2 Equilibrium Redox Fundamentals

The chemical processes of oxidation and reduction involve the electrons in the
chemical bonds between atoms or ions with the loss of an electron constituting
oxidation or a gain, reduction. This is conceptually analogous to acid-base
reactions where protons (hydrogen ions) are transferred. Both oxidation-
reduction and acid-base reactions are fundamentally electrical processes and
both effects can be measured as a voltage difference between suitable electrodes.

The relative ease of oxidation or reduction of any chemical depends on the
orbital electron arrangements. Noble metals, such as platinum and gold, are
normally found in the elemental state since they are relatively stable toward
oxidation. The more reactive metals, such as sodium and potassium, normally
exist in the oxidized state as metal salts and are resistant to reduction. This
difference in behavior forms the basis of the electrochemical series, which ranks
metallic elements in order of the ease displacing from their solutions the ions
of any element listed below them. The element going into solution would be
oxidized and the one displaced (precipitated) would be reduced.

The same concept has been applied to nonmetallic elements, ions, and compounds,
and quantified on the basis of the electric potential generated by a solution
of the particular species. A large number of measurements of oxidation couples
(oxidized and reduced valence states of the species comprising a half cell)
have been made and have been collected and listed by Latimer (1952), Krauskopf
(1965), and Baas-Becking et al. (1960) for natural environments. All potentials
are referred to the standard hydrogen electrode that is assigned an arbitrary
zero voltage. The sign convention is arbitrary; two conventions have been used,
causing some confusion.

2.1.2.1 Acidity (pH)

Hydrogen ions are involved in many aqueous reactions. Because measurement
techniques are relatively well developed and accurate, the activity of the
hydrogen ion measured whenever possible in order to provide a common reference
activity for a variety of reactions. Also, because activities are frequently
represented as logarithmic functions and used in logarithmic form in some
thermodynamic calculations, the term pH was developed and defined as the nega-
tive logarithm (base 10) of the hydrogen ion activity. For a iN solution of a
strong acid, pH = 0 and for a iN solution of a strong base, pH = 14. In nature,
observed pH's lie mostly in the *range of 4 to 10. At room temperature, a pH
of 7 corresponds to neutrality, but at higher temperatures the neutral value
decreases because of shifts in the ionization constant of water. At 2000C,
neutrality corresponds to a pH of approximately 6.5.
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Measurements (the following discussin is taken from Smith et al., 1980) of the
pH of groundwaters sampled from the Grande Ronde Basalt indicate that the pH at
45%C is approximately 10.1. Extrapolating to higher temperatures that would
exist at the proposed waste disposal horizon indicates that the pH at 65%C lies
between 9.4 and 9.9. The high values for the Grande Ronde groundwaters are
consistent with groundwater isolated from the atmosphere and in contact with
silicates and/or carbonates (Krauskopf, 1967). At elevated temperatures, two
further processes affect pH: formation of clay minerals by alteration of primary
minerals and hydrolysis of silicates. Clay formation accelerates as the ground-
water is heated, resulting in a decrease of pH because of the consumption of the

hydroxyl ion (OH ) and generation of the hydrogen ion (H ). The hydrolysis of
silicates involves the production of clay minerals by a solid-liquid reaction,
which causes a pH rise. The two reactions occur at different rates and have
opposing effects, so that the combined result is a complex variation of pH
with time.

In addition to the need to know pH in the construction of pH-Eh diagrams to
bound stability regions for different species, models developed for calculating
the Eh of the basaltic groundwaters at the Hanford DOE site (Smith et al., 1980)
are pH-dependent.

2.1.2.2 Redox Potential (Eh)

The redox potential (Eh) can be defined as the potential of a system where all
the reversible redox couples present are at equilibrium. Natural systems
usually contain more than one redox couple which can equilibrate at a potential
corresponding to the dissolved species if equilibrium exists. All the redox
couples present should have the same value. No meaningful measurement or
calculation can be performed for nonequilibrium systems. The slowly changing
environment, along with any radionuclides and their repository species, adds to
the difficulty of Eh determination because of possible kinetic effects. It is

possible that a single couple, such as Fe2+ /Fe3+, will predominate and make
calculations more practical in a particular system. The fundamentals of the Eh
calculations assuming equilibrium are presented in detail by Garrels and Christ
(1965). Measured Eh values for many natural of systems are presented by Baas-
Becking et al. (1960) and Germanov et al. (1959).

Finally, Bricker (1982, p. 59) points out:

"It should be stressed that the redox potential, no matter in what
units it is expressed, is strictly an intensity factor. It provides no
information about the capacity of a system for oxidation or reduction.
The capacity of a system to donate or accept electrons is determined by
the sum of the equivalent concentrations of all of the oxidant species
above the reference redox potential minus the sum of the equivalent
concentrations of all of the reductant species below the reference redox
potential (electron condition)."

It appears that this will be an important consideration at the BWIP because of
the low ionic strength of the groundwaters and the apparent weak to nonexistent
coupling of the groundwater system and the host rock.
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Redox potentials (Eh) can be calculated from thermodynamic considerations for
redox couples (chemical species existing in two valence states within a system)
provided that the activities and the Gibbs Free Energy of Formation of the
components are known (see addenda).

2.1.2.3 Eh-pH Diagrams

The Eh-pH, or stability-field, diagrams used in geochemical applications are
graphical representations that bound the regions of predominance for chemical
species in aqueous solution and possible solid phases as a function of the
measurable (or calculable) system parameters Eh and pH. The convention in
constructing these diagrams is to plot Eh values calculated from the Nernst
equation vs. pH, the latter as the abscissa and Eh as the ordinate. A collec-
tion of these diagrams and discussion of their construction and uses was
published by Pourbaix (1946, 1974) in relation to the corrosion of metals. The
application to geochemical systems was recognized and became widely used to
determine by graphical means the domains of relative predominance of dissolved
species and the relative stability of coexisting solid substances. Helgeson,
et al. (1969) present a compendium of such diagrams for geological systems of
interest to the sedimentary petrologist and geochemist. Brookins (1978) presents
a few such diagrams of interest to radioactive waste management. The construc-
tion and interpretation of a large number of these diagrams are covered in
publications by Garrels and Christ (1965), Stumm and Morgan (1981), and Pourbaix
(1974).

These diagrams can be very complex depending on the number of solution species
and solid minerals involved. The boundaries of the predominance and fields, and
in some cases the identity of the chemical species and solids, shift with tempera-
ture and pressure as well as composition. Consequently, a large number of Eh-pH
diagrams may be needed to understand and characterize a geochemical system (see
for example Helgeson et al., 1969). Because of the many species that can exist
in groundwaters, a complete characterization of the geochemical behavior of the
system is difficult if not impossible. However, Eh-pH diagrams are still very
useful in understanding the species and minerals that are effective in control-
ling the geochemical behavior and showing the general region of predominance.

Hem (1960, p. 120) has pointed out some limitations that should be considered
when interpreting Eh-pH diagrams:

"The accuracy with which the Eh-pH diagram can be used in solubility
calculations and applied to real systems to compute Eh has limits,
although the more qualitative demonstration of principles afforded by
the diagrams is so obvious it needs no further comment. The conditions
which must be met when the diagrams are applied to real systems include
at least three requirements:

1. That the system is at equilibrium. Reactions involving oxidation
or reduction of sulfur seem to require presence of biota to attain
equilibrium.

2. That solid species in the system are the same as those specified
by the diagram and are reasonably pure.
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3. That complexes not allowed for in the computation are absent, or
negligible.

Serious problems may be encountered in actually measuring the variables
of interest in the system itself and relating them to computed values."

2.1.2.4 Relationship of Redox Potential and Oxygen Fugacity

Reactions of dissolved oxygen in groundwater with the country rocks may affect
the redox potential (Eh) with some of these reactions creating a buffering
effect. Oxygen fugacity, which is an effective oxygen gas pressure in equili-
brium with a solution is a convenient and measurable quantity in the laboratory
for use in determining the oxygen activity in solution. When a gas behaves
ideally, the fugacity is equal to the partial pressure. Measuring oxygen
fugacity in natural systems is not easy, however it may be calculated from
equilibrium constants for oxygen-mineral reactions in thermodynamic equilibrium.
It is important to note however that the assumption that Eh is related to oxygen
fugacity has been questioned for some time (Sato, 1960). It is well known, for
example, that water in equilibrium with 02 (air) does not exhibit the Eh calcu-
lated from thermodynamic relations. Sato (1960) suggested that in this case
H202 reactions may control Eh.

An excellent discussion of the geologic significance of oxygen buffering by
mineral assemblages at high temperature as a function of oxygen fugacity is
given by Eugster and Wones (1962). The important point made by Eugster and
Wones (1962) is that the oxygen fugacities of a great many mineral assemblages
are defined and can be evaluated if the necessary data are obtained for natural
and synthetic systems. It is not clear however, that the results obtained for
high temperatures (700-1100'C) can be transferred to lower the temperatures
(<300'C; see Anderson, 1982) of the repository and the geologic environment.
This, coupled with the questionable relationship between oxygen fugacity and
redox potential (Sato, 1960), casts serious doubt on the method of calculating
Eh presented by Smith et al. (1980) and Rockwell Hanford Operations (1982).

2.1.2.5 Mixed Redox Couples of Natural Waters

Redox reactions in natural systems are frequently irreversible and not at
equilibrium, and the measured redox potential is often a mixed potential
resulting from several redox reactions that may not readily couple with each
other. A meaningful Eh cannot be defined for such nonequilibrium systems
(e.g., Morris and Stumm, 1967; Whitfield, 1972). However, partial equilibrium
may be approached in many cases and a metastable system may exist in which a
working redox potential can be related to certain redox couples (e.g., Carnahan
et al., 1983; Whitfield, 1969).

Redox potentials calculated from the activities of the components of naturally
occurring couples can be used to estimate the redox conditions Eh of water
samples, but may not be reliable in all cases. In any case, the method may be
useful for identifying controlling redox reactions (Carnahan, 1982).

Only a few elements (C, N, 0, S, Fe, Mn) are normally predominant participants
in aquatic redox processes (Stumm and Morgan, 1981). Besides those previously
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mentioned, normally present redox couples in natural waters include: CH4/C02 s

H20/02, NH4 /NOa , S2 /S0j , Fe2 /Fes , and Mn2+/Mn4 . In the basaltic waters

of the BWIP site, the Fe2 /Fe3+ couple seems a likely candidate for the
constituent analysis method for determining the Eh of water samples although
the low concentrations reported for total iron in Grande Ronde groundwater
(generally less than about 10-5 M) may result in analytical problems and

problems of interpretation. The As3 /Ass+ couple has been suggested as a good
candidate for the redox potential characterization of the BWIP site groundwater
(Rockwell-Hanford Operations, 1982) by measuring the ratio of As3+/As5+. Kinetic

considerations suggest that the HS /S0i and CH4/CO2 couples will be of little
use in estimating Grande Ronde groundwater redox conditions. It is likely that
both of these couples need biological mediation to reach anything approaching
equilibrium (e.g., Hem, 1970; Holland, 1978).

2.1.2.6 Effect of Redox Conditions on Solubility and Sorption of Radionuclides

The rate at which radionuclides are transported to the accessible environment
will be determined by their solubility, the rate and path of groundwater move-
ment and the sorption reactions of the radionuclides with minerals in the back-
fill, in fractures in the host rock, and in the host rock itself. An important
parameter affecting both solubility and retardation reactions for multivalent
radionuclides is the redox potential. A detailed discussion of solubility and
radionuclide sorption is given in Appendices U and T, respectively. In this
appendix the effects of the redox conditions on these parameters are only
briefly discussed.

The oxidation states of the radionuclides will be largely governed by the redox
potential and the redox capacity of the groundwater system with which they
interact. The solubility and sorption of many of the radionuclides that may be
mobilized by the groundwater can exhibit markedly different geochemical
behavior at different oxidation states (valences), particularly technetium, and
the actinides. The solubilities are generally lower for reducing environments
(Apps et al., 1982) and sorption tends to be greater (Serne and Relyea, 1982;
Strickert, 1980). For example, under the redox conditions for deep groundwater

not in contact with atmosphere, the mobile TcO4 and NpO2 ions are not the stable
oxidation states for the elements. Rather, insoluble Tc02 and NPO2 or related
hydrated forms are expected to be the solubility controlling phases. This
conclusion is based on available thermodynamic data and supported by experiments
(Bondietti and Francis, 1979).

Several of the actinides can exist in various oxidation states depending on the
redox potential of the solution. The possible oxidation states in aqueous
solution of the actinides under mildly oxidizing or reducing environmental

conditions are Aca+, Th4+, 1i , UOj , U02 , Np4 , NPO2 , Pu3 , Pu4 , Pu02,

Am3 ,and Cm3 (Apps et al., 1982). Actinide ions, regardless of valence, tend
to form complexes in aqueous solution with some of the various anions found in
groundwater, which complicates estimating the solubility of the actinides even
when the redox conditions are fixed and known.
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Once the groundwater contacts and transports radionuclides away from the
repository, a major mechanism for preventing or retarding radionuclide movement
will be sorption (on the basalt and on the secondary minerals in the fracture).
The oxidation state along with complex formation and, consequently, the redox
potential, was identified as a key variable in nuclide retardation by Ames and
Rai (1978) and Rai and Serne (1978) for several long-lived isotopes such as
239 pu, 238u, 237Np. Earlier sorption studies neglected to measure or consider
the redox potential in interpreting their results (Strickert, 1980; Meyer et al.,
1983).

2.1.3 Nonequilibrium Redox Conditions

The construction of a repository and the subsequent emplacement of waste packages
will introduce perturbations in the geochemistry of the host rock in and around
the repository. Introduction of atmospheric oxygen will tend to change the
ambient redox condition from reducing to oxidizing. Components of the waste
package mobilized by groundwater that eventually interact with the repository
system and can affect the redox conditions and transport properties of the
radionuclides. It is generally known that for reducing conditions the metals
that may constitute the waste package will resist corrosion and that the solu-
bilities of the actinides are usually much lower. The sorption of radionuclides
on the minerals of the host rock may also be decreased by increases in the redox
potential (Serne and Relyea, 1981). Consequently, an understanding of the
chemical and physical processes and the time scale involved in rate of return
to the ambient redox conditions of the unperturbed state is a necessary infor-
mation for performance assessment of a repository. This involves both-the near
field and far field, with the former influencing the initial mobilization of
the components of the Waste package (including the radionuclides) and migration
from the repository system, and the latter having the greater effect on retarda-
tion of radionuclides along the transport path.

An important parameter in determining the resistance to change in Eh is the
redox capacity (strictly speaking, the reduction capacity). The redox capacity
(p) at any Eh is defined as the quantity of strong reductant in moles that must
be added to a liter of the sample solution to cause a lowering of the Eh by
1 volt (Nightingale, 1958), i.e.,

p = dC/d(Eh).

Actually, this represents the reciprocal of the slope at any point in a plot of
the resultant Eh vs. the cumulative amount of reductant (C) that is added to the
sample. In well-poised and labile systems, p is large, and the system strongly
resists changes in Eh, and Eh measurements are relatively easy and reproducible
(Langmuir, 1971). The opposite is true for low values of p. Natural groundwater
systems with substantial concentrations of organic materials tend to be poorly
poised. Natural waters that are high in iron content tend to be strongly poised.
The BWIP groundwater does not appear to be well poised because of the low iron
and sulfide content (Benson, 1978).

The concept of redox capacity may be illustrated in terms of the Fe2+/Fe3+ couple
(Langmuir, 1981) for which the Nernst equation (see Addenda) at 250C is

Eh = 0.771 + 0.059 log [Fe3+]/[Fe2+].
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The redox capacity is greatest when [Fe3+J = [Fe2+] and the total iron concen-
tration is high. The system is poorly poised (p small) when [Fe3+]J/[Fe 2+] is
less than 10-5 or greater than 10-5, or when both [Fe3+] and [Fe2+] are less
than 10-6 molar. Stumm (1966) describes redox capacity in terms of the net
current, which is zero at equilibrium. In poorly poised systems the net current
is close to zero for a wide range of Eh values in the vicinity of equilibrium,
which frequently prevents meaningful Eh measurements.

No discussion of redox capacity was presented in the SCR. It may be suggested
therefore that DOE will have to develop some method of quantifying redox
capacity if reliance is placed on the ability of the geochemical environment
to reduce certain radionuclides so that their solubility is decreased and
their sorption is enhanced.

2.1.4 Redox Conditions Summary

Redox conditions represent the oxidation or redox potential (Eh), the redox
stabilizing effect (poising), the redox capacity and the limiting rates of
reactions in reestablishing equilibrium conditions.

In the deep groundwater of the Grande Ronde Basalt, the Eh could be controlled
by oxidation-reduction reactions involving iron-bearing minerals and result in
a reducing environment favorable to resisting corrosion of metals, lowering
solubility, and enhancing sorption of long-lived radionuclides.

In equilibrated systems, the redox potential (Eh) can be calculated from
thermodynamic data and the activities (effective concentrations) of the react-
ing species by the Nernst equation. These redox potentials are the difference
between the potential from the reacting species and the standard hydrogen
electrode, which is arbitrarily assigned a zero potential. Tables of the
potentials from various oxidation reactions for a single species (half-cell
reaction), have been prepared and published.

In aqueous systems, the Nernst equation relates the Eh to the pH (measure of
the hydrogen ion activity or concentration). This permits construction of Eh-pH
diagrams, graphical representations that bound the regions of predominance for
aqueous chemical species and stability for possible solid phases. The complexi-
ties of natural systems and variations of Eh and pH with temperature and pres-
sure may prevent a complete characterization of the geochemical environment by
this means, but these diagrams are very useful in assessing the possible number
of species and minerals that are effective in controlling geochemical behavior.

Construction of a repository will introduce perturbations in the geochemical
environment and any subsequent mobilization of waste package components will
add complexity to the system. The kinetics of reestablishing equilibrium con-
ditions are complex, but bounding of the problem should be possible. The
resistance to change of the redox potential (poising) is an important parameter
in this respect. Redox capacity is a measure of the degree of poising of the
system and provides information on the capacity of the system to control the
redox state of radionuclides and on the rapidity and expected completeness of
return of the repository to ambient unperturbed redox conditions.
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Redox reactions in natural systems are frequently irreversible and not at
equilibrium. However, partial equilibrium may be approached in some cases and
a metastable system may exist in which a working redox potential can be related
to a selected for certain redox couples. It may then be possible to evaluate
the redox condition in the natural water containing mixed couples by determining
the relative activities of some (or all) of the couples and then calculating
the Eh for each couple with the Nernst equation. If the calculated Eh for the
couples are similar, the system may be near equilibrium and the calculated Eh
represents a system value. In practice, this is very difficult to accomplish.

2.2 Information Needs Concerning Redox Conditions

The purpose of this section is to indicate the information which should be
supplied to the NRC for characterization of redox conditions at the BWIP, in
addition to the specific items enumerated briefly in SCR Work Element W.2.10.C
and related work elements.

The areas in which the NRC staff will need information concerning BWIP redox
conditions are as follows:

(1) The general approach to information acquisition,
(2) The types of information to be obtained,
(3) Plans for information acquisition, and
(4) Plans for information verification/validation (the BWIP QA/QC plan).

The following sections discuss these information needs in more detail.

2.2.1 General Approach

It is desirable that the general approach to be taken in obtaining and using
information related to redox conditions be specified at an early stage of site
characterization. One aspect of this information is the role that redox condi-
tions will play in supporting the license application. Since redox considera-
tions strongly affect other geochemical conditions (i.e., sorption and solubil-
ity) and processes that will presumably be needed for performance assessments.
The BWIP should indicate the approach to be used in characterizing redox condi-
tions. The types of considerations that should be elaborated on are indicated
by the following questions.

(1) Will a bounding approach such as the use of Eh-pH diagrams be employed,
or will specific values be obtained, implying a need for determination of
statistical information for the parameters?

(2) Will data be obtained under expected, worst-case, anticipated, and/or
unanticipated repository scenarios?

(3) Will probabilistic arguments be employed, implying the need for
probabilities on the redox conditions?

(4) Will data be obtained at a variety of spatial locations (i.e., waste
package interface, near field, and far field) or will bounding conditions
be identified, supported and used?
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The answers to these questions will strongly affect the evaluation of the ongoing
repository characterization program and output since the data that might be -
entirely adequately under one approach may be clearly deficient under another.

2.2.2 Information Acquisition Requirements

As a result of the above considerations it is difficult to specify precise
information requirements. However, it is still possible to outline much of
what redox-related information needs to be acquired. The two general areas in
which information must be supplied are (1) the types of data that need to be
acquired and (2) the methods that will be used to obtain the data.

The data obtained should address:

(1) The redox conditions and buffering capacity of the repository,

(2) The redox buffering capacity and redox conditions of the unperturbed (or
minimally perturbed) repository, and

(3) The redox conditions under which radionuclide migration might take place
for anticipated scenarios.

The redox conditions of the repository need to be determined in a condition as
close to unperturbed as possible. This information is necessary as a benchmark
for verification purposes as well as being the initial condition for evaluating
the perturbations introduced by the repository.

The determination of redox conditions may include the following parameters:
calculation and measurements of Eh, ionic strength, identification of soluble
and insoluble species, pH and temperature, depending on the measurement methods
employed and the general approach to repository characterization. Adequate
information should be developed to allow determination of whether the system is
in equilibrium or is a mixture of unequilibrated couples.

The redox buffering capacity of the unperturbed repository is an important
factor in the ability of the repository to re-establish conditions relatively
close to the unperturbed state after repository closure. A question of specific
interest is the buffering of the repository with respect to the oxygen intro-
duced into the repository environment during the operational phase of the
repository. If buffering capacity is lower than currently anticipated, the
repository may remain in a substantially more oxidizing condition longer than
the anticipated maximum of a few hundred years. This could have a significant
impact on radionuclide transport properties dependent on redox conditions,
sorption, and solubility. Identification of the redox couples responsible for
repository poising and the concentration of the species present will be needed.

The redox conditions under which radionuclide transport may be taking place are
important in determining the solubility and sorption of the radionuclides.
These conditions will clearly be a function of the initial repository conditions
and repository buffering capacity. Additionally, the perturbations introduced
into the repository (e.g., temperature, radiation, backfill materials, canister
materials, borosilicate glass) and the kinetics of the reactions of the initially
oxygenated repository environment with the host rock and secondary minerals
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will determine the redox conditions as a function of time. In order to properly
determine the solubility and sorption of radionuclides during transport, the
redox conditions must be known or their bounds determined. Specific points
that should be -addressed include--(-1) the equilibrium redox conditions of the
perturbed repository and (2) the rate at which that equilibrium may be expected
to be attained.

2.2.3 Information Acquisition Plan

It is necessary that DOE determine the types of redox condition-related
information that will be obtained by BWIP and prepare plans to acquire that
information in order for NRC to properly evaluate the adequacy of that part of
the BWIP repository characterization program. In general, planned tests, exper-
iments, and calculations to be conducted during site characterization should be
described in detail and made available to the NRC. The relationship of the
planned tests and experiments to information presented in the SCR and to the
unresolved DOE issues should be clearly stated. The quality assurance program
to be applied to data collection during site characterization should also be
described. A schedule for completion of the tasks showing how work will be
completed in time to support construction authorization, should also be made
available. Progress and results should be made available for NRC staff and other
peer review in a timely manner.

For each test or experiment, the necessary testing and instrumentation should
be described. The description should include the testing method and testing
apparatus, data collection systems, methods of analysis and reduction of data,
and the applicability and limitations of the testing and instrumentation in
acquiring the necessary information. For each test or experiment requiring
short-term or long-term monitoring, the monitoring goal and technique(s) should
be described. The description should include specifications for the monitoring
system, the instrumentation and data collection systems, the methods of analysis
and reduction of data, and the applicability and limitations of the monitoring
system in acquiring the necessary information. A suggested format for descrip-
tion of planned tests and experiments is provided in "Standard Format and Content
of Site Characterization Reports for High-Level Waste Geologic Repositories"
(NRC, 1982).

2.2.4 Information Verification

The adequate characterization of the redox conditions in a repository must not
only supply information related to redox conditions, but also identify how the
information will be verified as being correct, relevant to and characteristic
of the historical and future redox conditions in the repository. Uncertainties
must be characterized and evaluated; the use of geochemical data for character-
izing radionuclide transport relies on demonstrated accuracy, precision, and
reproducibility of the data. Given the requirement for data of high quality,
there is a need for interlaboratory comparisons of research results to demon-
strate reproducibility. In this regard, results and procedures should be
accurately reported and widely circulated to increase peer review.
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2.3 Methods for Determining Redox Conditions

The methods for measuring many of the relevant redox conditions are procedures
that have been used for many years. The measurement of temperature is trivial
and the calculation of temperature perturbations can be accomplished using
well-known and proven techniques. The measurement of pH can also be accom-
plished using proven techniques with known accuracies and limitations (Langmuir,
1971). The measurements of the concentrations of elements and ionic species is
also a matter of standard chemical or radiochemical technique.

Changes in temperature, pressure, and sample exposure to the atmosphere can
cause major changes in pH and Eh between the time sample water leaves the forma-
tion and the time measurements are made at the surface. Degassing of carbon
dioxide from the groundwater during sampling can be expected to increase the pH
measured at the surface. The exposure of groundwater samples to oxygen in the
atmosphere during sampling can increase the Eh measured at the surface. For
these reasons, pH and Eh data summarized in the SCR may not be representative
of the actual in situ groundwater conditions. These considerations are acknowl-
edged in the SCR, and although the measured pH and Eh may provide indications
of the in situ conditions, critical geochemical interpretations are not based
on these parameters.

The central issue in determining redox conditions is how to determine and
interpret the redox potential of a geochemical system. When combined with the
measurement of the parameters discussed above, the result would be an ability
to determine the relevant geochemical redox conditions; redox potential, buffer-
ing, redox capacity and kinetic information. There are two classes of methods
that can be employed to determine the Eh redox potential of a geochemical
system: (1) direct measurements involving the use of electrodes, indicators,
etc., and (2) indirect methods involving calculation of the Eh from thermo-
dynamic principles or measuring the relative concentrations of ionic species in
various redox couples. These aspects of redox potential determination, as well
as considerations about verification and quality assurance of the results, are
discussed in the following sections.

2.3.1 Direct Methods for Determining Eh

There are two types of direct (laboratory/field) methods for determining Eh:
colorimetric methods and electrometric methods.

2.3.1.1 Colorimetric Methods

Colorimetric methods for determining Eh depend on the fact that certain chemical
compounds (indicators) exhibit different colors when dissolved in aqueous solu-
tions having different redox potentials. A summary of information on these
techniques is given below. For more details, the reader is referred to Langmuir
(1971), Ottaway (1972), or Zobel (1946).

Indicators used in geochemical situations must (1) cover the appropriate
potential range, (2) exhibit reversible behavior, (3) have a sharp color or
fluorescence transition, and (4) be stable in aqueous solution. A variety of
indicators has been developed that covers the range of Eh typical of geochemical
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systems. The use of colorimetric methods for determining Eh is not widespread
as the result of apparent simplicity of electrometric methods.

Limitations concerning calorimetric methods are as follows:

(1) The Eh range covered by a specific indicator is limited. Therefore, it
may be necessary to use several indicators to cover the range of interest.

(2) Some indicators will react with the system under consideration in an
undesirable manner (e.g., adsorption, chemical reaction), thus making the
results invalid.

(3) The use of calorimetric methods is ruled out in cases involving colored or
turbid samples.

(4) The indicator will have some capacity for electrons and protons. If the
geochemical system under consideration is poorly buffered, the indicator
will alter the Eh of the system. This may effectively rule out the use of
many common indicators at BWIP.

(5) Obtaining in situ measurements generally involves withdrawing a sample of
groundwater from the area of interest and then using the colorimetric
indicators. The withdrawal process introduces opportunities for perturbing
the sample chemistry to the point that the results may be meaningless.

Colorimetric indicators should not be expected to give unequivocal results
concerning Eh measurements in geochemical systems. However, they may be useful
as a confirmatory measure in conjunction with other techniques.

2.3.1.2 Electrometric Determination of Redox Potential

Inert metal electrodes composed of platinum or of gold are used to estimate
redox potential. An inert electrode is used in conjunction with a reference
electrode to form a complete cell. Reference electrodes are usually mercury-
calomel (Hg, HgC1) or silver-silver chloride (Ag, AgC1). The ideal inert
electrode would be sensitive only to electron activity and would be equally
sensitive to electrons from any half-cell. No real electrode fulfills these
ideals in all chemical systems. Not only are real electrodes more sensitive to
some half-cells than others, but also they are susceptible to surface poisoning
effects (Zobel, 1946; Whitfield, 1969) and to composite or "mixed" potentials
(Morris and Stumm, 1967; Stumm and Morgan, 1981).

Platinum electrodes are the most commonly used electrodes for Eh measurement.
In relatively pure solutions in laboratory experiments, platinum electroplated
(platinized) platinum electrodes provide large surface area, maximizing the
exchange current and, consequently, the responsiveness of the electrode. In
field situations, however, the platinized platinum electrode is more susceptible
to poisoning than bright platinum (Langmuir, 1971) and the latter is generally
preferred.

Even bright platinum electrodes are susceptible to poisoning due to the
formation of surface oxide or hydroxide coatings (Watanabe and Devanthan, 1964).
Sulfide, hydrogen, methane, and carbon monoxide, as well as organic films, are
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also known to affect platinum electrode response (Langmuir, 1971). For this
reason it is important to ensure that electrodes are-kept clean and that they
are frequently checked against a reference solution such as Zobel's solution
(0.003 M potassium ferrocyanide and 0.003 M potassium ferricyanide in 0.1 M
potassium chloride, EZobel= 0.43 at 251C (Zobel, 1946). Garrels and Christ

(1965) conclude that the most satisfactory cleaning method is abrasion with
fine emery paper. Barnes and Back (1964) illustrate carefull measurement of Eh
(and pH).

Formation of surface coatings may improve platinum electrode performance in
some systems. For example, the formation of a ferric oxyhydroxide layer on
platinum is said to catalyze the ferric oxyhydroxide-ferrous iron reaction and
'to enable the measurement of a stable reproducible Eh (Langmuir, 1971). Sillen
(1966) suggested that the spread in Eh values compiled by Baas-Becking et al.
(1960) was influenced by catalysis due to the presence of manganese oxides.
Whitfield (1969) offers an alternative in terms of oxygen poisoning.

Gold electrodes are used less than platinum because they exhibit erratic
potentials in sulfide-containing systems (Whitfield, 1969) and because the
exchange current density on gold is lower than that on platinum (Whitfield,
1972). Morris and Stumm (1967) suggest that where exchange current density
is less than 10-9 A cm-2, Eh measurements are imprecise and that even below
10-5 A cm-2 it is difficult to obtain measurements which are in accord with
Nernst theory.

Reference electrodes are also susceptible to poisoning by bromide or sulfide
and may become clogged in suspensions of fine particulate matter. Langmuir
(1971) suggests that reference electrodes be frequently checked and that if a
reference electrode performance is not restored by changing the electrolyte, it
be discarded.

In addition to the electrode-specific limitations included in the above
discussion, there are two other major limitations to electrometric measurements.
The first is that the Eh of poorly buffered systems tends to drift over time
and have very close to zero potentials over a wide range of Eh values in the
vicinity of equilibrium (Morris and Stumm, 1967). This consideration is espe-
cially relevant to the BWIP case since the system does not appear to be well
poised (Benson, 1978) as a result of the low concentrations of iron and sulfide
in Pasco Basin groundwaters. A second limitation is that the electrode measure-
ments represent the net potential of the solution, which may be an equilibrium
potential or the algebraic sum of the mixed potential from unequilibrated redox
couples. Thus, the meaning of an Eh measured by electrometric methods is always
open to interpretation unless other information is available.

An "equilibration" method has been proposed by Breck (1972) which protects the
platinum electrode from poisoning and allows it to respond to a single well-poised
redox couple. Equilibrium between the reference solution and the groundwater
sample must be ensured. Ben-Yaakov and Kaplan (1973) point out that the use of
this method may not be straightforward and it does not lend itself to borehole
investigations.
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As with the colorimetric methods, electrometric techniques should not be relied
on to give valid results in all situations. Additionally, it is not generally
possible to determine the validity of a measured value without supplementary
information. Therefore, electrometric methods would also appear to be most
useful when used in conjunction with other methods.

2.3.2 Indirect Methods for Determining Eh

There are two indirect methods for determining the redox potential of a
geochemical system. The first involves straightforward calculation of the Eh
based on thermodynamic principles. The second involves measuring the concen-
trations of the ionic species in groundwater and then inferring the redox
condition from the relative concentrations of the ionic species in one or more
redox couples.

2.3.2.1 Calculation of Eh

The calculation of Eh often involves using a computer programs to predict the
mixture of ionic species present in groundwater in equilibrium with a specified
mineral assemblage. Knowledge of this information also allows the Eh and pH of
the aqueous solution to be calculated directly.

There are two general classes of geochemical computer programs available today:
ion-speciation/solubility programs and reaction-path-simulation codes, with the
preponderance of the programs being in the ion-speciation/solubility class.
There are many of these programs, the details of which have been both compiled
and compared (Thomas, 1982; Jenne, 1978, 1981). However, in the present
instance, where the activity of interest is predicting the redox conditions of
BWIP groundwater, the ion-speciation/solubility programs are not very useful
since they require the Eh (and pH) as input parameters rather than predicting
them.

As a result, the applicable computer programs are the reaction-path-simulation
class, with prominent examples being PHREEQE (Parkhurst, 1980) and EQ6 (Wolery,
1979). Briefly, these programs require temperature, a thermodynamic data base,
and the initial (unequilibrated) composition of the system as a starting point.
The programs then allows the species initially present to react along a chemical
equilibrium path leading to minimization of free energy. Results of the calcu-
lation are output at a number of preequilibrium steps as well as at equilibrium,
when the calculation is finished.

Since the fundamental operation of the reaction-path-simulation programs depends
on knowing the free energies of all existing and potential species of interest
at the relevant temperatures and pressures, the thermodynamic data base employed
in the calculation is critically important to the accuracy of the calculated
results, including Eh. Unfortunately, thermodynamic data bases for this applica-
tion are less than adequate because (1) data for some important elements and
compounds are absent or poorly known and (2) much of the data are available at
temperatures and pressures much lower than those expected in repositories
(Jenne, 1978; Moody, 1982). Other problems with this class of programs include:
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(1) They do not include organic ligands in the calculations,

(2) They assume that equilibrium is attained when, in fact, it may not be,

(3) The reaction paths calculated may not be unique, depending on the system
under consideration,

(4) The calculations do not include the time-dependency (kinetic) effects in
the geochemical systems,

(5) The programs may be unable to account for effects such as supersaturation,
and

(6) The program may not be able to account for the high temperatures developed
in the near field.

Thus, the accuracy and validity of Eh values calculated with existing
reaction-path-simulation programs may be questionable unless the code has been
verified or other, independent Eh measurements were available.

2.3.2.2 Inferring of Eh

Another type of indirect method for determining redox conditions involves
determining the activities of the members of several redox couples in the
groundwater of interest. Stumm and Morgan (1981) point out that analytical
determinations which are accurate within a factor of 2 will yield redox poten-
tial values within 5 to 20 mV depending on the number of electrons transferred
in the process. Since the ratio of the members of certain redox couples (e.g.,

Fe+2/Fe+3, As+3/AS+s) are sensitive to redox potential in the range of interest
to BWIP, the measured ratios might be used to infer the relevant redox condi-
tions. This method is subject to the usual limitations concerning being able
to obtain unperturbed groundwater samples at the location of interest and being
able to detect the species of interest at the generally low concentrations.
Demonstration of chemical equilibrium for the subject couple is critical for
use of this technique. While this method may be one of the most straightforward
ways to obtain an Eh value, kinetic factors may invalidate redox estimates based
on this approach. The redox couple approach does not offer any promise of being
able to extrapolate the result in either time or space for the perturbed
repository.

In theory, it is possible to evaluate the redox potential in natural waters by
determining the relative activities of the members of some (or all) of the
redox couples present and then calculating an Eh for each couple from the Nernst
equation.- If the calculated Eh's for several couples'are equal, the system may
be close to equilibrium and the calculated Eh may represent the system redox
conditions since an aqueous sample can exert only a single potential and the
individual couples must speciate to produce the system voltage when in equili-
brium. For example, Thorstenson and Fisher (1979) analyzed water from several
wells in the Fox Hills-Basal Hill Creek aquifer region in the Dakotas. Redox

potentials calculated from components of the couples HS /SO ,CH 4 /C0 2 , and

NH 4/N 2 agreed to within about 50 mV, indicating that the redox reactions
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approached but probably did not achieve true equilibrium. The calculated values
were however, about 200 mV more negative than the Eh values measured with a
platinum electrode.

The ion-speciation/solubility computer programs described in Section 2.3.2.1
can be employed with Eh as an independent variable to aid in the calculations
required to match the measured compositions. This type of exercise may be
particularly useful if it can be shown that the groundwater species are at
equilibrium and that the measured compositions agree well with the program
predictions, thus providing some basis for extrapolation in time and space
while verifying both the program and measurements.

2.3.3 Verification of Results

Based on the foregoing discussion, it is clear that all of the available and
likely future methods for determining Eh values relevant to an unperturbed
geologic repository and then being able to extrapolate it over time and space
in the perturbed case are inadequate when used alone. The approach that will
necessarily have to be employed is to measure/determine/calculate Eh using a
variety of the techniques described herein. These values will then be compared
to each other to determine if they reinforce/verify each other or, if not, why
the discrepancies occur.

Finally, it is to be emphasized that the ultimate goal is the ability to predict
Eh under post-closure repository scenarios. This will almost certainly require
the use of the reaction-path-simulation geochemical computer codes, which will
have to be verified and then validated using experimental data. Kinetics will
have to be addressed.

2.3.4 Summary of Methods for Determining Redox Conditions

Most of the parameters relevant to the determination of redox conditions, such
as temperature, pH, ionic concentrations, etc., can be measured accurately
using existing techniques. However, the central parameter in determining redox
conditions, the redox potential (Eh), is more difficult to measure. The follow-
ing methods have been used to measure Eh and have some potential applicability
to a geologic repository:

(1) Colorimetric indicators which change color at a specific Eh,

(2) Electrometric methods which involve using an electrode (typically platinum)
to measure the potential,

(3) Calculation of the Eh using a reaction-path-simulation geochemical computer
code based on the thermodynamic principal of minimizing the free energy of
the system, and

(4) Inference of the Eh by measuring the relative amounts of the ionic species
in redox couples such as Fe+2/Fe+3 and using that ratio to predict the Eh.

All of these techniques have limitations that are severe enough so that no
single method can be relied on as giving the correct result. Therefore, the
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preferred approach is one of using multiple methods to determine Eh and compar-
ing the results. If the results agree, this will demonstrate some degree of
validity. If the results do not agree, the calculations or experiments will
have to be reexamined for flaws or improper assumptions and repeated until
agreement is attained. It should be emphasized that fortuitous agreement of
results of analyses based on falaceous assumptions do not demonstrate validity
of any of the results.

3 SUMMARY AND CONCLUSIONS

Redox conditions represent the oxidation/reduction potential (Eh), the redox
buffering effects (poising), and the limiting rates of reactions in re-establishing
equilibrium conditions of the natural system.

In equilibrated systems, the redox potential (Eh) can be calculated from thermo-
dynamic data and the activities of the reacting species by the Nernst equation.
These redox potentials are the difference between the potential from the react-
ing species and the standard hydrogen electrode.

In aqueous systems, Eh-pH diagrams that bound the predominance regions of the
chemical species and of possible solid phases may be drawn for specific compo-
sitions. The complexities of natural systems and variations of Eh and pH with
temperature and pressure make difficult a complete characterization of the
system by this means, but these diagrams are very useful in bounding the
possible number of species and minerals that are effective in controlling
geochemical behavior.

Construction of a repository and emplacement of waste will introduce perturba-
tions in the geochemical environment of the host rock. Any subsequent mobiliza-
tion of the waste package/host rock components will add complexity to the system.
The kinetics of re-establishing equilibrium conditions are complex, but bounding
the problem may be possible. The resistance to change of the redox potential
(poising) is an important parameter is this respect. This resistance is measured
in terms of the redox capacity.

Redox reactions in natural systems are frequently irreversible and not at
equilibrium. However, partial equilibrium may be approached in many cases and
a metastable system may exist in which a working redox potential can be related
to various redox couples. In theory, it is possible to evaluate the redox con-
dition in natural waters containing mixed couples by determining the relative
activities of some (or all) members of the couples and then calculating the Eh
for each couple with the Nernst equation.

The redox conditions under post-closure repository scenarios must be estimated.
This will require the use of reaction-path-simulation geochemical computer codes,
which will need to be validated. Use of these codes depends on the assumption
that the perturbed repository will approach the predicted equilibrium condition
in a reasonable amount of time. Therefore, kinetic considerations must be
addressed at some point in the process to validate the Eh values that will be
applicable to determining input parameters for the performance assessment.
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The following summarizes the information needed by the NRC staff to assess the
adequacy and acceptablity of the proposed BWIP site characterization activities
concerning redox conditions:

(1) General approach - information concerning how redox condition data will be
used in the characterization and licensing of the BWIP site.

(2) Information to be acquired - information concerning redox conditions in
the unperturbed repository, the redox capacity of the unperturbed reposi-
tory, and redox conditions under which radionuclide migration might take
place following repository closure.

(3) Information acquisition plan - what types of data related to redox
conditions will be acquired; what acquisition methods will be employed;
what is the schedule and relationship of redox information acquisition
activities?

(4) Information verification - how will the information related to BWIP redox
conditions be verified as being representative or bounding with respect to
the actual situation in the post-closure repository?

4 REDOX ISSUES - BWIP

DOE states (SCR, p. 15.3-46) that "The current [DOE] understanding of the
prevailing Eh values in a nuclear waste repository in basalt under present
and expected repository conditions..." is that "Eh is buffered at reducing
conditions..." and further that, "This Eh i-s low enough to retard (but not
necessarily prevent) corrosion degradation of proposed metals or alloy canister
materials. These same reducing conditions lead to generally lower solubilities
for multivalent radionuclides and increase the extent of radionuclide sorption
on basaltic phases."

Based on this understanding, they have decided that the "basalt groundwater and
geochemical environment..." is "benign...."

Because the redox conditions of the groundwater system are so difficult to
assess, either by measurement or by calculation, the NRC staff believes that
DOE will need to present a coordinated analysis of those conditions. That
analysis will need to address subjects related to intensity (redox potential),
capacity (poising), and reaction rates (kinetics).

The following issues will need cogent treatment, as a minimum, if DOE is to take
any credit for redox conditions in order to show that the site is acceptable.

The redox conditions of the site through time have not been bounded even though
they are important for understanding and predicting solubility, speciation and
sorption of radionuclides.

(1) Eh (redox potential) may determine the oxidation state of radionuclides in
groundwater and as a result their dominant species, their solubility, and
their sorptive behavior.
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(2) Measured values of Eh (-0.22 to +0.21V for Grande Ronde water) may not be
indicative of the actual redox potential of the aquifer.

(a) There are thermodynamic limitations to measurements of Eh with the
platinum ("inert" metal) electrode due to reactions of the electrode
with dissoved substances in the water such as dissolved oxygen.

(b) Measured Eh may be more dependent on the rate of reaction for a redox
controlling reaction than on actual redox potential.

(c) Concentrations of possible redox buffering substances in Grande Ronde
water may be too low (generally less than 10-5 M total iron, for
example) to allow meaningful measurement of Eh.

(3) The calculation procedures used to obtain a theoretical estimate of ground-
water Eh are based on invalid assumptions.

(a) The assumption of (rapidly) reversible equilibrium between ground-
water and the various mineral assemblages proposed as Eh buffers is
not demonstrated.

(b) The assumption of effective physical connection between minerals of
the buffer assemblages and the groundwater is not demonstrated.

(c) There is no information presented in the SCR to estimate the buffering
capacity of the system (amounts of minerals of the buffering assemblage).

(d) It has not been demonstrated that the buffers chosen for calculation
are applicable to ambient (".60 0C) or perturbed (<3001C) condition for
the repository.

(4) It is not likely that silica alone controls pH since the groundwater is
saturated with calcium carbonate and fluoride.
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ADDENDUM FOR APPENDIX S: REDOX FUNDAMENTALS

The fundamentals of the Eh calculations are outlined here in order to provide
a common basis for discussion (see Barrels and Christ, 1965 or Bricker, 1982
for more detail). The change in the Gibbs free energy of formation (AG) of the
chemical species in speciated system can be related to the redox potential of
that system. The magnitude of AG has a simple relation to the equilibrium
constant, which is the ratio of the specific reaction rate constant in the
forward direction to that in backward direction for a system in equilibrium.
The equilibrium constant can shift to favor either direction depending on the
perturbations to the system and asymptotically approach a new constant value.
Consider the following general chemical reaction:

aA + bB + ... cC + dD+... (1)

where A, B, etc., are the chemical formulas and a, b, etc., are the element
balancing coefficients necessary for mass conservation.

The free-energy change (kcal/mol) is given by

c
(C] [D]d.

AG AGO + RT 1n a (2)
(A]a [B]*b.

where the brackets indicate activity and R = ideal gas constant, 1.99 kcal/mol
k, T = absolute temperature, K, and AG' = standard Gibbs free energy, kcal/mol.

In addition, at equilibrium

AGO = -RT in K (3)

where K = equilibrium constant (based on activity).

The relationship between the reaction potential (voltage) and the free energy
change is

AG = nFE (4)

where n = number of electrons transferred from one atom to another, F = Faraday
constant (96,500 coulombs or 23.1 kcal/volt), and E = potential difference for
a reaction. Labelled EO for standard state and Eh for redox potentials.

Combining Equations (2) and (4) produces the Nernst equation for calculating
the redox potential.

Eh = E0 + 2.303F log Q (5)

where Q = activity quotient (bracketed term in Equation (2)].
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For reactions at 250C, the combination of the constants gives

Eh = E0 + 0.059 log Q (6)n

The standard potential for a reaction may be obtained by subtracting potentials
for the appropriated half-cell or electrode reactions that have been tabulated

(all are referred to the H2-H half reaction) or from the free energy relation-
ship of Equation (4).

By analogy to pH (pH = - log [HI]) a pE based on the "activity" of electrons
pE = - log [e J can be defined (cf. Sillen, 1967).

For the reference hydrogen electrode,

H + e = 1/2 H2(g) - (7)

By convention, E0 = 0 and the activities of H2 and H+ are unity. Therefore,
for the hydrogen reference scale, the potential is

Eh = RT in [e-]. (8)

If pE = - log [e ] and we evaluate the constants, at 250C

E = 0.059 pE (9)

Combining Equations (7) and (10), we get

pE = (log K)/n (10)

Therefore, all reactions involving electrons can be assigned a pE' value based
on Equation (11). Such relative electron affinities have been provided (e.g.,
by Stumm and Morgan, 1981) and can be used instead of log K for comparative
purposes. It is generally agreed, however, that this conceptualization of the
redox potential lends little to understanding the redox conditions of natural
systems.
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APPENDIX T

DETERMINATION AND INTERPRETATION OF SORPITON DATA APPLIED
TO RADIONUCLIDE MIGRATION IN UNDERGROUND REPOSITORIES



ABSTRACT

Sorption of radionuclides on geologic media can contribute to the retardation
of radionuclide migration from the waste form (located in a repository) to the
accessible environment. Thus, quantification of the sorption behavior and
resulting migration/retardation is desirable for repository performance assess-
ment modeling.

Radionuclide sorption results from a number of geochemical processes. The
geochemical processes responsible for radionuclide sorption by the engineered
barrier constituents in the repository near field and the host rock minerals or
phases in the repository far field are ion exchange, surface sorption or
chemisorption, hydrolysis precipitation, coprecipitation, redox/complexation
alteration. Experimental and generic thermodynamic methods for measuring or
determining sorption values are reviewed and methods of data treatment and
presentation distribution coefficients or sorption isotherms are discussed.
Uncertainties and difficulties encountered in extrapolating short-time small-
scale laboratory experimental results for the prediction of geologic-size and
geologic-time repository behavior are described. Methods for determining sorp-
tion values and data analysis methods are presented. The radionuclide sorption
information for the Basalt Waste Isolation Project Site is discussed.
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1 INTRODUCTION

1.1 Background

Radionuclide sorption by the backfill and the host rock primary, secondary and
accessory minerals and other phases may be a major constraint to radionuclide
migration in groundwater and is an important aspect of the multiple barrier
concept. Experimentally obtained or calculated values quantifying the geo-
chemical processes and conditions responsible for controlling radionuclide
retardation are utilized in geochemical modeling of radionuclide migration and
in performance assessment modeling of repository behavior. The sorption data
used in repository performance assessment modeling to predict radionuclide
release values must meet tests of sufficiency, to assure that all the needed
information is available, and of accuracy, to establish values with acceptable
precision and defensibility to withstand the scrutiny of the licensing process.

The general approach to radionuclide containment and isolation from the acces-
sible environment is to define the credible events which could lead to or cause
radionuclide migration and to assure that multiple barriers exist which would
control or restrict migration to acceptable or required levels under any cred-
ible scenario. Radionuclide transport by groundwater intrusion and subsequent
migration through the host rock formation is the most probable mechanism which
could lead to release to the environment. Thus, emphasis is placed on (1) geologic
and hydrologic aspects of the candidate sites which will restrict groundwater
availability and the potential for groundwater movement through the emplaced
waste and (2) to geochemical retardation processes or conditions which would
limit or control radionuclide migration following groundwater intrusion.

The goal of the repository operation is to confine emplaced high-level radio-
active waste in a manner that complies with applicable regulations. To deter-
mine compliance, sufficient information is needed to describe predicted reposi-
tory behavior under credible release scenarios. With respect to sorption on
geologic media, this requires knowledge of the sorption values or distribution
coefficients for all the key radionuclides under geochemical conditions to be
enountered under release scenarios. Implicit in such a goal is the concept
that while absolute assurance of zero migration to the environment within geo-
logic times may not be demonstrable or attainable, it is possible to achieve
high assurance and reliability of restriction of radionuclide migration to very
low and acceptable levels. The approach of employing multiple redundant migra-
tion barriers will be utilized to insure satisfactory site performance. These
barriers, given in sequence of their control of radionuclide migration, include:
the waste form, the waste package, isolation by the repository from groundwater
intrusion, the engineered barrier, low radionuclide solubility in groundwater,
and radionuclide sorption on host rock primary, secondary and accessory minerals.
Thus, radionuclide sorption is an important retardant of migration, and measure-
ment, analysis, and utilization of sorption values in site performance modeling
are important aspects of site characterization and analysis.
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Two classes of release scenarios may be considered in modeling credible radio-
nuclide release from a repository. These are expected behavior and worst case
behavior. Analysis of the expected behavior case requires precise and accurate
input data. Thus, modeling expected radionuclide sorption behavior would
require knowledge of the exact values of the distribution coefficients. Under
the bounding approach, however, it may be possible or necessary to restrict
modeling considerations to worst case behavior. The bounding approach allows
consideration of limits, and if the limiting sorption values or distribution
coefficients show acceptable worst case radionuclide release, then additional
experimental work to exactly define the distribution coefficients for expected
behavior may not be necessary.

2 DISCUSSION

The term "sorption" as used in this appendix covers or encompasses physical and
chemical processes which can result in the removal of a solute from solution by
interaction with a solid material or adsorbent. As a result, it is necessary
to indicate (1) the type of sorption-related information that would be needed
to support any sorption retardation arguments used in the repository licensing
and (2) the acceptable approaches for obtaining this information. The generic
term "sorption" is generally to be preferred in the discussion of solute
removal by geologic materials such as rocks or soils because multiple processes
often are involved, and the specific process or processes responsible for the
removal may be either unknown or unquantifiable. Important sorption processes
are discussed in the following subsection.

2.1 Sorption Processes

2.1. 1 Ion Exchange

Ion exchange reactions are often major contributors to mechanisms responsible
for radionuclide sorption by rocks or soils. In this process, charged sites
on the surface of the adsorbent hold bound ions by electrostatic and/or van
der Waals forces. The number of sites is limited and the ratio of solute mole-
cules to the number of sites available affects the sorption value. Mass action
competition between ions plays an important role in ion exchange sorption, and
radionuclide sorption by ion exchange is dependent upon the solution composition.
Ion exchange reactions are usually relatively rapid and reach steady state or
equilibrium in short times; thus, the sorption and desorption rates or distri-
bution coefficients should be equivalent for this process. Sorption data which
show wide differences between sorption and desorption should not be considered
as resulting from simple ion exchange reactions. Ion exchange sorption values
or distribution coefficients often display Langmuir isotherm forms since ion
exchange in some cases may be considered as a single adsorbed layer at low
concentrations on the adsorbent (see Section 2.6.2).

2.1.2 Surface Sorption or Chemisorption

Chemisorption involves chemical interaction between the solute and the adsorb-
ent and frequently is characterized by irreversible sorption. Surface sorp-
tion is essentially similar, except that the term is broader and can include
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any type of sorption process or processes (often of unknown nature and number)
which lead to strong and poorly reversible or irreversible surface sorption.
Chemical change of the adsorbed solute on the surface of the adsorbent can
result from redox reactions with adsorbent constituents, local pH changes, or
other chemical reactions. Irreversible sorption behavior is frequently exhib-
ited by radionuclides on rocks and soils, and with such chemically complex
systems the actual chemical reaction(s) responsible may be difficult to deter-
mine. This has important consequences for batch distribution coefficient
measurements since values obtained on sorption will be lower than those obtained
on desorption. Since the highest distribution coefficient will dominate the
migration rate calculations, it is usually desirable to test all experimental
systems for irreversibility by measuring desorption as well as sorption values.
Chemisorption behavior often may be more representative of natural systems
than ion exchange behavior and should always be considered as potentially
dominating radionuclide sorption studies of geologic media.

2.1.3 Hydrolysis Precipitation

Hydrolysis precipitation may be encountered in sorption experiments when the
solution pH changes during the experiment to conditions such that solute solu-
bility limits are exceeded. Under such conditions, solute precipitation will
occur. The nonspecific adhesion or inclusion of precipitation with the test
solid adsorbent will lead to erroneously high sorption values or efective dis-
tribution coefficients. Sorption tests involving geologic materials are some-
times subject to radionuclide hydrolysis precipitation since reactions of soil
or rock primary or secondary minerals with the test solution components can
lead to increased solution pH's and decreased radionuclide solubility. This
is particularly true for adsorbent materials which may contain dolomite or
calcite, common basic minerals. Avoidance of hydrolysis precipitation during
sorption laboratory tests is one aspect of the necessity of maintaining the
solute concentration below the saturated solubility limit during sorption
measurements, without attention to this experimental limit, invalid and erro-
neously high sorption values or distribution coefficients may be obtained.

2.1.4 Coprecipitation

If major solution components, such as silica, precipitate during the radio-
nuclide sorption test, they may include trace consitituents in the precipitate
either by surface sorption or by lattice substitution phenomena. Thus, as
with hydrolysis precipitation, solute or radionuclide atoms will be included
in an additional new solid phase and erroneously high sorption values or dis-
tribution coefficients may be obtained. Coprecipitation is an ever present
uncertainty in sorption tests with soils or rocks and can be difficult to
detect physically in the laboratory test or after analysis of the resultant
data.

2.1.5 Redox/Complex Speciation Alteration

In conducting sorption tests, it is highly desirable to identify the species of
solute or radionuclide being adsorbed. Otherwise, the sorption values obtained
cannot be readily related to the system geochemistry, and the values could be
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subject to misinterpretation. This is a particularly vexing problem with radio-
nuclide sorption on rocks and soils since many fission products, and especially
actinides, have multiple valence states and can form complex ions or polymers
which may be stable under repository groundwater conditions. Recent work with
plutonium (Cleveland, 1982) has shown that three valence states and at least
two complex forms can simultaneously-exist in some laboratory test solutions.
It would be extremely difficult to differentiate the contribution of each of
these forms to a sorption value or distribution coefficient obtained with such
a test solution. As with coprecipitation, this is an ever present potential
complexity that is not easily identified or resolved.

2.2 Sorption Data Applications, Limitations and Uncertainties

Sorption values are frequently calculated as an empirical parameter, an effec-
tive distribution coefficient. This is simply the ratio of the concentration
of the solute in the contacted test solid adsorbent to the concentration of the
solute on the contacted test solution. In the case of radionuclides at low
concentrations, the actual concentration often is not determined and the dis-
tribution coefficient is calculated from the corresponding counts per minute or
disintegrations per minute data. Since volume is being divided by mass in cal-
culating the distribution coefficient, the units are liters per kilogram (L/kg)
or milliliters per gram (mL/g). In the past, there has been no generally
accepted standard symbol to represent the distribution coefficient and various
symbols were used. Recently, standard symbols and terminology have been recom-
mended (Serne and Relyea, 1982). "Kd" should be reserved for distribution
coefficients which have been obtained under equilibrium conditions. Few exper-
iments can be rigorously demonstrated as being at true equilibrium; thus, most
experimentally derived distribution coefficients should be represented by the
symbol "Rd," which is the effective distribution coefficient and is simply the
measured ratio of concentrations for some test and does not imply equilibrium
or reversible conditions. The symbol "D" should be reserved for distribution
coefficients which have been calculated from thermodymanic routines. This
recommendation does not seem to have found general acceptance, and most authors
continue to use Kd or Kd for both effective and equilibrium distribution
coefficients.

Single distribution coefficient values are frequently used to represent radio-
nuclide sorption behavior in retardation calculations. This is rigorously
valid only if the distribution coefficient value meets all the following condi-
tions: (1) the distribution coefficient is independent of radionuclide concen-
trations, (2) only a single solution species of radionuclide is present in the
test, and (3) thermodynamic equilibrium has been attained in the test, i.e.,
sorption and desorption are equivalent. These three requirements are seldom
met in complex geologic systems. Sorption isotherms (see Section 2.3.6) may be
utilized to accommodate distribution coefficients which are dependent upon
radionuclide concentration, although this makes calculation of radionuclide
retardation not much more complex. Column chromatographic methods may be used
to test for multiple speciation effects (see Section 2.5.2). Also, batch
sorption/desorption tests may be employed to evaluate reversibility (see
Section 2.5.1).
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2.2.1 Analytical Methods

Alpha and gamma radioactivity counting techniques are usually employed for the
measurement of radionuclide concentrations. These are much more sensitive than
most conventional chemical analytical methods; but even so, measurement of very
low concentrations of actinides (alpha emitters) or of some fission products
with weak gammas can be difficult. A further complication is the poor capabil-
ity of alpha detection techniques to distinguish between very close alpha ener-
gies; thus, measurement of several actinides at once can become complex. With
proper attention to experimental design and selection of the test radionuclide,
however, these limitations can normally be circumvented and very sensitive and
accurate radionuclide concentration analyses can be obtained which, in turn,
yield sensitive and accurate distribution coefficient values.

Attainment of equilibrium conditions during sorption tests is desirable. Many
chemical reactions with geological materials may be slow, relative to the exper-
imental test time, and often equilibrium or steady state is not attained. Under
nonequilibrium conditions, the measured sorption value becomes dependent upon
the test time, and data comparison and analysis becomes more complex and
uncertain.

If equilibrium conditions have been established in the sorption experiments,
then both sorption and desorption techniques yield the same radionuclide dis-
tribution coefficient. Equilibrium and reversibility often are not attained,
however, and desorption often yields substantially higher distribution coeffi-
cients than sorption. Chemisorption reactions frequently lead to irreversible
conditions.

2.2.2 Extrapolating Laboratory Sorption Measurements to Repository Behavior
Over Geologic Times

2.2.2.1 Groundwater/Rock Ratios

In the repository, the host rock-volume to groundwater volume is very large
and rock mineral chemical and sorption reactions tend to dominate the radio-
nuclide sorption processes. In the laboratory sorption tests, however, practi-
cal considerations require that the groundwater volume be greater than the
rock or adsorbent volume; otherwise, liquid samples may not be attainable for
analysis after the test. Thus, chemical and sorption reactions which are mass-
action controlled, such as ion exchange, may lead to quite different distribu-
tion coefficients in the laboratory test and in the repository. Such poten-
tial differences need to be carefully considered when extrapolating laboratory
results for predictions of repository behavior.

2.2.2.2 Reactions of Primary, Secondary, and Accessory Minerals and Amorphous
Phases

The sorption values measured in laboratory tests or attained in the repository
are highly dependent upon the solid adsorbent phases involved. In laboratory
tests, crushed whole rock samples may expose principally primary mineral surfaces
to the test groundwater, while groundwater migrating through a repository would
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experience a much greater exposure to aged primary mineral surfaces and to the
secondary and accessory minerals which are concentrated in the rock fissures
and permeable zones. Thus, radionuclide distribution coefficients obtained in
laboratory tests could be quite different from those experienced with migrating
groundwater in the repository. Noncrystalline or amorphous phases may also be
present in the repository host rock and the mineral/amorphous phase ratio of
solids in laboratory tests and in repository conditions may also be different
and contribute to uncertainties and difficulties in data extrapolation to
expected repository behavior.

2.2.2.3 Reaction Kinetics Limitations on Time Extrapolation

The differences in time scales for laboratory tests (hours, days, or months)
and repository operation (thousands of years) is a major source of uncertainty
in predicting repository performance. Many geochemical reactions in heterogen-
eous media can be very slow; for example, silica dissolution and reprecipita-
tion, radionuclide solid recrystallization, etc., and laboratory tests may not
reach or even approach equilibrium or steady-state conditions. Extrapolation
of the experimentally obtained distribution coefficient to repository times
may introduce substantial uncertainties and difficulties. Definition or under-
standing of valid time-extrapolating techniques may be one of the more signifi-
cant problems and uncertainties faced by performance assessment modeling.

2.2.2.4 Radionuclide Speciation Alteration Effects

The radionuclide distribution coefficients are highly dependent upon the radio-
nuclide solution speciation. Thus, in designing sorption experiments, it is
desirable to add the radionuclide to the groundwater in the correct or equili-
brium chemical species, if possible. Changes in speciation may be slow, however,
and can introduce uncertainties. Since the radionuclide concentrations in
groundwater are very low, complex formation or redox reactions with groundwater
major, minor, or trace constituents or with host rock minerals must always be
considered a complicating possibility.

2.2.2.5 Groundwater/Host Rock Reactions

Both rapid and slow geochemical reactions may occur between the groundwater and
geologic adsorbent during the sorption test. Slow reactions can lead to non-
equilibrium adsorbent during the sorption test. Slow reactions can lead to non-
equilibrium conditions and complicate date extrapolation. Since the groundwater/
rock ratio will be different in the laboratory test than in the repository test
conditions, measured distribution coefficents may not be exactly representative
of repository radionuclide sorption behavior.

2.2.2.6 Thermal and Radiation Pulse Effects

The thermal pulse from the waste canister can profoundly alter the chemical and
physical properties of the groundwater, backfill, and host rock in the near-
field environment. Laboratory tests designed to measure radionuclide sorption
behavior in the near field, or with altered groundwater that has passed through
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the near field, must take these changes into consideration. Minerals may dehy-
drate or recrystallize and both major and minor groundwater constituents may
be increased or precipitated. Silica may dissolve and then reprecipitate.
Radiolysis of the waste may form hydrogen peroxide and 02 and H2 gases which
are chemically reactive and may alter radionuclide speciation. Such complex
potential behavior must be considered in designing and interpreting sorption
tests.

2.3 Information Needs

2.3.1 Identification of Key Minerals and Phases

Measurement of sorption values or distribution coefficients and sorption iso-
therms involves contacting groundwater and solid adsorbent materials. Great
care must be exercised in selecting the solid adsorbent to assure measurement
of valid and meaningful values. Site-specific backfill or host rock materials
must be used. These can be quite complex, however, and composed of primary,
secondary, and accessory minerals as well as amorphous or glassy phases. Each
of these minerals and phases can display different distribution coefficients
for each radionuclide; therefore, the test solid adsorbent sample should be
selected so as to be representative of the repository situation under investi-
gation. Determination of distribution coefficients requires considerable prior
knowledge of the backfill and host rock mineralogy and geology. Certain mineral
or glass phases likely will play key roles in establishing radionuclide sorption
behavior, and identification of these and concentration of the sorption experi-
mental work on these key phases can help minimize the experimental effort.

2.3.2 Characterization of In Situ and of Thermal-Pulse/Post-Breach Altered
Groundwater

Measurement of sorption values involves contacting groundwater and solid adsorb-
ent materials. As for the adsorbent, great care must be exercised in selecting
the groundwater sample to be used in the test. The radionuclide sorption
values or distribution coefficents are highly dependent upon the groundwater
chemical composition: pH, Eh, and major and minor ionic and colloidal con-
stituents. In situ groundwater may be considerably altered by the chemical
and physical events associated with the thermal pulse and canister breach
conditions, thus, the migrating groundwater containing the released radionu-
clides may be quite different from the in situ groundwater. Attention should
be directed toward understanding groundwater alteration reactions and to deter-
mination of sorption values from altered groundwater. Reprecipitation of
groundwater constituents may also occur in altered groundwater, and formation
of colloidal solids must be evaluated. An understanding of these sorption
parameters should be developed in order to obtain valid and defensible sorption
values.

2.3.3 Identification of Key Radionuclides

In establishing repository performance and safety, certain radionuclides will
likely dominate the release calculations and environmental considerations.
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Identification of these key radionuclides early in the experimental program and
restriction of the bulk of the sorption experimental effort to these key radio-
nuclides will simplify the laboratory work necessary. Continued interaction
between the laboratory effort and the performance assessment activities is
highly desirable and would aid in the selection and identification of the key
radionuclides.

2.4 Methods for Determining Sorption Values

2.4.1 Mechanistic/Generic Thermodynamic Methods

Sorption reactions under repository conditions are enormously complicated.
Speciation of all of the nuclides must be determined and adsorbing surfaces
identified and characterized. Thus, the task of calculating sorption behavior
from ion exchange, site-binding, or other models is an extremely difficult
undertaking. However, use of these models can be useful for correlation of
experimental data. It is possible that even for complex repository conditions,
an approximation to typical ion exchange behavior might be observed for ions
like Sr2+ and Ra2+. Such a situation could occur if clays dominate the sorption
behavior. If such is the case, then ion exchange theory would lend considerable
confidence to the experimental data and to interpolation and extrapolation to
untested conditions. Similar considerations apply to the more complicated
site-binding and complex ion-exchange models.

Recently, effort has been directed toward the development of computer codes or
models which are capable of calculating sorption values from fundamental knowl-
edge of the system components (solution and solid phases) and their behavior
derived from thermodynamic principles. Such calculations are advantageous,
since they can be performed with mathematical rigor and can be extrapolated to
cover any parameter(s) of interest or application to the repository. Several
methods have been suggested for calculation of sorption behavior based on
knowing certain parameters relative to the sorption reaction. If it can be
shown that sorption in a particular system is an ideal ion exchange process,
then ordinary ion-exchange equations can be used to calculate sorption behavior.
In order to make this calculation, the sorption capacity of the solid sorbent
and the equilibrium constant for the ion exchange reaction must be determined.
Near ideal behavior has been observed for some systems, e.g., Sr2+ on clay
minerals (Rafferty et al., 1981), but for most systems of interest to waste
isolation, sorption does not generally obey this ideal ion exchange behavior.
Other correlations have been observed for ion-exchange on sorbents like hydrous
oxides which have variable sorption capacities, but the amount of data required
to characterize even a single well-purified adsorbent suffiently for sorption
behavior to be calculable is quite large. An elaborate "site-binding" model
has been developed (Davis et al., 1978) which combines a geochemical code with
equations for sorption equilibria assuming surface complexation reactions with
specific sites on the sorbent (site-binding). This model has been applied to
sorption of Cs+ and other ions on purified clays and oxides with fairly good
agreement with experimental data (Silva et al., 1980). A considerable body of
fundamental thermodynamic and geochemical information must be known, however,
in order to support the calculational codes. The current incomplete state of
the supporting data bases, especially for actinide elements, is a major
limitation.
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2.4.2 Empirical Laboratory Methods

Sorption values, conventionally expressed as distribution coefficients are fre-
quently determined by empirical laboratory methods. These are empirical in
the sense that no prior information or knowledge of the composition or prop-
erties of the adsorbent or the solution are required; they are used in the test
and a sorption value measured. For these types of tests, samples of a solution
containing the radionuclide(s) of interest and a solid adsorbent are contacted
in small laboratory containers or apparatuses for limited periods of time. The
solution and solid are then separated and the solution is usually analyzed to
measure the radionuclide concentration and the sorption of the radionuclide
onto the solid is calculated. The solution and solid can be pure chemical com-
ponents, synthetic groundwater and selected characterized minerals, rocks or
soils, or can be site-specific well water and rock samples. The interpretation
of the sorption values or distribution coefficients obtained can be complex,
however, as discussed below, and extrapolation of empirical data from small
laboratory tests to the prediction of radionuclide behavior in a repository
over geologically significant times may be uncertain. This stems, in part,
from the fact that the empirically determined sorption values can result from
the combination of effects of several simultaneous sorption processes and the
contributions of each to the sorption value obtained usually are unknown; thus,
the values cannot easily be extrapolated to other conditions with precision or
confidence. Notwithstanding these constraints, empirical laboratory methods
have been used by many laboratories for years, and a large body of published
sorption values or distribution coefficients exists.

Empirical laboratory methods for the determination of sorption values or
distribution coefficients have been extensively employed in the past for high-
level waste repositories as well as many types of radionuclide or hazardous
material sites. Such measurements are also frequently applied to geochemical
studies of ore formation, solution leaching, mineral formation or alteration,
soil chemistry, etc.; thus, the laboratory techniques and data analysis methods
have been extensively investigated. The DOE laboratories have devoted atten-
tion to the sorption behavior of radionuclides at candidate waste repositories,
and a substantial body of sorption values or distribution coefficients exist
for the basalt, tuff, and salt candidate repository sites (Ames and McGarrah,
1980; Daniels and Wolfsburg, 1981; Dosch, 1980; Erdal, 1979; Erdal, 1980;
Erdal et al., 1978; Francis and Bondietti, 1979; Lynch and Dosch, 1980; Moody,
1981; Rouston, Barney, and Smith, 1981; Salter, Ames, and McGarrah, 1981a;
Salter, Ames, and McGarrah, 1981b; Serne and Relyea, 1982; Serne, Rai, and
Relyea, 1979; Vine et al., 1981a; Vine et al., 1981b).

As with any experimental method, certain limitations and uncertainties are
encountered which affect the precision and accuracy of the values obtained in
laboratory tests and thus the reliability and defensibility of radionuclide
migration predictions or performance assessment calculations which employ these
sorption data. Many factors may be considered, but a number are frequently
important and these are briefly discussed. Since distribution coefficients are
highly dependent upon the test parameters, it is essential that the test pH,
Eh, solution composition and adsorbent solid be representative of the repository
conditions being evaluated. Particular attention must be paid to the rock or
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soil specimen since sorption may be quite different on major, secondary, or
accessory mineral phases. Severe analytical uncertainties may be encountered
at very low concentrations of radionuclides, and careful attention must be given
to counting techniques and means of correcting for sorption by the container
(blank correction), as well as differentiating between dissolved and dispersed
radionuclides. Since the distribution coefficients are to be used in predicting
radionuclide migration or repository behavior over very long times (thousands
of years), it is desirable that the experiments be conducted so that steady-
state or equilibrium sorption values are obtained, if possible. Otherwise,
extrapolation to long times may introduce serious errors. Radionuclide concen-
tration often has a major effect on the measured distribution coefficient, and
a more accurate model of sorption behavior can frequently be obtained from
sorption isotherms constructed from values at different radionuclide concentra-
tions than from single values. Differential experiments are often performed
with one radionuclide at a time. However, since complex interactions can occur
between radionuclides, such differential tests may not adequately describe
their behavior. Integral tests involving a mixture of radionuclides may more
realistically model repository behavior, but this approach is seldom used, due
in part because of the analytical complexities introduced.

Empirical laboratory methods of measuring sorption values or distribution
coefficients can yield numbers applicable to large-size and long-time waste
repository conditions only if the test parameters approximate those to be
encountered in the repository. Thus, to obtain meaningful numbers, a consider-
able body of information about the expected repository parameters must be known
and the laboratory test parameters must be correspondingly established. Depend-
ing on the application of the sorption values or distribution coefficients
desired and the chemical and physical properties of the specific repository,
parameters such as the following must be known for the repository and controlled
in the laboratory: solution composition, both major and minor constituents;
radionuclide concentration and speciation; pH and Eh; adsorbent selection,
homogeneity or heterogeneity, particle size and surface area; time and tempera-
ture; speciation and solubility of the radionuclide; and solution/adsorbent
reactions. Even with careful attention to these parameters, duplication of
measured sorption values in various laboratories may not be totally straight-
forward (Relyea et al., 1980).

Geochemical experiments involving measurement of radionuclide sorption must be
carried out under defined and reproducible redox conditions in order to collect
meaningful, valid, and defensible data for utilization in radionuclide retarda-
tion modeling or assessment. Since the valence or oxidation state of any
element is a function of both the system oxidizing-reducing potential (Eh) and
acidity-basicity (pH), knowledge of the redox state requires definition of both
pH and Eh. Without knowledge and control of the redox parameters, radionuclide
speciation (both oxidation state and possible complex formation) will be unknown
and may vary during-tests in an irreproducible manner. Under such conditions,
the sorption results can be meaningless and/or misleading. Various experimental
techpiques can be employed to set and control the solution pH and Eh. These
include both internal, i.e., within the solution, and external experimental
aspects.
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Since the oxygen content of normal air is a relatively strong oxidant and has
low but significant solubility in aqueous systems, all aqueous systems exposed
to air would eventually result in the dissolved species being oxidized to their
state in equilibrium with the experimental activity of dissolved oxygen. In
many experiments, the kinetics of the reaction is often slow enough and the
experimental time short enough that air oxidation does not introduce serious
complications. However, for tests to measure geochemical properties or reac-
tions of radionuclides present at trace concentrations in groundwater/mineral
systems which are poorly poised and may require extended test times of weeks or
months, air oxidation can become a very important experimental parameter. If
measurement of sorption values under anoxic or reducing conditions is desired,
then extensive experience by many investigators has shown that it is essential
to exclude air from the test apparatus. Frequently, closed containers filled
or flushed with an inert gas such as argon or nitrogen are employed. Recent
experience (Meyer et al., 1983) with strongly reducing and poorly poised
systems, such as BWIP basalt-groundwater, has shown that even carefully con-
structed apparatuses frequently leak air and lead to erroneous results. In
such cases, the only practical solution has been to enclose the entire test
apparatus in an inert atmosphere glovebox. Use of a glovebox, while both
cumbersome and expensive, is strongly recommended for Eh control with reducing
geochemical systems. For tests involving significant amounts of alpha activity,
use of an alpha containment glovebox may be necessary for radiologic safety
considerations and the addition of any inert glove box atmosphere then does not
represent a major additional test complication.

The acidity-basicity (pH) of an aqueous system is not significantly affected
by the test vessel atmosphere, except indirectly as a result of oxidation-
reduction reactions. Thus, external controls are neither necessary or employed.

Two types of internal controls have been utilized to attempt to hold test solu-
tions at a fixed and known Eh. These are (1) addition to the experimental
solutions of chemical couples which poise the system at a known Eh, and (2) elec-
trolytic methods of adjusting the valence or oxidation state of existing solu-
tion components through the use of a potentiostat and inert electrodes in the
test solution.

The term "redox buffer" means pairs of reagents like Fe(II)-Fe(III) or
Os(II)-Os(III) that can poise the potential of a solution to a value determined
by the equilibrium potential of the pair. There are two fairly obvious diffi-
culties with use of redox buffers that greatly limit their usefulness. First,
any individual redox buffer will have a limited range of potentials of useful-
ness. The potential can be varied to some extent by changing the ratio of the
oxidized and reduced forms or the pH, but in order to get a wide range of poten-
tials And pH's, a number of buffers must be used. Perhaps the most serious
difficulty is the possibility that the buffer introduces a new variable into
the adsorption experiment and, therefore, it must be demonstrated that the
presence of the buffer does not alter the characteristics of the adsorbent with
respect to the particular sorption reaction under study. These same considera-
tions apply to the use of single reagents like powerful redox reagents (hydrazine,
ozone, etc.) which are sometimes used to insure that a radionuclide is in an
upper or lower valence state. Again it must be demonstrated that they do not
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alter the mineral, or they must be removed prior to contact with the mineral.
Similarly, the pH can readily be fixed at a given value through use of pairs of
reagents (often phosphates) that determine the solution H+ or OH- activity.
The use of pH buffers is well developed, i.e., for standardizing pH meters. As
with Eh buffers, however, it is necessary to establish that complex formation
between the buffer and the radionuclide species does not occur and that new
insoluble compounds are not formed or that the buffer preferentially adsorbs on
the mineral surfaces or reacts with the mineral. Without adequate consideration
of such concerns, the validity of the sorption data may be compromised.

Detailed descriptions of apparatus and methods for studying redox reactions
relevant to sorption measurements have been described by the author and coworkers
(Meyer et al., 1983). The electrolytic method of controlling valence state
is a particularly convenient method. It incorporates a porous electrode into a
circulating column apparatus for measuringsorption ratios. The high surface
area of the porous electrode makes its use especially efficient in carrying out
valence change reactions. The main advantages of the electrolytic method of
controlling valence state are that no chemical reagents need to be added to the
solution and the electrode potential can be controlled to any desired value by
using a potentiostat. Disadvantages are that the radionuclide can adsorb on
the electrode, and that if the potential is in the range of hydrogen or oxygen
evolution, reactions will occur that will slowly change the pH. This change of
pH is particularly troublesome at neutral solutions which are unbuffered since
only a small amount of acid or base can significantly alter the pH.

2.5 Description of Laboratory Methods

2.5.1 Batch Tests

Batch tests are inherently easy to carry out in the laboratory. Many investi-
gators have chosen this method and a large body of sorption values exist in the
literature which were obtained by batch test methods. A batch test consists of
contacting the adsorbent with a solution containing the radionuclide(s) of
interest in a container. Usually a small glass or plastic bottle is employed
as the test container. The container always is agitated by some method, usually
by mechanically shaking or rotating the container for the duration of the test
period. In some cases, larger samples may be contacted in a stirred test vessel.
The container atmosphere usually is air but may be nitrogen or other gas mixtures
to simulate anoxic conditions. Frequently the test is conducted at ambient
temperature in the laboratory, or for greater precision in the temperature
control or to conduct tests at elevated temperatures, the test container may be
placed in a water or air thermostat. The test contact time may vary from a few
minutes to days or even months. Normally the tests are carried to constant or
steady-state sorption values. For some geologic materials this has required
extended contact times. After the desired contact time, the adsorbent and
solution are separated, usually by centrifugation or filtration. Usually the
alpha or gamma emitting activity of the test solution prior to the test and
after contact with the adsorbent are determined by appropriate radionuclide
counting techniques, and these count per minute numbers are used to calculate
the sorption value or distribution coefficient. Despite the ease, simplicity,
and concomitant low cost of batch sorption tests, great care must be exercised
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in selecting the test solution and adsorbent and the laboratory test parameters.
Even with attention to these aspects, interpretation and application of batch
sorption data is not always completely straightforward and alternate experi-
mental methods have been sought and evaluated (Serne and Relyea, 1982).

2.5.2 Once-Through-Flow Column with Intact or Disaggregated Adsorbent

In this laboratory method the adsorbent, usually a soil or rock sample, is
placed in a column and the test solution is allowed or caused to flow through
the column. The objective of this test configuration is to attempt to more
closely model the migration of solutions or groundwaters through a geologic
member such as a soil layer or rock strata. The adsorbent may be either a solid
continuous rock sample or may be a soil or rock crushed to a desired particle
size. The test solution may be a pure chemical solution, a synthetic groundwater,
or an actual well water sample or pre-equilibrated groundwater. Flow through
the column may be downflow by gravity but more frequently is upflow in order to
aid in displacing air from the column. For upflow, a mechanical pump or other
pressure-generating device is used. The column temperature may be ambient or
a jacketed column may be used and the temperature maintained at a constant value
by circulating thermostated water through the jacket. The test time may be
varied, dependent upon the flow rate established or attainable. For solid rock
samples or fine soils, the very slow flow rates attainable may restrict the test
parameters to only long times. The column effluent is collected and sampled,
frequently by obtaining sequential samples with a mechanical fraction collector.
The radionuclide concentration is usually determined by alpha or gamma counting
techniques in the initial solution and in the effluent samples, and these con-
centrations or counts per minute numbers are used to calculate a series of
sorption values or distribution coefficients as a function of time. This
experimental method is considerably more complex than the batch test method
and generally has been correspondingly less frequently employed. It has the
advantage, however, of yielding time-dependent data and of more closely model-
ing the field conditions of groundwater migration in the repository in the
laboratory tests.

2.5.3 Recirculating-Flow Column with Intact or Disaggregated Adsorbent

The recirculating-flow column method is similar to the once-through-flow column
method with the exception that the column effluent solution is recirculated
through the column instead of being discharged and collected. The purpose of
this is to attempt to overcome kinetic problems encountered in once-through
tests where the adsorption rate is significantly slower than the solution resi-
dence time in the column. Under those conditions, equilibrium or steady state
can never be achieved in a once-through column, and the measured sorption values
will be lower than steady-state values. By recirculating the solution contain-
ing the radionuclide, the effective contact time can be extended to any desired
value. Usually the recirculating solution is sampled periodically and analyzed
for radionuclide content and these numbers are used to calculate a series of
sorption values as a function of time. The longer contact times attainable
with the recirculating-flow laboratory column method may help to more accurately
model the behavior of groundwater in a repository; however, the extended exper-
imental times and increased experimental complexity involved have limited the
application of this method.
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2.5.4 Axial Filtration

Axial filtration is an experimental technique developed to attempt to combine
the advantages of both batch methods (rapid contact of all adsorbent particles)
with column methods (development of loading and elution curves) (Triolo, Harri-
son, and Kraus, 1979). The method has not found widespread application, however,
due to both theoretical and practical problems. Development of distribution
coefficients is simple only for systems which display linear isotherms. The
mathematical treatment can be quite complex in cases displaying curved isotherms,
the most prevelant case for many geologic systems. Also, the experimental
apparatus is more complex than that encountered in batch or column methods and
more prone to leaks of radioactive solutions, etc. Axial filtration may not
see significant application in the future.

2.5.5 Channel Chromatography

Channel chromatography is a method that has been considered (Francis et al.,
1977; Helling et al., 1968; Rhodes et al., 1970; Helling 1971; Reeves et al.,
1977) as a technique for determining distribution coefficient values on
geologic materials. The technique is similar to column methods except that the
soil is placed in an open channel. The method does not appear to have found
widespread acceptance.

2.6 Presentation of Data

2.6.1 Single Values

Single distribution coefficient sorption values obtained for a given solution
and adsorbent under a defined set of test parameters are frequently presented
in data tables. Often, the tables consist of a comparison of various adsorbents
under one set of fixed conditions, although any one test component or parameter
could be systematically varied, depending on the test purpose. Such tables are
useful for screening or gross comparison purposes, but have only limited useful-
ness for a more refined analysis since the single values give no hint of how
they may vary with changes in test conditions. If more than one variable has
been allowed to change in the tests used to obtain the distribution coefficient
values, then comparison of the values may be of only limited validity, and such
values ideally should not be combined in a single table.

The migration retardation of radionuclides dissolved in groundwater due to the
sorption geochemical process is expressed as a retardation factor, R, which is
related to the experimentally measured sorption distribution coefficient, Kd,
by the relationship

R = 1 + Kd(p/o),

where

R = retardation factor (dimensionless)
Kd = distribution coefficient (mL/g)
p = geologic media bulk density (g/mL)
* = geologic media porosity (dimensionless).
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This idealized expression is rigorously valid only when Kd is independent of
radionuclide concentration and the sorption process is thermodynamically
reversible. These conditions are not met in most practical applications and
thus judgment must be exercised in the design of the distribution coefficient
measurement experiments and in extrapolating the results of the small-scale
laboratory experiments to predict geologic-scale behavior of radionuclides.

2.6.2 Empirical Isotherms

It has long been recognized that the distribution coefficient is frequently a
function of the solute concentration and plots of adsorbed concentration vs.
solution concentration have been employed as a method of presenting the data.
Such plots have been called isotherms, although in practice, of course, all
test parameters other than concentration must be held constant, not just the
test temperature. Adsorbed species, including many radionuclides on soils or
rocks, sometimes display nonlinear dependency of quantity adsorved vs. concen-
tration similar to that classically observed for the sorption of gases on solids.
Such behavior was initially described by Freundlich in 1907, and his name has
become a generic label for any type of sorption plot showing such a curve.
Similarly, Langmuir in 1926 developed an adsorption isotherm for gases on solids
based on the assumption of a unimolecular surface and, for ideal systems, plots
of a function of the total gas pressure vs. the adsorbed gas yield a straight
line. Some data for the sorption of solutes from solutions have been plotted
using a Langmuir isotherm approach. Such a treatment probably is only rigorously
valid in the case of simple surface adosrption. Plots of radionuclide sorption
data or distribution coefficients in the form of Freundlich or Langmuir isotherms
are often referred to as empirical isotherms. Sorption on geologic soils or
rocks often is much more complex and involves many more factors than those dealt
with by these simple idealized relationships; underlying theoretical justifica-
tion may not exist for constructing such plots. Nonetheless, Freundlich or
Langmuir isotherms have proven useful as a means of organizing and presenting
sorption data, and they are frequently employed. The greatest limitation lies
in the fact that the data usually fit is a curved distribution and cannot be
easily described mathematically or extrapolated to conditions far beyond the
region of data.

2.6.3 Sorption Potential Energy Isotherms

The Dubinin-Raduskevich isotherm was developed as a means of obtaining linear
plots of sorption values for charcoal (Dubinin and Raduskevich, 1947). It has
proven useful for the description of the sorption of sparingly soluble solutes
since, unlike the Langmuir or Freundlich isotherms, it does not assume a homo-
geneous surface, constant adsorption potential, or monolayer surface saturation.
In Dubinin-Raduskevich isotherms, the log of the concentration of the adsorbed
species is plotted vs. a function of the sorption potential energy. Such plots
have been utilized to linearize sorption data for radionuclides on basalt
(Salter, Ames, and McGarrah, 1981a; Ames et al., 1982).

2.6.4 Power Exchange Function Isotherm

The power exchange function isotherm was developed to aid in the prediction of
sorption behavior natural in systems where competitive exchange of multiple
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solutes are important factors in controlling solute sorption (Langmuir, 1981).
This isotherm appears not to have been tested with data for radionuclide sorp-
tion on candidate repository rocks or minerals. It could be applicable in
situations where multiple solute competition could be significant, as in sorp-
tion from brine in salt sites.

3 EVALUATION OF BWIP SORPTION DATA

The Basalt Waste Isolation Project (BWIP) Site Characterization Report (SCR,
1982) has a number of issues and work elements which relate to identifying and
quantifying the geochemical conditions and processes affecting radionuclide
retardation in the near field and far field through the time of repository
performance. The goal is to develop defensible predictions of potential
radionuclide release rates to the accessible environment for various release
scenarios and to show that the calculated releases satisfy regulatory require-
ments. The sorption geochemical process is an important aspect of radionuclide
retardation and is the mechanism or redundant barrier which restricts radionu-
clide release to the accessible environment following radionuclide solubiliza-
tion from the waste form in a groundwater-intrusion-canister-breach event.
Thus, quantification and evaluation of radionuclide sorption behavior and
measurement of radionuclide distribution coefficient and sorption isotherm data
are important aspects of BWIP site characterization.

At the BWIP candidate repository, radionuclides may be adsorbed on host rock
and/or backfill minerals. Considerable information describing sorption on
basalt has been developed (Ames and McGarrah, 1980; Barney, 1981; Benson, 1980;
Salter, Ames, and McGarrah, 1981a; Salter, Ames, and McGarrah, 1981b; SCR,
1982). Sorption (measured as distribution coefficients or sorption isotherms)
was dependent upon the specific basalt minerals, the groundwater composition
(ions, Eh, and pH), temperature, and radionuclide concentration and speciation.
In general, high distribution coefficients were observed for many radionuclides
which may exist as cations, including most actinide species, particularly under
repository conditions. However, radionuclides which may be present as anions
(such as iodine) showed poor sorption on basalt minerals.

Most of the experimental work was done under oxidizing conditions, although the
basalt mineral groundwater reactions are expected to establish highly reducing
conditions (SCR, 1982). Thus, much of the sorption test results may be of
limited application to far-field conditions and to modeling, although they may
be more directly related to the near-field conditions shortly after repository
closure when the engineered system environment may still be oxidizing. The
basalt secondary minerals are more prevalent in the interflow and interbed
regions of the repository and may be more important to sorption and radionu-
clide retardation than the primary minerals. This is significant because the
interflow and interbed regions are where groundwater dwells along the migration
pathways (see Appendix D); and the secondary minerals then may be the principal
sorption media.
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No experimental investigation of multiple speciation effects by column elution
methods was described (SCR, 1982), and thus, for actinides (plutonium and
neptunium) and fission products like technetium or selenium which frequently
display more than one species in solution (i.e., do not readily reach thermo-
dynamic equilibrium), the batch d-stri-bution coefficients or sorption isotherms
may be only averages of the values for the species present. Multiple speciation
effects, if undetected, could introduce substantial errors when the sorption
behavior is utilized in performance assessment modeling.

Backfill is the material used to fill the engineered system cavities after waste
emplacement. It probably will consist of more than one component in order to
meet the dual requirements of restricting the movement of groundwater to the
waste canister and of adsorbing radionuclides transported from the waste form
after a canister-breach-groundwater-intrusion event (Beall and Allard, 1982;
Wood, 1982). The materials presently under consideration are sodium bentonite
and crushed basalt (SCR, 1982). Bentonite has advantageous swelling properties
in water under ambient conditions, and work is under way to study its properties
at the elevated temperatures to be encountered in the near field thermal pulse
(SCR, 1982). Uncertainties include the undetermined stability of bentonite to
be expected at the thermal and radiation levels to be encountered in the near
field. If the bentonite crystal structure is altered by these conditions, then
the desirable swelling properties which restrict the movement of groundwater
could be lost with time. The repository host rock has favorable radionuclide
sorption properties for cations, and application of crushed basalt (which will
be readily available from repository mining operations) is being considered for
the backfill material (Wood and Coons, 1982). The effect of crushed basalt on
radionuclide sorption is being quantified (Wood and Coons, 1982). Uncertainties
may include the incompletely defined ability of the crushed basalt to achieve
satisfactory sorption under near-field conditions. Basalt may have little
effect (i.e., very low distribution coefficients) on some anions such as
iodine, and the use of additional backfill components specific for anion
retardation might be considered (Beall and Allard, 1982).

The near-field basalt mineralogy influences radionuclide sorption by helping
establish the parameters such as Eh, pH, solute composition, and surface proper-
ties that control the sorption geochemical process. The near-field mineralogy
and its influence on radionuclide sorption will be different from far-field
behavior primarily in that higher temperatures (250-3000C) and radiation fields
will be involved. Only limited information on the near-field waste package/
groundwater/backfill/basalt reactions is availavble (Benson and Teague, 1979;
SCR, 1982). Uncertainties in the waste form, waste load, canister material(s),
and backfill component(s) make a definitive analysis of near-field radionuclide
sorption difficult at this time. As the engineered system becomes better
defined and the system parameters are established, a more precise analysis of
radionuclide sorption should be completed.

Far-field basalt mineralogy is an important aspect of the repository, since
emphasis is given in performance assessment to the ability of the host rock in
the far field to adsorb radionuclides that may be released from the waste pack-
age and migrate in groundwater from the near field. The far-field minerals
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establish the geochemical parameters for the sorption process. The basalt
primary, secondary, and accessory minerals have been well established in most
cases (Meyers and Price, 1981; Noonan, Frederick, and Nelson, 1980; SCR, 1982).
The primary minerals are pyroxene, plagioclase, magnetite, olivine, and inter-
-stitial glass.- Major secondary minerals formed by subsequent alteration include
smectite clay, zeolite, and silica. A variety of accessory minerals is present,
primarily in fractures and vugs. With the exception of the mineral couple
responsible for establishing the far-field Eh, little uncertainty remains in
the identification of the far-field minerals in the Columbia River basalt flows
interiors, although the sorption of radionuclides on these minerals is less
well established. More detailed information may be needed on the candidate
flow mineralogy to exactly define sorption in the repository horizon. There is
a dearth of data on the mineralogy and sorption capacity of flow tops and
interbeds.

Groundwater chemistry also is important in establishing radionuclide sorption
behavior. Considerable information on well water samples from the Pasco Basin
has been collected and compiled in the SCR. However, only very limited informa-
tion is available for groundwater from the candidate repository horizon. The
groundwater conditions (Eh and pH) and ionic composition may be dominated by
the mineral species present in the solid adsorbent phase during sorption tests;
thus, characterization of the groundwater and quantification of its effect on
sorption, while important, may not be as major a concern as solid phase mineralogy.
The synthetic groundwaters used in much of the BWIP sorption work may not be
representative of expected groundwater in the candidate repository horizon. In
any case, the migrating groundwater composition may be substantially altered by
hydrothermal reactions in the near field. Thus, much of the sorption data may
not be directly relevant to anticipated repository conditions in a groundwater
intrusion-canister breach scenario.

4 CONCLUSIONS

Considerable additional sorption information may be needed in order to char-
acterize this process. Batch tests have been carried out under oxidizing condi-
tions to determine distribution coefficients for a number of radionuclides.
However, only limited data was reported (SCR, 1982) for reducing conditions.
Since considerable emphasis was given in the SCR to the strongly reducing
nature of the Columbia River basalt, additional distribution coefficient and
sorption isotherm data may be needed for the reducing environment expected in
the far field. Also, only limited information for a few radionuclides was
reported for sorption measurements under the elevated temperatures (and
pressures) to be expected in the near field. A more extended study of sorption
behavior at elevated temperature (up to 250-300'C) would seem desirable in
order to model near-field behavior. Such a study should include sorption on
backfill materials as well as basalt primary and secondary minerals. No
experimental work was reported with column techniques to test for multiple
speciation and its effect on the distribution coefficient value(s) obtained.
Such tests would seem to be important for radionuclides such as actinides and
certain fission products which are known to be capable of displaying multiple
speciation in groundwater systems. Additional work to establish the expected
Eh is necessary. Finally, sorption will not be adequately characterized until a
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better understanding of the high temperature sorption, sorption under strongly
reducing conditions, expected Eh potential, and multiple speciation effects on
distribution coefficents and isotherms has been developed.

Additional information will be needed to decrease the wide range of single
distribution coefficient values reported (SCR, 1982). Consideration of the
potential migration path (interflow and interbed regions) and the specific
minerals involved seems necessary. Justification of the emphasis given to
various radionuclides is needed to put the sorption work in perspective to
anticipated environmental impact. Multiple speciation and the use of weighted
multiple distribution coefficient values for radionuclides where appropriate
may be desirable. The use of single value distribution coefficient values may
prove unreliable due to concentration effects; therefore, representation of
sorption data by appropriate isotherms, and utilization of these in migration
modeling, may become necessary. Isotherms derived from fundamental considera-
tions such as the Dubinin-Raduskevich sorption potential energy isotherm or
the recent power exchange function isotherm should be considered.

Many of the near-field or engineered system components and/or parameters are
not finalized at this time. The waste form may be glass, spent fuel or Synrock,
many metals are under consideration as the canister materialfs), use of a cast
iron overpack has not been resolved, and the composition or even the number of
components (including a buffer) of the backfill have not been selected. The
waste load has not been established; thus,-the thermal pulse magnitude and
radiation exposure of the backfill is uncertain. Information on all these items
needs to be assessed before it is possible to establish with a high level of
confidence the information needed to close the issue of radionuclide sorption
in the near field.

Only limited additional information may be required on near-field mineralogy
since the near-field and far-field host rock will be similar Columbia River
basalts. Basalt flow interior mineralogy is relatively well developed. The
far-field mineralogy is well established, with the exception of the important
question of the mineral couple that controls the system redox potential or Eh
in the redox environment in the far field or in the near field after closure.

The discussion in the SCR of plans for future experimental work at BWIP to
measure sorption behavior of radionuclides is very brief and thus limits any
analysis of their adequacy or likelihood of success. It would be highly
desirable if the discussion of the plans could be expanded to include at least
the following:

(1) A discussion of the experimental and analytical techniques to be employed.

(2) Identify what Eh conditions are being considered for the test and how the
test Eh will be controlled and measured.
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(3) Specify which radionuclides are to be studied in the sorption tests and
how possible multiple speciation is to be evaluated and accommodated in
the sorption on data analysis and migration modeling.

(4) State how the mineral and groundwater samples are to be selected for the
tests.

(5) Explain how possible sorption/desorption disequilibrium will be
investigated.

(6) A discussion of the uncertainties inherent in the use of simplifying
assumptions and simulated conditions.

Strategies that lead to establishing simplifying assumptions and bounding
values are appropriate. In addition to the above basic elements of a sorption
data-gathering program, the staff and other peer reviewers need the results of
sensitivity studies that form the bases for simplifying and bounding approaches
to quantifying radionuclide retardation in order to analyze the adequacy of
plans and models that address the issue.
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Part 2. Assessment of Radionuclide Solubility
Calculations for Hanford Basalts



ABSTRACT

The licensing of a high-level waste repository involves assessments of the rate
and fluxes of radionuclide migration from the repository and the accumulation
of radionuclides at the accessible environment. Knowledge of the expected
radionuclide species and the solubilities of radionuclide compounds likely to
form under existing groundwater conditions at a repository site, and under
conditions of radiation and elevated temperature, is essential for assessing
radionuclide release rates to the accessible environment. To obtain the
solubility data, it will be necessary to identify radionuclide solution
species and precipitates that form under the expected range of groundwater
conditions, and either to measure the solubilities of the radionuclide-bearing
compounds or demonstrate that sufficient verified thermochemical data are
available to confidently calculate their solubilities.

This appendix underlines the importance of identifying the species that
contribute to solubility of radionuclide compounds and provides guidance for
obtaining radionuclide solubility data (and limitations therein) which might
be used in support of site characterization, construction authorization, and
licensing of a high-level waste repository. An assessment is provided of DOE
solubility estimates of radionuclide compounds which indicates that it is
premature to establish the affect of solubility constraints on release rates.
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1 INTRODUCTION

This appendix provides an assessment of the solubility discussions and
conclusions in Chapter 6 of the BWIP Site Characterization Report (SCR).

Part I of this document provides a general discussion of selected topics
related to the assessment of the solubility of radionuclide compounds. In
particular, the following are discussed:

(1) The adoption of a solubility limited versus leach limited release scenario;

(2) The estimation of aqueous species likely to dominate solution chemistry
for use in solubility calculations (should include composition of the
groundwater, i.e, pre-emplacement, post-emplacement, and far field);

(3) The importance of temperature in calculating radionuclide stability
constants for the near-field environment;

(4) The importance of correctly identifying the limiting solid phase in
solubility calculations;

(5) The importance of correct characterization of the solid phase prior to
solubility measurement;

(6) The importance of thoroughly separating the solid and solution phases in
solubility measurements;

(7) The effect of particle size on measurement of solubility; and

(8) A brief discussion on comparison of estimated solubilities of actinide
compounds with maximum permissible concentration also is presented.

In Part II of this document, an analysis of DOE's estimates of releases based
on solubility of radionuclide compounds in the Hanford basalt flows is presented.

The results of the NRC staff analyses indicate that the DOE estimates of maximum
achievable concentrations presented in the SCR are nonconservative because the
DOE analysis:

(1) does not account for all predominant radionuclide aqueous species in the
analysis;

(2) is limited by the accuracy and availability of measured thermodynamic data;

(3) does not fully consider effects of solution composition and anticipated
repository conditions; and

(4) does not consider the applicability of the thermodynamic estimates in
cases where colloidal transport and/or organic complexation become
significant.
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2 PART I. SELECTED CONSIDERATIONS FOR ESTIMATING THE SOLUBILITY OF
ACTINIDE COMPOUNDS

2.1 Solubility Limit

Radionuclides may enter the groundwater system following loss of containment
in simple ionic form, as colloids or polymers or they may form complexes with
ions present in the waste form, in the waste canister, or in the groundwater.
Concentrations of radionuclide species (excluding colloids or polymers) in
solution can increase until they reach an upper limit, the "solubility limit.'
Above this concentration, a radionuclide precipitate begins to form so that
further solution concentration increases do not occur (provided that the rate
of precipitation is sufficiently rapid and provided that metastable colloids
do not form or that radiolysis does not alter the chemical conditions of the
groundwater) under equilibrium conditions. In this way, solubility of specific
compounds provides a control on solution concentrations and fluxes of
radionuclides.

2.2 Streamlining the Experimental Approach to Assessing Solubility Limits by
Bounding the Chemical Characteristics of the Repository System

The set of solubility experiments can be streamlined by characterizing the
range or bounds of anticipated groundwater conditions and solution composi-
tions. Difficulties in characterizing the composition of the aqueous phase
probably is responsible for introducing considerable uncertainty in assessing
of retardation by solubility constraints. Therefore, a reasonably complete
characterization of groundwater will be required. Sampling and analyses should
be coordinated to meet the data needs of both the hydrological and the
geochemical issues being addressed at a site. In order to predict the nature
of possible aqueous species and precipitates of radionuclides likely to form in
groundwaters, it is necessary to know the ranges of chemical compositions, pH,
Eh, and ionic strength of representative, uncontaminated groundwater samples.
A detailed chemical analysis of major and trace components (including organics)
is necessary. An analysis of colloids and particulates in otherwise undisturbed
groundwater must also be made to ensure that radionuclides will not be trans-
ported by colloids and particulates present in the water.

If compositionally different groundwaters are to be present in the repository
and/or within the waste package (backfill/canister/waste form) due to chemical
changes induced by the engineered system at the time of loss of containment or
to thermally induced reactions, then these altered waters will have to be
taken into account when determining source-term speciation/solubility. Composi-
tions of ambient groundwaters of the formation will be altered to an extent
difficult to predict by components from leaching of the waste form. Reference
forms of glass will introduce boron and silica complexes and colloids as well
as other aqueous species. Corrosion of the canister will introduce metal ions.
Backfill and grout may buffer the compositions of ingressing and egressing
groundwaters. Buffers and overpack, if used, could further modify the
composition.

In the immediate vicinity of the waste package, gamma radiation may cause
chemical changes in the aqueous phase. The species introduced by the radio-
lysis of water could affect Eh-pH, and hence valence states and solubilities
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in the very near field. Further, although radiolysis effects are confined to
distances of decimeters from the waste package, these effects may be more
important as a result of migration of radiolytically induced mobile species
from the repository.

2.3 Leach Limited vs. Solubility Limited Release

The DOE staff states (SCR page 15.3-16) that "Solubilities of solid phases,
unlike leach rates, are independent of time ahd water flow rate." This state-
ment is true provided that temperature, pressure and compositional variables
remain constant. The statement is not relevant to the assessment of post-
closure performance because these variables will change in the repository with
time.

Solubility calculations are made under the assumption that the system has
reached thermodynamic equilibrium. Traditionally, equilibrium is established
by approaching the solubility of the limiting solid phase from undersaturated
and oversaturated conditions. The specific methods for determining solubility
limits are not specified in the SCR.

For a solubility measurement to be useful for solubliity calculations, the
rate of precipitation of the limiting solid phase must be more rapid than
competing processes such as transport, mixing, and dilution which are depend-
ent on groundwater flow rate. In cases where flow dependent processes main-
tain the solution concentration of a radionuclide below the solubility limit
of the limiting solid, the radionuclide flux to the accessible environment
could be as high or higher than in the solubility limited case and thus a
leach limited scenario may be more meaningful.

Therefore, under repository conditions, groundwater flow rates will be a
critical factor in determining whether or not solubility limits can be used
meaningfully. From a practical point of view, the rate below which groundwater
flow can be considered to have a negligible effect on chemical equilibrium,
should be determined for each radionuclide addressed by the EPA standard, if a
solubility limited approach can be used with confidence.

In cases where reaction rates are so sluggish that solubility limits cannot be
verified experimentally within reasonable time frames, estimation techniques
will need to be used. Guidelines for such estimation techniques need to be
developed and their uncertainties need to be addressed.

Kinetic effects can further restrict the application of a solubility limited
approach, since they can result in supersaturation conditions allowing the
solubility limit for specific radionuclide compounds to be exceeded. For
example, for high-temperature near-field conditions the solubility limit may
exceed the limit for a lower temperature. Upon cooling the aqueous species may
remain in solution in a metastable state. Time would then be a factor (in
kinetic terms) in the return to solution concentrations commensurate with the
adjustment in temperature. As stated on SCR page 15.3-18, "the possible factors
affecting these systems (kinetics, nucleation, growth inhibition, etc.) will
affect the correctness of the application of radionuclide solubility. They
must also be considered and dismissed (where possible) on a factor-by-factor
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basis." The approach and plans for determining the correctness of the applica-
tion of radionuclide solubility on a radionuclide specific basis need to be
developed.

2.4 Uncertainties Introduced in the Estimation of Radionuclide Solubility

2.4.1 Estimation of Dominant Aqueous Species

After loss of containment, radionuclides may enter the local groundwater system.
Most radionuclides will react with various components of the groundwater, and
the host rock, to form precipitates and sorbing aqueous species which will
provide a major control on initial radionuclide concentrations. Knowledge of
the aqueous speciation of the radionuclides and the solubilities of complexes
which they may form is therefore necessary to assess the radionuclide source
term from the engineered repository facility and the overall retardation by
the geologic system.

In order to assess radionuclide aqueous speciation, it is necessary to identify
(1) waste form and waste package chemistry; (2) the waste inventory; (3) the
ligands and chelating agents in the groundwater; and (4) colloids, pseudo-
colloids, polymers and suspended particulates. Identification of potential
radionuclide aqueous species can be carried out through adequate characteriza-
tion of groundwater and substrate (both unaltered and altered).

An assessment of reactions between source radionuclide aqueous species and
fully characterized groundwater and host rock might allow prediction of the
range of possible aqueous species. The aqueous species which must be consid-
ered can be limited by the use of (Eh, pH) predominance diagram codes such as
SOLUPLOT (Bethke, 1978, Pennsylvania State University Computation Center)
which predict (on the basis of thermodynamic principles) which aqueous species
will dominate in a particular groundwater system as a function of Eh and pH.

2.4.2 Effect of Temperature on Solubility Estimates
I

The stability constants for selected, important complexes should be determined
up to at least 1750C and for anticipated solution ionic strength (Baes and
Mesmer, 1981). Extrapolation of solubility estimates from 250C to greater
temperatures will introduce considerable uncertainties without experimental
verification.

2.4.3 Importance of the "Limiting Solid Phase" in Calculating Solubility

Failure to carry out an accurate characterization of the solid phase control-
ling the solubility can result in incorrect estimates of radionuclide solubil-
ities. For example, one might consider a system in which two solid phases
A02(s) and A(OH)4(s) could be stable and the A(OH)4(s) is less soluble than
A02(s) under the conditions of interest. If A02(s) is not considered in the
calculation, A(OH)4(s) will control the concentration of species A in solution
at a lower level than if the solubility of A02 (s) would have been considered.
As in the case of estimating the dominant aqueous species, estimating the
least soluble solid phases can be carried out using systematic predominance
calculations but should be experimentally verified where possible.
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2.5 Uncertainties Introduced in Measuring the Solubility of Actinide Compounds

2.5.1 Importance of Characterizing Solid Phase Prior to Solubility Measurement

Characterization of the solid phase used in making a solubility determination
is of utmost importance. When using a compound prepared under one set of solu-
tion conditions, it cannot be automatically assumed that the prepared compound
is the controlling solid phase without confirmation. In complex aqueous solu-
tions such as groundwaters, a second, more stable solid phase may form that
could control the solubility of the element of interest. Also, when preparing
a sparingly soluble compound according to an established procedure, the exact
composition and structure of the solid will vary depending on a number of
factors, including kinetics, temperature, radiolysis, solution concentrations,
and the age of the precipitate. Therefore, careful characterization of the'
solid phase is important in reducing uncertainty.

The active form of a precipitate consists of very fine crystals with disordered
crystal lattices. Such a precipitate may persist in metastable equilibrium
with the solution and may be converted only slowly into a more stable and
inactive form (Stumm and Morgan, 1981; Allard, 1982; Feitknecht and Schindler,
1963). Conversely, radiation damage to oxide precipitates of high-specific-
activity nuclides may affect precipitation and dissolution kinetics. Loss of
crystallinity of Am(III) and Cm(III) is an example (Haire et al., 1977) of
the effects that might occur. Measurements of the solubility of "active"
forms give solubility products that are higher than those of the inactive
forms (Zimmerman, 1952; Baes and Mesmer, 1976), and provide data relevant to
a worst-case analysis.

2.5.2 Importance of Separating Solid and Solution Phases in Solubility
Measurements

The compounds of many of the long-lived radionuclides that are likely to form in
natural systems are very insoluble, and very low solution concentrations of the
radionuclides would be expected, e.g., 10-8 to 10-12 M. However, some radio-
nuclides, especially the actinides, can form colloidal suspensions which, if
included in the analysis of the solution phase, could lead to large errors in
the solubility measurement.

The separation of solid and solution phases is an important step in the analy-
sis. Techniques often employed for separating the solution and solid phases
in solubility studies include (1) gravitational settling, (2) centrifugation,
(3) filtration, or a combination of all three methods. In the first method
the solid phase is simply allowed to settle for an extended period of time
before a portion of the aqueous phase is withdrawn for analysis. This method
could allow suspended or colloidal material to be withdrawn as well. Centri-
fugation induces and enhances gravitational settling. However, there is little
information on the minimum time or revolution speed needed to achieve adequate
separation. Filtration can be used as a final or single separation step. The
use of two or three filters with decreasing pore sizes in the range of 0.4 to
0.15 micron (and smaller for colloidal particles) to filter the same sample
would be needed, and care should be taken since there is some evidence that
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filters themselves may at times adsorb soluble species from solution and that
different materials and different filter constructions behave differently in this
respect (Polansky and Baer, 1977). Finally, whatever method or combination of
methods is used, verification of the effectiveness of the separation will be
needed.

The question of the evaluation of the effect of colloidal material on mobility
of nuclides is more difficult. One route is to analyze solution samples both
before and after removal of fines. Migration rates of samples of the two down
a column of representative geologic material could then be measured. A faster
rate for a significant portion of the sample from which fines had not been
removed would suggest colloidal or particulate transport.

2.5.3 Importance of Particle Size in Solubility Measurement

The particle size of the solid phase is a factor in determining the solubility
of a compound. In general, the equilibrium concentrations of dissolved
products decrease as the average particle size increases, so special precau-
tions on this point are sometimes needed (Zimmerman, 1952; Baes and Mesmer,
1976).

Large surface areas of fine simple crystals such as BaSO4 have substantial
interfacial energy, and larger particles will consequently grow at the expense
of small crystals; the well-known higher solubilities of finely divided solids
than of large crystals correspond to this.- However, particularly with hydrous
oxides and other oxides of many of the elements of interest here, high ion-
exchange capacities, of the order of an equivalent/kg solid under some conditions
(Kraus et al., 1958; Amphlett, 1964) imply that there may be negative contribu-
tions to overall free energy with increasing surface area for particles in some
size ranges.

Aging studies of Pu(IV) oxide (Haire et al., 1971) illustrate the persistence
of small particle sizes. Amorphous hydroxide precipitated by ammonia from
nitrate solution, dialyzed to 0.1 nitrate/Pu and, after evaporation, thermally
denitrated at 1000C resulted in cubic Pu02 particles of 40 to 100 AO, or 80 to
100 A0 at 2500C. If large Pu02 crystals are the most stable form, the kinetics
of reaching it may be very slow in solution. Microcrystals of 100 A0 range
might have about 20 percent of the atoms on the surface, available for exchange
reactions between surface hydroxides and ions in solution.

2.6 Comparison of Estimated Solubilities of Actinide Compounds with Maximum
Permissible Concentration (MPC)

Comparisons of the solubilities of the actinide compounds to MPC are useful in
the sense that they provide an indirect means of comparing solubility as
"maximum concentrations of radionuclides in solution" versus an "index of
radiological hazard" (MPC). However; for the purposes of licensing a high-
level waste repository, the final published rules by NRC (10 CFR Part 60) and
EPA (40 CFR Part 191) will apply. A detailed analysis of the comparison of
solubilities to MPC are presented in Site Issue Analysis 3.1.4, "Analysis of
BWIP SCR Comparison of MPC to Solubility of Actinide Compounds." The SIA
analysis indicates that if the effects of carbonate complexation on the
solubilities of actinide compounds and ICRP 30 (1979) limits for intakes of
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radionuclides are considered then the estimated values in SCR Figure 6-15 are
low by orders of magnitude.

3 PART II. ASSESSMENT OF RADIONUCLIDE SOLUBILITY CALCULATIONS FOR HANFORD
BASALTS

3.1 Introduction

The technical discussions of estimated solubilities for the actinide compounds
U02(c), U02(OH)2 -H20, NpO2(c), PuO2(c), and Am(OH)3(c) presented in SCR Section
6.4.1 do not support the conclusions on page 6.4-3 that "Based on solubility,
the maximum possible release rates for all the radionuclides considered will be
below the NRC 10-5 proposed release criterion (NRC, 1981) and the draft cumula-
tive release criterion (EPA, 1981)." The DOE analysis is incomplete with
respect to addressing the range of anticipated geochemical conditions in a
repository at Hanford. A preliminary independent evaluation of solubilities of
actinide compounds in Hanford groundwater undertaken by the NRC staff indicates
the DOE conclusion is not supported by available thermodynamic data for
carbonate complexes.

In the staff's opinion, the DOE conclusions about release rates are premature
because the supporting documentation in the SCR does not account for: (1) all
important complexing ligands, especially carbonate; (2) the potential for
colloid formation and transport; and (3) the full range of anticipated ground-
water conditions (pH, Eh, temperature, solution composition, ionic strength,
radiolysis). Any of these factors could result in higher release rates than
those predicted by DOE.

The thermodynamic data base used to predict the solubilities of actinide
compounds is incomplete and thus estimated data as compared to measured data
must currently be relied upon even though they may introduce large uncertainties
into the analysis. The assessment of maximum achievable concentrations depends
in large part on the selection of the proper limiting solid phase. The selec-
tion of the limiting solid phase in the SCR may be appropriate for the spent
fuel case since oxides and hydroxides of the actinides commonly occur in spent
fuel. However, the approach presented by DOE in the SCR may not apply to the
borosilicate glass waste form case since the oxide and hydroxide solids will
probably not be the limiting phase. In the borosilicate glass case, the
specific composition of the glass itself would initially serve as the limiting
solid phase. In reality the glass will represent a mixture of solid and glass
phases represented by domains of crystallites, glass and fluid and vapor inclu-
sions. Subsequently, radionuclide bearing solids formed as devitrification
products or formed by reaction between waste glass and groundwater would serve
as the limiting solid phases.

Plans presented in the SCR do not specify the approach being adopted by RHO to
establish the solubilities of the limiting radionuclide bearing solids. A
matrix indicating the conditions of planned measurements, basis for selecting
a specific limiting radionuclide solid phase, the rationale for choosing a
specific groundwater composition, and the methods used in the assessment should
be developed in detail for NRC staff review.
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3.2 Limitations of Preliminary RHO Solubility Estimates for U, Np, Pu, and
Am Compounds

The preliminary RHO solubility estimates for U, Np, Pu, and Am compounds
presented in SCR Section 6.4.1 are not representative of ambient or anticipated
post-closure repository conditions. The waters used in the measurements were
distilled water (Rai and Serne, 1978). Therefore, the effects of ambient and
future perturbed solution compositions, especially a full assessment of com-
plexing ligands, have not been considered. The estimates are for 25%C, a pH
of 10, and for oxidizing (Eh = 0.29 volt) and reducing (Eh = -0.24 volt) cases.
However, large divergences from these laboratory control values will occur after
repository closure. The following is a summary of the importance of considering
these site-specific effects for post-closure repository performance assessment.

3.2.1 Solution Composition

The RHO conclusions about release rates are premature and their supporting
analysis is incomplete because they do not consider the important compositional
effects of the groundwater solutions on solubilities of radionuclide compounds.
The groundwater compositions will evolve due to water-rock interactions at
temperatures induced by the emplaced wastes. Therefore, anticipated water
compositions should be considered in bounding the required set of groundwater
compositions to be investigated.

The RHO analysis presented in the SCR does not account for the presence of all
common aqueous species routinely identified in groundwaters from candidate
repository horizons which will complex and thereby increase radionuclide solu-
tion concentrations (see for example Maya, 1982). Thermodynamic estimates of
the maximum achievable concentrations of a radionuclide in solution use an
accounting procedure in which the maximum achievable concentration is equal to
the sum of the concentrations of each of the individual solution species of the
radionuclide. Thus, if any of the aqueous radionuclide species remains
unaccounted for, the estimates of the maximum achievable concentrations will be
too low. The maximum achievable concentrations for U, Np, Am, and Pu will
greatly exceed the RHO estimates, and therefore release rates, since the
contribution by several common complexing ligands (as noted in the SCR),
especially carbonate, are unaccounted for in the RHO estimates.

3.2.2 Temperature

The RHO estimates are primarily for 25%C (except the 60%C estimate for Np), but
anticipated repository temperatures range between 55%C and 300%C depending on
repository design. Therefore, the RHO estimates need to be corrected to account
for the effect of temperature on solution concentration. Temperature should be
bounded between ambient and anticipated peak post-closure temperatures.

3.2.3 Redox Conditions

As discussed in the SCR, the solubility of actinide compounds is particularly
sensitive to oxidation potential. The maximum achievable concentrations for
the multivalent actinides is usually much greater for oxidizing than reducing
conditions (except possibly in the case of Pu). If the estimates of anticipated

U-8



repository redox conditions are excessively high or low then estimates of maxi-
mum achievable concentrations will be unreliable. The DOE estimates of post-
closure Eh levels are mentioned in SCR Chapter 5. Preliminary analyses
requiring Eh data could be bounded by well head values and anticipated
post-closure values.

3.2.4 pH and Radiolysis

The solubility of actinide compounds is strongly dependent on pH. The maximum
achievable radionuclide concentrations may vary by several orders of magnitude
for a single unit change in pH. Results of estimates by Allard (1982) and
preliminary staff estimates using MINEQL illustrate (Figures 1-5) a strong
dependence on pH from pH 9 to pH 10. In the very near field gamma radiation
can produce acids and lower pH. Hydration reactions at elevated temperature
resulting from water-mineral reactions may also lower pH. Therefore, the data
presented in the SCR is incomplete since it only'reports solubility values for
pH 10 (except for Np at pH = 9.5). Bounds for solubility measurements should
be from maximum values measured in situ (pH ! 11) to minimum values anticipated
from hydrothermal interactions and radiolysis (pH- 6.5).

3.3 Discussion and Results of MINEQL Calculations

In order to demonstrate that complexation by carbonate is important in esti-
mating solubilities of limiting actinide solids, several preliminary solubility
calculations were made using MINEQL at Lawrence Berkeley Laboratories. The
MINEQL calculations presented below are not intended to represent an accurate
assessment of the solubility limits of U, Np, Pu, and Am solids in Hanford
groundwaters. Discrepancies in some of the available solubility product,
complex formation and hydrolysis constants and thermodynamic data that do not
currently exist as discussed below and lack of information to support extra-
polations to anticipate repository conditions as discussed above do not permit
definitive estimates of solubility limits at this time even for the 25°C case.
However, they do illustrate that lack of consideration of important complexes
(e.g., carbonates) can result in serious underestimates of solubility. The
solution conditions used in the MINEQL calculations are presented in Table U-1.
The data in the table are taken from SCR Chapter 5. The calculations were
carried out for U, Np, Pu, and Am using the reactions and constants given under
thermodynamic data (Table U-2). For reasons discussed above, the analysis is
only relevant to the spent fuel case, not to borosilicate glass.

Since carbonate complexation of Pu(IV) increases the solubility of plutonium
(IV) hydroxide (Cleveland, 1970), it is likely to be important for the other
actinides in the tetravalent state. At present, there are no measured data on
the tetravalent actinide carbonate complexes. Therefore, we have taken the
conservative position by using the value for Pu(IV) given by Lemire and
Tremaine (1980), although we anticipate that measured values will be much lower.
Experimental determination of the Pu(IV) value will be important in reducing
the uncertainties in predicting the solubility of the limiting solid phase.

3.3.1 Uranium

In the uranium calculations the limiting solid phase for the oxidizing case
for spent fuel appears to be schoepite tU02 (OH)2) * H20J on the basis of
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available thermodynamic data. The uranium in solution is in the U(VI) state
and is dominated by carbonate and hydroxyl complexes. The important species
in descending order of importance are UO2(CO3)34-, UO2(CO3)A-, (UO2)3 (OH)-7,
and UO2(OH)2. Although fluoride, chloride, and sulfate species were considered
in this analysis, their solubilities do not significantly increase the solubil-
ity of uranium when compared to carbonate species. The results of the MINEQL
estimates are presented in Figure U-la. The calculated solubility for uranium
is log C = -2.7 moles/liter at: 1C0 3 = 2.6 x 10-3 moles/liter, pH = 9.5 and
Eh = +0.21 volts.

The limiting solid phase for the reducing case for spent fuel appears to be
uraninite (U02(s)]. The total uranium in solution is in the U(IV) state and
is dominated by the UCO32+ complex. The results of the MINEQL estimates are
presented in Figure U-lb. The calculated solubility for uranium is log
C = -5.1 moles/liter at: pH = 9.5, 1C0 3 = 2.6 x 10-3 moles/liter, and
Eh = -0.22 volt. Coffinite EUSiO4 1 may be an important solubility limiting
phase under reducing conditions but dissolved silica was not included in our
estimates.

A significant discrepancy in the reported value of the hydrolysis constant for
the formation of U(OH)5- also needs to be resolved because it introduces
several orders of magnitude of uncertainty into the analysis. The log K values
range from -16 (Baes and Mesmer, 1976) to -13 (Lemire and Tremaine, 1980).

3.3.2 Neptunium

The limiting solid phase for the oxidizing and reducing cases for spent fuel
appears to be NpO2(s). As noted above, since the 4+ species for Np, U, and Pu
could be important, we used Lemire and Tremaine's (1980) estimate for:

Pu4+ C032- = PuCO32+

of log K = 41 and assumed the same value for UC032+ and NpCO32+ in the absence
of any other data. Lemire and Tremaine (1980) indicate that the free energy of
formation they report is a lower limit that may overestimate the stability of
the PuCO32+ complex which would result in an overestimation in our Pu and Np
estimates.

In the oxidizing case both the tetravalent and pentavalent species, Np(CO3)2+
and NpO2(CO3)35- are important whereas in the reducing case only the tetrava-
lent complex is important (Figures U-2a and U-2b). There are no data on the
carbonate complexes of Np(VI) but such data likely would result in higher
estimated solubilities for neptunium. The MINEQL estimates for neptunium are
log C = -4.5 moles/liter for both the oxidizing (+0.25V) and reducing (-0.22V)
cases for: TC0 3 = 2.6 x 10-3 moles/liter, pH = 9.5.

3.3.3 Americium

The only oxidation state for americium that would be obtained under ambient
in situ conditions in BWIP repository waters would be the trivalent state
(Figure U-3a). Therefore, the limiting solid phase for Eh = +0.21V to -0.22V
for spent fuel appears to be Am(OH)3(s). Carbonate and hydroxyl complexes
control americium solubility from pH 9 to 10; however, contributions are also
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made by fluoride and sulfate complexes. The MINEQL estimate (Figure U-3a) for
americium solubility at pH = 9.5 is log C = -7.5 moles/liter for ICO3=
2.6 x 10-3 moles/liter, F-concentration of 2.2 x 10-3 moles/liter and SO42-
concentration of 2.1 x 10-3 moles/liter.

3.3.4 Plutonium

The limiting solid phase for plutonium for both the oxidizing (+0.21V) and
reducing (-0.22V) cases for spent fuel appears to be Pu02(s). On the basis of
the thermodynamic data used in this analysis, the important solution species
for the oxidizing and reducing cases is PuCO3

2+. The MINEQL estimate
(Figure U-3b) for plutonium solubility of pH = 9.5 is log C = -7.0 moles/liter
for Eh = +0.21V and -0.22V, -CO3 = 2.6 x 10-3 moles/liter.

Several experimental solubility measurements have been reported for crystalline
Pu02(s) (Grenthe and Ferri, 1981, log Ks = -55.8; and Rai, Serne, and Moore,
1980 log Ks = -52). Solubility-lattice correlations by Baes and Mesmer (1976)
yield a log Ks = -63. According to Allard (1982)

"the observed solubility of, e.g., Pu02(s) can vary substantially
depending on crystallinity, stoichiometry, presence of lattice defects,
presence of impurities, condition of formation and existence of various
modifications."

and therefore the NRC staff has chosen the log Ks = -63 whereas Allard uses the
log Ks = -54 value. This is an important discrepancy which will continue to
introduce several orders of magnitude of uncertainty in this type of analysis
until the log Ks is accurately determined.

Thermodynamic data for PuCO3
2+ have never been experimentally determined and

are highly speculative. Lemire and Tremaine (1980) indicate that the free
energy of formation that they report is a lower limit that may overestimate the
stability of this complex.

3.3.5 Additional Factors Which May Increase Actinide Solubilities

The following are additional factors which should be considered before the
maximum achievable concentrations of U, Np, Pu, and Am in Hanford groundwaters
can be assessed. Thermodynamic data for solubility product, complex formation
and hydrolysis constants for aqueous species (organic and inorganic) and for the
formation of potential polymers and colloids must be considered. Thermodynamic
data for estimating solubilities at anticipated near-field temperatures and
high ionic strength will also need to be considered since solubilities can
change markedly due to changes in these parameters (Phillips and Silvester,
1982). Transients in near-field Eh-pH conditions will result from water-rock
reactions at elevated temperatures and thus calculations of solubility limits
must be considered for a much broader range of pH and Eh than reported in NRC
staff calculations or those in the SCR.

3.4 Conclusions

The conclusions on SCR page 6.4-3 that "Based on solubility, the maximum
possible release rates for all the radionuclides considered will be below the
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10-5 proposed release criterion (NRC, 1981) and the draft cumulative release
criterion (EPA, 1980)" are premature for the following reasons:

(1) Thermodynamic estimates of the position of the univariant curves for the
solubility limiting solid phase (e.g., UO2(OH)2.H20(s), U02(s), NpO2(s)
Am(OH)3(s) and PuO2(s)) in Figures 4-6 require that the cumulative
contributions by all important aqueous species are accounted for in the
analysis. Failure to account for all important aqueous species (e.g.,
carbonate complexes) will result in underestimates of the maximum
concentrations that could be achieved under repository conditions. In
addition to common inorganic anions typical of deep groundwaters (e.g.,
OH-, HCO3-, C032-, HP04 -, F-, SO4

2-, H3 SiO4 -, H2 SiO4=), anions that
are likely to be released by the waste package (e.g., H2BO4-, HBO4-,
B04

3-) should also be considered. Therefore, neither the NRC staff
analysis nor that presented in the SCR is complete.

(2) The solubility calculations in the SCR (Allard, 1982), and this analysis
are based on selecting the proper solid as the control for each radionu-
clide. Uncertainties in the maximum achievable radionuclide concentra-
tions will persist until the limiting solid phase can be experimentally
determined and characterized.

(3) A considerable source of uncertainty results from discrepancies for
AnO2(s), An(OH)5, AnCO3

2+ [An = actinidel and U02(CO3)66- which are
important in the thermodynamic estimates.

(4) The importance of organic complexes in Hanford groundwaters on actinide
solubilities was not assessed.

(5) Potential increases in actinide solubilities resulting from near-field
thermal effects or variability in Eh-pH along flowpaths were not assessed.

(6) The potential for the formation of actinide polymers and colloids in
Hanford groundwaters have not been assessed and they could increase
actinide solubilities.

Also, the calculations in the SCR and this analysis do not apply if the radio-
nuclides are released as colloids from the waste form (e.g., silica or iron
colloids). This will continue to introduce uncertainty into the analysis
unless thermodynamic data become available for colloid species.
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Table U-1. Solution conditions for MINEQL
calculations*

Components ppm Moles/liter

F

SO4

aCl

42

199

297

2.2 x 10-3

2.1 x 10-3

8.4 x 10-3

2.6 x 10-3Total carbonate 157

Eh = +0.21 and -0.22 volt
pH = 6 to 10 in 0.5 unit steps

*Data from SCR Chapter 5.
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Table U-2 Thermodynamic data

I. Am3' (25°C, p = 0)

Precipitates

Am(OH)3(s) + 3H4 = Am34 + 3H20

Hydrolysis

Am3 + H20 = Am(OH)2 + H+

Am3 + 2H20 = Am(OH)+ + 2H

Am3 + 3H20 = Am(OH)R + 3H

Complexes

Am3 + C0§ = AmCO3+

Am3 + 2C032 Am(C03)2

Log K

15.9

Log K

-7.7

-16.0

-24.3

(1)

(2)*

(1)

(1)

Log K

7.5

12.0

(3)

(3)

Am3+

Am3+

Am3+

Am3+

Am3+

Am3+

Am3

+

+

+

4

+

+

+

F = AmF2

2F = AmF2

3F = AmF30

S042 = AmSO4

2So4
2 = Am(SO4 )2

Cl = Am Cl2

2Cl = Am Cl2

4.5

7.4

10.6

(4)

(4)

(4)

3.9

5.4

(4)

(4)

1.12

0.97

(4)

(4)*

II. Pu

Precipitates

PuO2(s) + 4H = Pu4 + 2H20

Pu(OH)3(s) + 3H = Pu3+ + 3H20

Pu02(OH)(s) + H = Pu02 + H20

Pu02(OH)2(s) + 2H+ = Pu022+ + 2H20

Log K

-7.0

22

5

3

(5)

(5)

(5)

(5)

*Values for Cm3.
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Table U-2 (Continued)

PuF4(s) = Pu 4 + 4F -13 (5)

PuF3(s) = Pu3+ + 3F -10 (5)

Complexes Log K

PU022
4 + H20 = Pu020H4 + H4 -5.6 (4)

PU022
4 + 2H20 = Pu02(OH)2

0 + 2H4 -10.4 (4)

PU022
4 + 3H20 = Pu02(OH)3 + 3H -20 : (4)

2PuO22 + 2H20 = (PuO2)2(OH)22 + 2H -8.4 (4)
2P0 20+ +0)2O)

3Pu02
2 + 4H20 + (Pu02)3 (OH)4

2 + 4H -15 (4)

3Pu022
4 + 5H20 = (Pu02)3(OH)s5 + 5H+ -21.7 -(4)

Pu02
2 + F = Pu02F 5.6 (4)

Pu022
4 + 2F = Pu02F2

0 10.6 (4)

Pu022 + 3F = PuO2F3 15.9 (4)

Pu022 + 4F = Pu4 2F.2 18.8 (4)

Pu022
4 + S042- = Pu02S040 3 (4)

Pu022
4 + 2C032- = PuO2(C03)22 15 (4)

Pu022 + Cl = Pu02Cl -0.3 (4)

Pu02
4 + H20 = Pu02(OH)

0 -9.7 (4)

Pu0 + 2H20 = Pu02(OH) -19 (4)

Pu02 + Cl = Pu02Cl
0 -.17 (4)

Pu4 + H20 = Pu(OH)34 + H4 -0.5 (4)

Pu44 + 2H20 = Pu(OH)22 + 2H -2.3 (4)

Pu4 + 3H20 = Pu(OH) 3 + 3H -5.3 (4)

Pu4 + 4H20 = Pu(OH)40 + 4HI -9.5 (4)

Pu4+ + 5H20 = Pu(OH)5 + 5H -15 (4)

Pu4+ + F = PuF3+ 8 (5)
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Table U-2 (Continued)

Pu4+

Pu4+

Pu4+

Pu4+

Pu3+

Pu3+

Pu3+

Pu3+

Pu3+

Pu3+

+ Cl = PuCl3+

+ S04 2 = PuS0 4 2+

+ 2S04
2 = Pu(SO4) 2

0

+ C03 2 = PUCO32+

+ H20 = Pu(OH)2+ + H+

+ 2H20 = Pu(OH)2+ + 2H+

+ 3H20 = Pu(OH)3
0 + 3H+

+ 4H20 = Pu(OH)4 + 4H

+ S0 4 2 = PuSO4

+ Cl = PuCl2

0.9

5.7

10.2

41

-7.5

-15.9

-25.3

-35.8

3.5

-0 .1

(5)

(4)

(4)

(4)

(4)

(4)

(4)

(4)

(5)

(4)

Redox reactions

Pu022+ + e = Pu02 +

Pu0222+ + 4H+ + 2e = Pu4 + 2H20

Pu022+ + 4H+ + 3e = Pu3+ + 2H20

III. Np

Std. pot (E°)

1. 02v

1.03v

1.02v

Precipitates

NpO2(s) + 4H+ = Np4+ + 2H20

NpO2(OH)(s) + H = Np02 + H20

NpO2(OH)2(s) + 2H+ = Np0 22' + 2H20

Complexes

Np4+ + H20 = Np(OH)3 + H+

Np4+ + 2H20 = Np(OH)22 + 2H

Np4+ + 3H20 = Np(OH)3 + 3H

Np4+ + 4H20 = Np(OH)4' +4H

Np4+ + 5H20 = Np(OH)5 - + 5H

Log K

17.2

34.8

51.7

Log K

-4

4.7

6.6

Log K

-1.49

-2.8

-5.6

-9.9

-17

(6)

(6)

(6)

(7)

(7)

(7)

(4)

(4)

(4)

(4)

(4)
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Table U-2 (Continued)

Np4. + Cl = NpCl3 1.2 (4)

Np4. + 2Cl = NpCl224 1.9 (4)

Np4 + 3C1 = NpCI+ 2.3 (4)

Np4 . + F = NPF3+ 8.3 (4)

Np~4 + 2F = NpF2
2 14.5 (4)

Np4 + 3F = NpF 20.3 (4)

Np4+ + 4F = NpF4 ' 25.1 (4)

Np4 . + S042 = NpS042 5.5 (4)

Np4 + 2S042 = Np(S04)2' 8.5 (4)

Np4. + CO3
2 = NpCO32 41 (4)*

NP02+ + Cl = NpO2Cl0 -0.1 (4)

Np0 + H20 NpO20H + -8.85 (4)

NpO2
4 + 2H20 = NpO2(OH)2- + 2H + -18 (4)

NP02 + C032- = NpO2(C03) 6.2 (8)

NP02+ + 3 co32- = NpO2(CO3)35- 15.3 (8)

NpO2
4 + H20 = NpO2OH + H -5.15 (4)

Np022
4 + 2H20 = NpO2(OH)2 0 + 2H + -10.2 (4)

Np022
4 + 3H20 = NpO2(OH)3 - + 3H + -19 (4)

2NpO22 + 2H20 = (NpO 2)2(OH)22+ + 2H4 -6.39 (4)

3Np0 22 2 + 4H20 = (NpO2)3(OH)424 + 4H4 -13 (4)

3NpO22 + 5H20 = (NpO 2)3(OH)5s + 5H + -17.5 (4)

NpO22 + F = NpO 2F + 4.6 (4)

Np022
4 + 2F = NpO2F2

0 7.7 (4)

NpO 22 + S042- = NpO2S040 3.27 (4)

*Based on value for PuC0324 .

U-19



Table U-2 (Continued)

NpO22 + 2SO4
2
- = NpO2(S04)2

2
- 3.8 (4)

Np022+ + Cl = NpO2Cl 0.3 (4)

Redox reactions Std. pot (E°) Log K

Np02
2 + e = NPO2 1.24v 20.9 (9)

Np02
2 + 4H) + 2e = Np4 + 2H20 0.99v 33.5 (9)

IV. U

Precipitates Log K

U02(s) + 4H + = U4 + 2H20 -4.6 (5)

U02(OH)2 * H20(s) + 2H = U02
2 + 2H20 +5.6 (5)

U02CO3(s) = U022 + C032 -14.5 (5)

UF4(s) = U + 4F -24.0 (5)

Complexes Log K

U4 + H20 = U(OH)3 + H+ -0.65 (4)

U4 + 2H20 = U(OH)22+ + 2H+ -2.6 (4)

U4+ 3H20 = U(OH)+ + 3H -5.8 (4)

U4 + 4H20 U(OH)4
0 + 4H+ -10.3 (4)

U4+ 5H20 = U(OH)5-
1 + 5H+ -16.0 (4)

U4+ +F - UF3+ 8.77 (4)

U4+ 2F UF22+ 14.7 (4)

U4+ 3F = UF3 19.4 (4)

U4+ 4F = UF4
0 24.1 (4)

U4 + 5F = UF5 25.9 (4)

U4 + 6F = UF62 28.4 (4)

U4 + S042 = US042 5.5 (4)
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Table U-2 (Continued)

U4+ SC

U4+ + Cl

U4+ + cC

U022+ +

U02 2+ +

2 UO22+

3 U022+

3 U02 2+

3 U022

4 U022

U022+ +

U022+ +

U02 2+ +

U02
2 +

U0 2
2 +

U022+ +

)42 - = U(SO4)20

I = UC13

32- = uC0 3
2 +

H20 = U020H + H

2H20 = U02(OH)20 + 2H

+ 2H20 = (U02)2(0H)22+ + 2H+

+ 5H20 = (U02 )3 (OH)S + 5H

+ 4H20 = (UO2)3(0H)42+ + 4H+

+ 7H20 = (U02)3(OH)7 + 7H+

+ 7H20 = (U02)4(OH)74 + 7H +

C03
2 = U0 2 Co 3

0

2CO3
2 = U0 2 (CO 3 ) 2

2

3Co 3
2 = U02(co3)34

S04 2 = U02 SO 4
0

2S042 = U0 2 (SO 4 )2
2

3S04
2 = UO(S04 )3

4

9.8

1.5

41

-5.5

-11.9

-5.89

-16.5

-12.3

-22.8

-30.8

7.50

16.7

20.9

2.95

4.28

4.70

(4)

(4)

(4)

(10)

(10)

(10)

(10)

(10)

(10)

(10)

(4)

(4)

(4)

(4)

(4)

(4)

U022+ + C1 = U02C1+

U022 + F = U02F

U0222+ + 2F = U02F2
0

UO22+ + 3F = U02F3

U022+ + 4F = U02F4
2

Redox reactions

U022 + e = U02

U022 + 4H+ + 2e = U4 + 2H2 0

0.21

5.16

8.85

11.42

11.97

Log K

2.75

9.22

(4)

(4)

(4)

(4)

(4)

(6)

(6)

Std. pot (E°)

.163v.

.273v.

*Based on value for PUC032+.
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Figure U-la Estimate of the solubility of U02(OH)2 -H20(s) in Hanford ground-
waters, indicating dominance of U(VI) carbonate species in solu-
tion. Log concentrations of fluoride, sulfate, and chloride
species are less than 1J-7M. I C03 = 2.6 x 10-3M; Eh = + 0.21
volt, MINEQL calculation.
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cating the dominance of U(IV) carbonate species in solution, Log
concentration of fluoride, sulfate, and chloride species are less
than 10-'M, I C03 = 2.6 x 10-3M; Eh = -0.22 volt, MINEQL calculation.
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Figure U-2a Estimate of the solubility of NpO2(s) in Hanford groundwaters indi-
cating dominance of Np(IV) carbonate species in solution. Log
concentration of fluoride, sulfate, and chloride species are less
than 10-7M, I C03 = 2.6 x 20-3M; Eh = +0.21 volt, MINEQL calculation.
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Figure U-2b Estimate of the solubility of NpO2(s) in Hanford groundwaters indi-
cating dominance of Np(IV) carbonate species in solution, I C03 =

2.6 x 10-3M; Log concentration of fluoride, sulfate and chloride
species are less than 10-7M, I C03 = 2.6 x 10-3M; Eh = -0.22 volt,
MINEQL calculation.
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Figure U-3a Estimate of the solubility of Am(OH)3(s) in Hanford groundwaters
indicating dominance of Am(III) carbonate species in solution.
I C03 = 2.6 x 1O-3M; I F = 2.2 x 10-3M; 1 S04 = 2.1 x 10-3M;
I CL = 8.4 x 1O-3M, Log concentration of chloride species is less
than 10-11, Eh = +0.21 and -0.22 volt, MINEQL calculation.
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Figure U-3b Estimate of the solubility of Pu02(s) in Hanford groundwaters indi-
cating dominance of Pu(IV) carbonate species in solution, I C03 =
2.6 x 1O-3M; Log concentrations of fluoride; sulfate and chloride
species are less than 10-I0M (see Table 1); Eh = +0.21 and -0.22
volt, MINEQL calculation.
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APPENDIX V

DESIGN OF REPOSITORY OPENINGS



1 INTRODUCTION

The objectives of constructing a nuclear waste repository are to terminally
store the waste and isolate the radionuclides from the biosphere. In an effort
to verify the performance of the repository and ensure that its objectives are
fulfilled, the proposed 10 CFR 60 rules specify a retrievability period of
50 years from the initiation of waste emplacement. There are several openings
in a repository and the stability of these openings must be maintained, at
least during the retrievability period. The design of stable shafts, main
access drifts, waste emplacement rooms and holes is a major consideration in
the repository design.

The Nuclear Regulatory Commission (NRC) has proposed a set of rules in 10 CFR 60
which will provide a framework for licensing nuclear waste repositories. 10 CFR
60.132 provides the design requirements for the underground facility. 10 CFR
60.141 provides the guidelines for the confirmation of geotechnical and design
parameters during repository construction and operation. In this appendix, a
design logic is presented which will assist in compliance with the requirements
in 10 CFR 60.132. A phased approach to design is described which will assist
in compliance with the requirements in 10 CFR 60.132. A phased approach to
design is described which will permit the use of data obtained from the surface
to develop a conceptual design, and refine the design as in situ data is
obtained from test excavations in the repository horizon.

The applicability of the design approach to the Basalt Waste Isolation Project
(BWIP) is briefly discussed, and areas of concern in the conceptual design
presented in the BWIP Site Characterization Report (SCR) are described.

2 DESIGN LOGIC FOR NUCLEAR WASTE REPOSITORIES

A sound design philosphy, for any opening requiring long-term stability in
rock, follows a pattern in which greater accuracy and detail are obtained as
additional information becomes available. The design is complete when it
fully addresses all geological conditions that may impact the stability of the
opening under the conditions and nature of its use.

2.1 A Phased Approach to Design

Engineering for underground openings begins with assessments of the properties
of the medium to be used in construction--the naturally occurring rock mass.
The engineering properties of the rock mass are never known accurately and
have to be estimated. They are expressed in terms of probabilities that the
estimates agree with actual geological conditions as they are distributed in
the ground.

The accuracy of geological assessments, and therefore the efficiency and
reliability of design concepts based on them, is the lowest at early phases of
exploration and increases as progress is made in exploration and construction.
Modern rock engineering practice recognizes that although the accuracy of
geological predictions must be improved as the exploration effort progresses,
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the scope of those same predictions must at all stages include the range of
factors expected to impact the performance of the opening, i.e., rock mass
mechanical properties, in situ stress, and hydrogeology.

Certain factors influence the performance of rock masses for all openings,
regardless of the nature of the geologic medium or the purpose of the opening,
These include the distribution of rock mass strengths, the stress field, and
hydrogeologic setting. Methods exist for assessing these complex and
spatially variable characteristics. In arriving at a preliminary design such
methods are comprehensive, but must be carefully utilized to cover specific
project requirements.

Basic rock engineering principles and specific project requirements should be
incorporated into preliminary design concepts using methodology appropriate to
the accuracy of the data at hand. Early in the project, geologic data are
obtained remotely, and are regarded as somewhat speculative. Conceptual designs
are, therefore, generalized and tend to be conservative. As further data are
gained, a more accurate description of the rock mass is obtained. At these
early stages, empirical design approaches are appropriate. They enable
preliminary design concepts to be evaluated and compared.

Subsurface exploration by drilling and later firsthand examination of the rock
from test drifts, shafts, or rooms affords a level of detail that justifies
closed-form or numerical analysis. The resulting design may still be conserva-
tive, but a better estimate of the degree of conservatism is obtained. Depend-
ing on the project, specialized, in situ tests may be required to address
specific design requirements in detail.

Current methodology for a comprehensive design approach with preliminary or
generalized geologic data incorporates empirical rock classification systems.
The recommendations, thus generated, can be modified to allow for specific
concerns. For a nuclear waste repository, such concerns relate to thermal
loading, the need for stability during the retrieval period, and the need for
long-term isolation of radionuclides.

A comprehensive design approach based on more detailed geologic data may
incorporate analytical or numerical modeling techniques. Analytical techniques
commonly require some simplification and generalization of site conditions.
While some detail is necessary in the data, a high level of detail is inappro-
priate. Numerical modeling techniques require a well-defined data base
consisting of reliable geologic data and workable underground layout concepts.
The proper use of empirical and analytical techniques during the earlier design
stages may limit the number of alternatives considered during numerical analysis,
with consequent savings in time, effort, and cost.

The following sections will introduce this phased approach and outline some
accepted methods for carrying out the strategy. For the case of a nuclear
waste repository, the strategy should enable the numerous repository design
concepts to be compared in light of a full range of geologic factors.
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2.2 Critical Design Input Parameters

Design input parameters that govern or constrain repository planning must
include geological/hydrological considerations and parameters relating to
repository layout and use. Geological/hydrological considerations relate to
the basic fact that a geological repository is an underground structure excavated
in rock which is governed by rock mass characteristics. Design considerations
also depend on repository layout and use, and extend to thermal loading, the
retrievability criteria, repository life, isolation of radionuclides, opera-
tional factors such as rate of emplacement of and capacity for nuclear waste,
and safety. These factors dictate the repository layout and support facilities,
and hence, govern the selection of design criteria and specifications.

Geologic factors that should be addressed at all stages of the design process
are as follows:

(1) Rock strength is one of the several factors controlling the deformation
of the rock surrounding the opening, and needs to be assessed in terms of
shear, tension, compression, time, and temperature.

(2) Rock fracturing also contributes to rock deformation. Where the intact
rock strength is high compared to the stresses to be imposed, rock.
fracturing may be a determinant of rock mass behavior. Important aspects
are the orientations of the fractures (with respect to the opening),
their inherent shear strength, continuity, extent, and spacing. Laboratory
testing should determine the shear strength of the full range of fracturing
conditions, both wet and dry.

(3) In situ stresses affect the location and magnitude of stress concentrations
around the opening, and the mode of rock mass deformation that must be
designed for. Opening shape and orientation, and rock reinforcement
pattern, will depend in large part on the stress field. Some fractures
will be more favorably oriented than others. Opening shapes and orienta-
tions tending to cause very high compressive stresses or large tensile
areas in the crown should be avoided. The stress field is, therefore,
important even in preliminary design and early assessments should be
obtained. The hydrofracturing technique is suitable for measuring in situ
stresses at depth; however, interpretations of test results should
consider the limitations of the technique. Overcoring and other stress
relief techniques are desirable when greater accuracy is required in later
site characterization efforts, but the data reduction and procedures
selected should be adaptable to fractured rock.

(4) Elastic properties of the rock and fractured rock mass are required for
numerical modeling and some analytical design techniques. The laboratory
Young's modulus and Poisson's ratio from compression and sonic velocity
tests are required to compute deformability of intact rock blocks and
theoretical stress distributions. Rock mass elastic properties can be
estimated through seismic geophysical testing (yielding a "dynamic"
modulus) or in situ jacking tests that yield a modulus of deformation
from which the static elastic rock mass properties can be obtained
through back-calculation. Borehole geophysical testing, which for many
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rock masses yields a higher modulus value than static jacking tests, is
nonetheless a rock mass value and can be obtained early in the design
effort. The effect of natural discontinuities can be conceptualized
through comparison of seismic dynamic modulus and laboratory sonic
modulus.

(5) Thermal response of the rock mass must be determined to ensure that the
heat generated by the emplaced waste does not threaten the long-term
integrity of the structure. A data base on the properties of the rock at
elevated temperatures is needed, to determine the coefficient of linear
thermal expansion, thermal conductivity, and specific heat of the rock
mass.

Heater tests are required to determine the thermal response of the rock
mass. These can be conducted after test excavations have been completed
in the horizon of interest. The data can then be utilized to refine the
preliminary design.

(6) The hydrogeologic regime affects the stability of the opening and poses a
potential pathway for radionuclide migration. The presence of ground-
water creates an internal pressure that must be overcome by the support
system, weakens potential failure surfaces, and complicates construction
operations. Testing should determine the hydraulic conductivities and
storage coefficients at the repository horizon, hydraulic gradient, the
hydraulic head, and whether constituents are present that could be
damaging to the support system (steel and grout).

(7) A definition of instability is necessary so that conformance of the rock
behavior with stability criteria can be verified. This definition provides
a framework for design by establishing the extent of deformation or
localized failure that can be tolerated in the repository.

(8) The expected performance of rock support systems needs to be established
prior to inclusion of such systems in the repository design. Principal
concerns relate to temperature effects and creep.

2.3 Design Approaches

The design of stable openings, as discussed earlier, is a phased process in
which the conceptual design is refined as more data become available from
in situ testing. The sequence begins with empirical, general concepts, which
allow selection of several suitable options for further study. Information
needs are identified, data are collected accordingly, and designs based on
engineering mechanics are carried out (analytical techniques). A comparison
of the designs is then possible, perhaps based on cost and technical criteria.
A few alternatives are then selected for detailed consideration, in which the
interaction of all critical design factors is evaluated through numerical
modeling; this design phase should be supported by in situ testing for specific
input parameters. From this effort, design specifictions and performance
criteria are formulated. Finally, the conformance of the rock mass behavior
with performance criteria is established by monitoring.
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2.3.1 Engineering Mechanics

Design approaches based on engineering mechanics considerations are the rock
classification schemes, and analytical solutions to analyze stability. Rock
classification systems address most of the factors governing the stability of
underground openings in rock, i.e., basic rock strength, fracturing, water
conditions, and overall geologic setting. The RMSD method proposed by
Kendorski (1980) is basically a discounting method in which the intact rock
strength is discounted according to the nature and degree of fracturing to
obtain the rock mass strength. This value can be used for analytical computa-
tions as well as an indicator of overall rock mass competence. The Geomechanics
System of Bieniawski (1979) develops a relationship of span versus standup
time. The Q-System of Barton, Lien, and Lunde (1974) is fairly simple, but is
not recommended for the design of shotcrete and rock reinforcement. The system
proposed by Terzaghi (1946) computes a dead rock load due to loosening, and is
widely used for the design of steel arch support in tunnels.

These systems either enable or directly yield generalized support recommenda-
tions. Application of these systems to circumstances outside the classification
data base requires discretion by the user. Thus, the particular requirements
of nuclear waste repositories, especially thermomechancial effects, will require
some modification of the direct results obtained from classification systems
before an adequate preliminary design is obtained for any single repository
concept. However, various repository concepts can be readily compared for
long-term stability and constructibility using classification approaches.
Typically, recommendations from the various classification systems are compared
to obtain preliminary rock mechanics design concepts.

Classical engineering mechanics approaches are based on arriving at a balance
of forces acting on an opening. Driving forces are the rock loads, and resist-
ing forces come from the rock mass competence and the support system. The
in situ material properties of the rock and support must be known for such an
approach to be meaningful.

Simple elastic theory (Obert and Duvall, 1967) gives a first approximation of
the distribution and magnitude of stresses and destressed zones surrounding an
opening. However, the assumptions of homogeneity, isotropy, and linear
elasticity implicit in elastic theory are seldom met in rock masses. Elastic
theory also does not allow for the effects of rock reinforcement. However,
even with these limitations, simple elastic analyses yield useful, though
conservative, information for conceptual design of structures in rock.

Elastic-plastic ground reaction curve methods seek to match the support to the
rock mass such that the amount of deformation allowed for corresponds both to
the peak rock mass shear strength and the peak deformation resistance of the
support (Egger, 1980). .For the optimum use of the method, proper timing of
support installation is essential. While the deformation of the support can
be fairly readily evaluated, it is seldom possible to predict the ground
characteristic frombasic geomechanics data. Field measurements of rock mass
behavior are necessary, and preliminary estimates can be obtained from under-
ground test facilities within the horizon of interest. During constuction,
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detailed geologic studies coupled with field measurements in the rock mass of
interest, can result in enhanced capability for predicting the ground charac-
teristic in virgin ground.

2.3.2 Numerical Modeling

There are a variety of numerical modeling approaches available for use in the
design of stable underground openings (St. John and Hardy, 1982). For a
geologic repositiory, modeling appears at present to be the best way to address
the following specific design issues.

(1) Rock mass deformation around openings,

(2) Time-dependent behavior,

(3) Effect of hydrologic regime,

(4) Deviations from simple rock mass behavior due to thermal effects,

(5) Repository layout, and

(6) Geologic variations: stress field, rock mass competence, and water
conditions.

The proper use of numerical modeling schemes requires a considerable base of
reliable, in situ data as well as remotely gained data. Hence, these methods
are most useful when such data are available from underground test excavations.
Also, some codes are quite complex and costly to use, and their use should be
limited to the most favorable repository scenarios.

The U.S. National Committee on Rock Mechanics (1981) has summarized recent
modeling schemes. These require the following types of data.

(1) Geometry of opening and rock mass discontinuities,

(2) Heat transfer and fluid flow parameters,

(3) Assumptions of finite or large strain,

(4) Nature and properties of the rock mass and its mode of deformation,

(5) In situ stress,

(6) Excavation methods, and

(7) Support-rock interaction.

Computer modeling schemes fall into the two categories of differential methods
and integral methods. Desai and Christian (1977) discuss the theory behind
numerical modeling schemes.
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Differential methods (finite element and finite difference) permit the
introduction of interfaces (slide lines or element boundaries) within a con-
tinuum. The finite element method (FEM) (Zienkiewicz, 1971) has the advantages
of handling complex geometries, inhomogeneities, nonlinearity, and support-rock
interaction. In problems involving repository excavations, several nonlinear
phenomena may need to be considered. These involve plasticity, creep, nonlinear
behavior of joints, and other complex constitutive relations including coupled
thermal-mechanical response of rock mass.

Elastic-plastic methods hold significant potential in their ability to model
the complexities of repository design concepts, and the ability to handle
inhomogeneities. One important aspect of the elastic-plastic model is the
definition of a damaged zone in the rock where yielding has propagated, away
from the opening and into the rock mass, according to the selected yield
criterion (Goodman, 1980). Certain associated aspects of the conceptual
elastic-plastic model, which need to be considered in applications to design
of repository openings are: the change in both stiffness and strength of the
damaged rock, the influence of time (and distance from the face) before
installation of supports, and the support-rock interaction.

Integral or boundary-element methods are based on the solution of integral equa-
tions that connect the boundary tractions to boundary displacements (Crouch,
1976; Cruse and Rizzo, 1975). The boundary of the opening is discretized and
defines the solution for the interior. Thus, these methods are most applicable
when conditions at the boundary are of most concern.

Thermomechanical behavior can be modeled by the principle of superposition, in
which stesses due to thermal and excavation effects are added. Thermomechanical
modeling develops thermal stress values for this purpose; an example is ADINA/
ADINAT (Bathe, 1978) which has been used to model the repository environment.
Two-dimensional models can be useful for preliminary design. Coupled models
assess the interaction of thermomechanical and hydrological conditions.
Three-dimensional models avoid the simplifying assumptions inherent in a two-
dimensional approach, but are more complex and costly. They do, however,
allow for anisotropic rock behavior.

2.3.3 Observations During Construction

During the construction of any underground facility, in situ monitoring of the
rock mass is essential for verification that design objectives are being
achieved.

In conformance with the provisions of 10 CFR 60.141 and 60.142, a full monitoring
program should be implemented. This should include measurements of relative
and absolute ground movements, support load response, visual performance of
support, geologic mapping, hydrologic monitoring, and records maintenance.
Specific plans will depend on the design of the repository, but should be
complete and at a level of accuracy that affords prediction of rock mass
behavior.
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Analysis of these data may lead to redesign of some construction elements.
Since prediction of geologic conditions is not an exact science, some redesign
is anticipated in even the most throughly investigated underground construction
projects.

The process of design based on instrumentation and construction monitoring is
the basis of the New Austrian Tunneling Method (NATM). The NATM is widely
accepted in Europe and requires a high degree of interaction between the
construction contractor and the owner/designer. Elements of the NATM approach
may be suitable for repository construction, and should be carefully considered.

3 APPLICABILITY OF THE DESIGN APPROACH

The design logic presented in Section 2 can be applied successfully to a
jointed rock such as basalt. The data collected to date at the Hanford site
can be analyzed to provide the following design input parameters:

o Rock mass strength and elastic properties

o In situ stress magnitude and direction

o Groundwater pressure and flow directions

o Rock mass thermal properties

These parameters would be estimates obtained on the basis of laboratory test
results scaled down to in situ values using geological, hydrological, and
geomechanical data resulting from core logging, pump testing, and Near Surface
Test Facility (NSTF) testing. The geomechanics classification systems mentioned
in Section 2 can be used in estimating rock mass strength.

The excavation induced stresses can be obtained using analytical approaches
and the 2-D numerical modeling method mentioned in Section 2. The loosened
zone around the opening can be included in the 2-D numerical model by assuming
a lower modulus value than the rock mass. Thermally induced stresses can be
computed using the thermomechanical analyses mentioned in Section 2. The
principle of superposition can be used to superimpose the thermal stresses on
the excavation induced stresses. Stresses around the openings can be compared
to the rock mass strength estimates to determine the stability of the openings.
Deformation resulting from the stresses can be determined using the finite
element technique.

The conceptual design obtained by the above mentioned techniques should have
sufficient flexibility to accommodate the improvements that can be incorporated
by using in situ data from the exploratory shaft testing. The estimates that
were used for the design input parameters can be verified and/or refined as
in situ data on rock mass strength, modulus of deformation, rock mass thermal
properties, in situ stresses, and groundwater is obtained from the underground
testing program. The spatial variability of the in situ data in the repository
horizon can be estimated, and sensitivity analyses carried out using a range
of expected design input parameters. These analyses will determine the effect
of geologic variability on repository design.
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The support system behavior under the expected temperature and moisture condi-
tions should be analyzed using the data from in situ monitoring in the under-
ground test excavations. Design refinements can be constantly made as the
data from underground observations accumulate and provide greater confidence
in -the -predictability of rock mass-behavior.

4 AREAS OF CONCERN

There are several areas of concern in the BWIP Site Characterization Report
(SCR) that have to be addressed in future SCR updates. These are related to
in situ stresses, rock mass strength, rock mass deformation, and repository
design.

4.1 In Situ Stress

The in situ stress measurements by the hydraulic freaturing method have to be
verified by conducting overcoring (or other stress relief techniques) tests at
the bottom of the exploratory shaft. The spatial variability of in situ
stresses in the reference repository location (RRL) has to be established by
conducting hydraulic fracturing tests in other boreholes in the RRL. The
constructibility of openings, both waste emplacement rooms and holes, in the
high horizontal stress field should be established in the exploratory shaft
testing program. Monitoring of deformation of the underground openings as
they are excavated will provide an indication of the global rock mass stress
conditions. The effect of the uncertainties in the assessment of the in situ
stress field on repository design should be evaluated.

4.2 Rock Mass Strength

Rock mass strength should be estimated on the basis of geological data collected
to date, data from the NSTF, and laboratory test results. Estimates arrived
at independently by the NRC using the BWIP laboratory data and core log informa-
tion indicate that the rock mass strenth may be about one-half of the 200 MPa
used in the BWIP conceptual design. Rock mass strength should be determined
using the heated block test, and other appropriate tests in the exploratory
shaft bottom. Detailed mapping of underground exposures should be done,
especially in the areas where rock mass strength tests are to be conducted.
This will permit correlation of mass strength with the discontinuity character-
istics of the rock. Derived correlations can then be used to predict the rock
mass strength throughout the repository. Rock mass strength assessment should
include the effect of moisture (various degrees of saturation), temperature
and time.

4.3 Rock Mass Deformation

Rock mass deformation modulus should be measured in the bottom of the exploratory
shaft by conducting the Rocha Slot test or other appropriate tests. In addi-
tion, monitoring of all underground drifts will provide an estimate of rock
mass deformation and support requirements in the repository. Deformation should
be carefully measured in heater tests to determine the effect of temperature
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increase on rock mass deformation. In essence, the rock mass constitutive
relationship under expected repository conditions should be established.

4.4 Repository Design

The waste emplacement rooms have been designed as ovaloids to accommodate the
high horizontal stress; however, the reaming rooms are designed in a horseshoe
shape. This might cause overstressing and instability. The sensitivity of
the various input parameters, especially rock mass strength and modulus,
thermal properties, and geologic structure, have not been considered in the
design. Sensitivity analyses are important because they provide valuable
guidance in data gathering efforts at the bottom of the exploratory shaft.

The effects of mositure, temperature and time on the performance of the support
system have not been fully considered. These effects and the effect of thermal
loading on the stability of waste emplacement holes are major factors in
providing for local retrieval from portions of the repository which are deemed
unsuitable from a geologic standpoint.

The basis for orientation of the rooms and waste emplacement holes seems to be
the in situ stress field; however, the effect of groundwater flow seems to
have been neglected. The justification for selecting the maximum design
stress and the maximum design temperature is not clear and seems to be based
on laboratory derived values. The manner in which the conceptual design will
be changed to accommodate the geologic, geohydrologic, and geomechanics data
obtained from the exploratory shaft testing program is not described in the
SCR. In addition, the effect of geologic variability within the repository
horizon on repository design is not discussed.

5 CLOSURE

A design logic for stable openings is presented in this appendix which can
accommodate the improving nature of the data base inherent in geologic
exploration. The need for flexibility in the conceptual design in emphasized
since this will allow for design improvements based on in situ data to be
obtained from the exploratory shaft. A phased design approach, which is
applicable to a fractured hard rock such as basalt, is presented. Critical
design input parameters are discussed since they define the information needs
for resolving several issues affecting repository design.

The applicability of the design approach to the BWIP subsurface design is
discussed. Several techniques are available to satisfy this design approach,
the key elements of which are the determination of rock mass characteristics
and the stresses and deformations resulting from excavation and thermal
loading. The importance of monitoring subsurface openings and using the
monitored data to improve the design are emphasized.

Areas of concern in the conceptual design presented in the BWIP SCR are briefly
discussed. Ongoing site characterization and design efforts could resolve
these areas of concern.
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1 INTRODUCTION

A geologic repository for long-term disposal of nuclear waste materials is
comprised of an engineered facility located at depth in a stable, well charac-
terized geologic environment. Isolation of the wastes from the biosphere is
to be achieved by a combination of long radionuclide transport time through
the geologic media backed by an engineered design having a predictable radio-
nuclide containment time and release rate from the engineered system.

The purpose of this appendix is to examine the intent of the radionuclide
release criteria as defined in the current NRC/EPA regulations, how release
rates are determined, and the current uncertainties associated with that deter-
mination for the Hanford site. The specific regulatory requirements are
summarized in Section 2. Definitions of the engineered system and components
are outlined in Section 3. The determination of release rates, including
performance criteria, data and modeling requirements are presented in Section 4.
Areas of concern for the Hanford site, based on existing studies, are discussed
in Section 5.

2 REGULATORY REQUIREMENTS

2.1 Performance Objectives

The overriding performance objective [60.111(b)(1)] for a repository is to
meet the EPA criteria proposed in draft 40 CFR Part 191 (Draft 21, December 29,
1982). The criteria specified by the EPA are in terms of a maximum cumulative
release to the accessible environment, for each radionuclide, for a period
10,000 years after disposal. For release involving more than one radionuclide,
the allowed release for each radionuclide is reduced to the fraction of its
limit that insures that the overall limit is not exceeded. Cumulative release
limit criteria for high-level waste are specified in Table W-1.

The EPA defines accessible environment to include the atmosphere, land surfaces,
surface water, oceans, and parts of the lithosphere that are more than 10 kilom-
eters in any direction from the original location of the radioactive wastes
in a disposal system. The NRC has recognized that there are large uncertainties
involved in predicting radionuclide transport processes through the portion of
the geologic setting that is significantly affected by construction of the
subsurface facility, or by the heat generated by the emplacement of radioactive
waste. The proposed NRC technical Rule 10 CFR Part 60 includes specific
performance objectives for two parts of the engineered system, the waste
package and the'underground facility, in addition to a criteria for pre-waste-
emplacement groundwater travel time through the far field to the accessible
environment.

In addition, there are specific regulatory requirements for the development of
engineered barriers, which can be grouped into four areas:
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Table W-1 Cumulative releases to the accessible environment
for 10,000 years after disposal*

Release limit(b)
Radionuclide (curies per 1000 MTHM)

Americium-241
Americium-243
Carbon-14
Cesium-135
Cesium-137
Neptunium-237
Plutonium-238
Plutonium-239
Plutonium-240
Plutonium-242
Radium-226
Strontium-90
Technetium-99
Tin-126
Any other alpha-emitting radionuclide
Any other radionuclide which does not emit alpha

10
4

200
2,000

500
20

400
100
100
100
3
80

10,000
80
10

500particles

*Limiting values for a mixture of radionuclides
If radionuclides A, B and C are projected to be

and Qc and if the applicable release limits are

cumulative releases over 10,000 years should be

released in amounts Qa' Qb

RLa' RLbs and RLC, then the

limited so that:

Qa

RLa RLb
+ Ic

Rtc

(a)These release limits shall be met for all anticipated processes and events,
defined as those estimated to occur with a frequency of 0.01 or more over
10,000 years. For very unlikely events, those with a frequency of
occurrence of between 10-2 and 10-5 over 10,000 years, the acceptable
release limits are 10 times all values in this table.

(b)The release limits also apply to each unit of transuranic wastes
containing three million curies of alpha-emitting transuranic nuclides.

(1) Engineered system design requirements,

(2) Analysis of the performance of the engineered system,

(3) Verification of data and models used in analysis, and

(4) Confirmation of engineered system performance.
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The sequential nature of these four steps is shown on Figure W-1. The regula-
tory criteria for each of these areas and the additional performance objectives
for the engineered system specified in 10 CFR Part 60 are briefly discussed
below.

2.2 Engineered System Design Requirements

The proposed Rule imposes three major performance objectives on engineered
barriers for anticipated processes and events. These are:

o Contain waste for 1,000 years (§60.113),

o Control rate of release after 1,000 years (1 part in 100,000 per year,
maximum) (§60.113), and

o Develop engineered barriers in consonance with retrieval plans (§60.133).

The Rule imposes only one major requirement on the actual design process (as
opposed to design criteria). This is to require a quality assurance program
based upon Appendix B of 10 CFR Part 50 (§60.152).

2.3 Design Analysis

The proposed Rule imposes four major design analysis requirements. These are:

o Analyze the effectiveness of engineered barriers (§60.21).

o Analyze the expected performance of engineered barriers (§60.21).

o Consider expected thermal and thermomechanical response of the host rock
and groundwater system in the analysis (§60.133).

o The analysis must provide reasonable assurance that the performance of
the-engineered barriers will be in conformance with the criteria and
objectives (§60. 101).

2.4 Data and Model Verification

The proposed Rule imposes two requirements on the verification of data and
methods in design and analysis. Fulfillment of these requirements must be
documented in the SAR. The requirements are:

o An explanation must be submitted of the measures used to confirm the
models used in the analysis (§60.21), and

o A justification must be submitted on the selection of the variables and
conditions used in design and analysis (§60.21).

2.5 Performance Confirmation

The proposed Rule requires that, before and during repository operation, a
performance confirmation program be conducted which indicates that the
engineered systems are functioning as intended and anticipated (§60.140).
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The proposed Rule also recognizes that confirmation of the performance of an
engineered system which is designed to function over thousands of years "is not
to be had in ordinary sense of the word. For such long-term objectives and
criterion, what is required is reasonable assurance, making allowance for the
time period, hazards and uncertainties involved, that the outcome will be in
conformance with those objectives and criteria."

3 DEFINITION OF ENGINEERED SYSTEM

3.1 Definition of Engineered System Components

Definitions for specific features of the engineered system are provided in
10 CFR 60.2, as follows:

Barrier means any material or structure that prevents or substantially delays
movement of water or radionuclides.

Engineered barrier system means the waste packages and the underground facility.
For the BWIP design, this includes the backfill placed around the waste container
in the emplacement hole, the backfill, and other seals or plugs placed in the
storage rooms and access tunnels, and some portion of the host rock immediately
surrounding the excavation.

Underground facility means the underground structure, including openings and
backfill materials, but excluding shafts, boreholes, and their seals.

Waste package means the waste form and any container, shielding, packing, and
other components surrounding the waste form.

There are two boundaries of interest for assessment of release rates from the
engineered system: (1) the outer limit of the waste package and (2) the
boundary between the underground facility and the geologic setting.

The definition of the waste package may be interpreted to include the tailored
backfill placed in the storage hole around the waste canister; thus the waste
package boundary would then be the edge of the emplacement hole. The boundary
between the underground facility and the geologic setting is currently interpreted
as the edge of the mined openings, or a short distance beyond the opening.

The engineered system components may be evaluated at several levels of detail,
using alternative models, which are consistent with the environmental scale in
which they are intended to function. These environments include:

o Repository-scale environment.

o Room-scale environment.

o Waste package-scale environment.

The repository-scale environment is used to model near-field geologic, hydro-
logic and geochemical conditions, including the effects of geologic processes
and events. Properties of the underground facility and waste packages (hydraulic
conductivity, density, thermal load, etc.) may be represented by equivalent
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values averaged over the area or volume of the facility, based on the waste
storage configuration, volume of rock excavated, type of backfill material, etc.
This scale of analysis provides input to far-field waste transport assessments
and establishes boundary conditions for more detailed analyses.

The room-scale environment is used to model performance within the underground
facility, including construction/thermal-induced stress effects, local ground-
water flow, geochemical and hydrochemical effects, and the contribution of
storage room barrier materials to limiting radionuclide release to the geologic
setting. Releases from each storage room are aggregated to determine cumulative
releases for repository scale modeling. Boundary conditions for waste package
modeling are established.

The waste package-scale environment is used to determine the waste package
life and subsequent release of radionuclides from the waste package into the
underground facility. This includes a detailed evaluation of metal corrosion
rates, water seals (backfill), dissolution or leaching of the waste form under
the anticipated range of geochemical/hydrochemical conditions, and all possible
waste transport processes (diffusion, advection, colloidal/particulate, etc.)
through the waste package materials. The process by which solutes are trans-
ported by the bulk motion of flowing groundwater is known as advection.
Colloidal or particulate transport refers to solid particles in suspension.

3.2 Engineered System Components

3.2.1 Objectives

The design objectives of the engineered barrier system are (1) to supplement
the waste form in meeting the NRC release limits to the geologic setting and
(2) to supplement the waste form and the geologic setting in meeting the EPA
limits of release of radionuclides to the accessible environment. The
engineered barrrier system must meet these two objectives throughout the
repository lifetime. The objectives must be fulfilled for the anticipated
thermal and radiation environments and within the structural, hydrologic, and
geochemical environments expected in the repository. In additional, the
engineered barrier system must be shown to meet the design objectives for
those anticipated processes and events which will influence repository
performance.

Because the engineered barrier system must perform in an environment of consider-
able uncertainty, with potential performance uncertainties of individual compo-
nents, basic principles must be adhered to in the system design. These include:

o Engineered barriers should be selected and designed on the basis of
established principles (state-of-the-art) in geotechnical, mining, and
chemical and nuclear engineering.

o Design of engineered features should not be based on the results of unproven
theories or concepts but should be based on testing and proven performance.

o The design and selection of engineered features should be linked to the
major factors affecting performance on the repository scale and major
system interaction effects on room and waste package scales.

W-5



o Engineered barrier design and assessment should also take into account
features of barrier system performance will be site specific.

The design objectives and principles require that the engineered barrier design
criteria address both deterministic and stochastic (time-dependent event) con-
siderations. On the deterministic side, the engineered barriers must contribute
to system performance even if other features of the geologic repository cannot
(such as providing for sorption of specific nuclides not sorbed well by the
host rock). Considering the stoichastic events, the engineered barrier system
must provide redundant functions in case of failure in the engineered or geologic
systems. For example, premature failure of a waste package should not result
in an above-limit release through total dependency on a diffusion process or
on the sorption properties of a backfill.

3.2.2 Functions of Engineered Barrier Components

The engineered system can perform a number of functions in meeting its design
objectives, including:

o Irreversible sorption of radionuclides by ion exchange.

o Retardation by equilibrium sorption which allows radionuclide decay time
to occur.

o Dispersion, which reduces peak discharge and spreads releases over time.

o Permanent bonding within the barrier; for example, by formation of
secondary mineral species.

o Radionuclide holdup by filtering; some backfills behave as
semipermeable membranes.

o Restrict transport to diffusion by minimizing water flow rates, and
limit the diffusivity of the backfill.

o Provide a low hydraulic conductivity barrier to water (solute) transport.

o Provide reinforcement to the waste package to withstand crushing forces
from rock movement or pore water pressure.

o Provide repository structural support, relieving stress concentration in
the waste package region.

o Buffer local water chemistry (Eh, pH) to reduce adverse chemical reactions
and/or encourage favorable chemical reactions.

o Retard the escape of corrosion products, to reduce corrosion rates.

o Retard the influx of oxidants.

o Provide low resistance heat transfer paths.
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For a specific set of site conditions, the role of alternative engineered system
components in meeting the overall performance objectives must be defined. The
design of each component may then be optimized based on the design objectives
that have been determined, incorporating any number of the functions listed above.

4 ASSESSMENT OF RELEASE RATES

Release rates for radionuclides are calculated quantities that are dependent on
many complex, interdependent processes and parameters. These include the ground-
water flow rates, radionuclide solubility, radionuclide transport processes such
as diffusion, advection, colloidal transport, species retardation or irreversible
sorption, chemical bonding, radionuclide decay, and many others. Each of these
processes and parameters has an uncertainty associated with its value; thus, the
calculated release rates must also have a potentially large uncertainty. The
contribution of both the waste package and the engineered system to controlling
radionuclide release, including data and modeling requirements, are discussed
below.

4.1 Release from the Waste Package

The proposed NRC release rate criterion is applied after the required contain-
ment time for the waste package (i.e., after 1,000 years). The many factors that
influence the radionuclide release rate from the waste package can be broadly
characterized into three topical areas:

(1) Waste package life,

(2) Solubility or leachability of the waste form, and

(3) Radionuclide transport through remnants of the waste package barrier
materials.

4.1.1 Waste Package Life

Package life is important when considering the total mass of short-lived nuclides
that will be released to the environment. The range of half-lives of the nuclides
in the waste is from approximately 30 years to greater than 1 billion years.
Thus, if the package can survive to a time that is many half-lives of a particular
nuclide, then that nuclide mass in inventory might have decayed to a sufficiently
small quantity to be of no consequence to the total release to the environment.
In order to assess the importance of package life with respect to a particular
nuclide, a minimum of five quantities must be evaluated: inventory at emplace-
ment, radionuclide half-life, package failure time, total mass released from
the package, and the transport time through the waste package to the underground
facility.

The first three quantities listed here determine the inventory at the time of
package failure. The total mass released from the package can then be equal
to the inventory at the time of failure if the transport processes are fast
compared to the nuclide half-life. However, if the transport processes are
slow, an additional fraction of the nuclide mass will decay in inventory, thus
decreasing the total mass released. For example, for long-lived nuclides such
as uranium-238, a package life of 1,000 years is not significant because the
fraction of uranium decayed will be on the order of 10-7 to 10-6 during that
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time. For short-lived nuclides, such as Cs-137, package life is important
because the fraction remaining at the end of package life will be less than
10-10 of its inventory at emplacement and the mass available for release will
be of little significance.

4.1.2 Waste Form Solubility/Leachability

The waste package will be designed to delay the intrusion of groundwater and
thus postpone the inception of dissolution or leaching of the radionuclides
from the waste form. After the waste package is breached, radionuclide release
is limited by the finite leach rate of radionuclides from the waste form. In
addition to leaching, the release may be limited by the maximum solubility
limit of the radionuclides, particularly for the actinides. In this case the
release rate would be lower than the leach rate. Other factors, such as
irreversible precipitation, may further reduce the rate of release from the
waste package.

4.1.3 Radionuclide Transport

Failure of all waste packages in the repository will not, in practice, occur
at the same time so that the release from the waste packages will be distributed
over time. The concept of reliability in determining waste package life is
discussed in Appendix P. Furthermore, once a waste package has been breached,
the radionuclides must be transported out through the engineered barrier remnants
before release to the underground facility or host rock is possible. Engineered
barriers may be designed to absorb radionuclides or otherwise affect this process,
and the actual release of radionuclides from the waste package will therefore
be spread over time. The transport process itself will dilute and allow further
decay of the released mass, and a final conclusion must be determined on the
consequence of the mass released.

4.2 Release from the Engineered System

Once radionuclides are released from the waste package into the underground
facility, the singular function of the engineered barriers is to maximize the
residence time of radionuclides within the underground facility and thus allow
decay of the nuclides to occur. This has the effect of reducing the rate at
which nuclides are released to the geologic setting. It is this release rate
that is specified as a performance objective in 10 CFR 60.113.

This delay within the underground facility may be accomplished by using engineered
barriers in a number of ways, including irreversible and equilibrium sorption,
permanent bonding, filtering, and chemical control. Each nuclide must be
specifically examined because of its individual chemical properties. Accom-
plishing this delay in nuclide travel time requires specific consideration of
the hydrological system and the geometry and hydrological properties of the
engineered barrier system. The identified BWIP design of horizontal waste
package emplacement for the basalt repository, coupled with a predicted vertical
hydrologic flowpath through the host rock means that all delay must be accom-
plished within the waste package (and its associated engineered backfill).
The adequacy of the horizontal emplacement mode, or of any other candidate
system, must be closely and defensibly examined to ensure that the entire
engineered system performs to the regulatory standards.
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4.3. Design Analysis of the Engineered System

The design analysis of the engineered barrier system is based on the quantifica-
tion of the radionuclide mass transfer from the waste package, through the
engineered backfills and other barriers, and into the geologic setting.
Quantitative analysis of this mass transfer requires an understanding of each
system variable and each transport phenomenon, and results in the predicted
behavior of each major system component. Mathematical models have been developed
which consider most-of the important effects and variables. These models may
be conservative in their representation of the release of specific radionuclides
to the geologic setting. Care must be taken in assessing models to ensure that
synergisms within the systems affected by release of radionuclides are also
conservatively evaluated.

4.3.1 Release Rate Model Methodology

4.3.1.1 Groundwater Models

The goal of groundwater modeling is to predict the flow field past the waste
package, through the underground facility and, ultimately, through the geologic
setting. The rate of flow past the waste package will control the solubility
limited release rate after package failure, and the'flow velocity through the
engineered system will determine the dominating waste transport mechanism.

A good understanding of the site, geological, and hydrological conditions is of
primary importance, and this must be presented in the form of a conceptual
model. Computer codes used to numerically simulate the model must be able to
duplicate site conditions (observed from measured data) and changes that will
be imposed by repository construction, natural events, or human interference.

Additional information on groundwater modeling is provided in Appendices F,
H, J, L, M, and 0.

4.3.1.2 -Mass Transport Models

Calculation of mass transfer from the waste form through the engineered system
will require several interlinked mathematical model, which, as a minimum, will
calculate:

o Inventory of radionuclides in the waste.

o Degradation and failure of the waste package.

o Leaching of the waste matrix.

o Solubility of radioactive elements in groundwater.

o Transport of waste by groundwater, including the effects of dispersion,
adsorption, and chemical retardation.

The mass transfer models must be able to consider all changes in conditions with
time. Environmental conditions anticipated for the waste form and metallic
waste package components are described in Appendix Q. In order to solve the
mass transfer mathematics, appropriate boundary conditions must be specified.
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The boundary at the waste form is usually described by a nuclide solubility
limit or a leach rate (flux) from the waste. Mechanisms of transport of radio-
nuclides from the waste to the backfill are discussed in Appendix R. At the
host rock (or geologic setting) the boundary is usually specified by a zero
concentration, a flux rate, or a combination of concentration and water flow
rate. These boundary conditions, both at the waste or host rock boundary, must
be assumed for a specific design, and the use of alternative boundary conditions
may yield a different release rate prediction.

The release rate of a radionuclide through an engineered backfill can be driven
by a concentration gradient (diffusion, low flow conditions), a hydraulic
gradient (advection, higher flow conditions), or a thermal gradient (Soret
effect). Mass transfer will take place at a rate determined by the resistance
to mass transfer and the capacitance effects of the medium through which the
mass transfer occurs.

There can be three distinct characteristic times for the occurrence of nuclide
release. These are (1) an initial transient release, (2) steady-state release,
and (3) inventory depletion when the release from the engineered backfill
decreases as time goes to infinity. The nuclide inventory and thickness of
backfill determines if all three time frames can occur. For steady-state
release to occur, there must be sufficient mass available from inventory to
saturate the backfill. For many nuclides the inventory is not large enough
and there will be a transient rise in the release rate followed by a fall to
infinity, with no steady-state release. The capacitance of a backfill affects
the transient release rate, but has little or no effect on the steady-state
release rate for the dimensions of interest and species half-lives.

Analyses of mass transfer through the engineered system, based on transport
mechanisms previously discussed, suggest that radionuclides with the highest
release rates will be characterized, on a relative scale, by high solubility,
by low adsorption potential, by high diffusivity, or by any combination of
these extreme parameter values. These three parameters can be controlled or
modified to some extent by or within an engineered backfill.

4.3.2 Date Base

The data base to support the necessary and complex design analyses is currently
quite limited in several important respects. A stronger data base must be
developed which reflects the large number of system variables and, their inter-
dependencies, and which can support the definition of parametric values and
uncertainty distributions for use in design analysis.

Quantities of significance which directly affect the release rate from the
engineered system include the species diffusivity through the medium, the
capacitance (adsorption), and the maximum species concentration in water at
the waste. All these quantities are chemical-species dependent which means
that the chemical form of the nuclide must be known. The chemical form of the
nuclide is determine by the oxidation state, hydrogen ion activity, and com-
position of the groundwater. Hence, in calculating release rates, a knowledge
of the site geochemistry is essential.
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Geological and hydrological parameters used to define the hydrological conceptual
model, and the boundary conditions for calculation of flow through the under-
ground facility, are also important. In particular, the distribution of hydraulic
pressure heads (hydraulic gradients) throughout the geologic setting in which
the repository is constructed, and in the host rock, must be known with confidence.
Additional information on geological and hydrological data is provided in Appen-
dices F, H, M, and 0.

Factors which should be considered when establishing an adequate data base
include:

o Measurement of key parameters demonstrated to affect performance.

o Confirmation that the information obtained from test or analysis measures
the required parameter under conditions relevant to those expected in the
repository.

o Interdependency of parameters must be recognized and determined.

o Parameter uncertainties must be defined and reduced as much as
economically and temporally possible.

4.3.3 Model Verification Requirements

The requirements for repository performance confirmation, including engineered
barriers, include data measurement, design testing, and monitoring during the
period of operations. No reliance is to be placed on post-closure monitoring.
Therefore, assessment of long-term performance of engineered barriers, and
demonstration that the NRC performance objectives will be met, will depend
largely on predictive models that must be verified using data obtained from
short-term tests.

The inaccessibility of the engineered system for long-term monitoring (beyond
80 to 100 years) leads to possibly large residual uncertainties in the data
base and boundary conditions used to determine waste package life, waste
leaching/dissolution, and transportation of radioactive species to the geologic
setting. Many of the physical properties and parameters that appear in release
rate prediction models are generally not well known, and variations of values
must be considered at early stages of licensing to determine their relative
importance on the results of a performance assessment. This can be done by
using ranges of values (sensitivity analyses) or parameter probability distribu-
tions (uncertainty analyses), based on either analytic solutions to mass transfer
or on numerical methods.

The uncertainties in understanding all waste transport phenomena, as well as
the variability in the conceptual numerical models, suggests the potential for
an additional degree of uncertainty in the engineered system performance assess-
ment. Modeling uncertainties can be reduced by:

o Simulating problems with known analytical solutions,
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o Benchmarking - comparing solutions to complex problems obtained using
similar computer codes (e.g., BARIER/WAPPA, SWIFT/MAGNUM, NUTRAN/CHAINT),
and

o Verifying the conceptual models and computer codes by simulating a
monitored event in the real system.

Uncertainties in data and assumptions used in numerical approximations also
assures implicit uncertainties in predicted performance of the engineered
system. The uncertainties in the waste transport process through the geologic
setting are, however, potentially greater than uncertainties associated with
waste package lifetime and waste transport through the engineered system. Thus,
the models and data which predict engineered system performance must continue
to be comprehensively developed. In their absence, it will be difficult, if
not impossible, to defensibly predict the engineered system performance.

5 IDENTIFICATION OF AREAS OF CONCERN

The BWIP SCR describes the state of knowledge concerning disposal of HLW in a
repository at the Hanford Site and provides a detailed plan for acquiring addi-
tional information to resolve site-related issues. The current information
base required for evaulating release rates from the engineered system as provided
in the SCR is sparse in several important respects. Extensive work will be
required, as indicated in SCR Vol. 3, to-allow evaluation of the engineered
barrier system for the basalt repository. This section of Appendix W identifies
several areas of current concern to the NRC with respect to release rates from
the engineered barrier system. It focuses on the relative necessity and
importance of design and performance attributes of the engineered components
of the barrier system. The concerns voiced here are based on the existing
information base and/or studies by the NRC and its subcontractors. It is
recognized that present concerns over aspects of the BWIP SCR and its treatment
of the engineered barrier system may be alleviated as new data and information
develop.

5.1 Role of Engineeered Barriers in Site Performance

The BWIP SCR emphasizes the important role of natural barriers to minimize
release and allow EPA criteria to be met. Chief among the natural barriers is
the groundwater travel time to the accessible environment which exceeded 10,000
years in all the studies reported in the SCR. However, it has not been demon-
strated with absolute acceptable confidence that travel times will exceed 10,000
years, and recent work by the NRC, based on BWIP data, suggests that a travel
time of 3000 or less years is plausible. Therefore, groundwater travel time
may not, by itself, be sufficient to reduce release rates within the first
10,000 years to EPA levels. A careful analysis of the credible range of ground-
water travel times at the BWIP site is essential.

Two other important natural barriers emphasized in the SCR are retardation in
the host rock and solubility constraints on radioactive concentrations in ground-
water. These properties in conjunction with the potentially long groundwater
flow times may be shown to limit the release of most nuclides to acceptable
levels. However, there are several important radionuclides which may be
retarded little in the basalt and which may also have high solubilities (e.g.,
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I-129, C-14, and possibly Se-79 and Tc-99). Evaluation of the role of solubility
and retardation (adsorption) is difficult at the present time, since the data
base on these phenomena under predicted in situ conditions is extremely limited.
Furthermore, the uncertainties in the extrapolation of measured adsorption
coefficients and solOiUTitiesi to calculations of waste transport over 10 km of
geologic media must currently be considered large. Uncertainties of several
orders of magnitude in applying laboratory estimates of adsorption coefficients
to tranpsort calculations have been reported.

Therefore, it is strongly indicated that there is a need for a system of
engineered barriers at the Hanford site that can increase confidence in contain-
ment of the wastes within the underground facility and provide an important
additional margin of safety. The design of the waste emplacement scheme must
consider possible variations in groundwater flow rates and direction to ensure
that engineered barrier containment objectives can be met.

5.2 Adequacy of Models

Models for assessing release rates from the engineered system are at an early
stage of development. Two of the principal very-near-field predictive models,
BARIER and WAPPA, are listed in the SCR as "codes currently under development."
A list of features in WAPPA that may require modification for basalt is also
provided. Other models, such as those used to predict geochemical conditions,
may also require modification to be applicable to the basalt environment. Even
when modified, current models may not properly replicate certain physical or
chemical processes that are themselves not fully understood.

It is essential that the uncertainties associated with numerical models are
clearly understood and their effect on site performance calculations quantified.
Numerical uncertainties, associated with the algorithms on which a code is based,
can be quantified. The representation of certain physical or chemical processes,
such as retardation in basalt and stress-induced rock fracturing, is much more
difficult, and it is necessary that the sophistication of present models should
be developed hand-in-hand with laboratory and field testing and research. This
fact appears to be recognized in the SCR.

5.3 Package Backfill as an Engineered Barrier

Backfill around the waste canisters is identified in the SCR as a potentially
important engineered barrier. The backfill is intended to fulfill two functions:
enhance canister lifetime, and restrict radionuclide releases when canisters are
breached. Important porperties of package backfill are hydraulic conductivity
characteristics, nature of additives, retardation potential, and reliability.

5.3.1 Hydraulic Conductivity

The SCR emphasizes the advantages of choosing a low conductivity backfill, which
may be able to exclude water from the canister for only about 100 years. Since
low groundwater flow conditions at BWIP may well ensure diffusion dominate
transport for even a high conductivity backfill, the advantage of the selected
low conductivity material should be carefully evaluated in relation to its cost.
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5.3.2 Retardation Potential

The SCR emphasizes the importance of waste package backfill as a diffusional
barrier to radionuclide release. However, recent work by the NRC suggests that
a--typical diffusion time--for-an-unsorbed-nuclide through such backfill is about
1 year. Hence, significant retardation is required if the backfill is to
appreciably delay release. There are a number of highly sorbed nuclides (Cm,
Am, Pu, and Th) which may be expected to be contained for long times by the back-
fill. However, there are also a number of nonsolubility limited nuclides such
as Se-79, C-14, I-129, and Ra-226 for which the backfill may be insufficient
as an engineered barrier. Reliance on the package backfill as a diffusion
barrier for all nuclides is considered to be premature and unsupported.

5.3.3 Additives

The SCR states that additives to adsorb or precipitate some nuclides may have
to be added to backfill to ensure compliance with the NRC release criterion,
and compliance may not be possible without such additives. However, little
support for the feasibility of this approach is provided. There is concern
that additives may not prove to be either a feasible or reliable approach and
there might be too much optimism on "fixes" to the basic backfill material.
The difficulties of reliably tailoring backfill materials to specific functions
needs to be emphasized. The SCR recognizes that additional work in this area
is required.

5.3.4 Reliability

The waste package emplacement scheme included with the SCR is stated to consider
delayed backfilling around the horizontally placed waste packages, and uses a
75:25 mixture of crushed basalt and bentonite pellets. Since the engineered
barrier system in the reference design places substantial dependence on the
waste package backfill, the reliability of the in-place properties of the back-
fill will be critical. Delayed backfill placement in the proposed scheme will
lead to large uncertainties because:

o Spalling of rock from the inside of the emplacement hole from thermal
stresses may prevent complete backfilling due to blockages.

o Obtaining consistent compaction density, porosity, and hydraulic con-
ductivity values for the backfill around the complete annulus of the
hole will be virtually impossible to verify.

No in situ tests of this proposed method have been undertaken to date. In
recognition of these potential problems, an alternative emplacement system
using pre-cast backfill blocks contained within the waste container is also
proposed in the SCR. The relative reliability and uncertainties of these two
systems must be carefully evaluated in the repository performance assessment.

5.4 Adequacy of the Repository Design

The basic disposal scheme described in the SCR involves horizontal emplacement
of canisters in long boreholes stretching between repository tunnels. One
advantage of this horizontal emplacement scheme is that it minimizes excavation
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costs. Offsetting this positive factor, meeting proposed NRC and EPA criteria
may be more difficult for horizontal waste emplacement than for alternative
schemes such as vertical emplacement beneath storage rooms.

The advantage of the vertical emplacement scheme for the BWIP is that room back-
fill may be used as an additional engineered barrier. The predicted vertical
groundwater flow must pass through the room backfill if it has a sufficiently
high hydraulic conductivity relative to the host rock. If the backfill also
has a high porosity and good retardation characteristics, it will significantly
delay and reduce releases from the engineered system by transporting the waste
through a significantly greater thickness of material than it would for package
backfills. A further advantage is that the room backfill will be less affected
by the extreme thermal, radiation and geochemical processes occurring in the
immediate vicinity of the waste canister.

While horizontal emplacement may prove to be both acceptable and cost-effective,
it is considered premature at this stage not to consider room backfill as a
primary engineered barrier in a basalt repository.

5.5 Repository Sealing

A key question to be addressed in evaluating requirements for a repository
sealing program is whether horizontal transport through the repository is likely
to occur. Radionuclide transport through the host basalt flow is likely to be
predominantly vertical, enhanced by the thermal effects. If this is demonstrated,
reliance on tunnel seals will be minimized and there is strong reason to believe
that repository sealing can be accomplished with relatively high permeability
and sorptive backfill materials, rather than expensive, highly "impermeable"
seals. A rapid resolution of this question by three-dimensional modeling would
permit the requirements for repository seals to be evaluated. The design and
performance objectives for repository seals should be developed through a com-
prehensive analysis program early on in the repository design process.
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Figure W-1 Development sequence for engineered barriers
(Source: Golder Assoc.)
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