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ABSTRACT 

Several Uranium Mi 11 Tail ings Remedial Action (UMTRA) Project di sposal 
facilities consist of uranium mill tailings covered by a one- to two-meter thick 
radon barrier and 15 centimeters (cm) of filter sand, overlain by 30 cm of 
erosion protection riprap. To comply with the proposed U.S. Environmental 
Protection Agency (EPA) groundwater standards appl icable to the UMTRA Project (40 
CFR 192), concentration limits for hazardous constituents cannot be exceeded at 
the downgradient limit of the disposal facility (the point of compliance, or 
POC). Minimizing infiltration that transports contaminants from the tailings to 
the uppermost aquifer facilitates compliance with the proposed standards. 

Prior to promulgation of the proposed EPA groundwater protection standards 
for the UMTRA Project, the typical UMTRA Project radon barriers in rock-covered 
disposal cells were constructed of low-permeabil ity compacted clay with a 
saturated hydraul i c conduct i vi ty on the order of 10'7 centimeters per second 
(cm/s). Early estimates of the flux through radon barriers were based on 
assumptions of a unit gradient and a saturated radon barrier. Therefore, the 
flux was equal to the saturated hydraulic conductivity of the radon barrier. 
However, if the radon barrier is unsaturated, its operational hydraulic 
conductivity may be several orders of magnitude lower, yielding a lower steady 
state seepage flux from the tailings. If this is the case, the disposal cell 
will more likely meet the proposed EPA groundwater standards at the POCo 

A field study was undertaken to evaluate moisture conditions in the disposal 
cell cover at the Shiprock, New Mexico, site. limited field data also were 
obtained for the disposal cell covers at the Clive, Utah, and Burrell, 
Pennsylvania, sites. The field study was initiated by the U.S. Department of 
Energy (DOE) to determine whether the rock-covered tailings disposal cell could 
continue to be used as a design that would allow compliance with the proposed EPA 
groundwater protect i on standards. Percent saturat ion profil es were deve loped for 
the clay radon barriers at all three disposal cells, and capillary moisture 
curves and unsaturated hydraul ic conductivity curves were developed for the 
Shi prock radon barri er. The radon barriers of all three di sposa 1 cell s were 
found to be unsaturated, with the average percent saturation ranging from 82 to 
84 percent. 

As part of the field study, the Shiprock disposal cell was instrumented to 
monitor meteorological stresses, relative soil tension, and moisture content 
profiles in the filter layer and radon barrier. Geotechnical samples collected 
from eight boreholes in the Shiprock radon barrier indicated that the average 
percent saturation of the radon barrier is 83.6 percent (12.5 percent by weight), 
with moisture contents relatively uniform with depth. The construction moisture 
content of the radon barrier was 14.9 percent by weight, indicating some drying 
of the radon barrier may have occurred. Evidence from neutron logging of the 
radon barrier supports this conclusion. . 

Seasonal field evaporation experiments demonstrated that the potential 
evaporation from the filter layer exceeds the annual precipitation at the 
Shiprock site, and evaporation may be the primary mechanism for removing excess 
water from the filter layer. Monitoring of relative soil tensions with time 



indicated that relative soil tensions in the filter layer and upper portion of 
the radon barrier are controlled by meteorological stresses. Relative soil 
tensions in the filter layer decreased during winter, but were generally high the 
remainder of the year, except after precipitation events. Relative soil tensions 
were highly variable in the upper portion of the radon barrier, but remained 
relatively constant below a depth of 60 cm. 

long-term moisture contents in the Shiprock radon barrier were simulated 
using the finite element unsaturated flow model UNSAT2. The model ing demonstrated 
that soil tensions propagate relatively rapidly through the radon barrier, 
equilibrating to steady state conditions within a few years. By applying a 
cyclical upper boundary condition based on measured monthly average tensions in 
the upper portion of the radon barrier, soil tensions in the radon barrier were 
simulated for 100 years. The modeling indicated that soil tensions in the radon 
barrier are currently at or near equilibrium, and that the radon barrier will 
remain unsaturated with time. The long-term percent saturation of the Shiprock 
radon barrier is predicted to be slightly less than the average 83.6 percent 
saturation measured in analyses of core samples in 1988. 

The modeling also showed that if the filter layer were to remain saturated 
. year-round, then the saturated moisture front would propagate downward through 

the entire radon barrier within a year. However, saturation of the radon barrier 
in the future is unlikely, as its low hydraulic conductivity limits downward 
migration of water, and evaporation removes excess water from the filter layer. 

Based on data from the field study at Shiprock and the unsaturated flow 
modeling, it was concluded that the operating hydraulic conductivity of the 
Shiprock radon barrier is approximately 10.8 centimeter per second, and ·moisture 
conditions within the radon barrier are approaching a state of dynamic 
equilibrium. Radon barriers of similar UMTRA Project disposal cells in similar 
climates are also likely to remain unsaturated if potential evaporation from the 
filter layer exceeds precipitation for most of the year. 
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1.0 INTRODUCTION 

An infiltration study was initiated in January 1988 to assess the percent 
saturation in, and infiltration through, clay radon barriers of typical Uranium 
Mill Tailings Remedial Action (UMTRA) Project disposal cells. Predicting 
infiltration through the radon barrier is necessary to evaluate whether the 
disposal cell will comply with the proposed U.S. Environmental Protection Agency 
(EPA) groundwater protection standards (40 CFR 192). The groundwater standards 
require demonstrating that tailings seepage will not cause background 
concentrations or maximum concentration limits (MCLs) to be exceeded at the 
downgradient edge of the disposal facility (the point of compliance, or POC). 
This demonstration generally consists of incorporating the predicted seepage fl ux 
and the concentration of the specific hazardous constituents into a contaminant 
transport model, and predicting the resultant concentrations at the POCo 

The infiltration study consisted of a field investigation to evaluate 
moisture conditions in the radon barrier of the completed Shiprock, New Mexico, 
UMTRA Project disposal cell and previously completed UMTRA Project disposal cells 
at Cl i ve, Utah, and Burrell, Pennsy1 vani a. Cori ng was conducted to measure 
percent saturation profiles in the radon barriers at these disposal cells. In 
addition, a detailed investigation of the Shiprock radon barrier was conducted 
to establish the effects of meteorological stresses on moisture conditions in the 
fil ter layer and radon barrier. The Shi prock i nfil trat i on study was also 
intended to characterize hydraulic gradients and operational unsaturated 
hydraulic conductivities in the radon barrier. 

Climatological data and relative soil tension profiles were monitored with 
time for use as input parameters to the variably saturated flow model, UNSAT2 
(Davis and Neuman, 1983). The modeling was used to assess long-term moisture 
contents and steady state infiltration through the Shiprock radon barrier. The 
radon barrier was modeled for time periods up to 100 years using various boundary 
conditions to assess the performance of the radon barrier for limiting 
infiltration. 

This document is the final report for the Shiprock infiltration study, and 
includes some of the findings of an earlier report, entitled "Moisture Contents 
and Unsaturated Conditions in UMTRA Project Radon Barriers" (DOE, 1989a). 

1.1 DESIGN OF ROCK-COVERED UMTRA DISPOSAL FACILITIES 

Prior to promul gat ion of the proposed EPA groundwater protect i on 
standards, rock-covered UMTRA Project disposal cells were constructed that 
consist of uranium tailings and other contaminated materials covered by a 
one- to two-meter thick clay radon barrier, overlain by 15 centimeters (cm) 
of filter sand and 30 cm of erosion protection riprap (Figure 1.1). 

The radon b¥rrier generally has a saturated hydraulic conductivity on 
the order of 10· centimeter per second (cm/s). The filter layer consists 
of a sand with a hydraulic conductivity of 0.001 to 1.0 cmls, and protects 
the radon barrier from erosion, facilitates drainage off the radon barrier, 
and allows for evaporation of residual moisture. 

1 
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During construction of the disposal cell, water is sometimes added to 
the tailings and radon barrier to achieve a design compaction. Although 
most previously constructed radon barriers had a design compaction 
specification, they did not have a design specification for saturated 
hydraulic conductivity. 

1.2 CALCULATION OF INFILTRATION THROUGH THE RADON BARRIER 

Seepage rates through the radon barri er at a rock-covered di sposa 1 ce 11 
are equal to the product of the hydraulic conductivity (a function of the 
moisture content) and the hydraulic gradient. For moisture contents that 
are vertically uniform, the hydraulic gradient is unity. However, using the 
saturated hydraulic conductivity of 1 X 10'7 cmls in the radon barrier for 
the purpose of calculating seepage rates is highly conservative and in some 
cases precludes demonstrating compliance with the proposed EPA groundwater 
protect i on standards. If the radon barrier is unsaturated, operat i ona 1 
hydraulic conductivities of the radon barrier and long-term seepage rates 
from the facility may be several orders of magnitude lower. 

3 



2.0 FIELD STUDY 

2.1 SITE CONDITIONS 

The Shiprock, New Mexico, UMTRA Project disposal cell and two other 
previously constructed disposal facilities were selected for the field study 
of cover moi sture condi t ions. These were the only rock-covered UMTRA 
Project di sposa 1 cell s compl eted before the start of the study. The 
Shiprock and Clive (Utah) disposal sites are in semiarid climates, with 
total annual precipitations of approximately 15 cm and 12.7 cm, 
respectively. The Shiprock facility was completed in 1986, and Clive was 
completed in 1988.- The locations of the Shiprock and Clive disposal cells 
are shown in Figures 2.1 and 2.2. The Burrell (Pennsylvania) site was 
completed in 1986, and is located in a more humid climate where the average 
annual precipitation is approximately 112 cm (Figure 2.3). Each of these 
facilities has a rock cover, although their radon barriers vary in thickness 
from one meter at Burrell to two meters at Shiprock and Clive. 

2.2 COMPONENTS 

The field study consisted of a preliminary assessment of radon barrier 
moisture conditions in three rock-covered UMTRA Project disposal cells 
(Shiprock, Clive, and Burrell), and a more detailed study of infiltration 
through the Shiprock radon barrier. A summary of the study components are 
as follows: 

o Coring was conducted to measure percent saturation profiles in 
each radon barrier. Borehole locations on the Shiprock, Clive, 
and Burrell covers are shown on Figures 2.4, 2.5, and 2.6. 
Samples were collected and analyzed for moisture content by 
weight, dry bulk density, grain density and grain size 
distribution, saturated nydraulic conductivity, the relation of 
moisture content to soil tension, and Atterberg limits using 
standard methods of the American Society for Testing and 
Materials. The percent saturation of each sample was calculated 
from the moisture content by weight, grain density, and dry bulk 
density. 

o Soil tension profiles in the Shiprock radon barrier were monitored 
with tensiometers installed at various depths in the filter layer 
and radon barrier. Tensiometers were installed at two primary 
instrument stations and three SUbstations on the Shiprock cover 
(Figure 2.7). Monitoring was conducted weekly or biweekly over 
the two-year period of study to assess meteorologic influences on 
soil tension profiles within the radon barrier. 

o Gypsum blocks were also installed at various depths within the 
filter layer and radon barrier, but proved ineffective. for 
monitoring moisture variations because of their lack of 
sensitivity to the range of moisture conditions encountered. 

4 
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o Meteorological measurements were collected at Station I on th~ 
Shiprock disposal cell (Figure 2.7) using a Campbell CR-IO 
data10gger. Instruments used included a tipping-bucket rain 
gauge, anemometer, thermal probes, heat flux plates, 
psychrometers, and a net-radiometer. Meteorological data were 
recorded hourly, and included· measurements of precipitation, wind 
speed, relative humidity, air temperature, and temperature in the 
riprap and filter layer. 

o Hourly heat f1 ux and net sol ar radiation measurements were 
collected for the Shiprock site, and are available at the UMTRA 
Project Office in Albuquerque, New Mexico. This information was 
to be incorporated into an energy-balance infil trat i on/evaporat i on 
model utilizing the eddy-correlation method. However, as this 
method was not used in the infiltration study, the data are not 
presented in this report. 

o A method utilizing microlysimetry, described by Boast and 
Robertson (1982), was used to measure evaporation through the rock 
cover during each season of the year. The rock was removed and 
15 to 40 micro1ysimeters (sealed brass tubes) were placed at the 
1 nterface of the radon barri er and fil ter layer. The fil ter layer 
was reconstructed around the microlysimeters, and the rock was 
placed on top of the micro1ysimeters. The following day, the 
micro1ysimeters were weighed, and the change in moisture content 
was used to calculate an evaporative flux from the filter layer 
through the riprap. 

o An evaporation pan was installed in the filter layer beneath the 
riprap, and direct evaporative flux was monitored over several 
days. The fl ux was quant itat i vely compared to wi nd speed, 
temperature, and relative humidity. 

o Periodic neutron moisture meter logging of the Shiprock radon 
barrier was conducted during the study to monitor long-term 
changes in relative moisture distribution. The locations of the 
four neutron probe access tubes are shown in Figure 2.7. 

2.3 RESULTS OF THE FIELD STUDY 

The hydrological, geotechnical, and meteorological data collected 
during the infiltration study are on file at the UMTRA Project Office (DOE, 
1989b and 1989c). Soil characteristics data for the radon barriers and 
tail ings at the Shiprock, Cl ive, and Burrell sites are presented in 
Attachment A, and the geotechnical data are summarized in the subsections 
below. 

12 



2.3.1 percent saturati on profil es in the radon barri ers at Shi prock. 
Clive. and Burrell 

The percent saturation in the radon barrier samples from the 
Shiprock, Clive, and Burrell sites were calculated from the moisture 
content by weight, dry bulk density, and grain density of each 
sample (Attachment A). Percent saturation profiles in each radon 
barrier are shown in Figures 2.8 through 2.10. The Shiprock and 
Clive samples were collected in May 1988, and the Burrell samples 
were collected in July 1988. These data are summarized in Table 
2.1. 

Table 2.1 Summary of data from coring at the Shiprock, 
Clive, and Burrell sites 

SHIPROCK illTI BURREll 

No. of Tests 83 58 12 

Average Moisture 
Content by Weight 

12.4 22.8 16.6 

Mean Percent Saturation 83.6 82.1 81.8 

Median Percent Saturation 84.8 83.8 85.6 

95% Confidence Interval Minimum 80.2 79.8 75.2 

95% Confidence Interval Maximum 86.9 84.5 91.1 

The average percent saturation in each radon barrier ranged 
from 82 to 84 percent. The confidence intervals in Table 2.1 were 
developed for the mean percent saturation in each radon barrier, and 
are based on the assumption of a normal distribution in the percent 
saturation values. As Table 2.1 indicates, it can be stated with 
95 percent confidence that the average percent saturation in the 
Shiprock radon barrier lies between 80.2 and 86.9, the average 
percent saturation in the Clive radon barrier lies between 79.8 and 
84.5 percent, and the average percent of the Burrell radon barrier 
lies between 75.2 and 91.1 percent. The confidence interval for the 
Burrell radon barrier is larger than the intervals for the Shiprock 
and Clive radon barriers because fewer samples were collected. 

The percent saturation profiles in Figures 2.8 and 2.9 indicate 
that percent saturation is relatively uniform with depth in the 
Shiprock and Cl ive radon barriers. Variabil ity in the profiles 
(percent saturation ranged from 75 to 100 percent) probably reflect 
laboratory error in measuring the parameters used to calculate the 

13 
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percent saturat ion. The fai rly uniform percent saturat i on with 
depth indicates that the radon barrier is operating under an average 
vertical gradient of unity. 

The completion report for the Shiprock site (DOE, 1988) 
indicates that the average moisture content by weight for the radon 
barrier at the time of construction was 14.9 percent. Samples of 
the Shiprock radon barrier collected during the spring of 1988 had 
an average moisture content by weight of 12.4 percent. Th i s 
suggests that drying of the radon barrier may have occurred at the 
time of placement when the materials were exposed to air, and/or 
that moisture contents of the radon barrier decreased in the two 
years between construction and coring. Additional evidence from 
neutron moisture meter logging of the radon barrier suggests that 
the radon barrier may have dried sl ightly since construct ion 
(Section 2.3.5). 

2.3.2 Saturated and unsaturated flow parameters 

Relation of sojl tension to moisture content 

The laboratory-measured relations of soil tension to moisture 
. content for Shiprock radon barrier samples are presented in Figure 

2.11. In this figure, a best-fit curve was developed for the 
relations of soil tension to moisture content using the program by 
Mualem (1976). The curves are typical of compacted clay materials 
(Hillel, 1980), and indicate that the soil tensions increase 
dramatically with minor decreases in moisture content. 

Saturated hydraulic conductivity 

Figure 2.12 compares the range of saturated hydraulic 
conductivities for the radon barrier at each site, determined from 
triaxial tests conducted on radon barrier samples. Although radon 
barriers at UMTRA Prpject sites typically have a saturated hydraul ic 
conductivity of 10' cm/s, the average (geometric me~) hydraulic 
conductivity for the Shiprock radon barrier is 6 X 10' cm/s. This 
is greater than the typical radon barrier's saturated hydraul ie 
conductivity because there was no specified design hydraulic 
conductivity for the radon barrier in rock-covered UMTRA Project 
disposal cells that were constructed prior to promulgation of the 
proposed EPA groundwater protection standards. 

Unsaturated hydraulic conductivity 

The relations of hydraulic conductivity to percent saturation 
(unsaturated hydraulic conductivity curves) for the Shiprock and 
Clive radon barriers are shown in Figure 2.13, and were developed 
using an algorithm that calculates "relative" hydraulic conductivity 
from the laboratory-measured relation of percent saturation to .soi 1 
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tension (Van Genuchten, 1985; Mualem, 1976). The unsaturated 
hydraulic conductivity is then calculated by multiplying the 
relative hydraulic conductivity by the saturated hydraulic 
conductivity. 

Figure 2.13 indicates that if the radon barriers remain 
unsaturated, their operational hydraul i c conduct i vi ties may be 
significantly lower than their saturated hydraulic conductivities. 
On each figure, the intersect of the average saturation for that 
site with the average hydraulic conductivity curve (approximated as 
the middle curve in the group) indicates the operational unsaturated 
hydraulic conductivity. The unsaturated hydraulic c~nductivity of 
the radon barrier at Shiprock is on the order of 10' cmls at 83.6 
percent saturation, and the unsaturated hydraulic fonductivity of 
the Clive radon barrier is on the order of 10'1 cmls at 82.1 
percent saturation. These hydraul ic conduct i vit i es are several 
orders of magnitude lower than t~e average saturated hydrau1 ic 
conductivities, wh1ch are 6 X 10' cmls for the Shiprock radon 
barrier and 5 X 10' cmls for the Clive radon barrier. 

2.3.3 Meteorological data 

Meteorological data from the infiltration study are on file at 
the DOE UMTRA Project Office. A summary of the meteorological data 
is presented in the following subsections. 

precipitation 

The monthly precipitation at Shiprock is presented in Figure 
2.14. In general, precipitation at Shiprock is greater in winter 
and summer than in fall and spring. Summer precipitation is 
characterized by (high intensity) thunderstorms, typically occurring 
in the afternoons. The annual precipitation during the period of 
study averaged 11.7 cm per year, approximately 25 percent below the 
average precipitation reported in the literature. 

piurnal air and soil temperature fluctuations 

Figure 2.15 presents diurnal air and filter layer temperature 
fluctuations for the Shiprock site during January 1989. Air 
temperature, measured approximately two meters above the disposal 
cell, is shown with the light dashed line, while the temperature 
measured at the top of the fi lter 1 ayer (immedi ately below the 
riprap) is indicated by the light solid line. The temperature at 
the filter layer/radon barrier interface is indicated by the heavy 
solid line. As shown on Figure 2.15, variations in diurnal air 
temperature rapidly decrease with depth in the filter layer, but 
nevertheless extend down into the radon barrier. Figure 2.15 also 
shows that during much of January, the lower filter layer 
temperatures were fairly consistent at zero degrees C. The fllter 
layer tends to become saturated for several months during the 
winter, as a result of increased winter precipitation and reduced 
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evaporation. Often during these periods of saturation,water in the 
filter layer freezes and the soil temperature remains stable at 32 
degrees because of the latent heat of water and the high amount of 
energy required to melt the ice in the frozen filter layer. 
Saturation of the filter layer also was visually observed several 
times duri ng the peri od of study, when the fil ter 1 ayer was 
uncovered. 

Relative humidity 

Diurnal fluctuations in relative humidity for the Shiprock 
disposal cell, measured in January 1989, are shown on Figure 2.16. 
Relative humidity measurements were collected at a height of 
approximately two meters above the disposal cell. Relative humidity 
typically was highest in the morning, and decreased dramatically in 
the afternoons because of increasing air temperature and wind 
ve 1 acity. 

Wind velocity 

The average wind velocity at Shiprock is 3.4 meters per second 
(7.5 miles per hour), based on the two years of data10gger 
information. Diurnal wind velocity and relative humidity 
fluctuations are shown on Figure 2.16. In general, relative 
humidity decreases with an increase in wind velocity. 

The relatively high wind velocities at Shiprock are typical of 
the area, and significantly affect the water balance of the disposal 
cell. The high winds blow through the riprap, increasing vapor flux 
(evaporation) from the filter layer. Consequently, although the 
tendency of a rock cover is to increase infiltration (Smythe et a1., 
1990), these effects are diminished due to the high wind speeds of 
the area. Because of the relatively large rock used on the Shiprock 
cover, the pore spaces in the riprap are sufficiently large that 
significant air moves through the pore spaces to convect moisture. 

2.3.4 Soil tensjon monitoring 

Soil tensions measured in the radon barrier with the 
tensiometers at the five locations on the Shiprock disposal facility 
were an order of magnitude lower than those predicted to occur based 
on an 83.6 percent saturation level and the relations of soil 
tension to percent saturation shown on Figure 2.17. Therefore, 
field soil tension readings in the radon barrier were considered to 
be relative measurements, because they were measured using high
volume tensiometers, which may have developed a state of 
pseudoequil ibrium with the low-permeabil ity clays of the radon 
barrier. Because of the low hydraulic conductivity of the radon 
barrier, an envelope of wetted clay may have developed around the 
tensiometer cups as water flowed from the cups into the radon 
barrier. Consequently, the tensiometers may not have reached true 
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equilibrium with the actual tensions in the radon barrier, yielding 
soil tensions closer to atmospheric pressure than actual tensions. 
However, soil tensions measured in the filter layer are more 
representative of actual tensions because the filter layer is more 
permeable than the radon barrier. 

Soil tensions in the upper and lower filter layer and from 
eight cm to 1.2 meters into the radon barrier are shown on Figures 
2.18 through 2.21. Soil tensions in the filter layer are high 
except when they drop to zero centibars during the short periods of 
saturat ion following significant precipitat ion events or during 
winter months when the filter layer is saturated and frozen. The 
tensiometer data show that on the gentle topslope of the Shiprock 
disposal cell cover, water in the filter layer drains or evaporates 
within a few days after precipitation, and soil tensions then begin 
to increase until the next precipitation event. 

The variability of the soil tensions in the radon barrier 
decreased with depth. Soil tensions were moderately variable in the 
upper portion of the radon barrier, as they responded to 
meteorological stresses, decreasing after precipitation events and 
increasing during dry periods when evaporation is significant. 
These fluctuations in soil tension diminish with depth, and soil 
tensions are nearly uniform 1.2 meters into the radon barrier. 

Temperature effects were also evident in the tensiometer data, 
as indicated by the significant increases in soil tension measured 
during the winter months. Soil tensions during these months often 
approached 100 centibars. The high soil tensions are the responses 
of the tensiometers to the freezing temperatures. 

2.3.5 Neutron logging 

Relative moisture content profiles determined by neutron probe 
logging at Shiprock are presented in Figure 2.22. The actual 
gravimetric moisture content could not be determined because the 
calibration curve was based on radon barrier materials, which were 
not compacted to the equivalent compaction of the Shiprock radon 
barrier. However, the relative moisture content profiles obtained 
from periodic neutron logging allow the recognition of wetting-front 
and drying-front movements. These neutron profiles are consistent 
with theresul ts showi ng nearly constant moi sture content with depth 
from laboratory analyses of cores. Within the uppermost 30 cm or 
more of radon barrier, however, the changes in apparent moisture 
content between June 1988 and August and September 1988 relate to 
hydration of a bentonite seal placed around the upper end of the 
neutron probe access tube on July 16. Although the neutron probe 
logging provides only a relative measure of moisture content, it 
indicates that the moisture content is fairly uniform with depth and 
the vertical hydraulic gradient through the radon barrier is 
approximately unity. 
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The neutron moisture data also indicates that the average 
moisture content of the radon barrier has decreased slightly during 
the period of study. Most of this "drying" appears to have occurred 
during the early portion of the study (1988). The drying of the 
radon barrier was also observed from the laboratory analyses of the 
radon barrier samples; the average moisture content by weight of 
the radon barrier during construction (in 1986) was 14.9 percent by 
weight, while in 1988, the average moisture content by weight was 
12.4 percent (Section 2.3.1). 

2.3.6 Evaporation and mjcrolysimetry 

To estimate potential evaporation through the rock cover, 
evaporation experiments were conducted with an evaporation pan and 
microlysimeters placed in the filter layer beneath the riprap. The 
evaporation pan experiment was conducted over a two-day period in 
July 1988, and consisted of placing a screened metal (evaporation) 
pan beneath the riprap at the level of the filter layer. During the 
experiment, a cumulative loss of 0.41 cm of water was observed. 
This measured evaporative flux 1s an order of magnitude larger than 
that attributable to molecular diffusion of water vapor through the 
riprap. Hence, advection of moisture through the large pore spaces 
by circulating air must contribute markedly to the higher 
evaporat ion rate. The experiment confirmed that factors contro 11 i ng 
advection such as wind speed, riprap thickness and size, air 
temperature, and rock temperature significantly affect evaporation. 
Because temporal fluctuations in soil tension within the radon 
barrier do not propagate below a depth of 60 cm, evaporation through 
the rock layer is believed to be an important mechanism for removing 
excess moisture from the cover. 

Experiments using the method of microlysimetry described by 
Boast and Robertson (1982) were conducted in summer, fall, winter, 
and spring to measure the seasonal effects on evaporation from the 
filter layer. Although the experiments yielded only an approximate 
measurement of the evaporative flux from the filter layer through 
the riprap, they nevertheless confirmed the importance of 
evaporation in the water balance for the Shiprock cover. Figure 
2.23 summarizes the results of the seasonal microlysimeter 
experiments. The evaporative flux measured by microlysimetry was 
converted to an annual flux and compared with the net annual 
precipitation at the Shiprock site. As Figure 2.23 indicates, the 
potential evaporation from the filter layer significantly exceeds 
the net annual precipitation during all seasons of the year. The 
measured evaporative flux was greatest in the summer, at an 
equivalent flux of 43 cm per year, and was lowest during the fall 
and winter, at an equivalent flux of 23 cm per year. For comparison 
purposes, the net annual precipitation at Shiprock is only 15 cm per 
year. Therefore, evaporation through the rock removes much of the 
excess moisture in the filter layer from precipitation, and the 
filter layer remains unsaturated throughout most of the year.' The 
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removal of excess water by evaporation is bel ieved to be more 
significant than lateral runoff in the filter layer. Lateral runoff 
is minimal, except during the spring, when the saturated filter 
layer thaws. Runoff from the Shiprock cover is reduced by the low 
slope of the cover (two percen\) and the relatively low saturated 
hydraulic conductivity (8 X 10· cm/s) of the filter layer. 

2.4 CONCLUSIONS FROM THE FIELD STUDY 

The field study provided sufficient data to create a conceptual model 
of the moisture budget of a rock-covered disposal cell. Generally: 

o Moisture contents are relatively uniform with depth in the radon 
barrier. 

o Meteorological stresses control the soil tension in the filter layer 
and upper portion of the radon barrier. 

o Soil tensions at depth in the radon barrier are fairly constant 
throughout the year. 

o The filter layer occasionally saturates and freezes during the 
winter. 

o Relatively high soils tensions occur in the filter layer throughout 
the remainder of the year. 

o Potential evaporation from the filter layer exceeds potential 
infiltration, and evaporation is a major mechanism for removin9 
excess water from the Shiprock cover. 

o The radon barrier has a low unsaturated hydraulic conductivity that 
prevents rapid infiltration of periodic saturation in the filter 
layer. 

o The moisture content by weight in the radon barrier has decreased 
slightly since completion of the disposal cell in 1986. 
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3.0 MODELING 

3.1 OBJECTIVES 

Model ing was performed to val idate the conceptual model of the 
unsaturated performance of the radon barrier and to predict the long-term 
moisture content of the radon barrier. 

3.2 METHODS AND PROCEDURE 

The numerical model UNSAT2 (Davis and Neuman, 19B3) was used to 
simulate the long-term moisture content in the radon barrier. The radon 
barrier was discretized into a simple one-dimensional grid of 45 elements 
and 92 nodes. The elements were five centimeters wide, and two to five 
centimeters in length (vertical dimension). Input parameters for the model 
included the relation of unsaturated hydraulic conductivity to soil tension, 
initial radon barrier tension, and upper and lower boundary conditions. 

An initial radon barrier tension of 733 centimeters, based on a 
construction moisture content by weight of 14.9 percent in 1986 (DOE, 1988) 
was used for most simulations. For sensitivity analyses, initial radon 
barrier tensions of 200 cm and 2000 cm were also run. The lower boundary 
condition was an unsaturated seepage face. 

In one seri es of simul at ions, the upper boundary condi t ion was 
estimated based on the average monthly soil tension at a depth of 15 cm into 
the radon barrier over a period of one year (Figure 3.1) Applying this 
prescribed-head variable upper boundary condition eliminated the need for 
quantifying net infiltration and evaporation through the filter layer, as 
the soil tension in the upper portion of the radon barrier is the end result 
of the dynamic hydrologic interaction between the radon barrier, the filter 
layer, and the atmosphere. The record of average monthly tensions (Figure 
3.1) was cycled to produce a time-varying boundary condition for 100 years 
based on actual field measurements in the Shiprock radon barrier. However, 
because the tensiometers in the radon barrier provided only a relative 
measurement of soil tension, it was necessary to estimate the actual soil 
tension based on the relation of soil tension to percent saturation shown 
on Figure 2.17. The actual soil tension was estimated by multiplying the 
average (relative) tensions by an empirical factor of 10. This yielded a 
reasonable simulation of moisture conditions within the radon barrier, and 
was essentially a calibration procedure. 

A second series of simulations consisted of applying a fixed zero 
pressure boundary to the uppermost element, representing continuous 
saturation of the filter layer. This was to simulate worst-case conditions, 
with little or no evaporation from the filter layer. The lower boundary 
condition in these simulations was also an unsaturated seepage face. 
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3.3 MODELING RESULTS AND CONCLUSIONS 

Modeling results with the cyclical upper boundary condition indicate 
that soil tensions in the radon barrier equi 1 i brate wi th meteorol ogi cal 
stresses withi n a few years. Simul ated equil ibrated soil tens ions wi th 
depth in the radon barrier are shown on Figure 3.2. Using an initial soil 
tension of 733 cm (the estimated tension at the time of construction), the 
radon barrier dries to a soil tension of approximately 850 cm within a 
period of two years at a depth of 100 cm. Most of the drying' of the radon 
barrier occurs during the first two years, and a dynamic equilibrium within 
the radon barrier is attained within three to four years. The conclusion 
that the radon barrier dries during the first two years after construction 
is SUbstantiated by the field measurements of percent moisture content by 
weight (Section 2.3.1), and by the neutron moisture measurements collected 
from 1988 to 1990 (Section 2.3.5). The modeling also indicates that the 
drying ends by the third or fourth year (1989 or 1990) as dynamic 
equilibrium is reached (Figure 3.2). This reduction in the rate of drying 
was also observed in the neutron logging results (Figure 2.22 in Section 
2.3.5). 

The unsaturated flow model ing results also predicted that soil tensions 
in the radon barrier fluctuate according to meteorological stresses to an 
approximate depth of 100 cm. Figure 3.3 shows the annual variations in the 
soil tension profiles during the ninth year of simulation. These correspond 
to nearly steady state conditions, as the radon barrier equilibrates fairly 
rapidly to meteorological conditions. The figure shows that the upper 
portion of the radon barrier responds to wetting of the filter layer during 
the winter months, but that the changes in tension do not propagate very far 
into the radon barrier because of the low hydraulic conductivity of the 
radon barrier and the effects of evaporation. Consequently, under steady 
state conditions, the change in tension is negligible below a depth of 100 
cm wHhin the radon barrier. 

The net infiltration through the radon barrier can be estimated once 
the equilibrium moisture content of the lower portion of the radon barrier 
has been determined. The average tension in the lower portion of the radon 
barrier'under equilibrium conditions was approximately 850 cm (Figure 3.3). 
Because the average gradient across the radon barrier under steady state 
conditions is a unit gradient, the estimated infiltration through the radon 
barrier is 10.8 cm/s, approximately the hydraulic conductivity of the radon 
barrier at this tension (Figure 3.4). 

Worst-case scenario modeling was also conducted in which the filter 
layer remained saturated under 15 cm of head year-round for a total of 10 
years. The modeling indicated that if the filter layer remained saturated 
year-round, the saturated moisture front would propagate downward through 
the entire radon barrier within a year. The resulting infiltration through 
the radon barrier would be equivalent to the saturated hydraulic 
conductivity of the radon barrier if a unit gradient were maintained. 
However, this scenario is unlikely because of the significant evaporation 
though the riprap at Shiprock. 
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Generally, the modeling supports the following conclusions: 

o Soil tensions in the radon barrier reflect meteorological 
conditions, and changes in tension propagate relatively rapidly 
through the radon barrier. 

o The radon barrier is unsaturated and is unl ikely to become 
saturated because its low hydraul ic conduct i vity impedes the 
downward movement of water, while evaporation removes excess water 
from the filter layer. 

o Evaporation through the riprap is the most important mechanism for 
removing excess water from the filter layer and upper portion of 
the radon barrier. Modeling indicates that if the filter layer 
remained continuously saturated throughout the year, the radon 
barrier would saturate within a year. 

o Moisture contents in the Shiprock radon barrier have decreased 
slightly since completion of the disposal cell as the radon barrier 
has equilibrated to meteorological conditions, with a corresponding 
gradual increase in soil tension. 

o Moisture conditions in the radon barrier are currently at or near 
a state of dynamic equilibrium. 

o The steady state infiltration rate through the Shiprock radon 
barrier is one to two orders of magnitude lower than the saturated 
hydraul ic conductivity of the radon barrier. Model ing results 
based on a 100-year simulation period and monthly varying upper 
boundary conditions predict the steady state flux through the radon 
barrier at Shiprock to be approximately 10-8 cm/s. 
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4.0 DISCUSSION 

Results of the field program at the Shiprock site indicate that relative 
soil tension in the upper portion of the radon barrier responds to meteorological 
conditions. Fluctuations in the soil tension diminish with depth in the radon 
barrier, and virtually none are observed below 60 cm. Soil tensions change much 
more rapidly than the percent saturation. The propagation of the average percent 
saturation will be very slow because the movement of water necessary for this 
change is impeded by the low unsaturated hydraulic conductivity of the radon 
barrier. 

Generally: 

o Observed percent saturations in the radon barrier at Shiprock are 
slightly less than the placement percent saturation. This may be the 
result of drying during placement, when the materials were exposed to 
air. However, modeling suggests an increase in soil tension with time 
as the radon barrier equilibrates with meteorological stresses. 
Consequently, the long term moisture content is predicted to be 
sl ight1y less than the average 83.6 percent saturation measured in core 
samples of radon barrier materials collected in 1988. 

o Tensiometer data from Shiprock suggest that relative soil tension in 
the upper 15 cm of the radon barrier is influenced by changes in 
saturation and relative soil tension in the filter layer. The filter 
layer is only occasionally saturated. Temporary soil tension increases 
in the radon barrier resulting from precipitation soon decrease as 
evaporation takes place. Moisture profiles from neutron probe data 
suggest moisture contents are relatively constant with time and depth 
below the upper portion of the radon barrier. No saturation fronts 
were observed to be propagating downward through the radon barrier. 

o The radon barrier at Shiprock is not predicted to reach saturation. 
The low unsaturated hydraulic conductivity of the radon barrier and the 
relatively uniform moisture distribution suggest that changes in 
moisture content will not propagate far below the upper 60 cm of the 
radon barrier. Modeling suggests that changes in soil tension do not 
occur below a depth of 100 cm, and that the radon barrier can 
equilibrate with meteorological stress with a few years. 

o The relatively uniform percent saturation in the radon barrier implies 
a hydraulic gradient of unity. Seepage rates are then equal to the 
unsaturated hydrau1 ic conductivity of the radon barrier at the exi st i ng 
moisture content. Model ing suggests a long-term soil tens i on of 
approximately 850 cm, yielding an unsa\urated flux through the radon 
barrier at Shiprock on the order of 10' cm/s. . 

o With regards to the performance of radon barriers in other rock-covered 
UMTRA Project disposal cells, modeling can be used to predict 10ng-;term 
percent saturations if the boundary conditions to the radon barrier are 
determined empirically. Qualitatively, it is reasonable that similarly 
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constructed disposal cells in semiarid sites will have unsaturated low
hydraulic conductivity radon barriers because of the moisture deficit 
caused by high evaporation rates from the filter layer. 
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002 208 16-18 
003 208 24-30 
004 208 30-36 
DOS 208 42-48 
007 208 60-66 
011'/ 208 78-84 
DID 208 84-90 

IiIIIPROCK RADON 
BARRIER AVERAGES' 

IiIIIPROCK TAILlIIiS DATA. 

SAII'I.E 
1«). 

IOI!EInE IIPTH 
1«). IlNO£S) 

Created' 11/23/90 15·42.42 

91 10.5 91..2 
93 10.3 91..2 
'IS 1..1. 91..2 

7 12.2 122.8 
9 12.7 122.8 

11 12.1. 122.8 
13 12.1. 120.9 
15 14.8 120.'1 
17 13.5 120.9 
25 12.4 120.1 
27 12.3 120.1 
2'1- 12.1 120.1 
31 12.3 123.4 
33 13.1 123.4 
35 12.3 123.4 
43 14.3 122.3 
45 14.'1 122.3 
47 10.'1 122.3 
49 10.8 126.0 
51 12.0 126.0 
53 12.2 121..0 
(,7 10.3 121..0 
1.9 11.3 121..0 
71 11.1 126.0 
79 14,4 122.1 
81 13.0 122.1 
83 13.2 122.1 

7 9.7 125.8 
'I 10.0 125.8 

11 10.1 125.8 
13 10.6 125.9 
15 10.5 125.9 
17 10.9 125.9 
27 11.6 121.2 
33 11.8 124.2 
45 12.3 122.2 
63 13.0 123.6 
81 12.7 118.0 
87 11.8 123.3 

IUIlER PERCENT DRY BULK 
If I«)ISTIJRE IINSITY 
SNFlES BY UT _ ILB/FT3) 

AVERAGE 
lIPTH 
IINO£S) 

83 12.4 

PERCENT 
I«)ISTURE 
BY UT 

120.7 

DRY BULK 
lINSlTY 
ILB/FT3) 

Pige' 2 

37.7 2.70 
37.0 2.70 
23.7 2.70 

2.74 

90.4 2.68 
'14.1 2.68 
93.3 2.68 
84.1 2.73 
'18.8 2.73 
90.1 2.73 
81.1. 2.72 
81.0 2.72 
7'1.(, 2.72 
87.4 2.74 
93.1 2.74 
87.4 2.74 
'18.4 2.74-

102.6 2.74 
75.0 2.74 
82.1 2.75 
91.2 2.75 
92.7 2.75 
81.1. 2.71 
89.5 2.71 
87.9 2.71 

103.4 2.1.'1 
93.3 2.69 
'14.8 2.1.9 

77.2 2.70 
79.6 2.70 
80.4 2.70 
8406 2.70 
83.8 2.70 
87.0 2.70 
78.1 2.73 
88.4 2.71 
85.2 2.73 
'IS.7 2.71 
83.1 2.66 
86.'1 2.70 

PERCENT GRAIN 
SAlliATiON IINSITY 

IGlOO) 

83.6 2.72 

" 

PERCENT GRAIN 
SATURATION lINSITY 

IGlOO) 

7.58 RADON BARRIER 
7.75 RADON BARRIER 
7.92 RADON BARRIER 

I..IE-Ob RADON BARRIER 

0.58 RADON BARRIER 
0.75 RADON BARRIER 
0.92 RADON BARRIER 
1.08 RADON BARRIER 
1.25 RADON BARRIER 
1.42 RADON BARRIER 
2.08 RADON BARRIER 
2.25 RADON BARRIER 
2.42 RADON BARRIER 
2.58 RADON BARRIER 
2.75 RADON BARRIER 
2.'12 RADON BARRIER 
3.58 RADON BARRIER 
3.75 RADON BARRIER 
3.'12 RADON BARRIER 
4.08 RADON BARRIER 
4.25 RADON BARRIER 
4.42 RADON BARRIER 
5.58 RADON BARRIER 
5.75 RADON BARR I ER 
5.'12 RADON BARRIER 
1..58 RADON BARRIER 
1..75 RADON BARRIER 
6.'12 RADON BARRIER 

0.58 RADON BARRIER 
0.75 RADON BARRIER 
0.92 RADON BARRIER 
1.08 RADON BARRIER 
1.25 RADON BARR I ER 
1.42 RADON BARRIER 
2.25 2.8£-06 RADON BARRIER 
2.75 RADON BARRIER 
3.75 RADON BARRIER 
5.25 RADON BARRIER 
6.75 RADON BARRIER 
7.25 RADON BARRIER 

lSAT 
IOt/S) 

5.6£-07 

we," t:aaa=*aa =aaa: .. 

L" 
IIPTH 
INTO R.B. KSAT IlATERIAI. 
IFEET) (OtIS) 



.' 

Ii I,. 9l1P68 .I'RN Cr.ated. 11/23/90 15.42.42 Pig!' 3 

014 203 150-152.4 151.2 21.0 107.4 95.4 2.72 12.60 3.SE-OB TAILINGS 
014 203 158-160 m 2.77 13.25 TAILINGS 
0U9 2D6 96-9B 97 5.7 128.6 51.5 2.67 B.OB TAILINGS 
II1I'I 2D6 '18-100 '1'1 '1.1 12B.6 82.2 2.67 B.25 TAILINGS 
0U9 2D6 100-102 101 12.1 12B.6 100.0 2.67 B.42 TAILINGS 
DID 20784-86 85 '1.1 119.9 59.6 2.72 7.0B TAILINGS 
DID 20786-88 B7 B.4 119.9 SS.O 2.72 7.25 TAILINGS 
DID 2D7 88-90 m 13.1 119.'1 85.7 2.72 7.42 TAILINGS 
011 2l1li 102-108 105 22.4 101. 'I 88.7 2.78 B.75 TAILINGS 

!IIIPROCK TAILINGS IIft1ER I'ERCENT DRY BIlK PERCENT GRAIN 
MIIAGES· If ,.,ISTURE IINSITY SATURATION IINSITY KSAT 

SMPlES BY UT (LB/FT3) (G/013) (0115) 

B 12.6 119.4 77.3 2.72 3.SE-OB 

.. 
Q.lVE RADON BARRIER. 

= 
AVERAGE PERCENT DRY BIlK PERCENT GRAIN DEPTH 

SMPlE IW DEPTH dfPth ,.,ISTURE DENSITY SATURATION DENSITY INTO R.B. KSAT IlATERIA!. 
1«1. Ilt (INCHES) (INCHES) BUT (LB/FT3) (G/013) (FEET) (0115) 

DOl D03 2-6 4 15.6 UO.B 78.2 2.75 0.33 B.8E-D9 RADON BARRIER 
002 D03 8-10 9 23.0 '1'1.0 88.0 2.71 0.75 RADON BARRIER 
002 D03 10-12 U 21.6 '1'1.0 B1.8 2.73 0.92 RADON BARRIER 
003 D03 14-16 15 23.3 m.5 69.'1 2.75 1.25 RADON BARRIER 
D03 D03 16-18 17 24.5 m.5 73.7 2.74 1.42 RADON BARRIER 
004 D03 18-24 21 25.6 '1'1.0 95.5 2.76 1.75 7.'I£-DB RADON BARRIER 
DOS D03 30-36 33 20.0 102.3 BI.6 2.74 2.75 RADON BARRIER 
D06 113 42-48 45 26.1 'IB.4 97.4 2.73 3.75 RADON BARRIER 
007 113 48-54 51 24.7 119.5 74.3 2.74 4.25 RADON BARRIER 
DDB 113 54-611 57 1'1.5 IOU 85.3 2.71 4.75 RADON BARRIER 
009 113 6&-72 69 21.2 '1'1.7 82.1 2.72 5.75 RADON BARRIER 
010 113 12-78 75 IB.'1 97.3 70.1 2.6'1 6.25 RADON BARRIER 
011 DD3 711-84 81 18.0 103.5 78.8 2.67 6.75 6.8E-07 RADON BARRIER 
012 D03 84-90 97 24.5 87.0 69.5 2.74 II.DB RADON BARRIER 

DD2 1114 H 7 24.4 95.3 116.2 2.6'1 0.58 RADON BARRIER 
DD2 1114 8-10 'I 24.3 95.3 85.'1 2.69 0.75 RADON BARRIER 
D02 1114 10-12 U 25.4 95.3 88.5 2.72 0.92 RADON'BARRI~R 
003 DD4 14-16 15 22.1 '1'1.'1 85.1 2.74 1.25 RADON BARRIER 
D03 1114 16-18 17 22.1 '1'1.'1 lIS. 1 2.74 1.42 RADON BARRIER 
D04 DD4 18-20 19 23.4 101.0 92.5 2.74 1.58 RADON BARRIER 
l1li4 IIJ4 20-22 21 20.8 101.0 B1.4 2.76 1.75 RADON BARRIER 
l1li4 1114 22-24 23 20.2 101.0 7'1.5 2.75 1.92 RADON BARRIER 
DDS DD4 24-30 27 21.6 10D.B 84.6 2.75 2.25 RADON BARRIER 
006 DD4 30-36 33 24.3 96.1 84.7 7.76 2.75 RADON BARRIER 
DD8 l1li4 42-4B 45 1'1.0 UO.9 94.2 7.77 3.75 2.'I£-OB RADON BARRIER 
010 l1li4 54-60 57 71.8 103.2 92.0 2.72 4.75 RADON BARRIER 



'II" SHIP68.PRN C"lted. 11/23/'1D 15·42142 PIS" 4 

812 1104 66-72 6'1 22.6 101.3 91.0 2.72 5.75 RADON BARRIER 
014 D04 '18-84 81 23.6 '18.'1 '1D.6 2.70 6.75 RADON BARRIER 

1101 aos 2-4 3 26.0 93.'1 87.6 2.72 0.25 RADON BARRIER 
1101 aos 4-6 5 25.0 93.'1 84.2 2.72 0.42 RADON BARRIER 
IID2 ODS 8-10 '1 22.4 '17.B 83.3 2.71 0.75 RADON BARRIER 
U02 .005 10-12 U 24.7 '17.8 8'1.6 2.76 0·.'12 RADON BARRIER 
D03 aos 12-14 13 30.2 '10.6 93.3 2.74 1.08 RADON BARRIER 
1103 lIS 14-16 15 29.0 '10.6 '10.3 2.72 1.25 RADON BARRIER 
1103 aos 16-18 17 23.2 '10.6 72.6 2.71 1.42 RADON BARRIER 
DOS lIS 24-30 27 24.8 93.4 83.3 2.70 2.25 RADON BARRIER 
1106 aos 30-36 33 41.0 77.5 93.1 2.74 2.75 RADON BARRIER 
008 aos 42-48 45 lU 100.'1 78.2 2.70 3.75 RADON BARRIER 
ala aos 54-60 57 21.1 101..3 '16.8 2.71 4.75 4.2E-DB RADON BARRIER 
012 aos 66-72 6'1 1'1.'1 9'1.'1 76.2 2.75 5.75 RADON BARRIER 
014 1105 '18-84 81 25.7 94.2 86.8 2.73 6.75 RADON BARRIER 

1102 116 8-10 9 19.9 103.3 84.2 2.72 D.75 RADON BARRIER 
1102 l1li6 10-12 U 2D.I 103.3 84.5 2.73 D.'12 RADON BARRIER 
1103 DIl6 14-16 15 18.6 66.B 2.75 1.25 RADON BARRIER 
D03 l1li6 16-IB 17 1902 68.0 2.78 1.42 RADON BARRIER 
1104 DD6 18-24 21 IB.4 '17.6 66.4 2.76 1.75 RADON BARRIER 
DOS DIl6 24-30 27 2D.I 98.B 73.'1 2.78 2.25 RADON BARRIER 
DD6 DD6 30-36 33 21.1 9'1.5 79.7 2.76 2.75 3.SE-DB RADON BARRIER 
DOB 1106 42-4B 45 27.0 93.2 86.B 2.79 3.75 RADON BARRIER 
DD9 DD6 48-54 51 21.1 101.2 83.4 2.75 4.25 RADON BARRIER 
010 DD6 54-60 57 23.6 84.3 2.76 4.75 RADON BARRIER 
DU l1li6 60-66 63 22.'1 '18.6 83.4 2.79 5.25 RADON BARRIER 
D12 DD6 66-72 6'1 23.7 '16.7 84.5 2.74 5.75 RADON BARRIER 
DI3 DD6 72-7B 75 23.4 '17.5 83.1 2.79 6.25 RADON BARRIER 
014 DD6 '18-84 BI 21.5 '16.B 76.'1 2.74 6.75 RADON BARRIER 
016 l1li6 '10-'16 93 21.3 94.5 73.1 2.71 7.75 RADON BARRIER 
017 D06 '16-102 9'1 22.8 '13.7 76.8 2.71 B.25 RADON BARRIER 
D18 l1li6 lD2-1DB 105 22.2 73.3 45.8 2.73 8.75 RADON BARRIER 

D.lUE IUEER PERCENT DRY BILK PERCENT GRAIN 
RADON BARRIER Of IIlISME IINSITY SATURATICII DENSITY KSAT 
AUERAliS. SAlfPL£S BruT ILB/m) IGlOO) 10115) 

58 22.8 '17.2 82.1 2.74 S.2E-OB 

D.IUE TAlLIE DATA. 

IN£flJl£ PERCENT DRY BILK PERCENT &RAIN ImH 
SNI'lE tIlE ImH .,th IIlISTIIE IENSITY SAT\l!ATlCII IENSITY INTO R.B. KSAT IlATERiAl. 
11). 11). (INQ£S) (INC1£s) BruT (LB/m) (6/00) (fEET) (0115) 

016 D04 '111-'16 93 21.8 109.2 84.1 2.75 7.75 TAILIt«;S 
018 004 102-108 lOS 18.6 '17.4 67.1 2.75 8.75 TAILlt«;s 
016 aos '111-'16 93 26.0 67.0 45.5 2.78 7.75 TAILlt«;S 
1118 aos 102-108 lOS 16.5 110.5 76.3 2.87 8.75 TAILlt«;S 
019 l1li6 108-114 111 18.3 100.'1 72.6 2.73 US TAILlt«;S 
U2D DD6 114-120 117 16.7 60.8 2.72 '1.75 TAILINGS 
D34 DD6 504-510 507 16.2 110.0 78.0 2.78 42.25 TAILINGS 



I •• SHIP6Il.PRN Created. 11/23/90 15'42:42 PIS!' 5 

D3S Ill/, 510-516 513 42.8 55.6 56,6 2.73 42.75 TAILINGS 

Q.11JE TAILINGS IUmR PERCENT DRY BIlK PERCENT WIN 
~RAGES. If I10ISTURE IENSITY SATUAATI~ IINSITY 

SAIIlU:S BVIIT ILB/FT3) IGlOO) 

8 22.1 91.7 &7.& 2.7& 

.... 
Q.11JE FOlHlATI~ DATA. 

NJERAGE PERCENT DRY BIlK PERCENT WIN IIPTH 
!iNIPI.E IIX..E tEPTH dtpth I10ISTURE IINSITY SATURATI~ IINSITY INTO R.B. KSAT 
1«). ..,. (lNCl£S) (lNO£S) BY lIT ILB/FT3) IGlOO) IFEET) 1,"/5) 

023 003 474-480 477 19.3 IOU 82.9 2.75 39.75 FWlDATlON 
024 003 480-465 482.5 25.8 96.8 91.8 2.75 40.21 FOltlDATlON 
025 003 4&-492 469 15.7 101.9 64.9 2.70 40.75 FOltlDA TI ON 
O2b 003 492-498 495 28.9 85.7 76.2 2.79 41.25 FWlDATlON 
D27 003 498-504 501 33.3 83.9 &.7 2.76 41.75 2.3E-D6 FWlDATlON 
03b 006 . 516-522 519 26.7 87.0 74.7 2.78 43.25 S. 'iE-07 FWlDATlON 
on IID6 522-528 S25 40.4 77.7 90.9 2.79 43.75 FWIDATION 

== 
Q.11JE IUmR PERCENT DRY BIlK PERCENT WIN 
FWlDATI~ OF I10ISTURE IINSITY SATURATION DENSITY KSAT 
~RAGES· SAIIP\.£S BY lIT ILB/FT3) IGlOO) 1'"/5) 

7 27.2 91.1 B1.4 2.76 1.2£-06 

IUIlEU. IWlIII BARRIER AND F IL TER LAYER DATA. 

~ IIPTH PERCENT DRY IllK PERCENT IiRAIN IlELATlIJE 
SNIPL£ IIX..E tEPTH INTERVAL I10ISTIft IENSITY SA1\IATI~ IINSITY tEPTH GAT ""TERIA!. ..,. ..,. (FEET) (FEET) BY lIT ILBIFT3) IGlOO) IFFET) I,"/S) 

DDl 2D5 0.625 0.5-.75 0.2 0.9 -US FILTER LAYER 
IID2 2D5 1.75 1.5-2.0 IB.O 110.7 88.B 2.77 4.'iE-Db RADON BARRIER 
IID3 2D5 2.25 2.0-2.5 IB.4 112.1 94.1 2.77 0.75 RADON BARRIER 
1104 2D5 2.75 2.5-3.0 17.7 112.4 90.0 2.79 1.25 RADON BARRIER 
IllS 2D5 3.25 3.0-3.5 1&.7 110.6 82.7 2.76 1.75 RADON BARRIER 
DUb 2D5 3.75 3.5-4.0 17.6 110.2 84.7 2.79 2.25 RADON BARRIER 
007 2D5 4.25 4.0-4.5 lB.l 111.4 91.5 2.7& 2.75 2.6£-07 RADON BARRIER 



'iI,' SHIPUl.PRN Created. 11/23/90 15·42:42 Pig!' (, 

1101 206 1.25 1.0-1.5 1.4 6.5 -D.2S fiLTER LAYER 
1m 206 2.25 2.0-2.5 15.2 116,0 86.5 2.7'i 0.75 1.4£-07 RADON BARRIER 
1103, 206 2.75 2.5-3.0 16.3 81.0 56.3 2.7'i 1.25 RADON BARRIER 
IlO4 206 3.25 3.0-3.5 13.0 114.3 72.6 2.81 1.75 1.SE-07 RADON BARRIER 
OIlS 206 3.75 3.5-4.0 16.6 112.0 84.0 2.n 2.25 RADON BARR I ER 

.. 
IUIIEll IIft1£R PERCENT DRY BIU PERCENT &RAIN 
RADON BARl!IER OF MlISTIJRE IENSITY SArut\TJDN IENSITY KSAT 
AUERA!£S' SAI1PlES BY UT (LB/FT3) /6/013) (Clt/S) 

12 16,6 lOB.6 11.B 2.78 4.1E-07 




