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MOISTURE CONTENTS AND UNSATURATED 
CONDITIONS IN UMTRA PROJECT 

RADON BARRIERS 

ABSTRACT 

A typical Uranium Mill Tailings Remedial ActiQn (UMTRA) Project 
di sposa 1 facility con's i sts of urani urn ta il i ngs and other contami nated 
materials covered by a three to six foot thick radon barrier and six 
inches of filter sand, overlain by one foot of erosion-protection riprap. 
To comply with the proposed U.S. Environmental Protection Agency 
groundwater protection standards applicable to the UMTRA Project (40 CFR 
192), groundwater concentration limits of hazardous constituents cannot be 
exceeded at the point of compliance, which is t~e downgradient limit of 
the waste management area.. The typical radon barrier has a saturated 
hydraulic conductivity of approximately 1 X 10-7 centimeters per second 
(cm/s). Operational hydraulic conductivities, however, may be several 
orders of magnitude lower if the radon barrier is unsaturated. Long-term 
seepage rates from a disposal facility with an unsaturated radon barrier 
may permit the concentration limits to be met at the point of compliance. 
Field studies were undertaken to measure the percent saturation and the 
relation of percent saturation to soil tension, and to predict the 
hydraulic conductivity as a function of percent saturation in radon 
barriers at three UMTRA Project disposal facilities that have been 
completed for up to two years. The disposal facility at Shiprock, New 
Mexico, was instrumented to continuously monitor soil tension and moisture 
contents. Results of the field studies indicate that moisture contents 
in the radon barriers range from 82 to 86 percent saturation, which is 
slightly less than the placement moisture content during construction. 
Seepage rates through the radon barrier calculated using unsaturated 
hydraulic conductivities from

9 soil core data and a hydraulic gradient of 
unity are approximately 1 X 10- cm/s or less. ' 

It is qualitatively predictable that typical UMTRA Project covers 
will function similarly in similar climatic environments. Presently, 
typical covers have been completed at the Shiprock, Clive, and Burrell 
sites, and they are planned or under construction at the Ambrosia Lake, 
Green River, Lakeview, Mexican Hat, Slick Rock, and Tuba City sites. With 
the exception of Burrell and Lakeview, all of these sites are in semiarid 
regions and have comparable precipitation and potential evaporation. The 
low unsaturated' hydraulic conductivity of the radon barrier prevents 
significant infiltration of moisture during periods of saturation of the 
filter layer. Any moisture that penetrates the upper portion of the radon 
barrier is held there until it is evaporated through the filter layer and 
the erosion protection riprap. This design prevents the radon barrier 
from becoming saturated and assures that the radon barriers in typical 
UMTRA Project di sposal fac~ lit ies will operate at unsaturated hydraul i c 
conductivities of 1 X 10-cm/s or less. The design of the typical 
UMTRA Project covers can be further optimized to assure that the radon 
barriers operate under unsaturated conditions. 
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1.0 INTRODUCTION 

Compliance with the proposed U.S. Environmental Protection Agency 
(EPA) groundwater protection standards (40 CFR 192) at most Uranium Mill 
Tailings Remedial Action (UMTRA) Project disposal facilities involves 
demonstrating that seepage will not cause concentration limits to be 
exceeded at the point of compliance. The point of compliance is the 
downgradient limit of the waste management area. Such a demonstration 
usually involves calculating the seepage rate from the tailings disposal 
cell and modeling resultant concentrations of contaminants in groundwater. 

A typical UMTRA Project disposal facility consists of uranium 
tailings and other contaminated materials covered by a three to six foot 
thick radon barrier and six inches of filter sand, overlain by one foot of 
erosion protection riprap (Figure 1.1). The typical radon barrier, 
especially one designed prior to the proposed EPA groundwater protection 
sta?dards, has a saturated hydraulic conductivity of approximately 1 X 
10- centimeters per second (cm/s). The filter layer usually consists 
of a sand with a hydraulic conductivity of 0.001 to 0.01 cmls and is 
designed to separate the erosion protection riprap from the radon barrier 
during construction, to protect the radon barrier from erosion, and to 
facilitate drainage off the radon barrier. During construction of the 
disposal cell, water is sometimes added to the tailings and radon barrier 
to achieve a design compaction and moisture contents. 

Seepage rates through the radon barrier at a disposal facility are 
equal to the product of the hydraulic conductivity (a function of the 
moisture content) and the hydraulic gradient. If moisture contents in a 
homogeneous material are vertically uniform, the hydraulic gradient i7 
unity. However, using the saturated hydraulic conductivity of 1 X 10-
cm/s in the radon barrier for the purpose of calculating seepage rates is 
highly conservative and in some cases precludes demonstrating compliance 
with the concentration limits. Operational hydraulic conductivities of 
the radon barrier and long-term seepage rates from the disposal facility 
may be several orders of magnitude lower if the radon barrier is 
unsaturated. . 

A literature review was performed to determine if infiltration 
studies had been conducted on rock covers that were similar to the typical 
UMTRA Project covers. Because no full scale infiltration studies have 
been conducted on rock covers, investigations were initiated at three 
UMTRA Project sites where remediation of abandoned tailings piles has been 
completed under 'Title I of the Uranium Mill Tailings Radiation Control 
Act. The study was intended to provide a data set for predicting 
long-term performance of typical UMTRA Project covers in limiting 
infiltration into the underlying tailings. Soil cores were obtained from 
the Shiprock, New Mexico, Clive, Utah, and Burrell, Pennsylvania UMTRA 
Project sites to determine the percent saturation and unsaturated flow 
characteristics of the radon barrier. The Shiprock disposal facility was 
instrumented to continuously measure soil tension and moisture contents 
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Figure 1.1 Typical UMTRA Project disposal facility 



within the components of the cover. An attempt to provide a long-term 
perspective on the movement of moisture and changes in the percent 
saturation within low .hydraulic conductivity materials in arid climates 
was made by examining soil core data from several small dams in New 
Mexico. 

1.1 STUDY OF EXISTING TYPICAL UMTRA PROJECT COVERS 

Three previo:usly constructed disposal facilities were selected 
for field studies of cover moisture conditions. The Shiprock (New 
Mexico) and Clive (Utah) disposal sites are in semiarid climates, 
with annual precipitations of approximately six inches and five 
inches, respectively. The Shiprock facility was completed more than 
two years ago, and Clive is now at completion (though portions of the 
cover have been in place for more than a year). The Burrell 
(Pennsylvania) site has been completed for approximately one year and 
is located in a more humid climate where the average annual 
precipitation is approximately 44 inches. Each of these facilities 
has the typical cover, although their radon barriers vary in 
thickness from three feet at Burrell to seven feet at Shiprock and 
Clive. 

1.2 METHODS AND INSTRUMENTATION 

Samples of the radon barrier were collected at each site to 
determine the percent saturation and the relation of moisture content 
to soil tension, and to predict the relation of hydraulic 
conductivity to moisture content. The Shiprock disposal facility was 
instrumented with a weather station to measure climatic parameters, 
and with monitoring equipment to measure moisture contents, soil 
tensions, temperature, and heat flux in the different components of 
the cover. Borehole and instrument station locations on the Shiprock 
disposal facility are shown on Figure 1.2. . 

Soil borings at the Shiprock and Clive sites were performed 
using a hollow stem auger to collect samples of the radon barrier and 
uppermost tailings. Soil borings were advanced into the radon 
barrier at Burrell using a hand-driven California sampler. Boring 
locations were selected to provide information on the variability in 
percent sa~uration in the covers of the disposal facilities. 
Brass-ring samples were collected at all sites, and a CME sampler was 
used to collect additional samples at Shiprock. Following drilling, 
all boreholes were backfilled with cuttings and grouted to ground 
surface. The soil samples were analyzed using ASTM methods for 
moisture content by weight, dry bulk density, particle density and 
grain size distribution, saturated hydraulic conductivity, the 
relation of moisture content to soil tension, and Atterberg limits. 
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Figure 1.2 Borehole and instrument station locations at the Shiprock disposal facility 



The filter layer and radon barrier at the Shiprock disposal 
facility were instrumented for continuous monitoring of soil moisture 
and soil tension. Tensiometers and gypsum blocks were installed at 
three sUbstations and two instrument stations on the disposal 
facility. These instruments were installed in the filter layer and 
to depths of 48 inches into the radon barrier. Tensiometers were 
equipped with transducers at Station I and data were recorded 
electronically with a data logger. Elsewhere, the tensiometers were 
fitted with Bourdon gages and soil tensions were,recorded manually. 
Instrumentation at Station I is shown on Figure 1.3. An evaporation 
pan was placed beneath the riprap for several days to directly 
measure evaporation through the riprap. Microlysimetry was also 
conducted in the filter layer to measure evaporation from the filter 
sand. 

Four neutron-probe access tubes were installed through the 
cover. Bentonite seals were used to prevent flooding of these 
boreholes, and radon barrier samples were collected along the entire 
profile of each hole for moisture content analyses to verify the 
neutron probe logging results. Neutron probe calibration was done by 
remolding radon barrier materials to design specifications in a steel 
cylinder and calibrating the probe to a wide range of moisture 
contents. Neutron logging has been conducted by Dan Stevens & 
Associates on a bimonthly basis to assess the movement of any wetting 
fronts within the radon barrier. 

Meteorological information was recorded by the data logger. A 
tipping-bucket raingauge, anemometer, four thermal probes, two heat 
flux plates, two psychrometers, and a net-radiometer were used to 
measure precipitation, wind, temperature, heat flux, relative 
humidity, and solar radiation, respectively. 
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2.0 RESULTS FROM THE STUDY OF SHIPROCK, CLIVE, AND BURRELL 

Profiles of percent saturation versus depth, from analyzing core 
samples from all three study sites, are presented in Figures 2.1 and 2.2. 
The Shiprock and Clive samples were collected in April 1988, and the 
Burrell samples were collected in July 1988. Soil characteristics data for 
the three radon barriers are presented in Attachment A. Samples from the 
Shiprock and Clive radon barriers averaged 84 and 82 percent saturation, 
respectively, while the Burrell radon barrier averaged 86 percent. 
Moisture profiles of ,the core data show that the percent saturation is 
relatively constant with depth. Samples with low percent saturation at 
Shiprock and Clive (Figure 2.1) are of tailings at depths below the radon 
barrier. Observed moisture contents in the radon barrier at Shiprock are 
slightly less than the percent saturations reported at the time of 
placement. This may be the result of drying during placement, rather than 
post-closure drainage of placement moisture from the radon barrier. 

Moisture content profiles determined by neutron probe logging at 
Shiprock are presented in Figure 2.3. Periodic neutron logging produces 
time-related data that allow recognition of wetting or drying fronts. The 
neutron probe moisture content profiles are consistent with the laboratory 
analyses of cores and show that moisture contents are relatively constant 
with depth. Vertically uniform moisture contents in the homogeneous radon 
barrier suggest that the hydraulic gradient is unity. Within the upper 
foot of the radon barrier, changes in apparent moisture content between 
June 1988 and August-September 1988 are inferred to relate to hydration of 
a bentonite seal placed around the upper annulus of the probe-access tube 
on July 16. Presently the neutron probe logging provides only a relative 
measure of moisture content. However, the probe will be reca1ibrated, 
using measurements of moisture content in soil cores, to reflect actual 
moisture contents within the radon barrier. 

Soil tension was measured with tensiometers at two instrument stations 
and three substations on the Shiprock disposal facility. Soil tension in 
the filter layer, and from three inches to 48 inches into the radon 
barrier, are shown on Figures 2.4-2.7. Precipitation events greater than 
0.1 inch measured at the weather station on the disposal facility are 
presented on Figures 2.5-2.7. Soil tension in the filter layer is 
relatively high except during a short period of saturation following a 
large precipitation event. The tensiometer data show that water in the 
filter layer drains or evaporates within a few days after a major 
precipitation event and soil tension then begins to increase until the next 
precipitation eve~t. 

At a depth of three inches into the radon barrier, soil tensions 
responded to wetting of the filter layer after a major precipitation event 
on June 28, 1988. This was a very intense storm, with more than one inch 
of rain in 30 minutes. A tensiometer in the radon barrier at a depth of 
three inches (Figure 2.5) at Station II shows a gradual reduction of soil 
tension following the precipitation event. However, the immediate 
decrease in soil tension at a depth of three inches in the tensiometer at 
Station I probably reflects water leaking down the side of the tensiometer 
borehole rather than an immediate change in soil tension propogating 
through the radon barrier. 
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Tensiometers placed six inches into the radon barrier also responded 
to this precipitation event, as shown by gradually decreasing soil 
tensions during the following three weeks (Figure 2.5). At a depth of 12 
inches (Figure 2.6) soil tension declined in a tensiometer at Station I, 
but no response is indicated in the tensiometer at Station II. 
Tensiometers placed 18 inches or deeper within the radon barrier (Figures 
2.6 and 2.7) showed no response to the precipitation event. 

Because fluctuations in soil tension at six inches, or possibly to 12 
inches, do not propagate downward, evaporation through rock layers is 
concluded to be an effective mechanism for removal of Gover moisture from 
typical UMTRA Project covers in semiarid climates. The rate and depth of 
drying following a precipitation event indicate that evaporation losses 
are significant. To estimate potential evaporation, a screened 
evaporation pan was installed below the erosion protection riprap at the 
level of the filter layer. During a two-day period, a cumulative loss of 
0.16 inch of water was observed. This measured evaporation rate is 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 evaporation rate. Factors that affect the advection of moisture, 
such as wind speed, riprap thickness and size, air temperature, and rock 
temperature, may significantly affect evaporation. 

laboratory determinations of percent saturation versus soil tension 
in the Shiprock radon barrier are shown on Figure 2.8. The two groups of 
curves, which diverge with respect to soil tension by approximately one 
order of magnitude for the same percent saturation, correspond to two 
different methods of sample collection. The lower group of curves, which 
was generated from tests performed on brass-ring samples, indicates that 
soil tensions should range from one to two bars at 84 percent saturation 
(the average saturation measured from core samples of the radon barrier at 
Shiprock). The upper group of two curves (205 & 206), which was generated 
from tests on CME samples, indicates that tensions of 11 to 16 bars should 
occur at approximately 84 percent saturation. The lower group of curves 
is not typical of fine-grained materials, suggesting that these samples 
are disturbed. . 

The relations of hydraulic conductivity to percent saturation for the 
Shiprock and Clive radon barriers (Figure 2.9) were developed usin9 an 
algorithm that calculates "relative" hydraulic conductivity from the 
laboratory-measured relation of percent saturation to soil tension (Van 
Genuchten, 1985; Mualem, 1976). The unsaturated hydraulic conductivity is 
then calculated ,by multiplying the relative hydraulic conductivity by the 
saturated hydraulic conductivity. On each figure, the intersect of the 
average percent saturation for that site with the average hydraulic 
conductivity curve indicates the 6perational unsaturated conducl!vity. 
This is on the order of 1 X 10- cmls for Shiprock and 1 X 10- cmls 
for Clive. 
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The unsaturated hydraulic conductivity curves in Figure 2.9 that were 
generated by this method are sensitive to the saturated hydraulic 
conductivity but are relatively insensitive to the variations introduced 
by sampling technique, which produced two divergent groups of curves in 
Figure 2.8. Inspection of the unsaturated hydraulic conductivity curves 
for Shiprock shows that the curves generated by the Mualem method for the 
two sample sets collected by a CME sampler (samples 205 and 206) fall 
within the range of curves generated from the four sample sets collected 
using brass rings. 

Conclusions from the Shiprock Field Program 

Results of the Shiprock field program indicate that soil tension in 
the upper portion of the radon barrier responds to meteorological 
conditions. Temporal fluctuations in soil tension diminish with depth in 
the radon barrier, and none are observed below 12 inches. Soil tensions 
change much more rapidly than percent saturation. The propagation of the 
average percent saturation will be very slow because the movement of water 
through the radon barrier is restricted by the low unsaturated hydraulic 
conductivity. Generally: 

1. 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. There is too much uncertainty in the placement 
data to attribute the reduction in percent saturation to 
post-closure drainage of moisture from the radon barrier. 

2. Tensiometer data from Shiprock suggest that soil tension in the 
upper 12 inches of the radon barrier is influenced by changes in 
saturat ion in the fi Her 1 ayer. The fi Her layer is only 
occasionally saturated after large precipitation events. The 
soil tension in the upper radon barrier decreases after large 
precipitation events but soon increases 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. In no case was a 
front of saturation observed to be propagating downward through 
the radon barrier. 

3. The low unsaturated hydraulic conductivity of the radon barrier 
and the relatively uniform moisture distribution suggest that 
changes ,in moisture content will not propagate below the top 12 
inches. Based on the first six months of field data, moisture 
that has infiltrated the radon barrier is held within the top 12 
inches of the radon barrier until it is evaporated. 

4. The uniform percent saturation in the radon barrier implies a 
hydraulic gradient of unity. Seepage rates are then equal to the 
unsaturated hydraulic conductivity of the radon barrier at the 
existing moisture content. This yields an unsaturated f1u~ 
through the radon barrier at Shiprock of approximately 1 x 10-
cm/s. 
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3.0 MOISTURE DATA FROM LONG-ESTABLISHED SHALL DAMS 

A literature review for data on the long-term movement of moisture 
and percent saturation of covers constructed of materials with low 
unsaturated hydraulic conductivities produced information on four small, 
earth-fill flood-control dams in New Mexico. The dams range from 15 to 27 
years old. While they were not rock-covered at the time they were studied 
by the U.S. Soil Conservation Service (SCS),. their moisture 
characteristics measured during that study are informative for the UMTRA 
Project. The dams are on small drainage basins, and they impound water 
only during occasional heavy runoff. 

The SCS provided data on percent saturation versus depth that had 
been collected as a result of concern with surface cracking. Profiles of 
percent saturation for four earth-fill dams are shown on Figure 3.1. In 
the dams, the maximum percent saturation consistently averaged about 80-90 
percent. The maximum percent saturations for each of the dams tend to 
occur at middle depths in the profiles. The relatively low percent 
saturations found at depth in several of the profiles are from the more 
permeable foundation strata below the base of the dams. Where low percent 
saturations are shown in upper parts of the profiles, this is inferred to 
result from evaporation; surficial desiccation cracks in the dams appear 
to have facilitated evaporation to relatively great depths. The SCS's aim 
in studying the dams was to determine the cause of cracking. After 
ascertaining that the dams were drying near the surface, the SCS remedied 
the problem by adding a rock mulch to their upper surfaces. 

Because of differences between the dams at the time of sampling and 
typical UMTRA Project cover designs, specifically, that the dams had no 
rock. mulch on their top surfaces, the comparison of moisture 
characteristics is limited to the observation that these semiarid-zone 
dams are unsaturated. This is an example of how the low unsaturated 
hydraulic conductivity of the cover materials can restrict the downward 
redistribution of moisture and prevent vertical seepage of infiltration, 
but allow significant evaporation so that low percent saturations may 
occur in the upper portion of the cover materials. 
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4.0 EXPECTED PERFORMANCE OF TYPICAL COVERS AT SEMIARID SITES 

Presently, typical UMTRA Project covers have been completed at the 
Shiprock, Clive, and Burrell sites, and are planned or under construction 
at Ambrosia Lake (NM), Green River (UT), Lakeview (OR), Mexican Hat (UT), 
Slick Rock (CO), and Tuba City (AZ). With the exceptions of Burrell and 
Lakeview, all of these sites are in semiarid regions and have comparable 
precipitation and potential evaporation. A summary of site climatological 
characterization data for the UMTRA Project sites is presented in Table 
4.1. 

The combination of the low unsaturated hydraulic conductivity of the 
radon barrier and evaporation through the filter layer and erosion 
protection riprap is an effective design that prevents the radon barrier 
from becoming saturated and limits infiltration into the tailings. 
Therefore, it is qualitatively predictable that typical UMTRA Project 
covers will function similarly in similar climatic environments. Radon 
barriers in typical covers at sites having climates similar to Shiprock and 
Clive should operate in an unsaturated state. 

With respect to sites and climates, radon barriers in typical UMTRA 
Project covers would operate in an unsaturated state at the Ambrosia Lake, 
Green River, Mexican Hat, Slick Rock, and Tuba City UMTRA Project sites. 
The remedial action is still in the design phase or is not completed at 
these sites. In general, these sites are in high altitude, semiarid 
environments that range in elevation from 4,070 to 6,980 feet. The average 
annual precipitation is less than 10 inches and is derived mainly from 
short, intense storms. Snowfall comprises only a small percentage of 
annual precipitation. The average annual pan evaporation exceeds 
precipitation by almost an order of magnitude and the average annual 
temperature is high. 

The design of the typical UMTRA Project covers for these sites 
incorporates cover geometry, layers, and material characteristics that are 
similar to those of the Shiprock disposal facility. Commonly, th, design 
attempts to achieve a saturated hydraulic conductivity of 1 X 10- cm/s in 
the radon barrier using fine-grained soils compacted wet of optimum. Other 
components of the cover design have been evaluated to optimize the 
operation of the cover system towards unsaturated conditions and restrict 
infiltration through the radon barrier. For instance, the hydraulic 
conductivity of the filter layer can be increased, the slope of the filter 
layer increased, and the length of flow paths through the filter layer to 
the edge of the aisposal facility can be shortened so that the filter layer 
can shed water as quickly as possible. These design modifications would 
decrease the amount of time that the filter layer is saturated, thereby 
reducing the availability of water to infiltrate the radon barrier. In 
some cases the filter layer can be removed without creating an erosion 
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Table 4.1 Site climatological charactertzatton data 

Average annual Average annual Average annual Average annual 
Elevatton precipttation pan evaporatton temperature snowfall 

Site (ft.) (tn./yr. ) (tn./yr.)a (oF) (tn./yr. ) 

Allbrosta Lake 6980 9 85 53 24* 
Belfield/ao.an 2565 16 53 43 34 
8urrell 980 44 39 50 45 
Canonsburg 960 37 39 50 45 
Durango (Bodo Canyon) 7100 19 55 47 60* 
Falls Ctty 450 29 80 70 <1 
Grand Junction (Cheney Res.) 5260 12 52 53 27 
Green River 4070 6 60 52 10 
Gunnison (Landfill) 8040 11 45 39 58 

I Lakevtew (Colltns Ranch) 4950 16 60 46 61 N 

"" Lowman 3950 24 45 44 93 I 
Maybell 6220 13 47 42 81 
Mextcan Hat/ 4300 6 70 55 3 
MonulIM!nt Valley 
Naturtta (Dry Flats) 5930 11 55 50 31 
Rtfle (Estes Gulch) 6150 11 50 47 41 
Rtverton 4950 9 60 44 36 
Salt Lake City (Clive) 4280 5 60 52 36* 
Shtprock 4960 6 68 52 4 
Slick Rock 5510 7 55 50 31 
Spook 5100 11 60 40 74 
Tuba Ctty 5070 6 80 55 4 : 

a "Cli.-tie Atlas of the United States," NOAA 1979. 

Note: All other data was obtatned from stte-speciftc 
NEPA doculIM!nts. (DOE) 



potential at the interface with the radon barrier. This could further 
decrease the length of time to shed water off the disposal facility, 
because flow would occur through large pores in the erosion protection 
riprap. It may be possible to grade the size of the erosion protection 
riprap or filter sand to optimize evaporation from the filter sand and 
radon barrier. These optimization concepts will be incorporated, where 
beneficial, into the design of typical UMTRA Project covers. 

Because of concern whether repeated freeze-thaw cycles will increase 
the hydraulic conductivity of unsaturated radon barrier material, designs 
of typical UMTRA project covers will incorporate at least one foot of radon 
barrier material below the maximum frost depth. This will assure that even 
if the upper portion of the radon barrier is disrupted by expansion of 
water in the unsaturated interstices during freezing, there will still be 
a sufficient thickness of operational radon barrier to restrict 
infiltration to the tailings. 

A typical UMTRA Project cover on the sides10pes of a disposal cell may 
be combined with a nearly flat, vegetated upper surface of a cover at UMTRA 
Project sites with higher precipitation. This design has been proposed for 
the Cheney Reservoir disposal cell for the tailings at Grand Junction, 
Colorado. The rock-covered sides10pe is expected to remain unsaturated in 
an environment with as much as 12 inches of annual precipitation. Site and 
climate-specific modeling of the effectiveness of the vegetation in 
removing moisture from the top surface of the piles indicates that water 
rarely percolates through the vegetated soil layer to reach the filter 
layer. On the sides10pes, therefore, the filter layer will receive water 
from only precipitation on the sloping rock surface, and it will receive 
negligible drainage water from the extensive vegetated upper surface of the 
disposal cell. Water in the high hydraulic conductivity filter layer will 
drain rapidly down the steep sideslopes. This greatly reduces the time 
when water in the filter layer is available for infiltration through the 
radon barrier. When this rapid drainage effect is considered along with 
the substantial evaporative removal of water that has been demonstrated in 
the study of the Shiprock cover, it is probable that the radon barrier 
beneath the rock-covered sides10pes will operate under a low unsaturated 
hydraulic conductivity and that infiltration through the radon barrier in 
that portion of the disposal cell will be minimal. 

The question of whether typical UMTRA Project covers may operate under 
unsaturated conditions at sites with substantially higher precipitation 
than at the Shiprock disposal site has not been fully resolved. Analysis 
of percent saturations of core samples of the radon barrier from the 
Burrell disposal facility suggests that the radon barrier has not become 
saturated since '.pl acement. Furthermore, there is no direct evidence that 
typical UMTRA Project covers in areas of higher precipitation will be 
saturated. 
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COYER ItOISTURE STUDY GEOTEOtUCAl DATA (10/31/88) 

SHIPROCK RADON BARRIER DATA: 

SHIPROCK SHIPROO< SHIPROCK SHIPROQ( SHIPROCK 

A~RA6E PERCENT DRY BllK PERCENT 6RAIN DEPTH 
SAItI'lE JOREHOLE DEPTH ll:PTH ItOISTURE ll:NSlTY SATURATION ll:NSlTY INTO R.I. KSAT IlATERIAl. 
NO. NO. (INC1£S) (INa£S) BY lIT (U/FTJ) (6/00) (FEET) (CltlS) 

004 201 60-66 63 13.2 122.5 8'1.50 2.72 5.25 2.6OE-07 RADON BARRIER 
005 201 6b-72 69 2.76 RADON BARRIER 
011 201 114-120 117 11.3 122.1 78.20 2.72 ' 9.75 6.9OE-07 RADON BARRIER 

RADON BARRIER 
004 202 54-60 57 12.1 120.6 79.00 2.72 4.75 2.3OE-06 RADON BARRIER 

002 203 24-26 25 13.4 2.78 2.08 RADON BARRIER 
002 203 26-28 27 9.5 2.76 2.25 RADON BARRIER 
002 203 28-30 29 11.9 2.76 2.42 RADON BARRIER 
003 203 30-32 31 12.9 2.78 2.58 RADON BARRIER 
003 203 32-34 33 12.8 2.75 2.75 RADON BARRIER 
003 203 34-36 35 12.1 2.74 2.92 RADON BARRIER 
004 203 42-44 43 14.1 2.74 3.58 RADON BARRIER 
004 203 44-46 45 14.4 2.78 3.75 RADON BARRIER 
004 203 46-48 47 14.5 2.76 3.92 RADON BARRIER 
005 203 48-50 49 12.9 2.73 4.08 RADON BARRIER 
005 203 50-52 51 12.5 2.70 4.25 RADON BARRIER 
005 203 52-54 53 13.2 2.73 M2 RADON BARRIER 
008 203 78-79 78.5 13.2 120.8 86.47 2.748 6.54 8.8OE-D8 RADON BARRIER 
012 203 114-1lb 115 14.6 2.73 9.58 RADON BARRIER 
012 203 116-11B 117 14.5 2.74 9.75 RADON BARRIER 
012 203 118-120 124 14.1 2.72 10.33 RADON BARRIER 
013 203 120-122 121 13.8 2.75 10.08 RADON BARRIER 
013 203 122-124 123 14.1 2.74 10.25 RADON BARRIER 
013 203 124-126 125 14.5 2.74 10.42 RADON BARRIER 

004 204 72-74 73 13.8 116.8 81.80 2.72 6.08 6.4OE-D8 RADON BARRIER 
005 204 78-B4 81 RADON BARRIER 

001 205 0-10 5 12.6 120.1 84.45 2.7 0.42 2.4E-07 RADON BARRIER 
001 205 10-12 11 13.5 120.1 90.48 2.7 0.92 RADON BARRIER 
001 205 12-14 13 15.2 120.1 101.88 2.7 1.08 RADON BARRIER 
001 205 14-16 15 13.8 120.1 92.50 2.7 1.25 RADON BARRIER 
001 205 16-18 17 13.3 120.1 8'1.14 2.7 1.42 RADON BARRIER 
002 205 24-40 27 11.4 120.2 n.35 2.69 2.25 RADON BARRIER 
002 205 30-36 33 12.6 120.2 85.49 2.69 2.75 RADON BARRIER 
002 205 36-42 39 12.0 120.2 81.42 2.69 3.25 RADON BARRIER 
002 205 42-48 45 11.8 120.2 80.06 2.69 3.75 RADON BARRIER 
002 205 4B-54 51 11.9 120.2 00.74 2.69 4.25 RADON BARRIER 

001 206 0-2 1 12.2 118.3 75.07 2.74 0.08 RADON BARRIER 
001 206 2-4 3 12.1 118.3 74.46 2.74 0.25 RADON BARRIER 
001 206 H 5 13.0 118.3 00.00 2.74 0.42 RADON BARRIER 
001 206 b-B 7 11.9 118.3 73.23 2.74 0.58 RADON BARRIER 
001 206 9-10 9 13.5 118.3 83.07 2.74 0.75 RADON BARRIER 
001 206 10-12 11 13.0 118.3 00.00 2.74 0.92 RADON BARRIER 



COVER M01STURE STUDY GEOTEClfllCAl DATA (10/31188) 

SH1PROCK TAILlNGS DATA: 

AVERAGE PERCENT DRY BlU( PERCENT GRAIN DEPTH 
SA/iPlE BOREHOlE DEPTH DEPTH MOISTURE DENSITY SATURATION DENSITY INTO R.I. KSAT HATERIN.. 
NO. NO. (INCI£S) (lNCI£S) BY lIT ILJ/FTJ) (G/OO) (FEET) ( Clt/5) 

01~ 20J 150-152.4 151.2 21.0 107.4 '15.40 2.n 12.60 3.50E-oB TAILIN6S 
OH 20J 158-160 159 2.n 13.25 TAILIN6S 
009 206 96-98 97 5.7 128.6 51.49 2.67 8.00 TAILIN6S 
009 206 98-100 99 9.1 128.6 82.21 2.67 8.25 TAILIN6S 
009 206 100-102 101 12.1 128.6 100.00 2.67 8.42 TAILIN6S 
010 207 B4-86 85 9.1 119.9 59.56 2.72 7.00 TAILIN6S 
010 207 86-88 87 8.4 119.9 54.98 2.72 7.25 TAILlN6S 
010 207 88-90 89 13.1 119.9 85.74 2.72 7.42 TAILlN6S 
011 208 102-100 105 22.4 101.9 88.66 2.78 8.75 TAILIN6S 

SHIPROCK TAILINGS PERCENT DRY BlU( PERCENT GRAIN 
AVERAGE DATA MOISTURE DENSITY SATURATION DENSITY KSAT 

BY lIT ILB/FTJ) IGlOO) (Clt/S) 

12.6125 119.35 n.2551036 2.71561181 3.50E-00 



COVER IIOISTURE STUDY GEOTECltUCAI.. DATA (10/31/88) 

001 206 12-1~ 13 12.1 llB.3 7M6 2.74 1.08 RADON BARRIER 
002 206 36-~2 39 13.9 117.2 89.M 2.65 3.25 RADON BARRIER 
005 206 iIH>6 63 11.6 123.1 ~.96 2.7 5.25 RADON BARRIER 
007 206 7~ 81 11.6 m.B 89.49 2.7 6.75 RADON BARRIER 
OOB 206 9Il-'I2 91 10.5 96.2 37.73 2.7 7.58 RADON BARRIER 
OOB 206 92-'14 93 10.3 96.2 37.01 2.7 7.75 RADON BARRIER 
OOB 206 94-'16 95 6.6 96.2 23.72 2.7 7.92 RADON BARRIER 
003 206 42-48 2.74 6.IE-D6 RADON BARRIER 

001 207 IrS 7 12.2 122.8 90.36 2.68 0.58 RADON BARRIER 
001 207 8-10 9 12.7 122.8 94.07 2.68 0.75 RADON BARRIER 
001 207 10-12 11 12.6 122.B 93.33 2.68 • 0.92 RADON BARRIER 
002 207 12-14 i3 12.6 120.9 ~.10 2.73 1.08 RADON BARRIER 
002 207 14-16 15 14.8 120.9 98.78 2.73 1.25 RADON BARRIER 
002 207 16-18 17 13.5 120.9 90.10 2.73 1.42 RADON BARRIER 
003 207 24-26 25 12.4 120.1 81.62 2.72 2.08 RADON BARRIER 
003 207 26-28 27 12.3 120.1 80.96 2.72 2.25 RADON BARRIER 
003 207 28-30 29 12.1 120.1 79.65 2.72 2.42 RADON BARRIER 
004 207 30-32 31 12.3 123.4 87.41 2.74 2.58 RADON BARRIER 
004 207 32-34 33 13.1 123.~ 93.10 2.74 2.75 RADON BARRIER 
004 ·207 34-36 35 12.3 123.4 87.41 2.7~ 2.92 RADON BARRIER 
005 207 42-44 43 14.3 122.3 98.~5 2.74 3.58 RADON BARRIER 
005 207 44-46 ~5 14.9 122.3 102.58 2.74 3.75 RADON BARRIER 
005 207 46-48 47 ID.9 122.3 75.04 2.74 3.92 RADON BARRIER 
006 207 48-50 49 10.8 126.0 82.07 2.75 4.08 RADON BARRIER 
006 207 50-52 51 12.0 126.0 91.18 2. 75 4.25 RADON BARRIER 
006 207 52-5~ 53 12.2 126.0 92.70 2.75 4.42 RADON BARRIER 
OOB 207 66-68 67 10.3 126.0 81.59 2.71 5.5B RADON BARRIER 
OOB 207 68-70 69 11.3 126.0 89.52 2.71 5.75 RADON BARRIER 
008 207 70-72 71 11.1 126.0 87.93 2.71 5.92 RADON BARRIER 
009 207 71HlO 79 14.4 122.1 103.37 2.69 6.58 RADON BARRIER 
009 207 8D-82 81 13.0 122.1 93.32 2.69 6.75 RADON BARRIER 
009 207 82-64 83 13.2 122.1 94.75 2;69 6.92 RADON BARRIER 

001 20B 6-8 7 9.7 125.8 n.2O 2.7 0.58 RADON BARRIER 
001 20B 8-10 9 10 125.8 79.58 2.7 0.75 RADON BARRIER 
001 20B 10-12 11 10.1 125.8 80.38 2.7 0.92 RADON BARRIER 
002 20B 12-14 13 10.6 125.9 ~.62 2.7 1.08 RADON BARRIER 
002 20B 14-16 15 10.5 125.9 83.82 2.7 1.25 RADON BARRIER 
002 20B 16-18 17 10.9 125.9 87.02 2.7 1.42 RADON BARRIER 
003 20B 24-30 27 11.6 121.2 78.09 2.73 2.25 2.8E-D6 RADON BARRIER 
004 20B 30-36 33 11.8 124.2 88.45 2.71 2.75 RADON BARRIER 
005 208 42-48 45 12.3 122.2 85.22 2.73 3.75 RADON BARRIER 
007 20B iIH>6 63 13 123.6 95.69 2.71 5.25 RADON BARRIER 
009 20B 78-~ 81 12.7 liB 83.08 2.66 6.75 RADON BARRIER 
010 20B 84-'10 87 11.8 123.3 86.95 2.7 7.25 RADON BARRIER 

SiIPROCK RADON PERcefl DRY JW( PERcefl GRAIN 
BARRIER AI'ERA6ES ItOISTURE DENSITY SATURATION DENSITY KSAT 

IY lIT ILJ/FTJ) (6/00) (CK/S) 

12.4493670 12O.706m 83.5563327 2.72050632 5.6E-07 



COVER MOISTURE STUDY GEOTECiflICIL DATA (10/3ll88) 

CLIVE RADON BARRIER DATA: 

CliVE CLIVE CLIVE CLIVE CLIVE CLIVE 

AVERAGE PERCENT DRY BllK PERCENT GRAIN DEPTH 
SAIfP1.E HOlE DEPTH depth MOISTURE DENSITY SATURATION DENSITY INTO R ••• KSAT /lATERIM. 
NO. NO. ( INCI£S) ( INCI£S) BY lIT (LB/FTJ) (G/oo) (Fill) (CI1/S) 

001 003 2-It ~ 15.6 110.8 79.18 2.75 0.33 RADON BARRIER 
002 003 8-10 9 23 99 88.02 2.71 0.75 RADON BARRIER 
002 003 10-12 11 21.6 99 91.82 2.73 0.92 RADON BARRIER 
OOJ 003 14-16 15 23.3 99.5 69.85 2.75 1.25 RADON BARRIER 
OOJ 003 16-19 17 2M 89.5 73.7~ 2.7~ 1.~2 RADON BARRIER 
~ 003 18-2~ 21 25.2 96.8 89.26 2.76 1.75 7.9E-oB RADON BARRIER 
005 003 JD-J6 33 20 102.3 81.63 2.H 2.75 RADON BARRIER 
006 003 42-~ 45 26.1 98.~ 97." 2.73 3.75 RADON BARRIER 
.007 003 48-5~ 51 2~.7 89.5 7~.~ 2.H ~.25 RADON BARRIER 
008 003 54-60 57 19.5 10M 85.27 2.71 ~.75 RADON BARRIER 
009 003 66-72 69 21.2 99.7 82.10 2.72 5.75 RADON BARRIER 
010 003 72-78 75 18.9 97.3 70.11 2.69 6.25 RADON BARRIER 
011 003 78-a.. 81 19 103.5 78.82 2.67 6.75 6.8E-Q7 RADON BARRIER 
012 003 a..-9O 97 24.5 87 69.55 2.H 8. a! RADON BARRIER 

002 ~ 6-8 7 2~.~ 95.3 86.21 2.69 0.58 RADON BARRIER 
002 ~ 8-10 9 2~.3 95.3 85.86 2.69 0.75 RADON BARRIER 
002 ~ 10-12 11 25.~ 95.3 88.~ 2.72 0.92 RADON BARRIER 
OOJ ~ 1~-16 15 22.1 99.9 85.11 2.H 1.25 RADON BARRIER 
OOJ 004 16-19 17 22.1 99.9 85.11 2.7~ 1.~2 RADON BARRIER 
~ ~ 18-20 19 2M 101 92.5~ 2.74 1.58 RADON BARRIER 
~ 004 2D-22 21 20.8 101 91.41 2.76 1.75 RAOON BARRIER 
~ ~ 22-24 23 20.2 101 7M7 2.75 1.92 RADON BARRIER 
005 OO~ 2~-3O 27 21.6 100.8 a...57 2.75 2.25 RADON BARRIER 
006 ~ JD-J6 33 24.3 96.1 a...67 2.76 2.75 RADON BARRIER 
008 ~ 42-48 45 19 110.9 94.22 2.n 3.75 2.9E-oB RADON BARRIER 
010 ~ 54-60 57 21.8 103.2 91.98 2.72 4.75 RADON BARRIER 
012 ~ 66-72 69 22.6 101.3 91.00 2.72 5.75 RADON BARRIER 
014 ~ 78-84 91 23.6 98.9 90.57 2.7 6.75 RADON BARRIER 

001 005 2-4 3 26 93.9 87.57 2.72 0.25 RADON BARRIER 
001 005 4-6 5 25 93.9 a...21 2.72 0.42 RADON BARRIER 
002 005 8-10 9 22.4 97.8 83.26 2.71 0.75 RADON BARRIER 
002 005 10-12 11 24.7 97.8 89.58 2.76 0.92 RADON BARRIER 
OOJ 005 12-14 13 30.2 90.6 93.27 2.74 1.a! RADON BARRIER 
OOJ 005 14-16 15 29 90.6 90.32 2.72 1.25 RADON BARRIER 
OOJ 005 11.-18 17 23.2 90.6 72.56 2.71 1.42 RADON BARRIER 
005 005 24-30 27 24.8 93.4 83.30 2.7 2.25 RADON BARRIER 
006 005 JD-J6 33 41 n.' 93.14 2.74 2.75 RADON BARRIER 
008 005 42-411 45 1M 1IX1.9 78.21 2.7 3.75 RADON BARRIER 
010 005 54-60 57 21.1 106.3 96.78 2.71 4.75 4.2E-III RADON BARRIER 
012 005 61.-72 69 19.9 99.9 76.25 2.75 5.75 RADON BARRIER 
014 005 78-84 81 25.7 94.2 86.79 2.73 6.75 RADON BARRIER 

002 006 8-10 9 19.9 103.3 a...17 2.72 0.75 RADON BARRIER 
002 006 10-12 11 20.1 103.3 a...54 2.73 0.92 RADON BARRIER 
003 006 14-16 15 18.6 66.7! 2.75 1.25 RADON BARRIER 
003 006 16-18 17 19.2 67.91 2.78 1.42 RADON BARRIER 



COVER ttOlSTVRE STUDY EiEOTEClfiICAI. DIITA (10/31/88) 

1m 00b 18-24 21 18.4 m.6 66.42 2.76 1.75 RADON !ARRIER 
005 00b 24-30 27 20.1 '18.8 7J.93 2.78 2.25 RADON !ARRIER 
00b 00b »-36 JJ 21.1 99.5 7'1.68 2.76 2.75 RADON !ARRIER 
OOB 006 4H8 45 27 93.2 86.7'1 2.7'1 3.75 RADON !ARRIER 
009 00b 4B-54 51 21.1 101.2 8MI 2.75 4.25 RADON !ARRIER 
010 006 54-60 57 23.6 84.24 2.76 4.75 RADON !ARRIER 
011 00b 6H6 63 22.9 '18.6 83.44 2.7'1 5.25 RADON !ARRIER 
012 00b 66-72 69 23.7 96.7 84.54 2.74 5.75 RADON !ARRIER 
013 006 72-78 75 23.4 m.5 83.10 2.79, 6.25 RADON !ARRIER 
014 00b 7B-B4 81 21.5 96.8 76.88 2.74 6.75 RADON BARRIER 
016 00b 9IJ-96 93 21.3 94.5 73.12 2.71 7.75 RADON !ARRIER 
017 006 96-102 99 22.8 93.7 76.7B 2.71 8.25 RADON BARRIER 
018 00b 102-108 lOS 22.2 73.3 45.n 2.73 8.75 RADON !ARRIER 

a..IVE RADON BARRIER PERCENT DRY !I.lK PERCENT 6RA\N 
AVERAGES: ttOlSTURE DENSITY SATURA1I~ DENSITY KSAT 

BY NT (U/FTJ) (G/CIG) ( Clt/S) 

22.7758620 97.1272727 82.0343940 2.735 9.DE-OO 

a..IVE TAILINGS DIITA: 

AVERAGE PERCENT DRY BlU( PERCENT GRAIN DEPTH 
SA/IPlE HOLE DEPTH depth ttOlSTURE DENSITY SA TURA1ION DENSITY INTO R.i. KSAT IlATERIAI. 
NO. NO. (INCI£S) (INCI£S) BY NT (U/FTJ) (6/00) (FEET) (Clt/S) 

016 1m '10-96 93 21.8 100.2 84.13 2.75 7.75 TAILINGS 
018 1m 102-108 lOS IB.6 97.4 67.14 2.75 B.75 TAILINGS 
016 005 '10-96 93 26 67 45.48 2.78 7.75 TAILINGS 
018 005 102-108 lOS 16.5 110.5 76.29 2.87 8.75 TAILINGS 
019 00b 108-114 III 18.3 100.9 72.58 2.73 9.25 TAILINGS 
D2D 00b 114-120 117 16.7 bO.n 2.72 9.75 TAILINGS 
0J4 006 504-510 507 16.2 110 78.05 2.78 42.25 TAILINGS 
0J5 006 SID-SI6 513 42.8 55.6 56.61 2.73 42.75 TAILINGS 

a..lVE TAILINGS PERCENT DRY !I.lK PERCENT GRAIN 
AVERAGES ttOlSTURE DENSITY SATURA 11 ON DENSITY 

IY NT (U/FTJ) (6/00) 

22.1125 91.6571428 67.6329673 2.76375 



ClI~ FOWDATION DATAl 

--= 
Al/ERAG: PERCENT DRY Bt.lK PERCENT GRAIII IlEPTII 

SAI1PLf HOlE DEPTH depth IIOISTURE DENSITY SATURATION DENSITY INTO R.I. KSAT 
NO. NO. ( INCI£S) ( INCI£S) BY lIT (LJ/FTJ) (G/oo) (FEET) (CII/S) 

023 003 m-4IlO m 19.3 IOU 82.86 2.75 39.75 FOIJlDA TI 011 
O2~ 003 4811-485 m.5 25.8 96.8 91.82 2.75 W.21 FOI.tiDA TI 011 
025 003 48H92 4B9 15.7 101.9 6UB 2.7 W.75 FOIMDATIOII 
026 003 492-~98 495 29.9 85.7 78.17 2.79 ~1.25 FotHlATIOII 
D3b rob 516-522 519 26.7 87 74.68 2.78 43.25 FOIMDATlOII 
D37 rob 522-529 525 W.~ n.7 90.85 2.79 ~3. 75 FotHlATIOII 
027 003 498-504 501 33.3 83.9 86.71 2.78 ~1.75 2. JE-Gb FotHlATIOII 

ClI~ FOUNDATION PERCENT DRY Bt.lK PERCENT GRAIN 
Al/ERAGES IIOISTURE DENSITY SA TURATI 011 DENSITY KSAT 

BY lIT (LJ/FTJ) (6/00) (CII/S) 

27.1571~29 91.08571~2 81.~2~7381 2.7629571~ 2.JE-06 



COVER ItOISTURE STUDY 1iE000ClfUCN.. DATA (10/31/88) 

BURREL RADON !ARRIER DATA: 

BURRELL BURRELL BURRELL BURRELL BURRELL BURRELL 

AVERAGE DEPlli PERCENT DRY BtU< PERCENT GRAIN RELATIVE 
SNfPlE t«lI.£ DEPlli INTERVAl. ItOISTURE DENSITY SATURATION DENSITY DEPlli KSAT KATERIAI. 
NO. NO. (FEET) (FEET) BY lIT (Ulm) (G/OO) (FFET) ( CII/S) 

001 205 0.625 0.5-.75 0.2 1.01 -0.88 FILTER LAYER 
003 205 2.25 2.0-2.5 18.4 112.1 94.05 2.n 0.75 RADON !ARRIER 
004 205 2.75 2.5-3.0 . 17.7 112.4 89.97 2.79 : 1.25 RADON !ARRIER 
005 205 3.25 3.0-3.5 16.7 110.6 82.72 2.76 1.75 RADON !ARRIER 
00b 205 3.75 3.5-4.0 17.6 110.2 84.69 2.79 2.25 RADON !ARRIER 
007 205 4.25 4.0-4.5 17.6 110.5 80.96 2.76 2.75 RADON !ARRIER 

001 20b 1.25 1.0-1.5 1.4 7.00 -0.25 FILTER LAYER 
002 20b 2.25 2.0-2.5 15.2 116.8 80.45 2.79 O. 75 RADON !ARRIER 
003 20b 2.75 2.5-3.0 16.3 81.74 2.79 1.25 RADON !ARRIER 
004 20b 3.25 3.0-3.5 19 108.9 87.50 2.81 1.75 RADON !ARRIER 
005 20b 3.75 3.5-4.0 16.6 112 84.M 2.n 2.25 RADON !ARRIER 

BURRELL PERCENT DRY BtU< PERCENT GRAIN 
RADON !ARRIER ItOISTURE DENSITY SATURATION DENSITY DEPTH 
AVERAGES: BY lIT (Ulm) (G/OO) (FEET> 

17.1875 111.803333 80.3816132 2.782 1.625 






