
CERTAiN DATA
CONTAINEDIN THIS
DOCUMENTMAYBE
DIFFICULTTOREAD

IN MICROFICHE
PRODUCTS.



I
I DOE/UMTRA--400656

I DE91 005816

I MOISTURE CONTENTSAND UNSATURATEDCONDITIONS
IN UMTRAPROJECTRADONBARRIERS

I
I
I
I January 1989

I
I
I
I DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

I Government. Neither the United States G_vernment nor any agency thereof, nor any of theiremployees, makes any wnrranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, c)mpleteness, or usefulness of any information, apparatus, product, or
process disclosed, or replesents that its use would not infringe privately owned rights. Refer-

I ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or retlect those of the

I United States Government or any agency thereof.

I U.S. Department of EnergyUMTRAProject Office
Albuquerque Operations Office

i Albuquerque, New Mexico

I OISTRIBUTiO_!OFT._S_I_JJ.ME_.I.IS.U_.LI_I._,.



I
|

MOISTURECONTENTSANDUNSATURATED

I CONDITIONSIN UMTRAPROJECT -RADONBARRIERS

I ABSTRACT

I A typical Uranium Mill Tailings Remedial Action (UMTRA)Projectdisposal facility consists of uranium tailings and other contaminated
materials covered by a three to six foot thick radon barrier and six

I 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 applicab'le to the UMTRAProject (40 CFR

i 192), groundwater concentration limits of hazardous constituents cannot beexceeded at the point of compliance, which is the downgradient limit of
the waste management area. The typical radon barrier has a saturated
hydraulic conductivity of approximately I X 10.7 centimeters per second

I (cm/s). Operational hydraulic conductivities, however, may be severalorders of magnitude lower if the radon barrier is unsaturated. Long-term
seepage rates from a disposal facility with an unsaturated radon barrier

I 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

I barriers at three UMTRA facilities that have beenProject disposal
completed for up to two years. The disposal facility at Shiprock, New
Mexico, was instrumented to continuously monitor soil tension and moisture

I contents. Results of the field studies indicate that moisture contentsin the radon barriers range from 82 to 86 percent saturation, which is
slightly less than the placement moisture content during construction.

i Seepage rates through the radon barrier calculated using unsaturatedhydraulic conductivities from_ soil core data and a hydraulicgradient of
unity are approximatelyI X 10.9 cm/s or less.

I lt is qualitatively predictable that typical UMTRAProject coverswill function similarly in similar climatic environments. Presently,
typical covers have been completed at the Shiprock, Clive, and Burrell

I sites, and they are planned or under constructionat 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

i regions and have comparable precipitation and potential evaporation. Thelow 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

I barrier is held there until it is evaporatedthrough the filter layer andthe erosion protection riprap. This design prevents the radon barrier
from becoming saturated and assures that the radon barriers in typical

I UMTRA Project disposal facilities will operate at unsaturatedhydraulicconductivities of I X 10-9 cm/s or less. The design of the typical
UMTRA Project covers can be furtheroptimizedto assure that the radon

i barriers operate under unsaturated conditions.
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I ].C INTRODUCTION

I -Compliance with the proposed U.S. Environmental Protection Agency
(EPA) groundwater protection standards (40 CFR 192) at most Uranium Mill

I Tailings Remedial Action (UMTRA) Project disposal facilities involvesdemonstrating 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

I usually involves calculating the rate from the tailings disposal
seepage

cell and modeling resultant conci_.ntrations of contaminants in groundwater.

i .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

i erosion protection riprap (Figure 1.1). The typical radon barrier,especially one designed prior to the proposed EPA groundwater protection
stagdards has a saturated hydraulic conductivity of approximately I X
10"" centimeters per second (cre/s). The filter layer usually consists

I of a sand with a hydraulic conductivity of 0,001 to 0.01 cm/s and isdesigned to separate the erosion protection riprap from the radon barrier
during construction, to protect the radon barrier from erosion, and to

i facilitate drainage off the radon barrier. During construction of thedisposal cell, water is sometimes added to the tailings and radon barrier
to achieve a design compaction and moisture contents.

I Seepage rates through the radon barrierat
a disposal facility are

equal to the product of the hydraulicconductivity(a functionof the
moisture content) and the hydraulicgradient. If moisturecontents in a

I homogeneous material are vertically uniform, the hydraulic gradient i_unity. However, using the saturated hydraulic conductivity of I X 10-
Cm/s in the radon barrier for the purpose of calculating seepage rates is

i highly conservative and in some cases precludes demonstrating compliancewith 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

I unsaturated.

A literature review was performed to determine if infiltration

I studies had been conducted on rock covers that were similar to the typicalUMTRA Project covers. Because no full scale infiltration studies have
been conducted on rock covers, investigations were initiated at three

i UMTRA Project sites where remediation of abandoned tailings piles has beencompleted 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

I infiltration into the underlying tailings. Soil cores were obtained fromthe Shiprock, New Mexico, Clive, Utah, and Burrell, Pennsylvania UMTRA
Project sites to determine the percent saturation and unsaturated flow

I characteristics of the radon barrier. The Shiprock disposal facility wasinstrumented to continuously measure soil tension and moisture contents

I
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within the components of the cover. An attempt to provide a long-term

I perspective on the movement of moisture and changes in -the percentsaturation within low hydraulic conductivity materials in arid climates
was made by examining soil core data from several small dams in New

I Mexico.

I 1.1 STUDYOF EXlSTING TYPICAL UMTRAPROJECTCOVERS
Three previously constructed disposal facilities were selected

for field studies of cover moisture conditions. The Shiprock (New

I 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

i two years ago, and Clive is now at completion (though portions of thecover 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

I precipitation is approximately 44 inches. Each of these facilitieshas the typical cover, although their radon barriers vary in
thickness from three feet at Burrell to seven feet at Shiprock and

I Clive.

i 1.2 METHODSAND INSTRUMENTATION
Samples of the radon barrier were collected at each site to

determine the percent saturation and the relation of moisture content

I to soil tension, and to predict the relation of hydraulicconductivity to moisture content. The Shiprock disposal facility was
instrumented with a weather station to measure climatic parameters,

I and with monitoring equipment to measure moisture contents, soiltensions, temperature, and heat flux in the different components of
the cover. Borehole and instrument station locations on the Shiprock

I 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

I uppermost tailings. Soil borings were advanced into the radonbarrier at Burrell using a hand-driven California sampler. Boring
locations were selected to provide infor_ation on the variability in

I percent saturation in the covers of the disposal facilities.Brass-ring samples were L_llected at all sites, and a CMEsampler was
used to collect additional samples at Shiprock. Following drilling,
all boreholes were backfilled with cuttings and grouted to ground

I surface. The soil samples analyzed ASTMmethods for
were using

moisture content by weight, dry bulk density, particle density and
grain size distribution, saturated hydraulic conductivity, the

I relation of moisture content to soil tension, and Atterberg limits,

!
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The filter layer and radon barrier at the Shiprock disposal

I facility were instrumented for continuous monitoring of s6il moistureand soil tension. Tensiometers and gypsum blocks were installed at
three substations and two instrument stations on the disposal

I facility. These instrumentswere installedin the filter layer andto depths of 48 inches into the radon barrier. Tensiometerswere
equipped with transducers at Station I and data were recorded

i electronically with a data logger.Elsewhere,the tensiometerswerefitted with Bourdon gages and soil tensionswere recordedmanually.
Instrumentation at Station I is shown on Figure 1.3. An evaporation
pan was placed beneath the riprap for several days to directly

I measure evaporation through the riprap. Microlysimetry was alsoconducted in the filter layer to measure evaporation from the filter
sand.

I 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

I profile of each hole for moisture content analyses to verify theneutron probe logging results. Neutron probe calibration was done by
remolding radon barrier materials to design specifications in a steel

I cylinder aild calibrating the probe to a wide range of moisturecontents. Neutron logging has been conducted by Dan Stevens &
Associates on a bimonthly basis to assess the movement of any wetting

II fronts within the radon barrier.
Meteorological information was recorded by the data logger. A

tipping-bucket raingauge, anemometer, four thermal probes,two heat

I flux plates, two psychrometers, and a net-radiometer were used tomeasure precipitation, wind, temperature, heat flux, relative
humidity, and solar radiation, respectively.

I
|
I
I
I
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I
2.0 RESULTSFROMTHE STUDYOF 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 sampleswere collectedin July 1988. Soil characteristicsdata forthe three radon barriers are presented in AttachmentA. Samplesfrom the
Shiprock and Clive radon barrieFsaveraged84 and 82 percentsaturation,

respectively, while the Burrell radon barrier averaged 86 percent.Moisture profiles of the core data show that the percent saturationis
relatively constant with depth. Sampleswith low percent saturationat
Shiprock and Clive (Figure2.1) are of tailingsat depths below the radon

I barrier. Observed moisture contents in the radon barrier at Shiprock areslightly less than the percent saturations reported at the time of
placement. This may be the result of drying during placement, rather than

I post-closure drainage of placement moisture from the radon barrier.
Moisture content profiles determined by neutron probe logging at

I Shiprock are presented in Figure 2.3. Periodic neutron logging producestime-related data that allow recognition of wetting or drying fronts. The
neutron probe moisture contentprofiles are consistent with the laboratory
analyses of cores and show that moisture contents are relatively constant

I with depth. Vertically uniform moisture contents in the homogeneous radonbarrier suggest that the hydraulic gradient is unity. Within the upper
foot of the radon barrier, changes in apparent moisture content between

I June 1988 and August-September 1988 are inferred to relate to hydration ofa 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, tile probe will be recalibrated,

I using measurements of moisture content in soil to reflect actual
cores,

moisture contents within the radon barrier.

I Soil tension was measured with tensiometers at two instrument stationsand 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. Hrecipitation events greater than0.1 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

I large precipitation event. The tensiometer data show that water in thefilter layer drains or evaporates within a few days after a major
precipitation event and soil tension then begins to increase until the next

I precipitation event.
At a depth of three inches into the radon baFrier, soil tensions

i responded to wetting of the filter layer after a major precipitation eventon 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

I tension following the precipitation event. However, the immediatedecrease 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

I borehole rather than an immediate change in soil tension propogatingthrough the radon barrier.
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I Figure percent saturation versus depth

2.2 Profiles of

from core samples at Burrell
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i 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

i inches (Figure 2.6) soil tension declined in a tensiometer a_ Station I,but no response is indicated in the tensiometer at Station II.
Tensiometers placed 18 inches or deeper within the radon barrier (Figures

i 2.6 and 2.7) showed no response to the precipitation event.
Because fluctuations in soil tension at six inches, or possibly to 12

i inches, do not propagate downward, evaporation through rock layers is
concluded to be an effective mechanism for removal of cover moisture from
typical UMTRA Project covers in semiarid climates. The rate and depth of
drying following a precipitation event indicate that evaporation losses

i are significant. To estimate potential evaporation, a screenedevaporation pan was installed below the erosion protection riprap at the
level of the filter layer. During a two-day period, a cumulative loss of

i 0.16 inch of water was observed. This measured evaporation rate is anorder 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

i 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.

i Laboratory determinations of percent saturation versus soil tension
in the Shiprock radon barrier are shown on Figure 2.8. The two groups of

i curves, which diverge with respect to soil tension by approximately oneorder of magnitude for the same percent saturation, correspond to two
different methods of sample collectio_. The lower group of curves, which
was generated from tests performed on brass-ring samples, indicates that

i 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

i from tests on CMEsamples, indicates that tensions of 11 to 16 bars shouldoccur at approximately 84 percent saturation. The lower group of curves
is not typical of fine-grained materials, suggesting that these samples
are disturbed.

i The relations of hydraulic conductivity to percent saturation for the
Shiprock and Clive radon barriers (Figure 2.9) were developed using an

i algorithm that calculates "relative" hydraulic conductivity from thelaboratory-measured relation of percent saLuration to soil tension (Van
Genuchten, 1985; Mualem, 1976). The unsaturated hydraulic conductivity is

i then calculated by multiplying the relative hydraulic conductivity by thesaturated hydraulic conductivity. On each figure, the intersect of the
average percent saturation for that site with the average hydraulic

BB conductivity curve indicates the __perational unsaturated conductivity.This is on the order of I X 10 cm/s for Shiprock and I X 10- cm/sl for Clive.

I
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I
i Figure 2.B Relation of percent saturation to soil tension

in the radon barrier at the Shiprock disposal
faci I i ty

i

I
i
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J 2. 9 of hydraulic conductivity to percent saturation for the Shiprock
Figure Relation

and Clive radon barriers
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I 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

I by sampling technique, produced divergent groups curves in
which two of

Figure 2.8. Inspection of the unsaturated hydraulic conductivity curves
for Shiprock shows that the curves generated by the Mualem method for the

I two sample sets collected by a CMEsampler (samples 205 and 206) fallwithin the range of curves generated from the four sample sets collected
using brass rings.

I Conclusions from the Shiprock Field Proqram

Results of the Shiprock field program indicate that soil tension in

I the upper portion of the radon barrier responds to meteorologicalconditions. Temporal fluctuations in soil tension diminish with depth in
the radon barrier, and none are observed below 12 inches. Soil tensions

I change much more rapidly than percent saturation. The propagation of theaverage percent saturation will be very slow because the movement of water
through the radon barrier is restricted by the low unsaturated hydraulic

i conductivity. Generally'

I. Observed percent saturations in the radon barrier at Shiprock are

I slightly less than the placement percent saturation. This may bethe result of drying during placement, when the materials were
exposed to air. There is too much uncertainty in the placement

i data to attribute the reduction in percent saturation topost-closure drainage of moisture from the radon barrier.

2. Tensiometer data from Shiprock suggest that soil tension in the

I upper 12 inches of the radon barrier is influenced by changes insaturation in the filter layer. The filter layer is only
occasionally saturated after large precipitation events. The

I soil tension in the upper radon barrier decreases after largeprecipitation events but soon increases as evaporation takes
place. Moisture profiles from neutron probe data suggest

i moisture contents are relatively constant with time and depthbelow the upper portion of the radon barrier. In no case was a
front of saturation observed to be propagating downward through
the radon barrier.

I 3. The low unsaturated hydraulic conductivity of tile radon barrier
and the relatively uniform moisture distribution suggest that

I changes in moisture content will not propagate below tile top 12inches. Based on the first six months of field data, moisture
that has infiltrated the radon barrier is held within the top ]2

I 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

I unsaturated hydraulic conductivity of the radon barrier at theexisting moisture content. This yields an unsaturated flu_
through the radon barrier at Shiprock of approximately I x ]0 9

i cm/s.

I -]8-
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i 3.0 MO!STUREDATA FROMLONG-ESTABLISHEDSMALLDAMS.

A literature review for data on the long-term movement of moisture

i and percent saturation of covers constructed of materials with lowunsaturated hydraulic conductivities produced information on four small,
earth-fill flood-control dams in New Mexico. The dams range from 15 to 27

i years old. While they were not rock-covered at the time they were studiedby 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

i only occasional heavy runoff.during

Th_ SCS provided data on percent saturation versus depth that had
been collected as a result of concern with surface cracking. Profiles of

i percent saturation for four earth-fill dams are shown on Figure 3.1. In
the dams, the maximumpercent saturation consistently averaged about 80-90

i percent. The maximum percent saturations for each of the dams tend tooccur 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

g result from evaporation; surficial desiccation cracks in the dams appear
to have facilitated evaporation to relatively great depths. The SCS's aim

m in studying the dams was to determine the cause of cracking. After
B ascertaining that the dams were drying near the surface, the SCS remedied

the problem by adding a rock mulch to their upper surfaces,

i Because of differences between the dams at the time of andsampling
typical UMTRA Project cover designs, specifically, that the dams had no
rock mulch on their top surfaces, the comparison of moisture

i characteristics is limited to the observation that these semiarid-zonedams are unsaturated. This is an example of how the low unsaturated
hydraulic conductivity of the cover materials can restrict the downward

i 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.

I
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Figure 3.1 Profiles of percent saturation for four earth-fill dams
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I PERCENT SATURATION VS DEPTH
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4.0 EXPECTEDPERFORMANCEOF TYPICAL COVERSAT SEMIARID SITES

I -
Presently, typical UMTRA Project covers have been completed at the

Shiprock, Clive, and Burrell sites, and are planned or under construction
I at Ambrosia Lake (NM), Green River (UT), Lakeview (OR), Mexican Hat (UT),
II 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
I precipitation and potential evaporation. A summary of site climatological
I characterization data for the UMTRA Projecl sites is presented in Table

4.1.

I The combination of the low unsaturated hydraulic conductivity of theradon barrier and evaporation through the filter layer and erosion
protection riprap is an effective design that prevents the radon barrier

I 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

i barriers in typical covers at sites having climates similar to Shiprock andClive should operate in an unsaturated state.

With respect to sites and climates, radon barriers in typical UMTRA

I 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 ill the design phase or is not completed at

I these sites. In general, these sites are in high altitude, semiaridenvironments that range in elevation from 4,070 to 6,980 feet. The average
annual precipitation is less than ]0 inches and is derived mainly from
short, intense storms. Snowfall comprises only a small percentage of

I annual precipitation. The annual evaporation eyceeds
average pan

precipitation by almost an order of magnitude and the average annual
temperature is high.

I The design of the typical UMTRA Project covers for these sites
incorporates cover geometry, layers, and material characteristics that are

II similar to those of t_e Shiprock disposal 'facility. Commonly, _h_ designattempts to achieve a saturated hydraulic conductivity of I X I 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

I operation of the cover system towards unsaturated conditions and restrictinfiltration through the radon barrier. For instance, the hydraulic
conductivity of the filter layer can be increased, the slope of the filter

I layer increased, and the length of flnw paths through the filter layer tothe edge of the disposal facility can be shortened so that the filter layer
can shed water as quickly as possible. These design modifications would

I decrease the amount of time that the filter layer is saturated, therebyreducing the availability of water to infiltrate the radon barrier. In
some cases the filter layer can be removed without creating an erosion

I
!
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I potential at the interface with the radon barFier. This could further
decrease the length of time to _hed water off the disposal facility,
because flow would occur through large pores in the erosionprotection

I riprap, lt may be possibleto grade the size of the erosienprotectionriprap or filter sand to optimize evaporationfrom the filter sand and
radon barrier. These optimization conceptswill be incorporated,where

I beneficial,into the design of typical UMTRA Projectcovers.
Because of concern whether repeated freeze-thawcycles will increase

i the hydraulic conductivityof unsaturatedradon barriermaterial, designsof typical UMTRA projectcovers will incorporateat 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 disruptedby expansionof

I water in the unsaturated interstices during freezing, there will still bea sufficient thickness of operational radon barrier to restrict
infiltrationto the tailings.

I A typical UMTRA Projectcover on the sideslopesof a disposal cell may
be combinedwith a nearly flat, vegetatedupper surface of a cover at UMTRA
Project sites with higherprecipitation. This design has been proposedfor

I the Cheney Reservoir disposal cell for the tailings at Grand Junction,
Colorado. The rock-coveredsideslopeis expectedto remain unsaturatedin
an environmentwith as much as 12 inchesof annualprecipitation. Site and

I climate-specific modeling of the effectiveness of the vegetation inremoving moisture from the top surface of the piles indicates that water
rarely percolates through the vegetated soil layer to reach the filter

I layer. On the sideslopes, therefore, the filter layer will receive waterfrom 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

I drain rapidly down the steep sideslopes. This greatly reducesthe timewhen water in the filter layer is availablefor infiltrationthroughthe
radon barrier. When this rapid drainage effect is consideredalong with

I the substantial evaporativeremovalof water that has been demonstratedinthe study of the Shiprock cover, it is probablethat the radon barrier
beneath the rock-covered sideslopes will operateunder a low unsaturated
hydraulic conductivity and that infiltrationthrough the radon barrier in

I that portion of the cell will be minimal.disposal

The question of whether typical UMTRAProject covers may operate under

I unsaturated conditions at sites with substantiallyhigher precipitationthan at the Shiprockdisposal site has not been fully resolved. Analysis
of percent saturations of core samples of the radon barrier from the

I Burrell disposal facility suggests that the radon barrier has not becomesaturated since placement. Furthermore, there is no direct evidence that
typical UMTRA Project covers in areas of higher precipitation will be
saturated.

I
!
I
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l COVERMOISTURESTUDYGEOTECHNICALDATA(10/31/88)

i SHIPROCKRADONBARRIERDATA:

SHfPROCK SHIPROCK SHIPROCK SHIPROCK SHIPROCK

AVERAGE PERCENT DRY BULK PERCENT GRAIN DEPTH

SAMPLE BOREHOLEDEPTH DEPTH MOISTURE DENSITY SATURATIONDENSITY INTOR.B, KSAT MATERIAL

I NO. NO. (INCHES) (INCHES) BY WT (LB/FT3) (G/CM3) (FEET) (CM/S)
004 201 60-66 63 13.2 122.5 89.50 2.72 5,25 2,60E-07RADONBARRIER

i 005 201 _-72 69 2.76 RADUNBARRIER
011 201 114-120 117 11.3 122.1 78,20 2.72 9,75 6.90E-07RADONBARRIER

RADONBARRIER

004 202 54.-60 57 12.1 120.6 79.00 2,72 4.75 2,30E-06RADONBARRIER

l 002 203 24-26 25 13,4 2.78 2.08 RADONBARRIER

002 20326-28 27 9.5 2.76 2,25 RADONBARRIER

I 002 203 28-30 29 11.9 2.76 2.42 RADONBARRIER003 20330-32 31 12.9 2.78 2.58 RADONBARRIER

003 203 32-34 33 12,8 2,75 2.75 RADONBARRIER

l 003 20334-_ 35 12,I 2.74 2.92 RADONBARRIER
004 203 42-44 43 14.I 2,74 3.58 RADONBARRIER

004 20344-46 45 14.4 2.78 3.75 RADONBARRIER

004 203 46-48 47 14,5 2,76 3.92 RADONBARRIER

l 005 20348-50 49 12.9 2.73 4.08 RADONBARRIER005 203 50-52 51 12.5 2.70 4,25 RADONBARRIER

005 20352-54 53 13.2 2.73 4,42 RADONBARRIER

l 008 20378-79 ?8.5 13.2 120.8 86.47 2,748 6.54 8.80E-08RADONBARRIER012 203 114-116 115 14.6 2.73 9.58 RA[}ONBARRIER

012 203 116-I18 117 14.5 2,74 9.75 RADONBARRIER

012 203 118-120 124 14.i 2.72 10,33 RADONBARRIER

I 013 203 120-122 121 13.8 2.75 IO,08
RADONBARRIER

013 203 122-124 123 14.I 2.74 10.25 RADONBARRIER

013 203 124-126 125 14.5 2.74 10,42 RADONBARRIER

l 004 20472-74 73 13.8 116.8 81,80 2.72 6,08 6.40E-08RADONBARRIER
005 20478-84 81 RADONBARRIER

l 001 2050-10 5 12.6 120.1 84.45 2.7 0.42 2.4E-07RADONBARF(_'ER
001 205 10-12 11 13.5 120.1 90,48 ,.."7 0.92l RADONBARRIER

001 205 12-14 13 15.2 120.1 101.88 2,7 1.08 RADONBARRIER

I 001 205 14-16 15 13.8 120.1 92.50 2.7 1.25 RADONBARRIER001 205 16-18 17 13.3 120.I 89.14 2.7 1.42 RADONBARRIER

002 20524-40 27 11.4 120.2 77.35 2.69 2.25 RADONBARRIER

002 2053O-36 ,I,3 12.6 120.2 85.49 2.69 2.75 RADONBARRIER002 20536-42 39 12.0 120.2 81.42 2,69 3,25 RADONBARRIER

002 205 42-48 4b 11.8 120.2 80.06 2.69 3.75 RADONBARRIER

002 205 48-54 51 11.9 120,2 80,74 2.69 4.25 RADONBARRIER
001 2060-2 I 12.2 118,3 75.07 2,74 0.08 RADONBARRIER

001 2062-4 3 12.1 118.3 74.46 2.74 0.25 RADONBARRIER

001 2064-6 5 13.0 118.3 80.00 2.74 0.42 RADuNBARRIER001 2066-8 7 11.9 118.3 73.23 2.74 0,58 RADONBARRIER

001 2068-I0 9 13.5 118.3 83,07 2.74 0.75 RADONBARRIER

I 001 206 10-12 Ii 13.0 118.3 80.00 2.74 0._2 RADONBARRIER

l



I COVERMOISTURESTUDYGEOTECHNICALDATA(10/31/88>

SHIPROCKTAILINGSDATA:

AVERAGE PERCENT DRY BULK PERCENT GRAIN DEPTH

SAMPLE BOREH(L_DEPTH DEPTH MOISTURE DENSITY SATURATIONDENSITY INTOR B, K_T MATERIAl.

NO. NO. (INCHES) (INCHES) BY WT (LB/FT3) (G/CM3) (FEET) -(CM/S)

014 203 150-152.4 151.2 21.0 107.4 95.40 2.72 12.60 3.50E-08TAILINGS

I 014 203 158-160 159 2,77 13.25 TAILINGS009 20696-98 97 5.7 128.6 51,49 2.67 8.08 TAILINGS

O09 20698-100 99 9.1 128.6 82.21 2,67 8.25 TAILINGS

l 009 206 100-102 101 12.1 128,6 100,00 2,67 8,42 TAILINGS010 20784-86 85 9.1 119.9 59,56 2.72 7.08 TAILINGS

010 20786-88 87 8.4 119.9 54.98 2.72 7,25 TAILINGS

010 20788-90 89 13,1 119,9 85.74 2.72 7,42 TAILINGS

011 208 102-108 105 22,4 101.9 88.66 2,78 8,75
TAILINGS

SHIPROCK TAILINGS PERCENT DRYBULK PERCENT GRAIN

l AVERAGE DATA MOISTURE DENSITY SATURATIONDENSITY KSATBYWT (LB/FT3) (G/CM3) (CM/S)

I 12.6125 119.3577.25510362.71561181 3,50E-08

!
!

!
!
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i COVERMOISTURESTUDYGEOTECHNICALDATA(10/31/88)

001 206 12-14 13 12.1 118.3 74.46 2.74 1.08 RADONBARRIFR

I 002 206 36-42 39 13.9 117.2 89,64 ._.65 3.25 RADONBARRIER005 206 60-66 63 11.6 123.1 84.96 2.7 5.25 RADONBARRIER

007 206 78-84 81 11.6 124.8 89.49 2.7 6.75 RADONBARRIER

i DD8 206 90-92 91 10.5 96.2 37.73 2.7 7.58 RADONBARRIER
008 206 92-94 93 10.3 96.2 37.01 2,7 7.75- RADO_BARRIER

00B 20694-96 95 6.6 96.2 23.72 2.7 7.92 RADONBARRIER

0(]3 206 42-48 2.74 6.IE-06RADONBARRIER

I 001 2076-8 7 12.2 1228 90.36 2.68 0.5B RADONBARRIER

001 2078-10 9 12.7 122.8 94.07 2.68 0.75 RADONBARRIER

I 001 207 10-12 11 12,6 1228 93.33 2.68 0,92 RADONBARRIER002 207 12-14 13 12.6 1209 84.10 2.73 1,08 RADONBARRIER

002 207 14-16 15 14.8 1209 98,78 2,73 1,25 RADONBARRIER

002 207 16-18 17 13.5 1209 90.10 2.73 1.42 RADONBARRIER

I 12.4 1 81.62 2.72 2.08 RADONBARRIER
003 207 24-26 25 120

003 20726-28 27 12.3 128I 80.96 2.72 2.25 RADONBARRIER

003 207 28-30 2;'9 12.1 1201 79.65 2.72 2.42 RADONBARRIER

I 004 20730-32 31 12.3 123.4 87.41 2.74 2.58 RADONBARRIER004 207 32-34 33 13.1 123.4 93.10 2.74 2.75 RADONBARRIER

004 20734-36 35 12.3 123.4 87.41 2.74 2.92 RAD(INBARRIER

I 0O5 207 42-44 43 14.3 122,3 98,45 2.74 3.58 RADONBARRIER005 20744-46 45 14,9 122,3 102.58 2,74 3,75 RADONBARRIER

005 207 46-48 47 10,9 122,3 75,04 2,74 3.92 RADONBARRIER

006 207 48-50 49 10,8 126,0 82,07 2_75 4,08 RADONBARRIER

I 006 20750-52 51 12,0 126.0 91,18 2.75 4,25
RADONBARRIER

0[]6 207 52-54 53 12.2 126.0 92.70 2.75 4.42 RADONBARRIER

008 20766-68 67 10.3 126,0 81.59 2.71 5.58 RADUNBARRIER

I 008 20768-70 69 11.3 126.0 89.52 2.71 5.75 RADONBARRIER008 20770-72 71 11.1 IL6.0 87.93 2,71 5.92 RADONBARRIER

009 207 78-80 79 14,4 i22.1 103.37 2,69 6,58 RADONBARRIER

I 009 20780-82 81 13.0 122.1 93.32 2.b9 6.75 RADONBARRIER
009 20782-84 83 13.2 122.1 94.75 _._69 6.92 RADONBARRIER

0OI 2086-8 7 9.7 125.8 77.20 2,7 0.58 RADONBARRIER

I 001 2088-10 9 10 125.8 79.58 2.7 0.75 RADONBARRIER001 208 10-12 II IO,l 125.8 80,38 2.7 0.92 RADONBARRIER

002 208 12-14 13 10,6 125.9 84.62 2,7 1,08 RADONBARRIER

i _

002 208 14-16 15 10.5 I__,9 83,82 2.7 1,25 RADONBARRIER

002 208 16-18 17 10.9 125.9 87,02 2.7 1,42 RADONBARRIER

003 20824-30 27 11,6 121.2 78.09 2.73 2.25 2.8E-06RADONBARRIER

i (]04 20830--36 33 11.8 124.2 88.45 2.71 2.75 RADONBARRIER
005 20842-48 45 12.3 122,2 85.22 2.73 3.75 RADONBARRIER

007 20860-66 63 13 123.6 95.69 2,71 5,25 RADONBARRIER

009 208 78-84 81 12.7 118 83.08 2.66 6.75 RADONBARRIER

I 010 20884'_90 87 11.8 123.3 86.95 2.7 7.25 RADONBARRIER

I SHIPROCKRADON PERCENT DRYBULK PERCENT GRAIN_RRIER AVERAGES MOISTURE DENSITY SATURATIONDENSITY KSAT

BY WT (LB/FT3) (G/CM3) (CM/S)

I 12.4493670120.70677983.55633272.72050632
5.6E-07

I

I
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I
COVERMOISTURESTUDYGEOTECHNICALDATA(10/31/88)

I CLIVERADONBARRIERDATA:

I CLI VE CLIVE CLI VE CLI VE CLI VE - CLIVE

AVERAGE PERCENT DRYBULK PERCENT GRAIN DEPTH

I SAMPLE HOLE DEPTH depth MOISTURE DENSITY SATURATIONDENSITY INTOR,B, KSAT MAIERIALNO. NO, (INCHES) (INCHES) BY WT (LB/FT3) (G/CM3) (FEET) (CM/S)

I DOl 003 2-6 4 15.6 110,8 78,18 2.75 D,33 RADONBARRIER
0O2 OB3 8-10 9 23 99 88,02 2.71 0.75 RADONBARRIER

0O2 003 IO-12 11 21,6 99 81.82 2,73 0,92 RADONBARRIER

003 003 14-16 15 23,3 89,5 69,85 2,75 1,25 RADONBARRIER

I 003 003 16-18 17 24,5 89,5 73,74 2,74 1,42 RADONBARRIER004 O03 18-24 21 25,2 96.8 89.26 2,76 I,75 7.9E-O8RADONBARRIER

005 003 30-36 33 20 102,3 8I.63 2.74 2,75 RADONBARRIER

i 006 003 42-48 45 26,I 98,4 Q7,44 2,73 3,75 RADONBARRIER007 003 48-54 51 24.7 89,5 74,34 2.74 4,25 RADONBARRIER

008 003 54-60 57 19.5 IO4,4 85,27 2,71 4.75 RAD(INBARRIER

i 009 003 66-72 69 21.2 99.7 82,10 2.72 5.75 RADONBARRIER
010 003 72-78 75 18.9 97,3 70,II 2.69 6.25 RADONBARRIER

011 003 78-84 81 18 103,5 78.82 2,67 6,75 6,8E-07RADONBARRIER

012 003 84-90 97 24.5 87 69.55 2.74 8.08 RADONBARRIER

I 002 004 6-8 7 24,4 95,3 86,21 2.69 O,SB RADONBARRIER

802 004 8-I0 9 24,3 95.3 85,86 2.69 0.75 RADON BARRIER

I 002 004 10-12 Ii 25.4 95,3 88,46 2,72 0,92 RADONBARRIER003 004 14-16 15 22,1 99,9 85.11 2,74 1.25 RADONBARRIER

003 004 16-18 17 22,1 99.9 85.11 2,74 1,42 RADONBARRIER

004 004 18-20 19 23,4 lOi 9;z,54 2.74 I,58 RADONBARRIER

I " _ "r'_

804 004 zO _._ 21 20.8 101 81,41 -,_'76 1,75 RADONBARRIER

004 004 22-24 23 _.0,_ 101 79,47 75 I,92 RADONBARRIER

005 004 24-30 27 21.6 100,8 84,57 2,75 2,25 RADONBARRIER

I 006 004 30-36 33 24,3 96,I 84,67 2,76 2,75 RADONBARRIER008 004 42-48 45 19 110.9 94.22 2,77 3,75 2,9E-08RADONBARRIER

010 004 54-60 57 21,8 103.2 91.98 2,72 4,75 RADONBARRIER

I 012 004 66-72 69 22,6 101,3 91.00 2,72 5,75 RADuNBARRIER014 004 78-84 81 23,6 98,9 90,57 2,7 6,75 RADONBARRIER

001 005 2-4 3 26 93.9 87.57 2,72 0,25 RADONBARRIER

I O{]l 0115 4-6 5 25 93,9 84,21 2.72 0,42 RADONBARRIER002 005 8-10 9 22.4 97,8 83,26 2,7] 0.75 RADONBARRIER

002 005 10-12 11 24.7 97.8 89.58 2,76 0,92 RADONBARRIER

I 003 005 12-14 13 30,2 90,6 93.27 2.74 1,08 RADONBARRIER003 005 14-16 15 29 90.6 90,32 2.72 1.25 RADONBARRIER

O03 005 16-18 17 23.2 98.6 72,56 2,71 1.42 RADONBARRIER

i 005 0(]5 24-30 27 24.8 93,4 83.30 2.7 2.25 RADONBARRIER
O06 005 30-36 33 41 77,5 93,14 2.74 2,75 RADONBARRIER

008 005 42-48 45 19,4 100.9 78,21 2.7 3.75 RADONBARRIER

010 005 54-60 57 21,1 106,3 96.78 2.71 4.75 4,2E-08RADONBARRIER

I 012 DO5 66-72 69 19,9 99,9 76,25 2,75 5.75 RADONBARRIER014 005 78-84 81 25,7 94,2 86,79 2.73 6.75 RADONBARRIER

I 002 006 8-I0 9 i9,9 i03,3 84.17 2,72 0.75 RADONBARRIER002 006 10-12 11 20,I I03,3 84,54 2,73 0,92 RADONBARRIEr,'

003 006 14-16 15 18,o 66.71 2.75 I,25 RADONBARRIER

i 003 O06 16-18 17 19,2 67,91 2.78 I.42 RADONBARRIER



I
COVERMOISTURESTUDYGEOTECHNICALDATA(10131/88)

I
004 006 18-24 21 18,4 97,6 66,42 2,76 1.75 RADONBARRIER

I 005 006 24-30 27 20,I 98,8 73,93 2,78 2,25 RADONBARRIER806 006 30-36 33 21.I 99,5 79.68 2.76 2,75" RADONBARRIER

008 006 42-48 45 27 93,_',. 86,79 2,79 3,75 RADONBARRIER

009 006 48-54 51 21.I 101.2 83,41 2,75 4,25 RADONBARRIER

I 01O 006 54-60 57 23,6 84,24 2,76 4,75
RADONBARRIER

011 006 60-66 63 22,9 98,6 83,44 2.79 5,25 RADONBARRIER
r j -,012 006 66-72 69 ,.3,7 96,7 84,54 _'74 5,75 RADONBARRIER

I 013 006 72-78 75 23,4 97°5 83,10 2,79 6,25 RADONBARRIER014 006 78-84 81 21,5 96,8 76,88 2,74 6,75 RADONBARRIER

016 006 90-96 93 21,3 94.5 73,12 2,71 7,75 RADONBARRIER

i 017 006 96-102 99 22,8 93,7 76,78 2,71 8,25 RADONBARRIER
018 006 102-108 105 22,2 73.3 45.77 2,73 8,75 RADONBARRIER

..... _----...,

I CLIVE RADONBARRIER PERCENT DRY BULK PERCENT GRAINAVERAGES: MOISTURE DENSITY SATURATIONDENSITY KSAT

BY WT (LB/FT3) (G/CM3) (CM/S)

I 22,775862097,127272782,0343940 2,735 9,OE-08

I
I CLIVETAILINGSDATA:

I AVERAGE PERCENT DRY BULK PERCENT GRAIN DEPTH
SAMPLE HOLE DEPTH dep(h MOISTURE DENSITY SATURATIONDENSITY INTOR,B, KSAT MATERIAL
NO, NO, (INCHES) (INCHES) BYWT (LB/FT3) (G/CM3) (FEET) (CM/S!

I 016 004 90-96 93 21.8 100.2 84,13 2,75 7,75 TAILINGS

018 004 102-108 105 18,6 97.4 67.14 2.75 8.75 TAILINGS

I 016 005 90-96 _3 26 67 45.48 2.78 , 7,75 TAILINGS018 005 102-108 105 16.5 110,5 76,29 ,..87 8,75 TAILINGS

019 006 108-114 111 18.3 I00,9 72.58 2.73 9.25 TAILINGS

I 020 006 114-12O 117 16,7 6O,77 2,72 9,75 TAILINGS034 006 504-510 507 16,2 110 78,05 2,78 42,25 TAILINGS

035 006 510-516 513 42,8 55.6 56.61 2.73 42.75 TAILINGS

I CLIVE TAILINGS PERCENT DRY BULK PERCENT GRAIN

AVERAGES MOISTURE DENSITY SATURATIONDENSITY

I BY WT (LBIFT3) (GICM3)
22.112591.657142867,6329673 2.76375

I
!



I
COVERMOISTURESTUDYGEOTECHNICALDATA(I0/31188)

I BURRELRADONBARRIERDATA_

I BURRELL BURRELL BURRELL BURRELL BURRELL - BURRELL
AVERAGE DEPTH PERCENT DRYBULK PERCENT GRAIN RELATIVE

i SAMPLE HOLE DEPTH INTERVAL MOISTURE DENSITY SATURATIONDENSITY DEPTH KSAT MATERIAL
NO, NO, (FEET) (FEET) BY WT (LB/FT3) (G/CMZI) (FFET) (CM/S)

OOl 205 0,6250,5-,75 0,2 l,Ol -0,88 FILTERLAYER

I DD3 205 2.252,0-2,5 18,4 112,1 94,05 2,77 D,75 RADONBARRIER004 205 2,752,5-3,0 17,7 112,4 89,97 2,79 J,25 RADONBARRIER

005 205 3,253,O-3,5 16,7 11O,6 82,72 2,76 1,75 RADONBARRIER

I DO6 205 3,753,5-4,0 17,6 II0,2 84,69 2,79 2,2_ RADONBARRIER007 205 4,254.0-4.5 17,6 110,5 86,96 2,76 2,75 RADONBARRIER

001 2O6 1.251.0-1,5 1,4 7,06 -O,25 FILTERLAYER

I 002 206 2,_ 2,0-2,5 15.2 116,8 86,45 2,79 0,75
RADONBARRIER

003 206 2.752,5-3,0 16,3 81,74 2,79 1,25 RADONBARRIER

004 206 3,253,0-3,5 19 108,9 87,50 2,81 1,75 RADONBARRIER

I 005 206 3,753,5-4,O 16,6 112 84,64 2,77 ",.,_..,"_ RADONBA_IRIER

I BURRELL PERCENT DRY BUI.IiPERCENT GRAIN
RADONBARRIER M(U._TUREDENSITY SATURATIONDENSITY DEPTH

AVERAGES: B_ WT (LB/FT3) (G/CM3) (FEEl)

I 17,1875]1I,863.]3386,:1816]32 2,782 I,625

I

I

I

I

I
I

I

I
I



I CLIVE FOUNDATION DATA:

I AVERAGE PERCENT DRY BULl( PERCENT GRAIN DEPTHSAMPLE HOLE DEPTH depth MOISTURE DENSITY SATURATIONDENSITY INTOR,B, KSAT
NO, NO, (INCHES) (INCHES) BY WT (LB/FT3) (GICM3) (FEET) (CM/S)

i ,023 003 474-480 477 19,3 104,6 82,86 2,75 39,75" FOUNDAT10S

024 DD3 48D-485 482,5 25,8 96,B 91,82 2,79 40,21 FOUNDATION

i 025 DO3 486-492 489 1.5,7 I01,9 64,88 2,7 4O,75 FOUND_IT1ON
026 D03 492-498 495 ,-8,9 85,7 78,17 2,79 41,25 FOUNDATION

036 006 516-522 519 26,7 87 74,68 2,78 43,25 FOUNDATION

037 006 522-528 525 40,4 77,7 90,85 2,79 43,75 FOUNDAII('N

I 027 O03 498-504 501 33,3 83,9 86,71 2,78 41,75 2,3E-06FOUNDAT10N

i CLIVE FOUNDATION PERCENT DRYBULl( PERCENT GRAINAVERAGES MOISTURE DENSITY SATURATIONDENSITY KSAT

BY WT (LB/FT3) (GICM3) (CM/S)

I 27,157142891,O85714281,42473812,76285714 2,3E-06
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