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Sediment Properties and Water Movement Through
Shallow Unsaturated Alluvium at an Arid Site for
Disposal of Low-Level Radioactive Waste Near
Beatty, Nye County, Nevada

By Jeffrey M. Fischer

ABSTRACT

A commercial disposal facility for low-level radioactive waste has been in operation near Beaity,
Nevada, since 1962. The facility is in the arid Amargosa Desert where wastes are buried in trenches
excavated into unsaturated alluvial sediments. Thick unsaturated zones in arid environments offer many
potential advantages for disposal of radioactive wastes, but little is known about the natural movement of
water near such facilities. Thus, a study was begun in 1982 to better define the direction and rates of water
movement through the unsaturated zone in undisturbed sediments near the disposal facility. This report
discusses the analyses of data collected between 1983 and 1988,

Precipitation during the period October 1984 through February 1988 was 326 millimeters, and
measurements of water content of the sediments indicate that the precipitation did not penetrate a depth of
more than 1 meter. Surficial deposits at the study site are a sandy silt with a low hydraulic conductivity.
This deposit acts as a barrier to infiltration of precipitation. In addition, a clean gravel layer beneath the
surficial deposits acts as a capillary barrier and further impedes downward percolation of water.

Thermocouple psychrometers were used t0 measure water (pressure) potentials and temperatures in
the dry alluvial sediments. The psychrometers were installed through 2.5-centimeter-diameter holes drilled
a minimum of 3 meters horizontally outward from a 1.5-meter-diameter vertical shaft. Psychrometers were
installed between depths of 3 and 13 meters below land surface. Thermocouple psychrometers were also
installed in a borehole between depths of 1 and 12 meters below land surface and near-surface
psychrometers were installed in shallow excavations.

Water potentials measured during the study period generally ranged from -5.5 megapascals at a depth
of 1.6 meters below land surface to -3.2 megapascals at a depth of 13 meters. Seasonal variations in water
potentials and temperatures were observed to a depth of about 9 meters. Below a depth of 9 meters,
observed water potentials and temperatures did not vary seasonally. Calculations of water flux indicate little
water movement through interconnected pores, either as liquid or vapor. Depending on the season, water
movement in the upper 9 meters is either upward toward the surface or downward. Between the depths
of 9 and 13 meters, water movement was consistently upward. The rate of liquid water movement through
interconnected pores was estimated to range from 1x10™ to 1x10°9 centimeter per day. This range reflects
the large uncertainty in the estimate of unsaturated grdrauhc conductivity. The rate of water movement
through vapor diffusion generally ranged from 1x10™ to 1x10°® centimeter per day.

The upper 13 meters of sediments at the study site can be divided into three zones on the basis of
water potential, water content, temperature, and sodium-chloride content. The upper zone, from land surface
to a depth of about 2 meters, is subject to rapid changes in water potentials, water contents, and
temperatures in response to precipitation and air-temperature fluctuations. A middle zone, from a depth of
about 2 meters t0 9 meters, is characterized by unchanging water content and seasonal trends in water
potential as vapor moves upward and downward in response to changes in soil temperature. This zone is
also characterized by an accumulation of sodium chloride that may be related to the maximum depth of
water percolation into the sediments. The lower zone, from a depth of about 9 meters to at least 13 meters,
is characterized by relatively unchanging water potentials, water contents, and temperatures. Gradients in
the lower zone indicate that water movement, both as liquid and vapor, is upward.
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INTRODUCTION

The general procedure for disposing low-level radioactive waste (LLRW) in the United States has been
10 bury waste in shallow trenches (Fischer, 1986, p. 1). Typical LLRW is expected to remain hazardous
for about 500 years; thus, the waste needs to be isolated from the environment for a long time. A major
threat to the integrity of waste isolation is the infiltration of precipitation (Richardson, 1962, p. 211; Fischer,
1986, p. S; Schulz and others, 1987, p. 2; Schulz and others, 1988, p. 1; Bedinger, 1989, p. 20).
Radioactive constituents, dissolved and mobilized by water, can lead to contamination of the environment.
Because of the long life of radioactive waste, it is necessary to rely on the hydrogeologic characteristics of
a LLRW disposal facility to limit water contact with the waste (Fischer, 1986, p. 4). Arid sites with a thick
unsaturated zone are believed to minimize the risk of environmental contamination because the amount of
precipitation is low, and little, if any, precipitation is thought to recharge the underlying ground water.
Also, sediments in the thick unsaturated zone are expected to slow contaminant movement by adsorbing
many of the contaminants (Wollenberg and others, 1983, p. 198).

The U.S. Geological Survey has studied most of the commercial LLRW facilities in the Nation. The
purpose of these studies was to evaluate current LLRW facilities and to develop criteria for the selection
of future sites. These studies have taken on added importance since Congress passed the Low-Level
Radioactive Waste Policy Act (PL 96-573) in 1980. In response to the Act, many states are now
considering establishing new LLRW disposal facilities.

The U.S. Geological Survey began studies in 1976 at an arid LLRW disposal facility in the Amargosa
Desert, 17 km southeast of Beatty, Nev. (fig. 1). The studies were designed to determine rates and
directions of water movement through unsaturated sediments and to assess the potential for contaminant
movement. Initial studies at the facility (completed in 1980) concluded that under certain climatic
conditions, high rainfall during periods of low evapotranspiration and high sediment water contents, deep
percolation of water might occur in areas of bare soil (Nichols, 1987, p. 50). A second study that began
in 1982 was designed to define more accurately the rates and direction of water movement through
unsaturated deposits beneath an undisturbed area.

The objectives of this latter study were to:

e Determine factors that influence the timing, rates, and directions of water movement
through the upper 13 m of undisturbed sediments.

e Calculate rates, quantities, and directions of water movement through the unsaturated
zone.

e Further characterize the geology near the LLRW disposal facility.

e Obtain more detailed information on the ground-water flow system beneath the LLRW
disposal facility.

e Collect data on current climatic conditions that can be used in conjunction with long-term
National Weather Service data to estimate the relations between precipitation, evaporation,
and deep percolation.

Because recharge at the site was anticipated to be intermittent and unpredictable--requiring large

amounts of precipitation to occur at times when water contents in the sediments are high and evapotranspira-
tion rates are low--the study was planned to last a minimum of 5 years.
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FIGURE 1.--(A) Location of study site within the Amargosa Desert hydrographic
area, and (B) location of study site in relation to waste-desposal areas.
Hydrographic area from Harrill and others (1988).



Purpose and Scope

This report is a summary of a U.S. Geological Survey study at the LLRW disposal facility from 1983
to 1988. Location, geology, and hydrology are briefly discussed in the first part. Methods for calibrating
and installing thermocouple psychrometers used to measure water potentials and temperatures in the upper
13 m of unsaturated sediments are presented in the second part. Sediment properties of the upper 14 m of
unsaturated sediments are described in the third part of the report and include physical and hydraulic
properties, concentration of salts, and thermal diffusivity. Water movement within the upper 13 m of
unsaturated sediments is discussed in the last part, which also includes a discussion of water potentials and
estimates of liquid-water and water-vapor fluxes.
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Setting of Waste-Disposal Facility

The waste-disposal facility is in the Amargosa Desert, 17 km southeast of Beatty and 170 km north
of Las Vegas, Nev. (fig. 1). The facility encompasses more than 240,000 m?; the eastern half is used for
chemical waste and the western half for low-level radioactive waste. The study site area is outside the
waste-disposal facility near the southwest corner. The study site area encompasses 870 m? and includes
a monitoring shaft, an instrument borehole, three neutron-probe access tubes, and a weather station (fig. 2).

Since 1962, approximately 113,000 m> of LLRW has been buried in shallow trenches at the waste
facility. The size of the trenches has changed over time and ranges from 90 to 240 m long, 2 to 15 m deep,
and up to 35 m wide. The waste consists mostly of dewatered and solidified forms of nontransuranic
byproduct. Waste packaging is not intended to provide containment after burial; the burial itself is
considered sufficient for containment. The current burial procedure consists of stacking waste in layers 3 m
thick and covering each layer with a half meter of backfill. Trenches are not capped but are backfilled to
one-half meter above grade. Backfill consists of an uncompacted mixture of alluvium previously removed
from the trenches. Waste is stacked to within a meter of the land surface.

Geology

The Amargosa Desert is a northwest-trending valley in the Basin and Range Province. It is bounded
by block-faulted mountains composed of lower Paleozoic rocks and Tertiary volcanic rocks. The valley is
formed by normal faulting along the mountain fronts. Moderate to steep sloping alluvial fans have formed
at the foot of the mountains, and the central part of the valley slopes gently to the southeast. The waste-
disposal facility is located in the gently sloping part of the valley about 1 km west of the toe of an alluvial
fan. The valley in this area is 13 km wide.















































































































An estimate was made of the amount of precipitation needed to reverse the observed upward gradient
and produce a downward flux. Infiltration was assumed limited by the saturated hydraulic conductivity of
the surficial deposits of sandy silt (2 cm/d). In addition, the distribution of moisture to a depth of 13 m was
assumed instantaneous. With these assumptions, 8 cm of rain falling over a 4-day period at a constant rate
of 2 cm/d is needed to reverse the observed gradients. Even under these unlikely conditions, downward flux
would probably be less than 102 cm/d. For more realistic conditions of moisture redistribution and with
capillary barriers retarding the wetting front advance, it may take several weeks of constant rainfall for such
a reversal to occur. In addition, high evaporative demand and plant transpiration at the site could be
expected to remove much of the available water in the sediments and again produce upward gradients.
Perhaps the most likely scenario for significant amounts of downward percolation at the study site would
be a large storm during the winter months that eroded the surficial deposits of sandy silt exposing the
gravels below. Under such conditions, infiltration would not be limited by the surficial sandy silt and
considerable percolation might occur through the highly permeable gravels.

Estimates of Water-Vapor Flux

Water vapor can move in response to barometric pressure changes (convection) and in response to
vapor-density gradients (diffusion). Water-vapor convection, although it may be an important factor in
water movement in desert alluvium, is not considered in this report because measurements of subsurface
air-pressures and in situ air-permeabilities were not made during the study. Thus, convective fluxes could
not be calculated. For this reason the following discussion only considers water-vapor diffusion.

Diffusion is fairly independent of sediment texture and depends for the most part on total volume and
tortuosity of interconnected pores. Water-vapor movement can occur both around and through liquid-water
barriers. The diffusion equation for vapor can be written:

q, = -D, %‘3} (14)

where q, = vapor flux, in grams per square centimeter per second;
D, = diffusion coefficicnt for water vapor, in square centimeters per second;
P, = vapor density, in grams per cubic centimeter; and
z = depth, in centimeters.

The diffusion coefficient for water vapor is a function of temperature and pressure, Factors that influence
D, are discussed by Sherwood and others (1975, p. 8-17); however, only minor error is introduced if D,
is considered a constant (Hanks and Ashcroft, 1980, p. 93).

Vapor density (p,) is a function of water potential and temperature. In isothermal systems, water
potential is the force driving water-vapor movement (Hillel, 1982, p. 124-125). When temperature
differences do occur, they cause changes in vapor density that far exceed changes resulting from water-
potential gradients. For example, a change in iemperature of 1°C has nearly the same effect upon vapor
pressure as a water-potential change of 10 MPa (Hillel, 1982, p. 125).

Both water potentials and temperatures were used to calculate water-vapor flux at the study site.
Temperature measurements from TCP’s installed in the monitoring shaft were used for calculating vapor
flux below a depth of 3 m. Temperature measurements from TCP’s installed in the instrument borehole
were used above a depth of 3 m, because no TCP’s were installed above that depth of the monitoring shaft.

The mean temperature in the sediments for 1987 increased slightly with depth (table 4). Above a
depth of 3 m, the mean temperature was generally less than 21°C, whereas below a depth of 10 m, the mean
temperature was generally more than 21.5°C. Mean temperatures for psychrometers installed in the
instrument borehole were slightly greater than those at similar depths in the monitoring shaft. The reason
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for the temperature difference is unknown, but it could be related to the different methods of installation.
However, the general increase in temperature with depth in both the monitoring shaft and the instrument
borehole suggests that the potential for vapor movement is, on the average, slightly upward.

Mean monthly vapor-density gradients were determined for 1987 between selected TCP’s using
monthly averages of the daily water potentials and temperatures. Vapor densities for a given water potential
and temperature were calculated as described by Philip and De Vries (1957, p. 224, eq. 3). Mean monthly
vapor-density gradients for selected depth intervals arc listed in table 5. The uncertainty of the calculated
vapor-density gradient is estimated at 0.6 (g/cm Yem and is based on the uncertainty of the TCP
temperature measurement of £0.2°C. The use of mean monthly temperatures and water potentials to
calculate vapor-density gradients may cause an overestimation or an underestimation depending on the
month, The direction of monthly, vapor-density gradients determined from TCP’s between depths of 1.2
and 9 m varied seasonally during 1987 (1able 5).

Water-vapor flux was calculated using eq. 14, assuming 1 g of water was equal to 1 cm? of water,
the gradients in table 5, and an assumed diffusion coefficient for water vapor of 0.2 cm s (Hanks and
Ashcroft 1980, p. 93). The maximum water-vapor flux calculated was -10~ cm/d (upward) in December
and 10> cm/d (downward) in July between the depths of 1.2 and 1.6 m. The maximum water-vapor flux
was considerably less than 103 cm/d at depths greater than 1.6 m below land surface. Also the maximum
water-vapor flux lagged with depth depending on the time of year (table 5). For example, the maximum
upward vapor flux between the depths of 1.6 and 2.8 m was during January, whereas the maximum upward
vapor flux between the depths of 4 and 5 m was during March, and the maximum between the depths of
8 and 9 m was during June. Times of maximum upward water-vapor flux and maximum downward water-
vapor flux were usually 6 months apart. Water-vapor flux between the depths of 11 and 13 m is in
response to the water-potential gradient, because tem 5perature did not vary significantly. Water-vapor flux
was always upward in this interval and about 5x10™ cm/d.

The monthly water-vapor fluxes were summed to obtain an annual water-vapor flux for each selected
depth interval. At depths between 1.2 and 5 m, annual water-vapor flux was slightly downward and
between depth of 5 and 13 m, the annual flux was shghtly upward. Average annual water-vapor fluxes
were calculated between the depths of3and 4 m (3x10 cm/d downward) Sand 6 m (2x10’ cm/d
upwars) 9and 11 m (2x10 cm/d upward), 11 and 12 m (4x10' cm/d upward), and 12 and 13 m
(5x10™° cm/d upward). These results suggest that water-vapor flux during 1987 was toward a depth of § m.
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SUMMARY AND CONCLUSIONS

A commercial facility for disposal of low-level radioactive wastes is in the Amargosa Desert about
17 km south of Beatty, Nev. Since 1962, approximately 113,000 m> of wastes have been placed in trenches
that range from about 90 to 240 m long, 2 to 15 m deep, and as much as 35 m wide. The trenches have
been excavated into unsaturated sediments consisting mostly of unconsolidated alluvial-fan, debris-flow, and
fluvial deposits composed of a poorly sorted mixture of cobbles, sand, and gravel with minor amounts of
silt and clay. These deposits extend to a depth of 70 to 80 m below land surface. Underlying these
deposits is an areally extensive clay layer about 20 m thick. Alternating layers of sand and silty sand
predominate below the clay layer to a depth of about 125 m and overlie a gravelly sand that extends to a
depth greater than 200 m. Water levels in wells range from a depth of 85 to 115 m below land surface.
The general direction of ground-water flow is to the south-southwest with a gradient of approximately
0.06 m/m,

Thick unsaturated zones in arid environments offer potential advantages for disposal of radioactive
wastes, but little is known about the natural movement of water near such facilities. A study was begun
in 1982 to better define the rates and direction of water movement through the unsaturated deposits in the
vicinity of the disposal facility near Beatty, Nev.--one of the most arid disposal sites in the United States.
This report discusses the analyses of data collected between 1983 and 1988. For this study, a small site
was chosen outside the southwest corner of the waste-disposal facility.

Climate at the study site is characterized by hot summers, cool winters, and little precipitation. Mean
daily temperatures from January 1985 through December 1987 ranged typically between 25 and 34°C in the
summer to between 2 and 15°C in the winter. Maximum summer temperatures approached 45°C and
minimum winter temperatures were between -5 and 5°C. Total precipitation from October 1984 to February
1988 was 326 mm--much of this precipitation fell between the months of November and March, Only six
storms produced precipitation in excess of 25 mm. Both temperature and precipitation measurements were
within the historic norms for the area.

Most of the sediments at the study site are composed of a poorly sorted mixture of sand and gravel
in a fine sand and silt matrix. The surficial deposits are composed of a sandy silt similar in texture and
thickness to that found at the surface of the waste-disposal facility. Downward percolation of precipitation
is impeded by this relatively impermeable layer. Beneath the sandy silt and extending to a depth of 2.2 m
is a moderately sorted cobbly sand and gravel with little silt and clay, which acts as a capillary barrier to
unsaturated flow. Between the depths of about 6 and 8.5 m, the deposits are a moderately sorted coarse
sand underlain by a moderately sorted cobbly sand and gravel to a depth of 9 m. This cobbly sand and
gravel also acts as a capillary barrier to unsaturated flow.

Porosity and bulk density were determined from core samples collected during the drilling of test
holes. Porosxty of the samples ranged from 25 to 43 percent and bulk density ranged from about 1.4 to
18 g/cm Generally, porosities were higher and bulk densities lower for the moderately sorted cobbly sand
and gravel beneath the surficial sandy silt and for the moderately coarse sand and cobbly sand and gravel
between the depths of 6 and 9 m.

Chloride concentrations in the sediments were highest between the depths of 2 and 8 m; maximum
concentrations were measured between the depths of 2 and 4 m below land surface. The distribution of
salts and chloride in the sediments suggests that water from previous precipitation events may have
percolated to a depth between 2 and 8 m but that the infiltrating water was then transpired or the water
continued to move as a vapor, leaving the salts behind.

Water content of the unsaturated sediments was measured using a neutron-moisture probe. Gravimetric
water content between the depths of 1 and 30 m ranged from 4 to 8 percent (0.04 to 0.08 g/g). Higher
water content was observed at depths of about 7, 14, and 25 m, which correspond to zones of finer grained
deposits. Lower water content was observed at depths of about 1.5 and 9 m, which correspond to zones
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of cobbly sand and gravel. The gravimetric water content of the surficial sandy silt ranged from almost air
dry in the summer to 21 percent (0.21 g/g) following precipitation. Redistribution of moisture following
precipitation was not observed below a depth of 1 m.

Saturated hydraulic conductivity was determined from selected core samples using either an air
permeameter or a constant-head permeameter. The hydraulic conductivity of the surficial sandy silt was
determined to be about 2 cm/d. The saturated hydraulic conductivity of six samples collected between the
depths of 0.6 and 7.3 m ranged from 1 to 48 cm/d. Unsaturated hydraulic conductivities were also
determined for the selected core samples at water ponennal of 15 MPa and at estimated field water
potential and water content. The values ranged from 10 10 1020 cmy/d.

Two methods of installing thermocouple psychrometers (TCP’s) were used to determine water
potentials in the sediments during the study. The first method involved installation of a large diameter
(1.52-m) vertical shaft to a depth of 13.7 m below land surface. Horizontal holes 5 cm in diameter were
drilled a minimum of 3 m outward beneath an undisturbed area from prefabricated access ports in the shaft.
A 2.5-cm-diameter pipe made of polyvinyl chloride (PVC) was installed in each horizontal hole and sealed
with a polyurethane foam. A Delrin plug was installed at the end of each pipe. The TCP was then inserted
into the pipe and a matching plug coated with rubber cement was used to seal the end of the TCP from the
pipe and shaft. Psychrometers were installed between the depths of 3 and 13 m below land surface.
Determination of water potentials using this method indicates that reasonable estimates of water potentials
can be obtained beneath an undisturbed area but the method is expensive and may best be suited for long-
term studies. The method could be improved by finding an easier way to isolate the TCP at the end of the
horizontal access tube.

The second method involved installation of TCP’s in a borehole. The borehole was filled with drill
cuttings between the depths of 6 and 12 m. Above the depth of 6 m, thin layers of dry and wet bentonite
were used to seal the hole between TCP’s. The disadvantage to this method is that TCP’s could not be
retrieved for recalibration or replaced. In addition, unexplained anomalies in TCP readings may be caused
by inadequate sealing in the borehole. Perhaps reliable estimates of water potential could be obtained from
TCP’s in a borehole by designing a method for retrieving the TCP's and developing a better technique for
sealing the borehole between TCP's.

Water potentials were most variable near the surface. Water potentials were often beyond the range
of the TCP’s above a depth of 1 m (less than about -7 MPa) but quickly increased to more than 0.5 MPa
following precipitation. Water potentials measured between depths of 3 and 7 m ranged from -3.7 to
-5.5 MPa and varied seasonally. Water potentials between the depths of 9 m and 11.5 m did not vary
seasonally, but have steadily increased since the TCP’s were installed in 1986. Water-potential
measurements at depths of 12 and 13 m in the monitoring shaft have remained stable at -3.7 and -3.2 MPa,
respectively. Water-potential gradients were averaged monthly for selected depth intervals using mean daily
water potentials for 1987, Water-potential gradients varied during the year and were both upward and
downward between the depths of about 2 and 9 m. Gradients below a depth of 9 m were consistently
upward.

Temperatures within the upper 0.6 m of sediments varied diurnally and in response to infiltrating water
following precipitation. Temperatures varied seasonally to a depth of about 8 m. Largest seasonal
variations were observed near the surface and decreased with depth. Temperatures in sediments between
the depths of 9 and 13 m were nearly constant at about 21°C. Maximum and minimum temperatures lagged
in time with depth. The movement of heat through the sediments was estimated from changes in
temperature as a result of seasonal changes in air temperature; the rate of heat flow was estimated 10 be
about 5 cm/d. From seasonal variations in temperature, the thermal diffusivity of the sediments was
estimated to be 0.67 mm /s, indicating the sediments are good thermal conductors.

Water fluxes within the upper 9 m of sediments, both as water vapor and as liquid, were estimated
to be small, of short duration, and of approximately equal rates upward and downward at different times
of the year. Liquid-water fluxes were estimated to range from about 1x10 215 1x107 cm/d. The large
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range in estimated flux is the result of a large uncertainty in the unsaturated hydraulic conductivity. Water-
vapor fluxes (not mcludmg movement as a result of barometric-pressure changes) were estimated to range
from about 1x103 10 1x10°® cm/d. Results from this study imply that water movement in the upper 9 m

at the study site is in approximate equilibrium and water moves from one depth to another in response to
seasonal changes in water potential and temperature.

Between the depths of 9 and 13 m, water potential and temperatures were nearly constant, and water-
potential and vapor-densny §radxcnts were consistently upward. Liquid-water flux was estimated to range
from about 1x102 10 1x10™° cm/d, depending on the value of the unsaturated hydraulic conductivity used
in the estimate. Water-vapor flux was estimated from 2x 10”3 10 5x10~ cm/d on the basis of vapor-density
gradients only.

In summary, the upper 13 m of the unsaturated zone can be divided into upper, middle, and lower
zones on the basis of water potential, water content, temperature, and sodium-chloride content. The upper
zone, from the surface to a depth of about 2 m, is subject to rapid changes in water potentials, water
contents, and temperatures in response to precipitation and air-temperature fluctuations. The middie zone,
from a depth of about 2 m to 9 m, has unchanging water contents but seasonal trends in water potential as
vapor moves upward and downward in response to seasonal temperature trends. This zone may also be the
maximum depth that percolating water reaches, as indicated by the accumulation of sodium chloride in this
interval. The lower zone, from a depth of about 9 m to at least 13 m, is characterized by relatively
unchanging water potential, water-contents, and temperatures. Water-potential and vapor-density gradients
in this zone indicate upward movement of water by liquid-water flow and as water vapor.

Two main factors combine to limit downward percolation of water at the study site. Of primary
importance is the arid climate, which has low precipitation and potentially high evapotranspiration. In
addition, the combination of surficial sandy silt, which limits infiltration, and an underlying gravel, which
acts as a capillary barrier, effectively impedes downward flow. The most likely conditions for downward
percolation of water secem to be either an intense storm that erodes the surficial sandy silt or a long period
of increased precipitation that reverses existing upward gradients.
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