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Dear Mr. Gillen:

In accordance with its letter to NRC of March 11, 2002, International Uranium (USA)
Corporation (“IUSA”) hereby transmits the enclosed report prepared for IUSA by Hydro
Geo Chem, Inc., Evaluation of Potential for Seepage of Constituents Present in Alternate
Feed Materials Into the Ore Storage Pad, White Mesa Uranium Mill Site, Blanding, Utah
(June 28, 2002). The report describes and presents the results of an investigation
performed to evaluate the potential for infiltration into the subsurface of water potentially
containing constituents found in alternate feed materials which may be temporarily
stockpiled on the ore storage pad prior to processing, and the potential for transport of
any dissolved constituents originating from the stockpiled materials into the subsurface
and/or to perched groundwater. The results of this investigation would be applicable to
the Maywood FUSRAP material for which IUSA has requested a license amendment as
well as to other alternate feed materials meeting the soil material types described in the
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report, which IUSA has temporarily stockpiled in the past, is currently stockpiling and
processing, or may stockpile in the future.

Seepage potential was evaluated by conducting a series of field and laboratory tests as
well as sampling and analysis of ore pad materials. These investigations were performed
as outlined in our March 11, 2002 letter to the NRC, and as detailed in the enclosed Work
Plan — Evaluation of Potential for Infiltration into Ore Pad (May 17, 2002). One notable
exception to the Work Plan is that two ring infiltrometer tests (rather than one, as
specified in the Work Plan) were performed, together with numerous density tests at
randomly selected sample locations, to provide additional data regarding physical
properties and the general homogeneity of the ore pad surface.

IUSA hopes that the enclosed report will be useful to the NRC in its review of the
Maywood alternate feed amendment request or amendment requests from IUSA for
similar potential alternate feed materials. Should you have any questions regarding the
information provided, please do not hesitate to contact me at (303) 389-4131.

Sincerely,

Ao il __

Michelle R. Rehmann
Environmental Manager

cc: Ron E. Berg, IUSA
T. Kenneth Miyoshi, [USA
David C. Frydenlund, IUSA
Ron F. Hochstein, IUSA
Tom Rice, Ute Mountain Ute Tribe
Harold R. Roberts, IUSA
William J. Sinclair, UDEQ
R. William von Till, U.S. Nuclear Regulatory Commission
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1. INTRODUCTION

This report describes the methods and presents the results of an investigation performed on
the ore storége pad at the White Mesa Uranium Mill Site located near Blanding, Utah. The purpose
of the investigation was to evaluate: 1) the potential for infiltration into the subsurface of water
containing constituents found in alternate feed materials temporarily storgd on the ofe storage pad
prior to processing, and 2) the potential for transport of any dissolved constituents originating from
the stockpiled materials into the subsurface and eventually to perched groundwater. For purposes
of this evaluation, water potentially infiltrating the ore pad is assumed to origihate as pore waters
contained in the feeds that are displaced by on-site precipitation that infiltrates the temporarily
stockpiled materials and result in seepage iﬁto the underlying surface of the ore pad. Incoming feed
materials are conservatively assumed to be at their “field capacity” moisture content. Feed materials

are stored on the ore pad until enough material is stockpiled for a processing campaign. As aresult,

" the material will be exposed to precipitation for varying periods,Abut typically up to 2 years. The

potential for infiltratibn of precipitation into stockpiled materials and the potential for seepage of
water from these materials was evaluated using HELP3 (Schroeder et al., 1994) using material
properties generally characteristic of materials currently stockpiled and anticipated to be stockpiled

on the site. Materials that may be stockpiled in the near future include the Maywood FUSRAP

material.
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The potential for seepage from the stockpiled materials to pass through the surface of the ore

pad and for any dissolved metals or organic constituents to be transported into the subsurface was

evaluated by conducting a series of field and laboratory tests. These tests were designed to evaluate

the uniformity of the ore storage pad surface with regard to the degree of compaction, and to

characterize the materials comprising the pad with regard to lithologic characteristics, permeability,

and the potential for retardation or immobilization of dissolved organic or metal species that may

be present in infiltrating water. Field tests included:

1)
2)
3)

ring infiltrometer tests,
sand cone density tests, and
in-situ density and moisture content tests using a nuclear test gauge.

Samples of ore pad materials were collected for evaluation of:

D
2)
3)
4)
5)

moisture content,

grain size distribution,

permeability,

paste pH and neutralization capacity, and
organic carbon content.

In-situ density and moisture content measurements using a nuclear test gauge were performed

by Lambert Associates, Durango, Colorado. Other tests and sample collection were performed by

Hydro Geo Chem, Inc. (HGC) personnel with assistance from International Uranium (USA)

Corporation (JUSA) personnel.
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2. SITE DESCRIPTION

The site is located in southeastern Utah, approximately 6 miles south of Blanding.
Precipitation at the site averages less than 11.8 inches, and évapotranspiration exceeds 61 inches

annually. The climate is characterized as dry to arid continental (Titan, 1994).

The site is underlain by approximately 5 to 15 feet of ﬁne—grained soils. These are underlain
by generally low permeability sandstones that extend to depths of approximately 100 to120 feet
below land surface (bls) at the site, and that host a shallow, naturally low quality, perched water
zone. The sandstones are underlain by more than 1,000 feet of very low permeability shales, and
sandstones with interbedded, very low permeability materials, that separate the shallow perched
water from the regional aquifer, located approximately 1,200 feet bls at the site. In the area of the

ore storage pad, depths to the shallow perched water zone are approximately 60 to 70 feet bls at the

present time.

The ore storage pad at the site covers a total area of approximately 13 acres. The pad is
underlain by compacted, mostly fine-grained material. Crushed limestone was reported to have been
incorporated into the pad at the time of construction. The surface of the pad is sloped to promote

drainage and prevent off-site movement of drainage.
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Feed materials for the Mill are temporarily stockpiled on the ore pad until enough materials
are available for a Mill run. The period that materials are stockpiled varies, but is typically about
2 years. Feeds currently stored on site are in piles that typically cover an area of approximately Y
to 1% acres, and often merge. Pile thicknesses vary but may exceed 30 feet in maximum height.
The slopes of the sides of the piles currently on the ore pad vary from approximately 10% to as much

as 45%.

T,
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3. SAMPLE LOCATION AND RATIONALE

In-situ nuclear density tests were performed at the 39 locations shown in Figure 1. These
locations were determined by TUSA based on the use of a random number generator (adjusted when
necessary for accessibility) to assure representative coverage. Locations of ring infiltrometer tests
and Jocations where samples were collected for laboratory analysis are also shown in Figure 1. The

rationale for the basis of sample location selection is described below.

Nuclear density tests were conducted at 39 randomly selected locations over a large areal
extent to provide an estimate of the uniformity of the ore pad surface materials with regard to the
degree of compaction, which affects the permeability of the materials. The permeability of a given
material will be reduced as the material is more highly compacted. Sand cone‘ density tests were
conducted at 5 of the locations (16-15, 18-19, 17-4, 7-4, and 8-10) as an independent test -of
compaction. Samples for labdratory analysis of moisture content, grain size distribution,
permeability (hydraulic conductivity), paste pH, neutralization capacity, and organic carbon content
_ were also collected at these 5 locations. Ring i'nﬁltromgter tests were conducted at 2 of the locations
(16-15 and 8-10) to independently estimate the vertical permeability. Figures 2 through 8 .are

photographs showing field performance of some of the testing procedures.

Assuming the ore pad materials have a relatively uniform lithology (which is a reasonable

assumption based on the results of the testing), the permeability characteristics of materials at
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locations where nuclear density tests were performed but where other tests were not performed can
be inferred based on the correlation between the density measurements and permeability test results

at locations where both were performed.
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4. TEST AND SAMPLE COLLECTION METHODS

The methods used to perform tests and collect and analyze samples during the investigation

are described below.

4.1 Nuclear Density/Moisture Tests

In-field nuclear density and moisture content tests were conducted by Lambert Associates,
Durango, Colorado, using a nuclear density gauge. Tests were conducted based on the methods
described in American Society for Testing of Materials (ASTM) standard methods D2922-96e1 and

D3017-96e1. Test locations are shown in Figure 1.

4.2 Sand Cone Density Tests

Sand cone density tests were performed to estimate wet density generally in accordance with
ASTM Method D1556-00. Testlocations (16-15, 18-19, 17-4, 7-4, and 8-10) are shown in Figure 1.
The sand cone test uses a sand funnel apparatus to determine the wet density. The tests consist of:
1) leveling the soil surface and removing loose soil at the test location; 2) excavating a soil sample
through the center hole of the template to a depth of approximately 4 inches below land surface;
3) removing and weighing all excavated soil; and 4) determining ﬁle weight of the sand required

to fill the excavated area and converting the weight of the soil to volume using the density of the
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calibrated fine-grained sand. The volume contained in the cone.and soil surface template prior to
excévation is determined by weighing the sand required to fill the cone when placed on the template.
The cone dalibration weight is subtracted from the total weight of sand required to fill the hole and
cone to obtain the weight and thus the volume of sand in the hole. The volume of the calibrated sand
is compared with the wet and dry weights of the excavated material to compute wet and dry density

values.
4.3 Ring Infiltrometer Tests

Ring infiltrometer tests were performed at the locations 16-15 and 8-10 as shown in Figure 1.
Each test was conductéd using a 3.5-foot diameter stainless steel ring equipped with a float valve to
maintain a constant water level in the ring, and a graduated supply bottle to measure the rate of water
usage. Water levels were maintained at approximateiy 5inches. The ring at each test location was
inserted as far as possible into the ground surface and the outside of the ring was sealed with
bentonite. The hardness of the surface made insertion difficult and the seal somewhat difficult to
maintain. Some soaking of the ground surface adjacent to the ring indicating leakage was noted
during the tests. Although measures were taken to minimize this leakage by enhancing the bentonite
seal, an undetermined amount of leakage did occur, which will result in unavoidable overestimation

of infiltration rates.
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A concurrent evaporation test was conducted at test location #1 (16-15 on Figure 1) using

a 2-foot diameter stainless steel pan of construction and materials similar to that of the ring. Both

~ thering and the pan are 1 foot in height. Water levels in the pan were measured using a hook gauge

sensitive to approximately '/, o inch. The initial water level in the pan was approximately 5 inches.

The evaporation test data were used to correct for ring water usage resulting from evaporation.

Weather conditions were relatively warm and quite windy durihg performance of both tests.
Each test was started in the morning and allowed to run overnight. This allowed time to approach
“steady state” conditions during the day so that overnight data could be used for the infiltration rate

calculations.

4.4 Sample Collection for Laboratory Analysis

Samples were collected for laboratory analysis of paste pH, neutralization capacity, organic
carbon content, grain-size distribution, permeability, and moisture content at the 5 locations shown
in Figure 1. At each location, a sample was generally collected from the top few inches, and a
sample collected at a depth of 1 to 2 feet below the surface. Samples for analysis of moisture content
were collected from the deeper depths at all locations, but only‘ from the surface at 2 locations (7-4
and 8-10). Samples for analysis of permeability were collected bnly at the surface except at location

8-10, where a sample was also collected at a depth of 2 feet. Excavation for sample collection was

~ generally difficult due to the hard, compacted nature of the materials. Attempts to drive aring-barrel
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sampler into the material were unsuccessful. Excavation for sample collection was typically

performed using a backhoe.

Samples for analysis of moisture content were placed in 4-ounce metal cans, sealed with the
lid, then further sealed with tape to prevent moisture loss. All other samples were sealed in plastic
Ziplock® bags. Each sample was labeled with a date, location, and depth, and placed in a plastic

cooler for transport.

Samples collected for moisture content analysis by ASTM Method D.2716 and grain size

distribution analysis using sieves and a hydrometer for clay content determination based on ASTM
Method D422-63(1990) were shipped to Horizon Labs, in Tucson, Arizona. Samples collected for
neutralization capacity and organic carbon content analysis by US Environmental Protection Agency
(EPA) Methoa 600, and US Department of Agriculture (USDA) Handbook 60 Method Number 24,
were shipped to SVL Analytical, in Kellogg, Idaho. Samples for permeability testing were shipped
to Daniel B. Stephens and Associates, in Albuquerque, New Mexico. A falling head method, as
described in Klute and Dirksen, 1986, was used to determine the saturated hydraulic conductivity
due to the low permeability of the materials. Samples for permeability testing were re-compacted
by the laboratory to the approximate measured field density (or as close as possible) prior to

conducting the tests.
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— Samples for paste pH were analyzed by HGC personnel in Tucson based on the method
presented in Chapter 12.2.6 of McLean, 1982. Approximately 10 grams of air-dried soil was weighed
in a Dixie® cup and approximately 20 grams of distilled water was added to the cup to obtain a 2:1
water to soil ratio. The samples were thoroughly mixed, allowed to stand for 10 minutes aﬁd then the -
paste pH was measured using a pH meter. The pH meter was calibrated and checked every 6 samples

using a pH 7 and pH 10 buffer solution. The pH measurements were made at room temperature.
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5. RESULTS

The results of the field testing and laboratory analysis of samples are provided in the sections

below.
5.1 Ring Infiltrometer Tests

Water usage datacollected during the performance of the ring infiltrometer tests are provided
in Table 1. Water level data collected during performance of the evaporation tests are provided in
Table 2. Table 1 also contains the calculatéd net water usage rates for the two tests, and Table 2 the

calculated evaporation rate used to compute the net infiltration rates in Table 1.

As shown in Tables 1 and 2, the average net water usage rate (total usage - evaporation) was
somewhat higher during the initial portion of both tests than during the latter portion of the tests,
which is typical behavior until “steady-state” conditions are reached. The overnight data from both
tests were assumed to represent stable conditions and were considered more representaliVe because
conditions were less windy and evaporation rates lower. It is likely, however, that lower net wéter
usage rates would have resulted if the tests were conducted for a ionger period of time because
“steady-state” conditions may not have been achieved durir;g the test duration. Furthermore, as
discussed in Section 4.3, the observed leakage from around the outer edge of the ring infiltrometer

during the tests, and the unavoidable disturbance to the ore pad surface resulting from installation
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of the ring into the hard, compacted surface of the ore pad, resulted in higher water usage rates than
would have occurred had these conditions not been present. The water usage rates are therefore

considered unrepresentatively high.

A numerical model was used to calculate vertical permeability values for each location based
on the measufed overnight net water usage rates. A numerical model is needed primarily to account
for lateral subsurface spreading of the infiltrating water. Water movement in the subsurface will not
be entirely vertical due to the use of a single-ring infiltrometer for the tests. The numerical model
will also account for the hydraulic head created by the height of water in the ring. TRACRN, a 3-
dimensional, finite-difference flow and transport computer program capable of simulating flow and
solute transport in variably saturated porous media, was used for the interpretation. TRACRN was

developed at Los Alamos National Laboratories (Travis and Birdsell, 1988).

A 2-dimensional, radially-symmetric flow domain was simulated that included 20 cells (or
nodes) extending to a total radial distance of approximately 28 feet in the radial direction, and 25
layers extending to a total depth of approximately 75 feet. Cell spacing was dense in the portion of -
the model representing the ring, as was the layer spacing near the surface, to reduce numerical error.
The upper boundary of the model repfesented the site surface. Side and base model boundaries were
located sufficiently far from the cells representing the ring to minimize boundary effects. The
hydraulic head specified in the cells representing the ring was approximately equal to the water

levels (height of water in ring above ore pad surface) maintained in the ring. Details of the
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simulation, including the model construction and selection of parameters, and the mathematical basis

for the code are provided in Appendix A.

Simulations for both infiltrometer tests were run until a steady water usage rate was obtained.
The permeabilities of the soils represented in the model were adjusted until the steady water usage
rate was approximately equal to the measured overnight net water usage rate for each test. Two -
simulations were run for éach test, one assurning isotropic materials and the other assuming materials
with a horizontal permeability equal to 10 times the vertical permeability. Results are sﬁmmarized
in Table 3. Vertical permeability estimates at test location #1 (16-15) were 1.2 x 10 centimeters
per second (cm/s) and 6.3 x 10 cm/s for the isotropic and anisotropic cases, respectively, and at test
location #2 (8-10), vertical permeability estimates were 5.2 x 10 cm/s and 2.6 x 10 cmy/s for the
isotropic and anisotropic cases, respectively. Vertical permeability estimates for the anisotropic
cases are smaller because lateral subsurface spreading accounts for a larger proportion of tﬁe water

usage.

Due to the observed leakage around the outer edge of the ring infiltrometer during the tests,
however, and due to unavoidable disturbance to the surface resulting from installing the ring in.the
hard, highly-compacted, ore pad surface, and the relatively short time duration of the tests, the water
usage rates are considered unrepresentatively high. The permeabilities cpmputed from the ring

infiltrometer test data are therefore considered to overestimate the actual permeabilities.
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5.2 Laboratory Analysis of Permeability

The results of the laboratory analyses of permeability are provided in Table 4. Saturated
permeabilities range from 1.2 x 10 cm/s to 3.5 x 10 cm/s, with a geometric mean of 2 x 107 cm/s.
The highest value is lower than the lowest value estimated from the ring infiltrometer tests, and the
average is approximately an order of magnitude lower than the lowest permeability estimated from
the ring infiltrometer tests, which is consistent with the conclusion that the permeabilites calculated

from the ring test data are overestimates.

As discussed in Section 4.3 and Section 5.1, in conducting the ring infiltrometer tests, the
difficulty in maintaining a seal around the ring, the unavoidable disturbance resulting from
installation of the ring into the hard, highly compacted ore pad surface, and the relatively short time
duration of the tests which made achievement of “steady-state” conditions unlikely, resulted in
unrepresentatively high water usage rates, and therefore, overestimation of vertical permeability.
Because these conditions could not be quantified or reliably taken into account in interpreting the
ring infiltrometer data, the results of the laboratory analyses of permeability, although subject to all
the uncertainties resulting from the unavoidably disturbed nature of the samples, are considered mbre
reliable, and are more consistent with the measilred, densely compacted nature of the ore pad surface

(Sections 5.3 and 5.4).
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5.3 Nuclear Density Tests

The results of nuclear density and moisture content tests using the nuclear gauge are provided
in Table 5. Wet densities ranged from 113 to 145 pounds per cubic foot (Ib/f%) and ai'craged
130 Ib/ft*. Dry densities ranged from 108 to 138 1b/ft® aﬁd averaged 123 1b/ft>. Moisture content
varied from 3.3 to 11.5 %. These results indicate a high degree of compaction with porosities
averaging about 26%, assuming a grain density of 167 Ib/fi* (2.67 grams per centimeter cubed
[g/cm?®]) (Hillel, 1980). The dry densities measured at the locations of the ring infiltrometer tests,
16-15 (Test #1) and 8-10 (Test #2), are 127 b/f2, and 132 Ib/fi?, respectively. These values are
within 4% of each other, and within 7% of the average value of 123 1b/ft® based on all the nuclear
density tests. These data in&icate that the compaction of the ore pad surface is relatively uniform.
L

5.4 Sand Cone Density Tests

The results of the sand cone density tests aré provided in Table 6. Wet densities ranged from

118.5 to 137 Ib/ft%, averaging 127 Ib/ft?, and are similar to those obtained by the nuclear gauge tests.

Differences in wet densities calculated by the two methods were less than 1% at locations
7-4 and 8-10, less than 5% at locations 18-19A and 16-15, and less than 11% at location 17-4. These

differences are not considered significant.
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5.5 Laboratory Analysis of Grain Size Distribution, Moisture Content, Organic Carbon
Content, Neutralization Capacity, and Paste pH

The results of laboratory analysis of grain-size distribution, moisture content, total organic
carbon, neutralization capacity, and paste pH are summarized in Tables 7 through 10. Laboratory
analytical reports are provided in Appendix B. Sampled materials, as shown in Table 7, generally
have a higher content of fines (silts and clays) than sands. Only two samples, at location 7-4, had
sand content greater than 50%. Clay content ranged from approximately 15% to 28%, silt content
from approximately 18% to 44%, and sand content from approximately 29% to 62%. The materials
range from SM to ML in the United Soils Classification System (USCS) and can be generally
described as loams (loams, clay loams, sandy clay loams, and sandy loams, as shown in Table 7). '
Total porosities for uncompacted materials of this type generally exceed 40% due to their
fine-grained nature. The calculated average porosity of approximately 26% based on the nuclear
density tests indicates that the materials have undergone a high degree of compaction at the site. The
composition of the ore pad materials, and the relatively uniform compaction of the materials (based

on the nuclear density tests) are consistent with generally low permeabilities for the ore pad.

The paste pH measurements (Table 8) ranged from 7.4 to 8.3, indicating neutral to alkaline
conditions. This is consistent with the neutralization capacity measurements shown in Table 9,
which ranged from 11 tons calcium carbonate (CaCO,)/1,000 tons (or approximately 1.1% CaCO,
by weight) to approximately 141 tons CaCO,/1,000 tons (or approximately 14% CaCO, by weight)

for samples collected at the site. Although mineral species other than calcium carbonate may
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contribute to the measured neutralization capacities, these high values are consistent with the

reported incorporation of crushed limestone into the ore pad during construction.

Total organic carbon content (Table 9) ranged from 0.17% to 0.68%, and are within a range
generally typical for shallow desert soils. Moisture content (Table 10) varied from 2.3% to 12.4%
and averaged 7.7% in samples submitted for analysis. At the two locations where both shallow
(surface) and deeper samples were collected, the deeper materials had a higher measured moisture
content than shallow samples. The average moisture content determined from the nucleér density
tests (5.6%) is somewhat lower than the average for the soil samples analyzed in the laboratory,
which is reasonable considering that the nucléar dénsity tests are more representative of shallower
(surficial) materials, and that most (6 out of 9) samples submitted for laboratory moisture analysis

were collected at depths of approximately 2 feet.
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6. EVALUATION OF POTENTIAL SEEPAGE FROM FEED STOCKPILES
ORIGINATING AS vPRECIPITATION

The potential for precipitation to infiltrate feed stockpiles temporarily stored on the ore pad
and result in séepage from the bése ofa pile into the ore pad surface was evaluated using HELP3.
HELP3 is a computer program that uses daily precipitation, solar radiation, and temperature datato
evaluafc the potential for infiltration of precipitation into cover soils at landfills, mines, and other

facilities. A complete description of HELP3 is available in Schroeder et al. (1994).

For these simﬁlations, a single layer of TYPE 1, representing a ;‘vertical percolation layer” -
as defined in Schroeder et al (1994), was assigned material characteristics typical of feeds currently
stored and anticipated to be stored on the ore pad. Two types of materials were simulated: 1) a
predominantly fine-grained material corresponding to default material type 12 (USCS symbol CL,
clay) that ié generally representative of material currently stored on the site, and 25 a coarser-grained
material corresponding to default material type 5 (USCS sjmbol SM, silty sand) that is
representative of materials that may be stored in the future. The Maywood material anticipated to

be stored on the site generally lies between these two material types but is more similar to default

‘material type 5. Material type 12 has a permeability of 4 x 10° cm/s and material type 5a

permeability of 1 x 10 cm/s, which is conservatively high, and is nearly two orders of magnitude
higher than that for type 12. The thickness of the materials comprising the simulated layer was
assumed to be 15 feet, which is about the average thickness of feed piles currently on site, and the

area of the layer 1 acre.
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Weather data used were the 5 years of default data supplied by HELP3 for Cedar City, Utah.
This is considered appropriate for purposes of this evaluation because Cedar City has a similar
climate and precipitation and has approximately the same latitude and elevation as the White Mesa

Site.

The evaporative zone depth, which indicates the maximum depth in the material that
moisture can be made available for evaporative loss‘ via upward movement by capillary action, is
affected by factors that include the material type and climate. In general, the drier and sunnier the
climate, and the finer-grained the material, the greater the evaporative zone depth. To be
conservative, a depth of 18 inches was chosen for both mateﬁal types, which is the minimum value
suggested in the HELP3 manual for southern Utah. In the relatively thick (15-foot) zone that was
simulated, therefore, only moisture in the upper 10% of the zone was modeled as available for

evaporative loss.

HELP3 uses the Soil Conservation Service (SCS) curve number approach to compute the
ratio of runoff to infiltration during a precipitation event. In each simulation, HELP3 was allowed
to compute the curve number based on an average slope of 20%, a slope length of 100 feet, and
assuming bare ground (no vegetation). VThe chosen slope and slope length values are considered
conservative with respect to the geometries of the feed stockpiles currently on site, which have
slopes as high as 45%, and slope lengths generally less than 100 feet. HELP3 computed an SCS

curve number of 95.5 for material type 12 and 85.5 for material type 5. In general, the lower the
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permeability of the material, the steeper the slope, and the longer the slope length, the higher the
ratio of runoff to infiltration, and the higher the SCS curve number. Material type 5 has alower SCS
curve number because it has a higher permeability and consequently a higher potential for

precipitation to infiltrate rather than run off.

Finally, HELP3 was allowed to assign initial moisture content equal to the “field capacities”
of the materials, which is a conservatively high moisture content considering that most feeds would

be expected to have lower initial moisture content as a result of excavation and transport to the

" White Mesa Site. Specification of this initially high moisture content will tend to result in

overestimation of seepage through the layer, which provides for a conservative analysis.

The results of the simulations are shown in Table 11 for the two material types. Output for .
the two runs are provided in Appendix C. Average annual seepage is computed to be 0.0041inches
per year (in/yr) from material type 12, and 0.014 in/yr from material type 5. Because of the choice
of conservative parameters for these simulations, as discussed above, these results most likely

overestimate the actual seepage rates that may be expected at the site.
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7. POTENTIAL FOR INFILTRATION OF SEEPAGE FROM FEED STOCKPILES
INTO THE ORE STORAGE PAD

The potentlal-seepage rate from feed stockpiles originating as precipitation is low based on
the conservative analysis discussed m Section 6. The average annual seepage rate of
0.014 inchesfyear estimated for a relatively coarse-grained material stored on the site would
penetrate, on éverage, approximately 0.021 feet into the ore pad in the 2 years that a feed typically
would be stored on the site aséuming an average porosity of 26% (as calculated in Section 5.3) and

an average saturation of 42% in this depth interval. The saturat10n of 42% is based on the averagc

_moisture content of 5.6% by wc1ght the 26% porosity, and the average dry bulk dens1ty of 123 Ib/fi® -

(1.97 g/cm?) determined from the nuclear gauge density measurements.

This calculation assumes that the ore pad has a high enough average permeability (10%to
107 cm/s) to accept this small amount of seepage (0.014 in/yr = 1.1 x 10° cm/s) without a significant
change in water saturation, and that the seepage will move downward, under unsaturated flow .
conditions, at the same rate as the incoming seepage. In moving downward, tﬁe seepage is assumed

to displace existing pore waters, but to move through approximately the same average cross-sectional

area occupied by the existing pore waters. '

The average depth of penetration is therefore calculated as:

d=tes
6
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where:

d = average depth of penetration (feet)

ft3

i = seepage rate in cubic feet per square foot per year 2] = feet/year (ft/yr)

: Jrjt .
6 = volumetric water content (equal to the product of porosity and saturation), and

t = time (years)

Although some seepage is estimated to occur during temporary storage, once the feed
materials were removed from the ore pad, the surface would be subject to evaporative losses, and
most of any seépage that had potentially infiltrated the pad to the shallow calculated depth of
0.021 feet would be likely to evaporate. This evaporative loss is supported by laboratory moisture
content measurements at sample locations 7-4 and 8-10 where samples were collected at the surface
and at approximately 2 feet bls (Table 10). The surface samples aver;alged 4.7% moisture and the
deeper samples averaged 9.6% moisture, indicating an upward gradient consistent with evaporative

loss from the surface of the ore pad.

Even if no evaporative losses occurred, assuming a continuous seepage rate of 0.014 in/yr
(1.2 x 107 ft/yr), the average porosity of 26% and average Water saturation of 42%, over an assumed
site operational life of 50 years, seepage would only penetrate an average of a‘pproximately %3 fbot
below the ore pad surface, which is within the evaporative zone depth. This is a conservative
calculation because it assumes a continuous source over the 50-year operational period, when in fact

the source would be discontinuous during site operation. Furthermore, during periods when the
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- sources were not present, the ore pad surface would be subject to evaporative losses, further

reducing the long-term penetration depth.
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8. POTENTIAL FOR TRANSPORT OF CONSTITUENTS PRESENT IN FEED
STOCKPILES INTO THE SUBSURFACE

The potential for transport of a constituent originating from the feed stockpiles temporarily
stored on the site into the subsurface depgnds on factors that include the seepage rate and the type of
constituent (for example, a metal or organic compound), the concentration, the solubility, the volatility,
and the potential for retardation and chemical or biological breakdown of the constituent. To the extent
that these constituents exist in a mobile form (dissolved in pore ‘waters or in the pore gases, or existing
asalow viscosity separate liquid phase), they have the potential to be transported into the subsurface

where they may migrate into deeper zones and potentially impact perched water at the site.

The potential for transport of constituents that are mobile primarily in the dissolved (aqueous)
phase is low based on the analysis provided in Section 7. Examples of such constituents include
metals, low volatility organic compounds (such as semi volatile orga.ﬂic compounds [SVOCs]), and
volatile organic compounds (VOCs) that have relatively high solubilities. The mobility of SVOCs
will be further limited by their generally low solubilities because only a small fraction of the mass
of the SVOCs at any given time can exist in the mobile dissolved phase. Low solubility VOCs,
which exist to a large degree in the vapor phase, may additionally be transported via vapor-phase

diffusion.
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8.1 Constituents Potentially Present in Feed Stockpiles

Compounds that may potentially be present in feed stockpiles include metals such as lead,
SVOC’s such as phthalates and polynuclear aromatic hydrocarbons (PAHs), and VOCs such as
trichloroethene (TCE), chloroform, and BTEX (benzene, toluene, ethylbenzene, and xylenes). Prior
to excavation and transport to the site, concentrations of VOCs and SVOCs in materials currently
and anticipated to be stored on site (such as the Maywood materials) are reported to be in the parts
per billion (ppb) range and low parts per million (ppm) range, respectively. The relatively low
concentrations of VOCs reported in the feed materials are not indicative of a separate liquid phase.
TUSA reports that SVOC concentrations in materials currently on site (Ashland) are within the low
ppm (<10 ppm) range, that chlorinated VOCs are not detected, and that BTEX are either not detected
or are detected only in the ppb range. Metals concentrations are reported to be as high as
approximately 1,000 ppm, however, IUSA reports that post-excavation samples of the materials
collected by International Technology Corporation (IT) passed Toxicity Characteristic Leaching

Procedure (TCLP) tests for all metals.
8.2 Discussion of Behavior of Relatively Conservative Constituents

Constituents that behave relatively conservatively include dissolved constituents that
experience little or negligible retardation or breakdown in the subsurface and that are transported
entirely or at least predominantly in the dissolved phase. Some metals, some SVOCs, and some

highly soluble VOCs can behave relatively conservatively. Conservative solutes will tend to move
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at about the average velocity of any seepage potentially passing from the stockpiled feeds into the-
ore pad. Due to dispersion, a portion of the solute mass may, however, travel faster than the average
seepage velocity. Based on the analysis provided in Section 7, however, the potential for transport
of relatively conservative constituents is very low because the potential for generating seepage is
low. The worst case estimate for seepage originating from a stockpile of relatively coarse-grained. _
material, as discussed in Section 7, was 0.014 ih/yr (0.0012 ft/yr). Assuming continuous seepage
at this rate, which is very conservative considering that the potential sources would be discontinuous,
and assuming a site operational life of 50 years, seepage would only move about ¥ foot into the
subsurface, on average, based on the assumptions presented in Section. 7. This would also be the

approximate transport depth for a conservative constituent if dispersion is assumed to be negligible.

8.3 Retardation of Constituents in the Subsurface

SVOCs and VOCs potentially present in the feed stockpiles at the site are likely, however,
to experience significant retardation in the subsurface, and would be expected to move significantly
more slowly than the average seepage velocity, and could migrate less than about 4 foot into the
subsurface over the assumed 50-year operational lifetime. Chloroform, for example, would haw}e a
retardation factor of 2.52 and a felative velocity of 0.43 based on a bulk density of 2 g/cm?, the
measured average fraction of organic carbon (f,;) of 0.0033 in the ore pad, and a K of 53 milliliters
per gram (mL/g), meaning it would move on average at only 43% of the average seepage velocity.
A phthalate such as butyl benzyl phthalate would have a retardation factor of 345 and a relative

velocity of 2.9 x 107 based on its K, of 13,746 mL/g, meaning it would move on average only at
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0.29% of the seepage velocity. These calculations are based on the retardation equation provided
in Freeze and Cherry (1979), and K values reported in EPA (1996). Furthermore, chloroform and
other organic compounds would experience some degree of chemical and/or biological breakdown

over the 50-year period, further limiting their potential for downward transport.

Metals likely to exist in the feed stockpiles could only be transported into the subsurface
dissolved in seepage, and most would experience some degree of retardation in the subsurface.
Lead, for example, which is only mobile dissolved in acidic solutions, would precipitate out of
solution upon entering the subsurface due to the high measured neutralization capacity of the ore
pad. The potential for transport of mt_atals that are mobile only under acidic conditions is negligible
as long as sufficient neutralization capacity exists. It is highlyl unlikely that the high measured

neutralization capacities at the site would be significantly diminished over the operational lifetime.

8.4 Vapor-Phase Transport

VOCs such as TCE and tetrachloroethylene (PCE) will have a significant portion of their
total mass in the vapor phase. Concentrations of these compounds are likely to be substantially
reduced though volatilization during excavation and transport of materials to the site, and during
storage on the ore pad, and therefore have a very low potential for significant transport into the
subsurface due to their likely low source concentrations once on site. Non-detect to low
concentrations of BTEX compounds in materials currently stockpiled on site are reported to have

been verified by sampling and analysis of these materials by IUSA. Furthermore, should these

Evaluation of Potential for Infiltration into Ore Pad Surface
G:\718000\Reports\OrePadEval. wpd )
June 28, 2002 3



compounds be transported from a feed: stockpile into the shallow subsurface during temporary
storage, they will be subject to volatilization from the shallow subsurface once the stockpiled

materials are removed.

The combination of low source 'concentratioh, the discontinuous nature of the potential
sources, and potential for post-source removal loss from the subsurface via volatilization make the
potential for transport of VOCs into the subsurface very low. In addition, VOCs are subject to
chemical and biological breakdown, further reducing their potential for significant downward

transport.
8.5 Summary

In summary, the potential for transport of constituents likely to be present in feed stockpiles
temporarily stored on the site to depths that may impact perched groundwater (currently about 65 feet
below the ore pad surface) is almost negligible. Even conservative constituents dissolved in
potential seepage (experiencing no retardation or chemical breakdown) would likely penetrate on
average less than ¥2 foot into the subsurface, provided a source was continually active dliring an

assumed 50-year site operation time, and assuming the conditions presented in Section 7.
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The actual depth of penetration of most constituents likely to be present would be even less

than ¥2 foot on average because:

1)

2)

3)

4)

5)

seepage estimates are likely overestimated,

individual sources would actually be discontinuous, as feed stockpiles are stored at
most for a 2-year period,

upon source removal, most of the seepage that had penetrated (as well as VOCs)
would be likely to evaporate (and volatilize),

most constituents dissolved in seepage would be retarded in their downward
movement relative to the seepage rate, and

most organic constituents would experience significant chemical and/or b1010g1ca1
breakdown over a 50-year period.

Because the Nuclear Regulatory Commission (NRC)-approved Site Reclamation Plan for the

site assumes costs for removal of 18 inches of soil from the Mill and ore pad area, any constituents

that did infiltrate the upper ¥2 foot of the ore pad would be removed during site remediation. Thus,

the long-term potential impact to perched groundwater can also be considered negligible.
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9. CONCLUSIONS

An evaluation of the potential for seepage of constituents present in alternate feed materials

temporarily stored on the ore storage pad into the subsurface indicates that the potential is low, and-

that even conservative constituents dissolved in the seepage, under worst case assumptions, are likely

to penetrate on average only about ¥ foot into the subsurface over an assumed 50-year site

operational lifetime. This estimate assumes that sources are continuous over the 50-year period, that

seepage originates as precipitation infiltrating the alternate feed stockpiles, and that no retardation

or breakdown of these constituents occurs. The actual penetration of constituents, which could

include metals, SVOCs, and VOCs, would likely be even less because:

1)

2)

3)

4)

5)

the seepage rates are likely overestimated,

individual sources would actually be discontinuous, as feed stockpiles are stored at v
most for a 2-year period,

upon source removal, most of the seepage that had penetrated (as well as VOCs)
would be likely to evaporate (and volatilize),

most constituents likely to be dissolved in seepage would be retarded in their
downward movement relative to the seepage rate, and

most organic constituents would experience significant chemical and/or biological
breakdown over a 50-year period.

In general, the low potential for seepage and transport is due to the following:

1

2)

the dry climate,

the low permeability, highly compacted nature of the ore pad surface,
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3) the high neutralization capacity of the materials underlying the ore storage pad that
would immobilize acid-soluble metals,

4) the presence of organic carbon in the materials underlying the ore pad that would
retard the movement of organic compounds, and

5) the generally low concentrations of mobile organic compounds in the feed materials.

As aresult of the low potential for generation of seepage and transport of constituents, and
considering that the site is likely to operate for a time period on the order of only tens of years, the
potential for impact to perched groundwater is considered negligible. Furthermore, because the
NRC-approved Site Reclamation Plan assumes costs for removal of 18 inches of soil from the Mill
and ore pad areas, any constituents that did infiltrate the upper %2 foot of the ore pad would be
removed during site reclamation. Thus, the long term potential for impact to perched groundwater

can also be considered negligible.
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TABLE 1
Ring Infiltrometer Test Data

Test #1 .
Change in Changein | Changein Rat Evaporation | Water Usage
Date Time Volume Volume Time (ftl:: ) Rate Net Rate Comment
(gal) (i) (days) v (tuday) (fday)
5/20/2002} 11:12 0 -- - - - - start
15:36 3 0.4 0.18 0.22 0.088 0.13
15:45 0 -- - -- -- -- tank refilled
20:30 3.55 0.48 0.20 0.24 0.049 0.19
20:37 0 -- -- -- -- -- tank refilled
5/21/2002 7:07 4 0.53 0.44 0.12 0.020 0.10
Test #2
Change in Change in Change in Rate Evaporation | Water Usage
Date Time Volume Volume Time (ftiday) Rate Net Rate Comment
al) () (days) y (f/day) (fday)
5/21/2002 9:58 0 - - -- -- - start
11:30 1.25 0.17 0.06 0.27 0.115 0.16
15:54 3.25 0.27 0.19 0.14 0.115 0.03
16:00 -- -- -- -- -- - tank refilied
17:12 0.25 - - - -- -
5/22/2002 7:40 3.15 0.39 0.60 0.06 0.020 0.040

Note: Area of ring is approximately 10 ft?
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TABLE 2

Evaporation Test Data

H:\718000\Tables\OrePadEval.xls: Table 2

Gauge Change in Change in Change in Evaporation
Date Time Water Level Water Level Water Level Time Rate
(inches) (inches) (feet) (days) (feet/day)
5/20/2002 13:30 3.768 - -- - -
15:27 3.680 0.088 0.0073 0.083 0.088
20:30 3.559 0.121 0.0101 0.208 0.049
5/21/2002 7:07 3.446 0.113 0.0094 0.442 0.021
11:30 3.238 0.208 0.0173 0.151 0.115
16:15 2.964 0.274 0.0228 0.198 0.115
5/22/2002 8:45 2.800 0.164 0.0137 0.688 0.020
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TABLE 3

Vertical Permeability Estimates Based on the Results of Ring Infiltrometer Tests and
Numerical Modeling

Test#1 ~ Test#2
Permeability (cm/s) for
1 ity {crmie) 1.2x10° 5.2x10°
isotropic case
Permeability (cm/s) for 5 .
2anisotropic case 6.3x10 26x10

Notes:
! isotropic case:

2 anisotropic case:
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horizontal and vertical permeabilities
are equal

horizontal permeability is 10 times the
vertical permeability
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Laboratory Analysis of Saturated Hydraulic Conductivity

TABLE 4

Saturated
Location Sample Number Perm::blllty MA‘::; :i:f
{cm/sec)

16-15 #1 @ surface 5.4E-07 Falling head
17-4 #3 @ surface 3.5E-08 Falling head
7-4 7-4 @ surface 1.2E-06 Falling head
8-10 8-10 @ surface 1.2E-07 Falling head
8-10 8-10 @ 2 feet 1.1E-07 Falling head

H:A718000\Tables\OrePadEval.xis: Table 4

. 6/19/2002



TABLE 5
Nuclear Field Density Test Results

. . Moisture
Wet Densi Dry Densi

NI:IS;:er Location Prz:;?e es;;th (bl R4 n{lb ) b Content Soil Type

— (weight %)
1 8-10 4.0 137.8 132.1 4.3 Clay, hard
2 8-9 4.0 132.2 126.5 4.6 Clay, hard
L 3 9-10 2.0 113.0 107.8 4.8 Clay, hard
4 9-11 4.0 130.9 125.7 4.2 Clay, hard
5 7-11 2.0 126.7 120.4 4.8 Clay, hard
6 8-14 4.0 117.1 110.5 6.0 Clay, hard
- 7 10-16 4.0 136.3 130.8 4.2 Clay, hard
8 11-17 4.0 128.8 122.4 5.2 Clay, hard
9 10-20 4.0 124.6 118.1 5.5 Clay, hard
— 10 10-22 4.0 134.6 130.2 3.4 Clay, hard
11 18-19 4.0 130.6 123.6 5.6 Clay, hard
12 17-18 4.0 130.4 124.3 4.9 Clay, hard
_ 13 17-16 4.0 134.4 130.0 3.3 Clay, hard
14 16-15 4.0 133.8 127.3 5.1 Clay, hard
15 15-14 4.0 122.1 115.2 6.0 Clay, hard
16 13-14 4.0 125.7 115.6 8.7 Clay, hard
a 17 16-12 4.0 122.3 114.4 6.7 Clay, hard
18 16-13 4.0 126.0 119.0 5.9 Clay, hard
19 18-12 4.0 125.8 118.2 5.7 Clay, hard
20 16-11 4.0 144.7 138.4 4.6 Clay, hard
21 15-10 4.0 118.1 112.2 53 Clay, hard
22 13-9 4.0 - 125.8 120.3 4.5 Clay, hard
— 23 12-10 4.0 133.2 127.9 4.1 Clay, hard
24 11-11 4.0 122.2 114.8 6.5 Clay, hard
25 17-4 4.0 134.3 124.1 8.3 Clay, hard
26 18-7 4.0 134.0 127.4 5.2 Clay, hard
27 7-4 4.0 122.5 1173 4.4 Clay, hard
28 9-6 4.0 137.3 128.0 7.2 Clay, hard
29 10-5 4.0 119.4 110.5 8.1 Clay, hard
30 10-4 4.0 119.6 111.9 6.9 Clay, hard
31 10-1 4.0 143.3 128.5 11.5 Clay, hard
32 8-3 4.0 132.7 127.2 4.4 Clay, hard
— 33 5-56 4.0 128.8 122.4 5.2 Clay, hard
34 15-22 4.0 135.6 129.0 5.1 Clay, hard
35 13-23 4.0 134.6 127.8 5.3 Clay, hard
_ 36 11-23 4.0 140.6 135.8 3.6 Clay, hard
37 15-24 4.0 135.1 128.8 4.8 Clay, hard
38 16-25 4.0 136.2 124.3 9.6 . Clay, hard
- 39 15-27 4.0 141.2 134.2 5.2 Clay, hard

Average 130.1 123.2 56
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Wet Density Determination

TABLE 6

Sand Cone Density Tests

Test S::'lec;gBh;fzfre ;; ?\Ig':ftoefr Calib.ration Weight of Weig_;ht of Vplume of {Weight ?f Wet Wet Density
o I Weight Sand Used | Sand in Hole Hole Soil 3
Number | Calibration | Calibration (Ib) (ib) (Ib) ) (Ib) (Ib/ft”)
(Ib) (Ib) —
18-19A 10.01 5.15 4.86 3.10 1.76 0.022 2.79 126.8
18-198 11.67 7.36 4.31 3.31 - 1.06 0.013 1.54 118.5
16-15 11.09 6.48 4.61 3.45 1.16 0.015 2.02 134.7
7-4 12.67 7.32 5.35 3.21 2.14 0.027 3.30 122.2
17-4 12.51 8.01 4.50 3.33 1.17 0.015 1.82 121.3
8-10 . 11.51 6.50 5.01 3.18 1.83 0.023 3.156 137.0
Note:

Weight of calibrated sand 78.62 Ib/ft°
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TABLE 7
Grain Size Distribution

Location Sample Percent | Percent | Percent | Percent | USCS Description
Number Gravel Sand Silt Clay Symbol
16-15 | #1 @ 0-6 inches 4.2 36.6 38.7 . 20.5 ML loam
16-15 #1 @ 2 feet 0.6 28.9 43.6 26.9 ML loam
18-19 | #2 @ 0-6 inches 5.9 41.4 24.4 28.3 ML sandy clay loam
18-19 #2 @ 2 feet 19.2 38.0 21.1 21.7 SM sandy clay loam
17-4 #3 @ 0-4 inches 0.0 40.5 31.2 28.3 ML clay loam
17-4 #3 @ 2 feet 0.2 44.0 33.3 22.5 ML loam
7-4 #7-4 @ surface 6.3 59.5 18.4 15.8 SM sandy loam
7-4 #7-4 @ 2 feet 1.6 61.6 21.5 15.3 SM sandy loam
8-10 |#8-10 @ surface 15.5 441 23.7 16.7 SM sandy loam
8-10 #8-10 @ 2 feet 0.4 41.6 34.9 23.1 ML loam
Note:

* Description based on Figure 4.3 in Hillel, 1980. Fundamentals of Soil Physics. Academic Press.
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TABLE 8
_ Soil Paste pH Measurements

Sample Depth First Run Second Run Soil Water Water to
pH pH (@ | (mL) | Soil Ratio
- 8-10 2 feet 7.86 8.09 13.5 27 2:1
7-4 surface 7.72 7.89 12 24 2:1
7-4 2 feet 8.1 8.14 11 22 2:1
— 8-10 0-2 inches 7.48 7.62 12 24 2:1
8-10 surface 7.4 7.53 11 22 2:1
18-19 2 feet 8.23 8 10 20 2:1
_ 17-4 surface 7.9 7.95 10 20 2:1
16-15 2 feet 8.32 8.08 10 20 2:1
17-4 2 feet 8.29 8.09 12 24 2:1
16-15 0-8 inches 8.05 7.96 10 20 2:1
o 18-19 0-6 inches 7.86 7.81 10 20 2:1

Note:
NA=not applicable
pH meter calibrated and checked every 6 samples with pH 7 and 10 buffer solution
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TABLE 9

Neutralization Capacity and Total Organic Carbon

Location Sample Neutralization Capacity | Total Organic

o . Number (tons CaCO,/1000 tons) | Carbon (%)
16-15 #1 @ 0-6 inches 41.8 0.17
16-15 #1 @ 2 feet 61.2 0.23
- 18-19 | #2 @ 0-6 inches 68.8 0.40
18-19 #2 @ 2 feet 65.0 0.34
17-4 # 3 @ 0-4 inches 10.5 0.18
— 17-4 #3 @ 2 feet 92.4 0.24
7-4 7-4 @ surface 124.0 0.42
7-4 7-4 @ 2 feet 29.3 - 0.24
_ 8-10 8-10 @ surface 112.0 0.68
8-10 8-10 @ 2 feet 141.0 0.37
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TABLE 10
Moisture Content

Location Sample ID Weight Percent Moisture
- : 16-15 # 1 at 10 inches 8.6
16-15 # 1 at 2 feet 10.0
18-19 # 2 at 2 feet 8.4
17-4 # 3 at 2 feet 11.5
7-4 7-4 at surface . 43
7-4 7-4 at 2 feet 6.8
— 8-10 8-10 at surface 5.1
8-10 8-10 at 0-2 inches 2.3
8-10 8-10 at 2 feet 12.4
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TABLE 11

— Results of HELP3 Simulations

Input Parameters

Material Type 12 Material Type 5

(CL) (mL)

Thickness (ft) 15 15
Permeability (cm/s)* 4x10° 1x10°
Porosity (%)* 47 46
Initial water content (%)

("field capacity")* 34 13.3
Evaporation depth (ft) 15 1.5

SCS curve number* 95.6 85.4

Notes:

* = computed by HELP3

Seepage Estimates

Material Type 12

Material Type 5

_ Average gnnual seepage rate 0.0041
(inches/year)

0.014

Note:
see Appendix C for output details
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nfiltrometer test. Note seepage by geologist’s

| igu 2. Rg 1
foot.

Figure 3. Nuclear density test performed near infiltrometer
test location #1.
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Figure 4. Nuclear density test performed at randomly
selected sampling location.

s ; pa e :

“Figure 5. Attempt to collect undisturbed sample from
compacted surface of ore pad using a ring barrel sampler.
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Figure 6. Excavation used for sample collection. Note
lighter horizon of ore pad surface and calcareous materials
in darker subsurface along vertical face.
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Figure 8. Infiltrometer location #2. Nuclear density gauge
shown in foreground.
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APPENDIX A

NUMERICAL MODELING OF RING INFILTRATION TESTS

This appendix describes the methods and the numerical model used to estimate the vertical
permeability of the ore storage pad based on data collected from the ring infiltrometer tests. The use
of a numerical model is necessary to account for the lateral subsurface spreading of infiltrating water
resulting from use of a single ring and for the hydraulic head created by the water level in the ring.
Unless these factors are taken into consideration in the analysis, the vertical permeability will be
overestimated. As described in the main text, two cases were simulated for each test. One assumed
isotropic conditions (horizontal and vertical permeabilites are equal), and the other assumed an
anisotropy factor of 10 (horizontal permeability = 10 times the vertical permeability). The greater the
ratio of horizontal to vertical permeability, the more subsurface lateral spreading of infiltrating water
will occur, and the lower the vertical permeability that will be estimated from the infiltration data. A
horizontal to vertical permeability ratio of 10 is common for layered media and unconsolidated alluvial
materials. The assumption of isotropic conditions is conservative, and will result in higher vertical

permeability estimates.
A.1 Model Construction

The numerical model was constructed using TRACRN, a 3-dimensional, finite difference

computer program developed at Los Alamos National Laboratories that is capable of simulating
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liquid and gas flow, and solute transport, in variably saturated porous media. A complete description

of the mathematical basis of TRACRN is provided in the attachment.

A 2-dimensional, radially symmetric flow domain was simulated using cylindrical
coordinates. The simulated flow domain extended approximately 28 feet in the radial direction and
to a total depth of 75 feet in the vertical direction. Twenty cells of variable spacing were specified
in the radial direction and 25 layers of variable thickness were specified in the vertical direction.
Figure A.1 is a 2-dimensional vertical cross section of the upper 30 feet of the model mesh that

illustrates the cell spacing.

As shown in Figure A.i, the five cells along the upper boundary located closest to the left
(interior) boundary were used to simulate the ring infiltrometer. In the uppermost layer of the model,
all cells outside the ring were assigned a very low permeability (10" centimeters per second [cm/s])
to prevent lateral spreading in this layer. Therefore, no lateral spreading could occur within the
upper inch of the model. Cell widths near the edge of the ring, as shown in Figure A.1, were smaller,

and near surface layers more closely spaced to reduce the potential for numerical error.

A.2 Boundary Conditions

All model boundary cells were specified no flow except the upper boundary cells
representing the ring, and all cells along the right-hand boundary. The right-hand boundary was

maintained at initially specified pressures and saturations (“ambient” boundary condition).
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Fully-saturated conditions and a water pressure approximately equal to tﬁe measured water level in
the ring during the tests were maintained in the five upper boundary cells representing the ring. The
left-hand boundary was coincident with the center of the ring (and the center of the model domain).
The lowest layer of the model was maintained in a saturated condition to allow flow of water out the

right-hand boundary, and prevent build-up of water at the base of the model.

A.3 Model Parameters

Parameters used in the model are provided in Table A.1. Unsaturated flow parameters such
as bubbling pressure, irreducible liquid saturation, and pore size distribution index were based on
values reported in Case et al., 1983, and Travis and Birdsell, 1988. Porosities and saturations
specified in the model were the approximate average values determined from the nuclear density

gauge tests.
A4 Results

A simulation was run for each ring infiltrometer test for both isotropic and anisotropic cases.
Simulations were run for a period of time sufficient to obtain a steady simulated infiltration rate.
The permeabilities specified were then adjusted until the simulated steady infiltration rates were
approximately equal to the field-measured net overnight infiltration rates. The results are shown in

Table 3 of the main text.
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TABLE



TABLE A.1
Material Properties Used in the Numerical Model

Porosity 0.26
Bubbling Pressure (dyn/cm?) 2.0x10*
Irreducible Water Saturation 0.40
Pore Size Distribution Index 2.6
Initial Water Saturation 0.42

H:\71800\Tables\Table A.1.xls 6/28/2002
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ATTACHMENT A.1: DESCRIPTION OF TRACRN

This attachment contains a copy of portions of a report entitled, “TRACRN 1.0: A model
of flow and transport for the Yucca Mountain Project-Model Description and Users Manual” by B.J.
Travis and K.H. Birdsell, (Los Alamos National Laboratory TWS-ESS-5/10-88-08). Although
TRACRN was developed specifically to solve problems of gas and water movement in support of -
the Yucca Mountain nuclear waste isolation project, it is a general purpose program suitable for

application to a wide variety of environmental simulations involving gas and water movement.

The following pages describe the mathematical basis for the simulation air and water flow,

and transport in both phases.
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B. Mathematical Model .

1. Governing Equations. The equations that comprise the TRACRN model are
the mass and chemical species conservation equations, a reduced form of the momenta
equations, and an equation of state plus several constitutive relations. The notation used
throughout this report is given in Table 1. Conservation of mass for the gas component is

0eoyo) + V- (pyiig) = €S, | W

and for the liquid component is

Bi(eoepe) + V- (peuy) = Eéc . : (2)

For isothermal systems in which water vapor is rieglected, no &iﬁﬁsion_or dispérsion of
water or air occurs. Equations (1) and (2) cover conditions of flow ranging from fully
water saturated to fully air saturated.

The momenta conservation equatlons are solved in a reduced form known as Forch-
heimer’s equations

1 Lo | ui||— ki oo -~ oy
1+(1—E) 85 i u"_—pi(vpf'*-plg) ) (3)

where the subscript i refers to a gas or liquid phase. This form neglects the accclcrahon '
term and uses a phenomenologlca] treatment of inertial terms and viscous drag. At low
Reynolds number (<10), this expression reduces to the well-known Darcy equation; at
higher Reynolds number, the nonlinear term in Eq. (3) becomes important. Equation (3)
gives excellent agreement (Dullien 1979) with steady, single phase flow data for Reynolds
numbers up to about 100. Reynolds numbers much higher than a few hm‘dlcd are rarely

encountered in most flows through porous, permeable gcomcdm We assume Eq. (3) is
approximately valid {or transient two-phase flow.
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TABLE I. Notation Used In TRACRN

Paramcter Description Units
A cell interface arca (cm?)
[A) matrix containing the derivatives of the residu-

als with respect to P for the entire mesh
[Ad] matrix containing the derivatives of the residu-

als with respect to C for the entire mesh
Ay Constant relating the total amount of tracer in

{6}
(3

{5}

0aw

)
Q

Upn

2

(9]
a0

ZZCORR
o ? 3

-

v 2

2}

d
A

~

wEm o WO

[*]

HY v

ar.i

a volume to the liquid concentration

" generic residual vector

vector of residuals for the entire mesh for im-
plicit concentration solution
vector of residuals for the entire mesh for pres-

sure solution
constant relating gas density to gas pressure

mass concentration of tracer in fluid
solubility limit of species «

components of dxspers:on tensor
molecular dlﬁ'usxvzty of species a in fluid i
mass fliné of species «

equilibrium sorption coeﬁ‘iaent

Henry's law coefficient »

length scale, such as typical particle size
molecular weight of species «

total number of finite’ difference cells
number of columns in the mesh

number of rows in the mesh

pressure :

bubbling pressure

capillary pressure

- Peclet number

kinetic sorption coefficient
universal gas constant

residual function for gas flow
residual function for liquid flow
mass source or sink

concentration of species adsorbed on matrix
maximum adsorption limit
temperature

longitudinal and transverse dispersivities

(gm - gm™1. ﬁu_id)
(gm - gm ~!. fluid)

(em?- 57)

(cm?. s71)
(cm® gm =1)

(cm)

. (gm - mole™?)

(dyne - cm~?)

(dyne - ecm~2) -
(dyne - cm™2)

(s7)
(erg - mole~!.°C~?)

(gm - cm™3. s71)
(gm-gm ~?- solid)
(gm - gm~1. solid)
(°C)

(ecm)
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TABLE I. Notation Used In TRACRN (cont’d)

N

[
[x]
[

don

QOEN&}"“O’-\"“
[

tion. A
curve fitting parameter in the van Genuchten relation

“for capillary pressure

matrix compressibility

fluid compressibility

porosity

In(2)/half-life of tracer

curve fitting parameter in the van Genuchten/Mualem
relations for relative permeablhty and capillary pres-

sure
viscosity

density

saturation A
irreducible water saturation
pore-size index
constrictivity

volume

(Subscripts)

acceptor cell

donor cell

refers to total fluid
refers to gas phase
refers to phase

cell index number
refers to liquid phasc
refers to matrix
reference property

cell face index

Parameter Description Units

g gravity acceleration (cm - s 72)

f gas saturation (o,)

k permeability (darcys on input,

: converted to cm?

. , _internally)

m;; " coordinate system metric ) '

t time (s)

T mass velocity “(em - s71)

v pore velocity = u' /e (em-s71) -

T spatial coordinate vector (cm)

a weighting factor for donor dlﬂerencmg of relative '

permeabilities
ac coeficient for donor differencing of the transport equa- .

(em™)

(cm? /dyne)
(cm?/dyne)

(=)
(gm - cm™. 57

(gm -cm‘.a) |

(em?)
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TABLE I. Notation Used In TRACRN (cont’d)

Parameter Description Units

denotes relative permeability
cell index number when considering entire mesh
cell index number for cell v and its adjacent cells
refers to chemical species o
-1 parent of species «
(Superscripts)
time level
- cell face index
iteration counter -

R REg ™

3 =

7

For each tracer, the mass conservation equations are

8:(€0ipiCa) + V- (piuiCo) = V - (e0i7cDqo;piVCy) +'eCaé‘;"+"V - [ea;BQV(p;CO)] '

a—1

— EAa0ip;Cy + 19, PR U:’Piﬁcl'

» Ma e Pipm[QldCa(SﬁO - ’sc) .
=~ Q465a(Coa = Co)] | IO

and

8Sa = Q10CalSma = Su) = Q205a(Con — C) 4 Ao, Sy AeSa.. (5)

a—1

An arbitrary number of tracer species is allowed. The tracer concentrations are assumed
to be small so that density and viscosity variations are negligible. Mass flow caused by the
Soret effect has been ignored, as has diffusion in the solid phase. Equations (4) and (5)
describe the advective/diffusive/dispersive transport of tracer species t
chains) and adsorb or desorb with mineral substrates. Se
are allowed. In their full form, Eqs. (4) and
The rate of adsorption is represented by

ies that can decay (in
veral types of sorption models
(5) model saturable, nonequilibrium sorption.

Qie, and the rate of desorption is represented by
Q2o In Eq. (5), Sma represents the maximum amount of tracer o

mineral substrate, whereas Cy,, represents the solubility
unsaturated conditions is also handled through the appe
By re-defining the C,'s and Sa’s, colloid transport can
sorption, Eqs. (4) and (5) are replaced with

that can adsorb onto a
limit of tracer a. Transport under
arance of saturation o; in Eq. (4).
also be modeled. For equilibrium
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1) (EU,‘/).‘CO,) + V- (p;ﬂ;Ca) =V- (EU;TCDG;R.'VCQ)

+eCq .é'--}—V- [50-5 V(p:Cs))

Co-
- 5)\&0:/):0 + 5)‘0—-10 le = M,
o—1

M, |
— PiPm (I{da(alc + A C ) Aa-—-lco lM 1) ) (G)

where Ko is an equilibrium sorption coefficient. a

In Eqgs. (4) and (6) a velocity-dependent dispersion tensor D is used. Dispersion
is a very complicated process. Measurements of dispersivity in the field show time and -
length scale effects. Some of this is simply related to scales of heterogeneity in the field -
geology and could, in principle, be cofnp"uted by TRACRN. However, there appears to be -
a further effect that requires a better model (Gelhar 1986). Until 2 consensus is reached

~on the nature of that model, the current dispersion form will remain.

The conservation equations, Egs. (1) through (6) involve qua.ntltxes (pf, Pg:06:0g,
Cor Ty, Uy, Sq) that represent local volume averages. ‘The averages are obtained by’ inte-

. grating the continuum conservation equatlons over small. representative volumes (sma.ll

compared with the scale of the problem at hand but large compared with the individual
flow paths between the matrix grains). It is assumed that the concept of “representatnc

_ elementa.ry volume” is at least apprommately valid for most soils and rocks. This averagxng .

1s necessary because our present mathematics cannot provide a practical means of solvmg
the continuum equations at arbltrary points in such a complex system as a soil. Details
of the averaging process and of the assumptlons undcrlvlng Eqgs. (1) through (6) can be
found in Bear ( 1972). ' » »
An implicit assumption in Eqs. (4), (5), and (6) is that as a tracer moves into a small
region of porous material from a neighboring region, the tracer is uniformly distributed
throughout the pores and channels in that small region. This might not hold in all situa-
tions because fluid moves faster through the larger pores and channels. This will be a valid
assumption if the characteristic diffusion time, say tp ~ L? /Da, is about the same size as
the characteristic residence time ~ Az/V where Az is the scale size of the region (or a
computational grid size) and V is the pore velocity. In other words, if V < Ar-D,/L?
then the assumptlon 1s valid. For many soils and rocks, the characteristic pore 51ze L will
be a millimeter or less, and the condition will be satisfied for many instances. Another
constraint exists. The flow Jaw (ngcn in Eq. (3)) is valid for Reynolds number <100,
that is, —I—'KE <100,0r V < 1—01:‘(— I This is usually not as restrictive as the former

condition, howcxcr Some tracer species, such as benzene and other organics, are volatile
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and can move in both the liquid and air phases. (These compounds could be radioactive by
containing C-14 for example.) TRACRN has the capability of calculating this two phase
transport. Henry's law is usced to partition a volatile tracer between the air and water
phases, assuming local equilibrium.

Henry’s law states

psCy = KnCy )

where C, is concentration of the vapor in air, Cg is the liquid concentration and Ky is
Henry’s coefficient.

The total amount of a tracer in a small volume A is then

Cr = (£000¢Cr +(1 = €)p, K4C, + €040,Cu)AR . (8)

The first term on the right hand side of Eq. (8) is the amount in the water phase, the
second term represents the amount adsqrbed onto the rock _matrix, and the third te_im_
represents the vapor-air phase. Using Henry’s law, we can write (8) as ' '

Cr=Cq [e(oepe + ag'IfH) -_}p,(l =~ AQ=Cr-Ay-AQ . '(9)
Now the d;stnbutxon between phases is expressed in 'fé_rms of '_the_ 1iquid'concéntration.
Sinﬁla.r]y__-fdr the flux terms, we.can write ° -

and L

v ‘_(/.?_.tct?z:**”ﬁgcu?g) =V (o +Ku,)C - (1)

V- (7c€0¢peDVCy + Te€0gpa DgVC,) .
=V [ree(opeDe + 0y Ky D,)vC]. (1)

Using (9), (10), and (11), the transport Eq. (6) for a volatile tracer becomes

a — - -—} ) -~
E(AHC() + V. [(p[ e+ Ny g)C(] =V. [TCE(U(p(D( + OgIIHDg )VC[]

+ EC[.é — )\AHC[ . (19)

There are three options in TRACRN for calculating k,: (1) use of Brooks-Corcy (1964)
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cquations, (2) use of the van Genuchten (1978) and Mualem (1976) expressions, or (3) user
supplied tables.

Brooks and Corey (1964) have derived cxpressions for k; that give good agreement

to data for many materials. They express the dependence of k; on saturation with

ke =k- ke, ke = oSt (13)

and

Ky - kokge, kgr=(1~ &fC)z [1- 0$:+2/f)] ) o (14)

- where ke is the liquid permeability, kg is the penneablhty of the gas phase kisthe saturated
. permesability, and

(o¢ — o) o
Ot = —“‘“(f_ oy o (15)»

Here og is the Srreducible” wettxng saturatxon that is, the mmlmurn saturation at which -

continuous flow of the hqmd phase can be maintained. It is a material property and

' depends on the soil or rock matrix pore structure and size. 7, the pore-size dlstnbutlon'

index, is'also a material property Plots of kg, and k¢ are given'in Figs. 1 and 2 respectweh
for different values of 7.

A’ second approach is to combine van Genuchten s relatxonshlp between saturation

and matric potential (capillary pressure) with Mualem’s equation for permeabxhty as a

function of matric potentlal to produce an equation for permeability as a function of
saturation: '

ko= k- ke, Ltr—-\/——dtc{l—(l—ol“") } (16) .
k —L l\gri gr""l"'klr . | (17)

Eq. (16) is the composite of Mualem’s and van Genuchten'’s cquations for water perme-
ability. Eq (17) is an approximation to air pcrmcabxht)’ (Mualem only described liquid
phase permeability). : ,
Alternatively, k; can be reprc3cntcd'as a tabular function of saturation if the forms
of Eqgs. (13) and (14) or (16) and (17) are not convenient for a particular application, or if

L.} saturated air permeability is significantly different from saturated water permeability. The

permeability k can be anisotropic as long as the principal axes of the permeability tensor

coincide with the coordinate axes. [(However, for anisotropic me dia, the foxm used for the
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7=1.82 a.nd T = ,7_-30‘

T=182and T = 7.30

dispersion tensor may not be correct. Also, the relative pe_nneabi]it_i& k¢ and kg, as given
in Eqs. (13) and (14) and (16) and (17) do not exhibit any directional dependence.] -
An equation of state is needed. The ideal gas law is assumed

M, | o
R(T+27315) ° (18)

The liquid is considered slightly compressible for saturated conditions. That is,

'Pg = pg{By, where B, =

pt= peoll + ¥(P - PO)] . (19)

where P, is a reference pressure. In unsaturated flow, p¢ will usually be much less com-
pressible than p,, and so is treated as incompressible when oy < 1. . '

Liquid pressure P¢, gas preséu_fc P, and matrix suction P, are related by

P¢= P, — P.(o,) . . T (20)
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As with relative permeabilities, there are three options for Ic: (1) a Brooks-Corey (1964)
model, (2) a van Genuchten (1978) cquation, or (3) user supplied tables. Brooks and
Corey (1964), on the basis of a large number of drainage experiments, found that capillary

pressure could be represented well by the expression

P.=P, o }l7 | @)

where 7 and P; are material constants. Qur conventxon is that P_ is > 0; 7is called the
“pore-size distribution index”; Py, the bubbling pressure, is the mxmmum value of P on

~ the drainage curve just before P. drops to zero. P. increases without limit as oge — 0

in Eq. (21). We limit P, by not allowing o to decrease below 1072; physically, this
corresponds to limiting the smallest- pore size that contributes to P.. For o, < 0.01, we
értiﬁciélly define P, to increase linearly to a value at o, = 0 which is two times the value
of P¢ at oge = 0.01. Table II (Brooks and Corey 1964) gives some typical values for the
matenal parameters Py, 7, and oq.

TABLE II

TYPICAL VALUES FOR MATERIAL PROPERTIES

o » L Swh
Py (bars) 7 oo .
Fine sand 00310 730 050
“Voleanic” sand =~ 0.0756 1.82 0.20
Glass beads 0.0414 3.70. 0.15

Silt loam 00162  2.29 060 .

In the second option, van Genuchten’s relation’is used for P, ie.,

| pg o (1-2,) o ' -
pcz_{a;w.;l} - (22)

The third opt:on requires the user to supply a table of Pc vs o, for t.hose materials for

- which (21) or (22) are not applicable.

)

e

An additional requu'emcnt is that

oo t+oe=1. ' (23)
Porosﬂ.\ € is allowed to vary with pressure. Dynamic changes in porosity can have

a dramatic effect on- flow because storage capacity and 1)cnncabxht\ are generally quite
sensitive to changes in porosity. A simple linear relation is used:
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e=¢&[1+pA(P-r,) . (24)

Permeability is strongly sensitive to porosity changes. In TRACRN, we use

k= Ico(f-) = ko[1 4 A(P ~ P))* | (25)

o
where k, is saturated permeability at reference pressure.

There are three options for evaluating dispersion. The first uses a full tensor form.
The dispersion tensor (Bear 1972) is given by

= - P ViV: |
Dgij = {a” [V [my; + (s i”) *1q(Pe) (26)
_ -V A .
and
P A .
P) =575 | (27)
where
LIV | |
r=tpd | (25)
and -
7 | | |

Here, L is a (user-supplied) Ieng{h scale, ay is the longitudinal dispersivity coefficient and -

ays is the transverse dispersivity coefficient. A simplified version of dispersion uses ‘only
the diagonal terms of Eq. (26).. A third option for dispersion allows the user to specify
dispersion coefficients in the z—,y— and z— directions for each material. In this case, the
dispersion tensor only has diagonal terms and is computed from I—)o = 2?, with d;j; =
0 for 75 # k. For the second and third options, we are assuming that the dispersion
prncipal axes coincide with the T—,y—, and z= axes. ' |

Finally, the diffusivities of solutes are strongly attenuated for unsaturated conditions.
We use
D = Dgae™t* (30)

where D, is the diffusivity at full saturation and e and b are material dependent.
Several additional reclations are needed to complete the model:
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=7 .T), Oey = 0’(0(;), Py = Pb(;), k= I:(;), Pm = pm(;) (31)

and

Qo = Q10(T), Qra = Q2al¥), L= (), Sme = Smo(), Coa = Cool(T) . (32)

These are all 1nd1cated and deﬁned in the list of namelist input vanables h

Boundary CODthlOIlS on all boundaries have the form |
S(AB)G(t) + r(AB)a—n = f(i,AB) ' S (33) -

where G represents Py, Pr,04, o¢ or Co; Xp represents poxnts on- the boundarg,. a% o

represents the derivativé normal to the boundary, s=0o0rl,r=10r0,at each boundary
point as specified by the user; and f(¢; X )i is an a_rb1trary user-supphed functlon At time -

=0, the spatial dlstnbutxon of Co, oy and’ P are reqmred also

Eouatlons (1) through (33) ¢onstitute the TR_ACRN nlodel They allow ca]culatlon
of transxent fully two-phase flow with tracer transport in a heterogeneous material that is-

nonuniform, porous, and permeable. Thxs equatlon set is solved numencal]y as descnbed
in Sec. 3 below '

3. Numencal Model The TR ACRN code was written with ﬁembxhty and ease of
use in mind. Equations (1) through (33) are solved for one, two, or three dimensions using
either Cartesian or cylindrical coordinates. We assume a umque well- behaved solution.
to Eqs. (1) through (33) exists for all physically reasonable bounda.rv condmons and
initial conditions. ‘This conﬁdcnce results from experience with many problems w here’
the numerical solutlon of the difference equations matches closely one of the few analytic
solutions a\allable or agrees with experimental data. Morcover, the fact that solutions
agree with experimental data gives us confidence that Eqs. (1) through (33) reasonably -
approximate the true phvsunl situation for many apphcatlons

The region of mtcrest. 1s represented by a computational mesh of cells or zoncs.
Figure 3 shows examp]es of a Cartesian and a cylindrical mesh with a corresponding single
finite difference ccll. The rows, columns, and layers of cells need not be cqually spaccd
Some variables (pressure, density, concentration, and satuxat;on) are cvaluated at ccll
centers; others (velocity and permeability componcnt.b) are cvaluated at cell interfaces.

Different numburing systems are used in TRACRN for 3-dimensional and 2-dimensional
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grids. A 1-dimensional problem is represented using a 3-dimensional grid. The cell number
1s represented by the variable “i k.

Figure 4 shows a typical 3-dimensional grid in rectangular coordinates. There are m
internal zones in the x-direction, q internal zones in the y-direction, and n internal zones
in the z-direction. In cach of the threc directions there are two boundary zones with no
thickness making a total of m2 (= m + 2) zones in the x-direction, q2 (= q + 2) zones
in the y-direction, and n2 (= n + 2) zones in the z-direction. The origin (first cell) is in
the front, left, bottom corner, which is a boundary cell. The cell number increases first by
traveling down a row (in the +y-d§rection), then by rrioving left to the front of the next
column (in the +x-direction), and traveling down that row. Once all cells in a layer are
numbered, the cells irf the next layer (in the +2-direction) are numbered sta;rting. again in
the front, left corner. The numbering system includes the boundary cells; making a total
of m2q2n2 (= m2 x q2 x n2) cells. Figure 4 shows the valye of “i7k” for a few cells. For a
1-D vertical problem, m = q = 1 som2 =q2 = 3. o

Figure 5 shows a typical 2-D grid in reétangﬁlar coordinates. Again there are m

internal zoncs and m?2 total zones in the x-direction, and n internal zones and n2 total: .
zones in.the » direction:. The y-direction is :n-ot included. For a 2-D grd, the first cell is

the boti:dm lcft boundary cell and the zone'nilm.b,c: increases by traveling up a layer (in

the +z-direction), then hy movin'g"righf to the bottom of the next column (in the +x-

direction). The numberiug system includes the boundary cells making a total of m2n2 (=

m2 x n2) cells. Figure 5 shows the cell numbcff for a few of the cells.

The partial differential equations of the model are approximated by finite difference -

algebraic equations, one set for each computational cell. These difference equations relate

dependent variable values at different discrete spatial locations and at different time;s. An

approximate solution to Eqgs. (1) through (33) is obtained by miarching forward in l@ime,
solving the simu_ltanéou_g set of difference equations for all cells at each time value. °

a. 'Numerical S_g_lu_ﬁ_ibn for Flow. The equations describing unsaturated air:and
water flow are solvédvusing‘ an implicit finite difference numerical method. The partlal

differential equations for conservation of .mass are coupled with a Darcy’s law fornﬁulé.tipn
for low Reynolds number laminar flow and a Forchhcimer law for Reynolds numbers be-
tween 1 and 100 (inertial flow). These equations are discretized on a rectangular grid. The

temporal discretization is a-fully implicit backward differencing; the spatial discretization

uses the donor cell method for relatjve permeability terms and a harmonic averaging for

the intrinsic (saturated) permeability. Pressure and saturation are evaluated at grid cell
centers, while velocity components are computed at grid cell face centers.
The equation for water transport is '

d R - :
’a'}'(f:p[a() + V- (peuc) = €S, (34)
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where
€ =€o((1 = AP) + BP) = e,8(P) , (35)
Pe = peo((1 = 7P,) + 1P) = pe,p(P); | - (36)
ue= ——l—%(akzrm + (1= a)ker, J(VPe+ pei) | (37)
and
0= 0e(Pr), ke =keo(Pr) . (38)

The velocity dependent term in Forchheimer’s equation (Eq. (3)) is included in Eq. (37) -
through the variable k using the velocity calculated at the last time step. :
Equation (34) is integrated over each grid cell volume to give Eq. (39).

Yercad) yo / V- (e )dS2 = / £Seds) (39)
Q")’k» ) at ﬂ;ik - Q.’jg ) ) Yo .
By use of the divergence theorem, we can rewrite Eq. (39):
k) ' - : . o
5 -a—t- EpeaedSl + Peue - dA = - €5,d9. (40)
RS ¢ 773 Qje SIS ¢ F 7PN

Application of the finite diﬁ'erencing algorithm yields the following approximation to Eq.

(40): .

(epea ) 1) — (epya )™

[ : e
. —{(n+1) : : - )
A.Q,‘jk + Z < pe> u, AA(—].)q = EOS(AQ;J';; : (41)

9=1

where the superscript refers to time level n orn+1 and the symbol <> refers to a spai,{tiélly
averagéd te_x;_in. . D . o - - R

At a given time level (n), we assume that the pressure Py and saturation o¢ are known
in each computational cell. The values of P; and o, are required at time level (n+1).
Equation (41) with Eqs. (35)-(38) are used to find P[("H). ‘The equations are solved
iteratively via a Newton-Raphson iteration (the dependence of o¢ and k
make Eq. 41 nonlinear). Currently pure donor cell wej
isused (i.e., @ = 1) in Eq. (37).

First a residual function js defined:

r{ ON pressure
ghting of the relative permeabilities

ija

AQ; 13 i s u a n n
R£n+l.s+]) = €.po AtJL <é__(,,+].,+1)l_’£|+l. +1)0£ +1,s+1) _ E(n)ﬁg )05 ))

ijk
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—COSCAQIJL_&ZAAQ.,A<P(> T ( JRCERIRS)

l ‘[rdon
q=1

P(n+1,a+1) _ P(n+],a+l) 9
(n+1,8+1) lq £ (n+1,041) .
- 42
(1 Q’)Iﬂlr acc ) ( qu . + 2,)( ) N ( )
g ik

where the superscript represents the quantity value at the s + 1t* jteration. An exact
solution of the finite difference Eq. (41) would result in R("'H) = 0 for every cell (ijk).

Because of the iterative nature of our solution to (41), we wxll ordinarily not be able to
achieve this. However, use of the Newton- Raphson iteration with a good starting guess’
for the solution will allow us to reduce | R, | to a small value in every cell (i7k) in
only a few iterations. The procedure is simple in principle - expand R"'H #**1 in-a Taylor

- series around P(""'1 3) (n+l *) l\eep only 1st order terms, and solve the resultmg matrix

equat:on and repeat for successive iterations untxl | R("‘H ) [< tolerance for e every (l 7k).
(See section e.)

(n+1 s) B » (n+1,s)

{n+1, a-H) (n-H s) R (D (n+1 a+l) Loik (nt+1,a+1)
R uk uk + Z ath P[w v TZ aa—[w 5 [w

' (r+1,s) | '
(n+1 s) OR 3R dUtw (rn+1,; a+1)
Lijk + Z<3P£w aglw dp 5P 4

l)k .

IR (n+1,s) o ‘
(n+1 +3) alie (n+1,s41) - o ) :
Ry +Z ( dPL) 5P L (43)

tjkw

-

 where subscnpt w ranges over a.ll the cell faces. Thc term mvolvxng 50( was removed by

ma.kmg use of the relation: P (o) = Py — P¢ which 1mp]1e< that 605 = (5P ~6P¢) =

’5#6}3( since here it is assumed that §Py=0. We' thcn solxe

NP = (b} , PYH1eet) - plrsaes +EPH (44)
\yhérc
(n+1) '
n .3 3- aR! 13 :
{bf’}(-— Rf)l.*.l ) Y [A] ( ap] ) - . (45)

The derivative of R with respect to P is defined numerically as follows (now the

subscript of 15k is replaced by a single subscript .v which ranges between 1 and N where
N = total number of cells):
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(n+1,s) 3
w ¢
. : (n+41,s) (1)
1 g 2 p[o e Cl'_ . dklr
9 - AAwk —"'don 1 . lrace
i (A”"’ ' 22%7) e w(a ap, (- a)—r
P((n'f-l.l) _ P[(n+1,a) i orie | | |
" ( Az, t 3%, | (46)

foru=vtl,w=v+N, andw=v+N_-N

r» Where N, = number of columns in the
mesh and N, = number of rows. For w = v, '

L B Fy (RSN
Tp—) X €oPeo g ﬁﬁg + )ag ““-)_;.g( +1 )705 +1,»)

—(n+1,s) d0§n+i’s) Pto < (n+1,s)
L} ) p— » A 8
+ (€p), “drn ) T > Ahgy <Fpy, > kgu(ake = %

g=1

: : e .
PR XCES 1) I O e S N C Plo o
_+(1—Q) “fri.. + 52z - E"AA k
) e Tiecc - i} A:z:q 2} v.» Fl‘[ — quitgu

a _ ‘ . a 0 : .‘ . a o (n+1") .
X (Ofﬁ:(ézqﬁtu.n)( +1 )+ - a)_ﬁ:(mq:k_zr;« )]

P—p, & e o |
oy =P, §_ S -

(In the TRACRN code, capillary pressure and relative permeabilities are given as'func;tions'

_of air s.a_tmation. Co‘n'sequeht"l:y 'téﬁTIISI:S}iCh as g%f are replaced by —-a(%; (f = air saturation

i v dke © dk,. df . P "
=g, =1 q() and H?{’f'- ?){-Em Eq (44), with coefficients defined by Eqgs. (46)
and (47), provides a solution to unsaturated water flow

in which air movement and ajr
compressibility are ignored. '

A completely analogous approach is used to solve for air pressure in situations in
which only air movement is considered. -In this case, the conservation equation is

3(6227/7;:) +V- Pgl—l.g:': Cosg ‘ . . (48)

where

Py = By,Py B, = const. ) (49)
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— k ' . ’
wg = ——2(VP, + pyd) _ ~(50)
Hg :

Using a fully 1mp11c1t backw ard time finite differencing leads to an equation similar
to Eq. (41): '

- G (R pltl) _ o (mgn) p(n) GO0 5 ko [ Pog — Py
o e\ Ot o 20z,
17

g=1 H9
B ' (r+1) S
(P +qu)2) DA, _eoB Ak (51)
o ijk : - .

- As before, Eq. (31) i is nonhnear for Pg, air pressure and must be solved iterativ ely A
residual i is deﬁned : '

(n+1,s+1) : » (n+1,s+1)—f(n+1,$‘+’1)P(h+1;s+1) _ V(n)—d(n): (n) (50AQ)uk __‘ . ‘S .
Ry (U o 15 A Aag e Py )uk _——_At - — €, ———-——B AQ:JL
| - -~ (n41,e41) . -
— P2 P2 T
L '—ZAA ( ’(P +qu)"> S (52)
S L . ik -

where kgq = (akg,.““ + (1 - a)kgr‘“)k and \xhere qu is the effective permeabxhty at ]

_interface g mn cell (i7k). k ¢¢ 1s a function of saturat:on so may vary spatially, but vnll not

. vary t,emporally because for thxs optlon (IF LOW—I) the water phase doesn’t move (ie.
(n+]) (n) ). . _ .

As before R is expanded in a T33 lor senes a.nd truncatcd after the 1%t den\atne
terms ‘

A . n+41,s v o
-R('}+;.3+1)' o 'R(“'*'X.S)' + aRyl( * )5P(n+l s+1) + Z aRdlé- (n+l s+1)

- g1 o gt - 81’3,; ; 309] 9J
(n+1,s) . o
(ne1, 5 31?9: (n+1,341)
_ = P + Z ang : 5Pyi _ S ‘ (83)

() |
~ (We are assuming bo, = 0 here.)

We want Rg,?“'"'“) = 0. So (53) becomes
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(n+1,5)
n 2 aRQ-‘ (n+1,041)
—an“' ) = Z ((,——ng) 6P, (54)

2

which 1s solved for 6P£n+] **1)_ Then Pg(n“'”” = P;"+1's)+6P§n+]'°+”. The coefficients

gT‘%; are given for ¢ 3 j

(n+1|°)
OR,; AA; ks
6P9- T Aq;.J (Pgi +8zi9i;B,(Py; + Pgi))_ (55)
92 g 1) v .
and for 1 = 3
aR?i — —(;1+'1.'c) | (n+1,s) EOfAij;
OPy; (E | AL | Sy _) o
’ 6 L S : T N (nt,9) .
'A-A,"k..' L
g=1 e _ 4

~In (55) and (56), we ha}r‘g_ _assumed that og."-ij-l'). = Us(v'f) and so 3—%. =0. o

- For two-phase flow'in which both air and water movement are important, Eq. (44)
is solved for water pressure at é_ach time step. Then when the iteration for water pressure
has converged, Eq. (54) 'is‘;itéra't-ed_ (using latest values of éatur_"a:t'ibn. to calculate ky's)
to co’nvéfgeﬁce for air pressure P,. Si,n_'c-:e' the equations for.air and water are not fully

“coupled, it will not be robust for every 'situix,_t;iﬁpn_,fbutr_\;.rill‘wole_cAwe,llv for some problems.

Full two-phase flow is implemiented in the TRACR3D code (Travis 1984)., )

b.'-Nu'merical”Sol_utio’_ns fdr’-T&‘anSpé’ft.'._.A_n_imp_'ortﬂéint; feature of the TRACRN -

code is its ability to compute transient, three-dimensional transport of reactive cheknical
_species. - Curréntly, TRACRN can model transport of an. arbitrary number of cherhical
tracers i\_{i_ th the following features: advection, molecular diffusion, mechanical dispersion,
radioactive decay (an n-chain decay is allowed), and a ‘choice of sorption models [simple
Kq equilibrium sorption, Eq. (6), or a nonequilibrium saturable sorption model, Eq.
(4)]- The nonequilibrium model can be run in an unsaturable mode (Smo large) and an
irreversible (Qz, = 0) as well as reversible (Qia #0, Qz, # 0‘) mode. Movement of tracers
can also occur in both phases via Henry's law. Some tracers, especially organics such as
benzene, will partition between the liquid and air phases. Henry’s law is a reasonable
approximation when local equilibrium holds. The actual number of tracers that can be

handled is restricted by computer memory size.- Updating of tracer concentrations occurs.

after flow variables and velocities have been advanced.
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) Accurate solution of the transport cquation for solutes in 1- or 2-phase porous flow
: - L | v
can be a difficult goal 1.« iichieve. For moderate to lugh Peclet number | P, = o situa-
- tions, very steep concont ration front.s typically develop. Numerical resolution of such steep

profiles requires cither (1) vcry small mesh subdw:s:ons (2) high order approximations,
e or (3) 2 moving mesh with a rcgzon of fine dxvxslons which follow the steep portions of

the concentration field. TRACR.N uses several approachcs depending on the particular

transport processes being considered. There is an option to use an implicit, fast finite’

difference solution for transport of udsozbmg, radxoactxve species. This option uses a sim- -

ple backward-tirne, variable donor cell space dJﬂ”erencmg Dispersion cannot-have its full
-~ . tensor form,-but only d:agonal terms Th:s method is espec1a.11y efficient for tlansport

| through a steady velocity fleld. '

‘Under this option ( TSOLVC 1) a numencal solutlon of Eq (12) 1s obtamed Trans- :

port by advection, diffusion zmd dxspersxon are allowed along with equilibrium, reversibles ¢

sorption and radmactwe decay Transport in both phases is. possxble via: Henry s law: Dis- G

. persion is limited to option three, i.e., the d1spers1on tensor’s onlv non-zéro ‘entries are v

on the dxagonal and are user-supphed ‘The numer:cal solutxon s, computed by a sxmple SEN

bad\wa.rd-txme, wei ghted donor finite ddference app[ommatxon to Eq.: (12), namely,

o - 'AQ,-- | n :
.[(Agcl ?,-*,;‘ —(AHCc),,k] At" +Z[< By > Ady(acCe,, +(1——ac)C[9) +1( 1) ]
v ijk

g=1

= A4, o i
= Z(C“‘“ c;l.;.‘,: o D';,j;’ + escﬁ,umu& - ,\A"“ c;‘,j,j A (57)
, -og=l L

where g ranges over the cell faces of cell 1 ]  k, and

WW" 1*‘"

J,}l . ]
AH—-E(O’[p[+09I\H)+(1-E)p,f\d , ' - (58) ;
i By=pW ¢+ Eyd Uyg s ; (59)
Dy =erpoDe+ NyDy) (60)

— and a, (CDONOR) rengce from 0.5 (centered space differencing) to 0 (pure donor). The
quantitics AH e By.“ and Dy, arc evaluated after the flow \anablcs (pressure, satura-
tion and velocity) have been updated.

- Equation’ (87) rcprcsents a set of lincar algcbrmc cquations for the concentration at
~=.--»I each cell center, and can be written as

(A{CI) = () (61)
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where [A(] is a sparse banded matrix which does not depend on Cy. For 1-D situations, {4]
is a tridiagonal matrix; in 2-D it has 5 bands and for 3-D problems it is 7-banded. Boundary
conditions are casily incorporated into Eq. (G1); they result in modified entries for certain
rows and columns of [A] and corresponding entries in {bc}. Since Eq. (61) is lincar, no
iteration is required, in contrast’to the flow equations. Equation (61) is solved using the
same incomplete factorization method employed at each iteration of the flow equations,
(see Section ¢ below). This implicit solution does not use either the “sharp” donor or
tensor anti-diffusion techniques available under the explicit solution option (ISOLVC=0) to
reduce numerical diffusion’ However, it is very fast, 'un'conditio'nally stable, and re.as'onably
accurate if (1) adequate mesh zoning is used,’ or'(2) djspersfoflldiﬁ'usion processes are
significant relative to advection, or-(3) matéﬁal of other properties ';ire not known precisely
(usually the case), preventing any method from generating a highly ac':'_éu.ratesolutio__n.

The other solution option (ISOLVC=0) uses ‘an explicit finité difference approxima-.

tion to Eqs. (4):and (5). The- difference equations can be a'dvagr_lcé_d:' éithcr by (1) a simple
one-step forward time update for transport’ invOlvifxg ad{)egtion,.diffu_siqn,.djspersi_on-, ra- .

dioactive decay and equilibrium, re_:'v'ersilile‘Aséﬁrp'f';.i'_(':{n,tc n (2) a fourth oré_lér, Runge-Kutta +

solution for transport involving no,_n-e"qu'jlibfitlr'nl,"':é_éxt{lr.‘able and/or i_f’re_ve_r_sible sorption. In .

either case two schemes are available for reducing or:'_eliin;na,}ti;_‘]é- artifical diffusion intro- .-

duced by the numerical methods; described’ beélow! ‘ |
The finite difference forms of Eqgs. (4) and (5) solved by TRACRN are

T e

(n)

O n | QaCalSma = Sa) = QauSu(Cou — Cu) 4 gy So My=2aSal 7 (62)
and
ac. [ 1. G . (1
at = lrep::ﬂ/zagﬂ/z + Ao_lﬂ{o—l M, - ()‘o + ;z)
.- (n)
dpio; : Pm  0S,
x ( ot )Co B C(U;p;)"_.+l/_2 ot }';k ' ' (63)
i |

where pi is density of the fluid carryfng the tracer. This system of 2 - NTRCR ordinary

differential equations is easily solved by a fourth-order Runge-Kutta method to provide -

Satl,Cita =1, ..., NTRCR. Transport terms and chemical reaction terms are solved
simultaneously. ’ : . : -

For tracers carried in the liquid phase, Eqs. (62) and (63) should be dpproximatcly

correct, even under partially saturated conditions. Walter, a welting fluid, will coat matrix

19
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_ particles, so thit even at low liquid saturations, binding sites and particles will be in
contact with liquid. For airhvune tracers, Eq. (62) may require modification because the
sorption terms may not reflect the degree of contact between the gas phase and matrix
grains for partially saturated conditions.

n Eq. (63), the flux term J, is given by

- ZEU.{ apl% [D V(piCo )] } (=)™ - Z(P: m( -n"
aQ ag B e (6

The first summatlon on the rlf'ht 51de of Eq (64) 1s stradghtforwa.rd The last term in
(64) deserves comment. First, the velocities Uim are supphed by the flow part of
the model. Second the manner in which the tracer densxf,y at zone interfaces: {piC Caden is v
7 calculated can have a ‘strong influence on the overall accuracy of the numerrcal solutlon
. ._'For example, a pure donor treatment of (p, '),,.1 would, produce significant’ smeanng of
' sharp concentratron fronts’ (Whlch typrcally occur for thh Peclet number ﬂows) “The user
" has thesoption of specrfymg a donor ty pe dxﬁ"erencmg scheme or a hrgher order method via
 input variable CDONOR.~ " s e e
—: " The thher order 1epresentatxon used here for the (p,C )m term at hxgh Peclet number'
 is fairly simple but appears to lw capable of resolvmg sharp concentration: fronts. It is
B  similar to’ techmques that’ ha.Vc :--#'--ntly appeared in the literature.(Douglas. and Russell
. © 1982; Larson” 1982) THe flux terxu (p Co,)m is deterrmned for each interfacein three steps o

(1) From u,m, deternnne :z:.-,l ;- T m —y—g"‘-At .

(2) Determine shape of the concentration front. If local Peclet number Pe ‘< 100, use an
o : approxlmate polynomxal ﬁt If Pe > 100, usc . aharp donor approach [descr:bed mz}_ .
- (2) below] o ' . L C

(3) Integrate f p.C‘ ( )V(l )d.r to obtam (p,C )mu.m .

| Zm = T | .

For one- drmensxonal transport, f.h.lS is easy to describe. Figure 6 shows a typical, large
Peclet number concentration proﬁle superimposed on a finite drﬁ'erence mesh.  Consider _
the flux across the mterface at zp. The three steps for this instance are hsted below '

(1) Ca]culate z= IR — VRAL . : : |
— 2) Determine Pe = %/R If P < 100, use a polynomial it for C between zL and
zp. I Pe > 100 and if CL >C >Cror CL < C < Cpr, deterrmnc z¢ from
CL(IC'—IL)+CR(IR —1¢)=C(zp—zL)
(3) Then integrate f &——gi)—‘—(—zd:r to obtan {p,Cq)pupn .

T lrll_-Tl
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|
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Fig. 6. Sharp donor scheme for _ Fig.. 7. Sharp donor scheme for high
high Peclet number 1-dimensional Peclet number 2-dimensional transport.
transport. ' R '

- If Pe >100 but'CI_;~:.>' C > CrorCp < C < Cp ivsf ﬁdt__:tmé,“j{;;st._us-_e éimple donor.

djﬁ'grenchi_‘g_f- Lot

- Fot two- and.‘thre«_eidiniensional _p_ijbblen;'s,' steps(2) z_u'ld'.(‘3_)_.;!bAe‘covnf1>gAmdre,i_n‘f;dlved.'

VFigur.e 7:shows a typical situation for tv&_()-dime'ﬁéi;iné_xl_ transport. A_V'elbcit_igsig.t the corners

of cells are determined; and the shaded ‘atea is calculated. The shadedi;area 1s the regipn.

that will pass through interface I (shown in Fig.. 7) The 'mqs_tb difficult- task here is

to compute the shape of'thé concentration’ field mthe '-‘::éh_a_.déd 1_‘_e>gi<4):n..',‘ This is done. by
‘interpolating between: neighboring cell values. Once agaih; a Pecl.et‘.‘ number ié.cqz_n_puted. R
If Pe <~,.!1,0O, ‘2 polynomial -fit is used. If Pe S 100 and cbncentxéﬁipp i_’s-_»li:nozio,i.__'p_n:ically L
increasing or decreasing in the direction of flow, a “sharp™ donor approach is used, Fi:na.lly,' -
the integration of step (3) is performed. In three dimensions, the bqbkkeépiﬁg'be&ame# :

considerable, but accuracy is the reward..

Under the third;_tranqurt -so_lution»option‘_(ISOLV C=0, CDONOR=0.5), the numer- .

ical dispersion is calculated directly and subtracted out, thereby enhancing the accuracy
of the numerical results. When CDONOR=0.5, the differencing of spatial denivatives is
centered (as opposed to donor differencing which biases the difference towards upstream
nodes). o . o e ! o .

Centered diﬁeréhcing is.more aécurate than donor differencing b'u't.. often tends to be
unstable. The source of this instability (determined b} truncation error ima]ysis) 1s the
low order differencing of the time derivatives, which introduces a negative diffusion-like
term. Donor-differencing methods stabilize by adding on more positive numerical diffusion
to overcome the hegati\(e term ansing from the low order time diﬂeréndng. However,
they rarely add on exactly the right amount to cancel the negative diffusion, thereby
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guaraniceing that there will be too much numerical diffusion. Rather than using a donor-
type spatial differencing to offsct the time truncation negative diffusion term, we estimate
directly the magnitude of the time truncation term and subtract it for cach mesh cell at
cach time step. (We could use a higher order differencing for the time derivative, but this
would increase meméry storage requirements.) This is illustrated for the case of transport
in a saturated, homogeneous medium with steady uniform water flow. The procedure is
identical for the more general cases.

The transport equation, then, is.

663' +V (uC) Dv*¢ - N _(65)’_
and our finite difference form is | S
Ct{‘l-i-l Cn - '
""‘ZE"" + = Z(C + C.+9)AA (— 1)? =D Z(c,+q Ci ) (66)
) =1 g=1 q .

" To determine the truncation error, we expand terms in Eq. (66) in a Taylor series around

fac]”  atee]” . s Ay ot
[_57] .+.—2—[-§t—2-} +[V-(uC)]" + 0(az*, %) = D[VZC]" -+ (67)

'. . So, to lowest order the differential equation that our difference equation (66) is approxi-
‘mating is not Eq. (65) but actually

ac
At

+V- () = szc—-—(a;t?c) o | (68:);

. which approaches Eq. (65) as At — 0. To estimate the last term in Eq. (68), we;“_

differentiate Eq. (65) to get

arc ac ,08C
7—"‘7'( 81)+D_v T
~ -V .u(-V-uC + DVIC) _
~ V- [uV - (uC)] : (69)
;J which we then substitute into (68) to get
%9 + V- (W' C)=DVC - %iv e (Vw0 (70)
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To remove the artifical, and destabilizing, diffusion term in Eq. (70) we simply add that
same term to our finite difference Eq. (66) to obtain

it - u,
T 5 D (Cit Cag) B A, (-1)t

g=1

AA, A

6 6
_ n t n ’
=D E (Ci-!-q - C.) - 4+ —2 u2 g (Civ+.qj = Cx) AAq (71)
=1 =1 Bz

Az
9 g

This is our final finite difference form. Because of the form of Eq. (69), this approich is
called TAD for tensor anti-diffusion. Equation (71) is now accurate to O(A, Az?).
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