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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, 

Michelle R. Rehmann 
Environmental Manager 

cc: Ron E. Berg, IUSA 
T. Kenneth Miyoshi, IUSA 
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 storage 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 stored on the ore 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 originate as pore waters 

contained in the feeds that are displaced by on-site precipitation that infiltrates the temporarily 

stockpiled materials and result in seepage into 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 a result, 

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

potential for infiltration 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) ring infiltrometer tests, 
2) sand cone density tests, and 
3) in-situ density and moisture content tests using a nuclear test gauge.  

Samples of ore pad materials were collected for evaluation of: 

1) moisture content, 
2) grain size distribution, 
3) permeability, 
4) paste pH and neutralization capacity, and 
5) 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 (IUSA) 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 evapotranspiration exceeds 61 inches 

annually. The climate is characterized as dry to ard 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 /10 

to 1 V2 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%.  
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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 IUSA based on the use of a random number generator (adjusted when 

necessary for accessibility) to assure representative coverage. Locations of ring infiltrometer tests 

and locations 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 laboratory 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 infiltrometer 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 D2922-96el and 

D3017-96el. 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 MethodD1556-00. Test locations (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 the 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 coneand soil surface template prior to 

excavation is determined by weighing the sand required to fill the cone when placed on the template.  

The cone calibration 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 conducted 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 approximately 5 inches. 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 

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

sensitive to approximately '/0ow 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 during 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 only 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 a ring-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) Method 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 and 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 data collected 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 calculated 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 representative because 

conditions were less windy and evaporation rates lower. It is likely, however, that lower net water 

usage rates would have resulted if the tests were conducted for a longer period of time because 

"steady-state" conditions may not have been achieved during 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 measured 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 represented 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 each test, one assuming isotropic materials and the other assuming materials 

with a horizontal permeability equal to 10 times the vertical permeability. Results are summarized 

in Table 3. Vertical permeability estimates at test location #1 (16-15) were 1.2 x 10.5 centimeters 

per second (cm/s) and 6.3 x 10-6 cm/s for the isotropic and anisotropic cases, respectively, and at test 

location #2 (8-10), vertical permeability estimates were 5.2 x 10.6 cm/s and 2.6 x 106 cm/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 the 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 computed 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 10.6 cm/s to 3.5 x 10'8 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 more 

reliable, and are more consistent with the measured, 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 (lb/ft) and averaged 

130 lb/ft3. Dry densities ranged from 108 to 138 lb/ft3 and averaged 123 lb/ft3. 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 lb/ft3 (2.67 grams per centimeter cubed 

[g/cm3]) (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 lb/ft3, and 132 lb/ft3, respectively. These values are 

within 4% of each other, and within 7% of the average value of 123 lb/ft3 based on all the nuclear 

density tests. These data indicate that the compaction of the ore pad surface is relatively uniform.  

5.4 Sand Cone Density Tests 

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

118.5 to 137 lb/ft3, averaging 127 lb/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 (CaCO3)/1 ,000 tons (or approximately 1.1% CaCO3 

by weight) to approximately 141 tons CaCO3/1,000 tons (or approximately 14% CaCO3 by weight) 

for samples collected at the site. Although mineral species other than calcium carbonate may 

Evaluation of Potential for Infiltration into Ore Pad Surface 
G:\71 8000\Reports\OrePadEval.wpd 
June 28, 2002 18



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 nuclear density 

tests (5.6%) is somewhat lower than the average for the soil samples analyzed in the laboratory, 

which is reasonable considering that the nuclear density 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 PRECIPITATION 

The potential for precipitation to infiltrate feed stockpiles temporarily stored on the ore pad 

and result in seepage from the base of a pile into the ore pad surface was evaluated using HELP3.  

IELP3 is a computer program that uses daily precipitation, solar radiation, and temperature data to 

evaluate 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 simulations, 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 is generally representative of material currently stored on the site, and 2) a coarser-grained 

material corresponding to default material type 5 (USCS symbol 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 5 a 

permeability of 1 x 10-3 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 material 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). The 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 a lower 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 potential seepage rate from feed stockpiles originating as precipitation is low based on 

the conservative analysis discussed in Section 6. The average annual seepage rate of 

0.014 inches/year estimated for a relatively coarse-grained material stored on the site would 

penetrate, on average, approximately 0.021 feet into the ore pad in the 2 years that a feed typically 

would be stored on the site assuming an average porosity of 26% (as calculated in Section 5.3) and 

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

moisture content of 5.6% by weight, the 26% porosity, and the average dry bulk density of 123 lb/ft3 

(1.97 glcm 3) determined from the nuclear gauge density measurements; 

This calculation assumes that the ore pad has a high enough average permeability (10-6 to 

10 7 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, the 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: 

i 
d=-Ot 

6 
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where: 

d = average depth of penetration (feet) 
Y i seepage rate in cubic feet per square foot per year = feet/year (ft/yr) 

9= volumetric water content (equal to the product of porosit 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 seepage 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 averaged 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 10-3 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 approximately ½ foot 

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 depends 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 

as a low 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 organic 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.  

IUSA 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 in/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 ½ 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 ½ foot into the 

subsurface over the assumed 50-year operational lifetime. Chloroform, for example, would have a 

retardation factor of 2.52 and a relative velocity of 0.43 based on a bulk density of 2 glcm3, the 

measured average fraction of organic carbon (f0,) of 0.0033 in the ore pad, and a K. of 53 milliliters 

per gram (mI/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 10-3 based on its K, of 13,746 mUg, meaning it would move on average only at 

Evaluation of Potential for Infiltration into Ore Pad Surface 

G:\71800MepmU\OrePadIwp 31 
June 28A 2002



0.29% of the seepage velocity. These calculations are based on the retardation equation provided 

in Freeze and Cherry (1979), and Io 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 metals that are mobile only under acidic conditions is negligible 

as long as sufficient neutralization capacity exists. It is highly 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 
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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 concentration, 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 ½ foot into the subsurface, provided a source was continually active during 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 ½ foot on average because: 

1) seepage estimates are likely overestimated, 

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

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

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

5) most organic constituents would experience significant chemical and/or biological 
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 ½ 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 /2 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) the seepage rates are likely overestimated, 

2) individual sources would actually be discontinuous, as feed stockpiles are stored at 

most for a 2-year period, 

3) upon source removal, most of the seepage that had penetrated (as well as VOCs) 

would be likely to evaporate (and volatilize), 

4) most constituents likely to be dissolved in seepage would be retarded in their 

downward movement relative to the seepage rate, and 

5) 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) the dry climate, 

2) 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 a result 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 1/2 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 Change in Change in Rate Evaporation Water Usage 

Date Time Volume Volume Time (f/day) Rate Net Rate Comment 

(gal) f (days) (ft/day) (ft/day) 

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 Rate Net Rate Comment 

(gal) (ft 3 (days) (Wday) (ft/day) (ft/day) 
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 refilled 

17:12 0.25 -- -- -- -- -

5/22/2002 7:40 3.15 0.39 0.60 0.06 0.020 0.040

I I I

Note: Area of ring is approximately 10 ft2

H:\718000\Tables\OrePadEval.xls: Table 1
6/18/2002

I I



TABLE 2

Evaporation Test Data 
Gauge Change in Change in Change in Evaporation 

Date lime Water Level Water Level Water Level lime Rate 

(inches) (inches) (feet) (days) (feet/dav) 

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

6/1812002
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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 1.2 x 10 5.2 x 10' 

'isotropic case 
Permeability (cm/s) for 2.6 x 10' 

2anisotropic case 6.3 x 10

Notes: 
1 isotropic case: 

2 anisotropic case:
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TABLE 4 

Laboratory Analysis of Saturated Hydraulic Conductivity 

Saturated 

Location Sample Number Permeability Method of 
K•m Analysis 

(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 

88-10 -10 @ 2 feet 1.1 E-07 Falling head
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TABLE 5 

Nuclear Field Density Test Results

Moisture 
Test Probe Depth Wet Density Dry Density 

Number Location (inches) (Ibf 3) (Ib/ft 3) (weinht %) Type 

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 

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 

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 5.3 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 4.0 122.5 117.3 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 5-5 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
_____________ d I
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TABLE 6 

Sand Cone Density Tests 

Wet Density Determination 

Weight of Weight of Calibration Weight of Weight of Volume of Weight of Wet Wet Density 
Test Sand Before Sand After Weight Sand Used Sand in Hole Hole Soil WetDs 

Number Calibration Calibration (Ib) (Ib) (Ib) (ft3) (Ib) AMb (Ib) 

18-19A 10.01 5.15 4.86 3.10 1.76 0.022 2.79 126.8 

18-19B 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 3.15 137.0

Note: 
Weight of calibrated sand 78.62 lb/ft3

H:\718000\Tables\OrePadEval.xls: Table 6
6/18/2002



TABLE 7 

Grain Size Distribution 

Sample Percent Percent Percent Percent USCS 
Location Number Gravel Sand Silt Clay Symbol Description 

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 44.1 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.

6/18/2002
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TABLE 8 

Soil Paste pH Measurements 

First Run Second Run Soil Water Water to 
Sample Depth H H) (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 

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

H:\718000\Tables\OrePadEval.xls: Table 8
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TABLE 9 

Neutralization Capacity and Total Organic Carbon 

Location Sample Neutralization Capacity Total Organic 
Number (tons CaCO3/1 000 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 0.49 

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

H:\718000\Tables\OrePadEval.xIs: Table 9
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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 4.3 

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)* 4 x 10-5 1 x 10" 

Porosity (%)* 47 46 

Initial water content (%) 34 13.3 
("field capacity")* 

Evaporation depth (ft) 1.5 1.5 

SCS curve number* 95.6 85.4 

Notes: 
* = computed by HELP3 

Seepage Estimates 
Material Type 12 Material Type 5 

Average annual seepage rate 0.0041 0.014 (inches/year)II

Note: 
see Appendix C for output details
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Figure 2. Ring infiltrometer test. Note 
foot.

seepage by geologist's

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.

" " -' -." 

7-. Iý 

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.

Figure 7. Typical sand cone test.
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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 

Appendix A 
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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. 1, 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 (10-12 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).  

Appendix A 
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Fully-saturated conditions and a water pressure approximately equal to the 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.  

A.4 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/cm2) 2.0x10 4 

Irreducible Water Saturation 0.40 
Pore Size Distribution Index 2.6 
Initial Water Saturation 0.42

H:\71800\Tables\Table A. .xls
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ATTACHMENT A.1 

DESCRIPTION OF TRACRN



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. Mathlematical 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 I. Conservation of mass for the gas component is 

8Kepgo-9 ) + V. (#gT7 9 )= S, (1) 

and for the liquid component is 

a,(CtP)- + V(P. ) =S (2) 

For isothermal systems in which water vapor is neglected, no diffusion or dispersion of 
water or air occurs. Fquations (1) and (2) cover conditions of flow ranging from fully 
water saturated to fully air saturated.  

The momenta conservation' equations are solved in a reduced form known as Forch
heimer's equations 

+ (I * 8Lp7IU i L (Vpi + pig) (3) 
(-c) 8 5

.7 p j 

where the subscript i refers to a gas or liquid phase. This form neglects the acceleration 
term and uses a phenomenological 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 hundred are rarely 
encountered in most flows through porous, permeable geomedia. 'We assumc Eq. (3) is 
approximately valid for transient two-phase flow.
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TABLE I. Notation Used In TRACRN 

Paramcter Description Units

A 
[A] 

IAo] 

AH 

{ b} 

B, 
C 
Coa 

Dij 

Jo 
Kd 
KH 
L 

N 
N 
N, 

P 
P6 
PC 
PI 

Q 
R 

RY 
R, 

So 

S" 
T 
al 1 1

(cm2)
cell interface area 
matrix containing the derivatives of the residu
als with respect to P for the entire mesh 
matrix containing the derivatives of the residu
als with respect to C for the entire mesh 
Constant relating the total amount of tracer in 
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 a 

componentis of dispersion tensor 
molecular diffusivity' of species a in fluid i 
mass flux of species a 
equilibrium sorption coefficient 
Henry's law coefficient 
length scale, such as typical particle size 
molecular weight of species a 
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 dispcrsivitics

gm-'- fluid) 
gm. -- fluid) 

S-1) 
s-l)

(cm3 . gm .) 

(cm) 
(gin - mole-') 

(dyne- cm- 2 ) 
(dyne - cm- 2 ) 
(dyne - cm- 2 ) 

(erg . mole-1.°C- ) 

(gm - cm-3. s-1) 
(g~in-gi -'. solid) 
(gin -gm-. solid) 
(0 C) 
(cml)

(gin
(gmi 

cm 2 .  
(CM2
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TABLE I. Notation Used In TRACRN (cont'd) 

Parameter Description Units

f 
k 

mij 

t 
-t 
U 

V 
X 

Oe

gravity acceleration 
gas saturation (ag) 
permeability 

coordinate system metric 
time 

mass velocity 

pore velocity = 'u/f 

spatial coordinate vector 
weighting factor for donor differencing of relative 

permeabilities 
coefficient for donor differencing of the transport equa
tion 
curve fitting parameter in the van Genuchten relation 
for capillary pressure 
matrix compressibility 
fluid compressibility 
porosity 
ln(2)/half-life of tracer 
curve fitting parameter in the van Genuchten/Mualem 
relations for relative permeability and capillary pres
sure 
viscosity 
density 
saturation 
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

(cm - s ,2) 

(darcys on input, 
converted to cm 2 

internally) 

(s) 
(cm-S-' 

(cm- s- 1 ) 

(cm) 

(cm-') 

(cm2 /dyne) 
(m2 /dyne) 

(s-') 

(gn -cm-'. s-1) 

(gm -cm-3 ) 

(cm')

1.  

A, 

IL 

T.  

T 

Q 

ace 

don 
f 

g 

ijk 
e 
m 
0 

q
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TABLE I. Notation Used In TRACRN (contd) 

Parameter Description Units 

r denotes relative permeability 
V cell index number when considering entire mesh 
w cell index number for cell v and its adjacent cells 
a refers to chemical species a 
a- 1 parent of species a 

(Superscripts) 
n time level 
m cell face index 
S iteration counter 

For each tracer, the mass conservation equations are 

at(caipiC.) + V. (pjiC 0 )= V. ( ojrD0 ,pVC°) +&CS +V. [oaDV(piC.)] • Cei 
CA'- cr"p1 C0 + C .i Cripi -M. -P:Pm[QiaCct(Smo 

- S ) 

- Q 2ctsa(Coo, - C)] (4) 

and 

8aScZ = Qic"C.(S.° S.) - Q 2.S°(C. C-°)+ •o-) Mo - AS.. (5) 

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 that can decay (in 
chains) and adsorb or desorb with mineral substrates. Several types of sorption models 
are allowed. In their full form, Eqs. (4) and (5) model saturable, nonequilibrium sorption.  
The rate of adsorption is represented by Qlo, and the rate of desorption is represented by 
Q2 .. In Eq. (5), Sm. represents the maximum amount of tracer a that can adsorb onto a 
mineral substrate, whereas Co0 represents the solubility limit of tracer a. Transport under 
unsaturated conditions is also handled through the appearance of saturation ai in Eq. (4).  
By re-defining the 'Cs and S0

1s, colloid transport can also be modeled. For equilibrium 
sorption, Eqs. (4) and (5) are replaced with
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a, +arp ± V. + (pji Ca) V. (EXiTDoPiVCo) 

+ oC s, + V. [ &,uDaV(pCc)] 

- &\cruiPiCck + EA 0 .... tll; Ccr-i 4f 

MC - opzr (K.i-(,cor + a co~) -" -i~r. Mo_,) -(C) 

where Kd, is an equilibrium sorption coefficient.  
In Eqs. (4) and (6) a velocity-dependent dispersion tensor Dc 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 computed by TRACRN. However, there appears to be 
a further effect that requires a better model (Gelhar 1986). Until a consensus is reached 
on the nature of that model, the current dispersion form will remain.  

-C) The conservation equations, Eqs. (1) through (6), involve quantities (pt, pO, o, a, 
* Cr,-f, -ut, 3 S,,) that represent local volume averages. The averages are obtained by inte
grating the continuum conservation equations over, small, representative volumes (small 
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 "representative 
elementary volume" is at least approximately valid for most soils and rocks. This averaging 
is necessary because our present mathematics cannot provide a practical means of solving 
the continuum equations at arbitrary points in such a complex. system as a soil. Details 
of the averaging process and of the assumptions underlying Eqs. (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 tD = L 2 /Do, is about the same size as 
the characteristic residence time = Ax/IV where Ax is the scale size of the region (or a 
computational grid size) and V is the pore velocity. In other words, if V < Ax. Do/L" 
then the assumption is valid. For many soils and rocks, the characteristic pore size L will 
be a millimeter or less, and the condition will be satisfied for many instances. Another 

_-: constraint exists. The flow law (given in Eq. (3)) is valid for Reynolds number <100, 
that is, . <100,or V < ' 1. This is usually not as restrictive as, the former 
condition, however. Some tracer species, such a;s benizene aid 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 exarmpl,-.) TRACRN has the capability of calculating this two phase transport. Henry's law is u.,cd to partition a volatile tracer between the air and water 
phases, assuming local equilibrium.  

Henry's law states 

PgCu IfHCe (7) 
where C,, is concentration of the vapor in air, Ct is the liquid concentration and K11 is 
Henry's coefficient.  

The total am.ount of a tracer in a small volume AQ2 is then 

C = (e•tpcC, +-(1 -C)pIKdC, + CapC.)Af (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 adsorbed onto the rock matrix, and the third term represents the vapor-air phase. Using Henry's law, we can write (8) as 

CTe• = Ce(cOip + C±9 K) P( -C)Kd]Ac = cAH A. (9) 
Now the distribution between phases is expressed in terms of the liquid concentration.  
Similarly for the flux. terms, we.can write 

v(P.c-+ pgc.-Tl) =-V [(pt,',j + Kii,)ct] (10) 
and 

V. (Trcot•PCDVCQ + -rTPg D VC,,) 
=V -[-rc(at~pCtD + a 9 KHD9)VCd. 

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

a y"(AHC) + V [(pl '-• + K,11",)Cr] = V. [rcc(crptD, + a, KjD,)VC4] 

+ eccS - AAHC( 
(12) 

2. Constitutive Relationships. In Eq. (3), ki is a function of the saturated permeability of the matrix and of the degree of saturation of the .pore space. It represents the exchange of momentum between the fluids and the drag on the fluids by the matiix.  There axe three options in TRACRN for calculating k,: (1) use of Brooks-Corcy (1964)
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equations, (2) use of the van Genuchtcn (1978) and Mualem (1976) expressions, or (3) uscr 
supplied tables.  

Brooks and Corey (1964) have derived expressions for ki that give good agreement 
to data for many materials. They express the dependence of ki on saturation with 

kt= k kt,- ktr = a(3+2/r) (13) 

and 

kg = k-kgr, kyr =(1 - t~t)2 [1 - (1+2/t)] , (14) 

where ke, is the liquid permeability, k. is the permeability of the gas phase, k is the saturated 
permeability, and 

(oC - c 0) = (1- o) 
(15) 

Here a0 is the "irreducible" wetting saturation; that is, the minimum saturationatwhich 
-continuous flow of the iqiqd phase can, c maintained. It is a material property and 
depends on the soil or rock matrix pore. structure and size. r, the pore-size distribution 
index, is also a material property. Plots of kg and.k- are given in Figs. 1 and 2 respectively 
for different values of -.  

A second approach is to combine van Genuchten's relationship between saturation 
and matric potential (capillary pressure) with Mualem's equation for permeability as a 
function of matric potential, to produce an equation for permeability as a function of 
saturation: 

kt = & i l-jý 1 - j, (1/A.) 

k- =kk-gnk_, kg=1 -kt . (17) 

Eq. (16) is the composite of Mualem's and van Genuchten's equations for water perme
ability. Eq. (17) is an approximation to air permeability (Mualem only dcscribed liquid 
phase permeability).  

Alternatively, k; can be represented as a tabular function of saturation if the forms 
of Eqs. (13) and (14) or (16) and (17) are not convenient for a particular application, or if 
saturated air permeability is significantly different from saturated w'ater pcrmcability. The 
permeability k can be anisotropic as long as the principal axes of the permeability tcnsor 
coincide with the coordinate axes. [However, for anisotropic media, the form used for the
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Fig. 1. Relative air permeability for 
r=1.82 and r = 7.30

0 ý T, -. f 
4 i 4; 

0 0.1 02 0.3 0.4 0.5 0., 0.7 0.8.0,9 

EFFECTIVE SATURATION

Fig. 2. Relative water permeability for 
1.82 and r = 7.30

dispersion tensor may not be correct. Also, the relative permeabilities ktr and kgr 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

P, p/ , where B 9  = 
v = P.1B, weeg -- R(T + 273.15) 

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

A = Pi[I + 7(P - Po)]

(18)

where P0 , is a reference pressure. In unsaturated flow, pt will usually be much less com
pressible than Pg, and so is treated as incompressible when a, <1.  

Liquid pressure P1 , gas pressure P. and matrix suction Pc are- related by

Pt = P1- Pc(ot) . (20)

,: . 3 .

(19)
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As with relative pcrmeabilities, there are three options for P,: (1) a Brooks-Corey (19G4) 

model, (2) a van Genuchten (1978) equation, or (3) user supplied tables. Brooks and 

Corey (1964), on the basis of a large number of drainage experiments, found that capillary 

pressure could bc represented well by the expression 

P: Pb , (21) 

where -r and Pb are material constants. Our convention is that Pc is > 0; r is called the 
"pore-size distribution index"; Pb, the bubbling pressure, is the minimuim value of P, on 

the drainage curve just before P, drops to zero. P, increases without limit as at, -4 0 
in Eq. (21). We limit P. by not allowing al, to decrease below 10-2; physically, this 

corresponds to limiting the smallest- pore size that contributes to P,. For at, < 0.01, we 
artificially define P, to increase linearly to a value at at = 0 which is two times the value 

ofP, at at, = 0.01. Table II (Brooks and Corey 1964) gives some typical values for the 

material parameters Pb, r, and 00.  

TABLE II 

TYPICAL VALUES FOR MATERIAL PROPERTIES 

Pb (bars) a: a0 

Fine sand 0.0310 7.30 0.50 
"Volcanic" sand 0.0756 1.82 0.20 
Glass beads 0.0414 3.70 0.15 
Silt loam 0.0162 2.29 0.60 

In the second option, van Genuchten's relation:is used for PJ, i.e., 

•.Pc• {f0 -- } (22) 

The third option requires the user to supply a table of P, vs a 9 for those materials for 

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

An additional requirement is that 

a 9 +ot=1 . (23) 

Porosity c is allowed to vary with pressure. Dynamic changes in porosity can have 

a dramatic effect on--flQw because storage capacity and pemIceability are generally quite 
sensitive to changes in porosity. A simple linear relation is used:
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= c[1+ 13(P- P.)] (24) 
Permeability is strongly sensitive to porosity changes. In TRACRN, we use 

k = k() = k,[1 + f(P- P)] 2  
(25) 

where ko 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 

E (~aj - ajj) ViV] D = [a I[all + (- j) 9() (26) IV 
and 

q(P-) P + 6' (27) 

where 

P (28) 
and 

U 

(29) 
Here, L is a (user-supplied) length scale, aj is the longitudinal dispersivity coefficient and all 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 x-, y- and z- directions for each material. In this case, the dispersion tensor only has diagonal terms and is computed from D0 = dv, with djj- 0 for i # j # k. For the second and third options, we arc assuming that the dispersion 
principal axes coincide with the x-, y-, and z- axes.  

Finally, the diffusivities of solutes are strongly attenuated for unsaturated conditions.  
We use 

D = Dva= - (30) 
where D0 is the diffusidvity at full saturation and a and b arc material dependent.  

Several additional relations are needed to complete the modcl:
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r ,.I,), ac,.= ato(x), P6 = Pb(7), k = )p,, = p,,() (31) 

and 

= Qio(¥), Q=cr = Q xo(i), L = L(Co), Smc = Smo(•), C = C 0o(_V) . (32) 

These are all indicated and defined in the list of namelist input variables.  
Boundary conditions on all boundaries have the form 

aG .S(XB)G(t) + r(XB)"- = f(.,XB) (33.) 

.where & represents PgPeog, ae or C,; XBsrepresents points on the boundary;.n 
represents. the derivative normal to the boundary; s - 0 or 1,. r = 1 or 0, at each boundary 
point as specified by the user; and f(f, XU)iis an arbitrary user-supplied- function. At time.  
= 0, the spatial distribution of C,, a and P are requred'also.  

Equations (1) through (33) constitute the TRA CRN. model. They allow calculation 
of transient, fully two-phase flow with tracer transport in a heterogeneous, material that is 
nonuniform, porous, and permeable. This equation set is solved numerically as described 
in Sec. 3 below.  

3. Numerical Model. The TRACRNcode was written with flexibility and case of 
use in mind. Eqimt Ions (1.) through (33) are solved for one, two, or three dimensions using 
either Cartesian or cylindrical coordinates. We assume a unique, well-behaved solution 
to Eqs. (1) through (33) exist. for all physically reasonable boundary conditions and 
initial conditions. This confidence results from.experience with many problems where 
the numerical solution of the difference equations matches closely one of the few analytic 
solutions available or agrees with experimental data. Moreover, the fact that solutions 
agree with experimental data gives us. confidence that Eqs. (1) through (33) reasonably 
approximate the true physical situation for many applications.  

The region of interest is rep-rcsented by a computational mesh of cells or zones.  
Figure 3 shows examples of a Cartesian and a cylindrical mesh with a corresponding single 
finite difference cell. The rows, columns, and layers of cells'need not be equally spaced.  
Some variables (pressure, density, concentration, and saturation) are evaluated at cell 
centers; others (velocity and permeability components) are evaluated at cell interfaces.  
Different numbcin igsystems are used in TRACRN for 3-dimensiomd aid 2-dimensional
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grids. A i-dimensional problem is represented using a 3 -dimensional grid. The cell number 
is rcprcsented by the variable "ijk".  

Figure 4 shows a typical 3 -dimcnsional grid in rectangular coordinates. There are m internal zones in the x-dircction, q internal zones in the y-direction, and n internal zones in the z-direction. In each of the three 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-direction), then by moving 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 in: the next layer (in the +z-direction) are numbered starting 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 value of "ijk" for a few cells. For a 1-D vertical problem, m = q = 1 so m2 q2= 3.  
Figure 5 shows a typical 2-D grid in rectanguilar coordinates. Again there are m internal zones and m2 total zones in the x-direction, and n internal zones and n2 total.  zones in th, , direction.. The y-direction is not included. For a 2-D grid, the first cell is the bottorm lCfL boundary cell and the zone number increases by traveling up a layer (in the +z-direction),: then hy moving right to the bottom of the next column (in the +xdirection). The numberiig zystem includes the boundary cells making a total of m2n2 (= m2 x n2) cells. Figure 5 shows the cell number 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 times. An approximate solution to.Eqs. (1) through. (33) is obtained by niarching forward in time, solving the simultaneous set of difference equations for all cells at each time value.  
a. Numerical Solution for Flow. The equations describing unsaturated air land water flow are solved using an implicit finite difference numerical method. The par-tial differential equations for conservation of mass are coupled with a Darcy's law formulation for low Reynolds number laImninar flow and a Forchheimer law for Reynolds numbers between 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 relative 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 

-(eptat) + V\7 (pot) = CS( (34)
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where 

= - flP) + fip) = o(P) , (35) 
Pt = pIo((t - 7 Po) + 7 P) = peott(P); , (36) 

- k 
-(Qrktrd_ + (1- )ktrj(VPt pl§i) 

- e *Cc/- + ).(37) 

and 

at = r(Pt), kir = kt,(Pt) 
(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).  

j (c~)~+ j -. (pteiit)df2 cse~ 39) 

By use of the divergence theorem, we can rewrite Eq. (39): 

2ý- jL. ad ~ d SdŽ (40) 
Application of the finite differencing algorithm yields the following approximation to Eq.  
(40): 

(, A t y)+ E < Pt> -Ug ++AA(-1 
C-e0 Stnik (41) q~I 

where the superscript refers to time level n or n + I and the symbol <> refers to a spa~tially 
averaged term.  

At a given time level (n), we assume that the pressure Pr and saturation at axe kn'own in each computational cell. The values of Pf and at are required at time level (n + 1).  Equation (41) with Eqs. (35)-(3S) arc used to find t The equations are solved iteratively via a Ncwton-Raplison iteration (the depcndcnce of at and kr on pressure make Eq. 41 nonlinear). Currently pure donor cell weighting of the relative permeabilitics 
is used (i.e., a = 1) in Eq. (37).  

First a residual function is defined: 

(n+1,5+1)= 

6 t 1\ 
) 

¼
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;i7) £ / ,,,. , 
AŽ >jŽAq,, < >q9_9( ( 

It 9=1 

p(rt+,a+i) _ pj(n+l.s+j) + (. - a)k+,2-÷" " I •+"q 
q AXq 2P (42) 

where the superscript represents the quantity value at the s + lih iteration. An exact 

solution of the finite difference Eq. (41) would result in R(-+') = 0 for every cell (ijk).  

Because of the iterative nature of our solution to (41), we will 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 I Rt,: to a small value in every cell (ijk) in 

only a few iterations. The procedure is simple in principle - expand R,+lI+1 in -a Taylor 
n+,) (n+, 

series around P-' (,+] . .), keep only 1st order terms, and solve the resulting matrix 
equation, and repeat for successive iterations until [ttevr 

(See section e.) 

(n+]~ _______ 
ii3

k 2.?>) ap+,ew..,<-,, n•+•' "w c°,,±+, Z- °R°'' 
•.!i•tqk " t•:ip; + a pt• " pt." .. U'\ " '' 5i(- ,,, 

(&R - R Rda1 6 ("+i*ýS.s)""lp W aPjw . aa,, dP " ) P11 

= (dR 2 \~(n+Ils R (n+,+3) + dRt (+.+a = j d•s ,, j,7,. (4 ;3) 
w ~ dP1 ijkw 

where subscript w rang.es over all the cell faces. The term involving bal. was removed ky 
making use of the relation .P,(ac) = P, - Pt which implies that 6 d.! = 

W6P, since here it is assumed that bPg=0. We then solve 

)-P(1+1`+1) = P(1+1"+1) + 6P(11+I+l) (44) 
[A ]{,6P2} = (i,, , , S+ I) ., , 

where 

Jbp)" ~ ~ ~ \ (n I)j(n11 [] 
Li ) (45) 

* " The derivative -of R with respect to P is defincd nwnerically as follows (now the 

subscript of ijk is replaced by a single subscript .v which ranges between 1 and N where 

N =total number of cells):
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aR~vn+ P- inAk~ A . &kC1n+IA) + (I - a)k~' (n 1 < ) ap,/it "o or. < j 

___ P10(db~' a X( x + 2z~t( 0 7 Y) Y ýnAAT.(a rd~fl + (1 - d_____ 2 n+ 1 A) dd P 

x P + 2 '% J (46) 

for w v 1, w - v N, and w v= N, - Arr, where A', number of colurnrs in the 
mesh and Nr number of rows. For w =v 

(n-I-1 

dPý CoPto Aty e a 

( 8<+T,) - : 8 . .  

+ . (1• I +.+ Pl 9~n~~) (47 
P~, .Ii q=1 

a 
(1 ,, . rd+, .,) . -- + . . P o cc 

-k A a- = 1 +at) and2E (47) 

(In the TRACRN code-, capillary pressure and recla tive permeabilities are~given as fun'tions 
of~~~~~~ arsa.uaonCoeqelytrms such as • are replaced by - U ( = air satura'tion 

=r Or= t) and 7E. = TSq. (44), with coefficients defined by Eqs. ) 
and (47), provides a solution to unsaturated water flow in wlich air movement and air 
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 

8togp' + V -P ýgu9= COS9 (4S) 
at 

where 

Pg = BgPg , B/ = const. (49)
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and

(=P 9 + P9?j) 
'g

(50)

Using a fully implicit, backward time finite differencing leads to an equation similar 
to Eq. (41):

( U n+ 1 ~( + 1~~~) -0 (n)(n)p(n) £AQ 
9 9 U g A t i j k 

ijk ijk

+ B9g (pg + pg)()2 

ijk

1: gq2Az 9

S 9 AAq- LoAQijk 0 B 9 :

As before, Eq. '(51) is nonlinear for P., air pressure, and must be solved iteratively. A 
residual is defined 

R.. nnl.s+.s['-1- 1.a-1" (E "" .\p(n)> " )" S9 .jk A: ij _1(iIj i k ý :

'AAq (jg__q + (P•-+-__)2 -1 2 Ax, 2+ g:+ pgq)2 )j (52)

where k, 9 = (orkd,-4  + (I -")kgr,),q and where kgq is the effective. permeability at 
-interface q in cell (ijk). kgq is a function of saturation, so may wary spatially, but will0 
vary temporally because for this option (IFLOW=I), the.water phase doesn't-move (i.e.,.  

or+1 (n 

As before, R is expanded in a Taylor series and truncated after the 1" derivaative 
terms.

R it (,+•,J)- IM (Pi÷a 
9 + Z 

93q

(.+l.O OJ~gi0"I' =~+$ .g + 6R•i..~ lj

..* (We are assuming ba, = 0 here.) 

We want R(n.+1.+1) = 0. So (53) becomies

fp(,,+Is+1) ± i&(,,++,,+1 j±-) 
9 L U:9 

,. + Oa--•a~j

9j

(51)

(53)



11

TW\S- ESS-5/10-88-(Is 
Page 21 of 220 

7(n a) ( ) (n+i.3) (54) 
dp.+ ,) j+ 5 4 

which is solved for 6P(+I + Then P. 9- Thc coefficients 
are given for i 3j 

o i _ ,A jqk P gj + ' k i gjB .(P 9, + (n+ ,a) ( ) 

and for i = 

aRgi_ ("+1.+ p6p(n+1,.))(f k 

/ (ni ,a 

± *Aik q(g-sgiIki(, + Pg))(565 
q=i /.gAxiq / 

In (55) and (56), we have assumed that ca",4 ) _ni) and so -. =- 0.  
For. itwo-phase flow, in wvhich both air and water movement are important, Eq. (44) is solved for water pressure at each time step. .Then when the iteration for. water pressure has converged,. Eq. (54.) is iterated (using latest values of saturation to calculate kg's) to convergence for air pressure Pg. Since the equations for air and water are not fully coupled, it will not be robust.-for every situation, - wbut, will work well for some problems.  

Fbll two-phase flow is implemented in the TRACR3D code (Tr'avis 1984).  
b. NumrericaI*.Solution~s for Transport. An important feature of the TRACRN code is its ability to compute transient, three-dimensional transport of reactive chehmlcal 

.species. Currently, TRACRN can model transport of an, arbitrary number of chemical tracers with the following features: advection, molecular diffusion, mechanical dispersion, 
radioactive decay (an n-chain decay. is allowed), and a choice of sorption models [simple 
Kd equilibrium sorption, Eq. (6), or a nonequilibrium saturable sorption model, Eq.  (4)]. The nonequilibrium model can be run in an unsaturable mode (Sm, large) and an irreversible (Q 2. = 0) as well as reversible (Q10 , 0, Q2. P 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 if the transport cquation for solutes in 1- or 2-phase porous flow 

can be a difficult goal , .,chieve. For moderate to high Peclet number P. = ) situa

tions, very steep conc',' r'ation fronts typically develop. Numerical resolution of such steep 
profiles requires either (1) very small mesh subdivisions, (2) high order approximations, 

or (3) a moving mesh with a region of fine divisions which follow the steep portions of 
the concentration field. TRACRN uses several approaches depending on the particular 
transport processes being considered. There is an option to use an implicit, fast finite 
difference solution for transport of adsorbing,' radioactive species. This option uses a sirm
,ple backward-ime, variable donor cell space differencing. DispersiDon cannot have its full 
tensor form,..but only diagonal terms. This method is especially efficient for transport 
through a steady velocity field.  

Under this option (ISOLVC=1), a numerical solution of Eq. (12) is obtained. ýTrans

port by advection, diffusion and dispersion are allowed, along with equilibrium, reversible 
sorption and: radioactive decay. Transport in both phases is..possible via.Henry's law. Dis 
persion is limited to option three, i.e., the dispersion tensor's only-non-zero entries &re 

on the diagonal and are user-supplied. The numerical solution. is, computed .by -a simplei,"' 

backward-time, weighted donor finite difference. approximatin ton Eq. (!12):.namely;. 

[(AHe•X•),1 (AHC),'i,] A- - + >6 [< BH>'AAq(acCti ± (1 aC)Ct-)n+1 ijk 
q~l : ijk.  

:: '("+ _m"• Xq _+•+ cSCai#•Jii "f2,+• "AH "+CI"k - (57) 
q= 1 • '.q "tik A) A =- - D H q +-SIij A 2 j A H ,iik -G k " " 'i "k 
q1l 

where q ranges over the cell faces of cell ijk, and 

AH = c(crtp + •,117).+ 0 - C)Ps, ,d (58) 

BH = pIt + K 1 1  , (59) 

D11 = c-rc(ptatDt + K 1 D9 ) , (60) 

and ac (CDONOR) ranges from 0.5 (centered space differencing) to 0 (pure donor). The 
quantities A.H,•, BHii& and Dliqi, arc evaluated after the flow variables (pressure, satura
tion and velocity) have been updated.  

Equation (57) represents a set of linear algebraic equations for the concentration at 
each cell center, and can be written as

JAIl{C'+'} = {1,,) (61)
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where [AC] is a sparse banded matrix whicl, does not depend on Ct. For 1-D situations, [A,] 
is a tridiagonal matrix; in 2-D it has 5 bands and for 3-D problems it is 7-banded. Boundary 
conditions are easily incorporated into Eq. (61); they result in modified entries for certain 
rows and columns of [Ac] and corresponding entries in {bj}. Since Eq. (01) is linear, 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 c below). This implicit solution does not use either the "sharp" donor or tensor anti-diffusion techniques available under the explicit solution option (ISOLVC=O) to 
reduce numerical diffusion: However, it is very fast, unconditionally stable, and reasonably 
accurate if (1) adequate mesh zoning is used, or'(2) dispersion/diffusion processes are 
significant relative to advection, or (3) material or other properties are not known precisely 
(usually the case), preventing any method from generating a highly accurate solution.  

The other solution option (ISOLVC=O) uses an explicit finite difference approxima-.  
tion to Eqs.: (4) and (5). The difference equations can be advanced either by (1) a simple one-step forward time update for transport invo1ving advection, diffusion, dispersion, ra
dioactive -decay. and equilibrium, reversible sorption, ,,,' (2.) a fourth- order. Runge-Kutta 
solution for transport involving non-equilibrium, saturable and/or irreversible sorption. In.  
either case two schemes are available for reducing or eliminating artifical diffusion intro
duced by the numerical. methods, described b6l6w.  

The finite difference forms of Eqs. (4) and (5) solved by TRACRN are 

• ;, z •s... .,''1 .'" " 
Qasa ,ca(So- so). Q 2 .So(Ca. C)+ -s -A°S ' (62) at [.Q M.i . ( 

and 

S-1/2 + -1 M - + 
LEpi ai -M-, "s 

j at C. p- 
(63) 

where pi is density of the fluid carrying the tracer. This system of 2 NTRCR ordinary 
differential equations is easily solved by a fourt'h-order Runge-Kutta method to provide 
S+,C+ = 1, ... , NTRCR. Transport terms and chemical reaction terms are solved 
simultaneously.  

For tracers carried in the liquid phase, Eqs. (62) and (63) should be approximately
correct, even uwder partially saturated conditions. W\'ater, a wetting fluid, will coat matrix.
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particles, so tl1;,, evcn at lrm- liquid saturations, binding sites and particles will be in 

contact with liquid. For ai-lr ,r-ir tracers, Eq. (62) may require modification because the 
sorption terms may not reltect ,I e degree of contact between the gas phase and matrix 
grains for partially saturated conditions.  

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

=o D {AXM + [DDV(Pic•AL }AA.m - , E(p Co m1)m 

x. ;m AAM (64) 

The first summation on the right side of Eq. (64) is straightforward. The last term in 
Eq. (64) deserves comment. First, the velocities uim are supplied by the flow part of 
the model. Second, the manner in which the tracer density at zone interfaces.(piC•Q) m is 
calculated can have a:'strong influence on ti he overall accuracy of the numerical solutio n.  
For exaniple, a pure donor itreatment of (piC 0)m would. produce. sig"ficart- smearing of 

• sharp concent~ration f~rdtsn(iý(hich typically occui for high Peclet number flows). The user 

has the.o-cption of sipecifying a donor type dilfferencing scheme or a higher order method via 
input variable:CDONOR

The igher order ieresentaition used here for the (piC 7,,).term at high .Peclet ndimber 
is fairly Simple: but appears. to h ,o capable of resolving .sharp concentryation fronts.. It is-.  
similar to.tecniiiques that-avc i•-.-itly appeared in the literature (Douglas and Russell 
1982; Larson 1982);: The flJux teri-ii( 1,iC,),t is determined for each. interface~in three steps.  

(1) From uim, determline' xm- Xm - A.zz 
(2) Determnine shape of the concentration froni. If nlcal Peclet number Pe"< 100, use ana 

approximate polynomial fit. If PC >. 100, uc .-"harp" donor approach [described in" 
(2) b ,lowl,

(3) Integrate f , o(')V-(')dx to obtain (piCo ..ttim 

S Im--AX.J ..  

For one-dimensional transport, this is easy to describe. Figure 6 shows a typical, large 
Peclet number concentration profile superimposed on :a finite difference mesh.' Consider 
the flux across the interface at xtq. The three steps for this instance are listed below.  

(1) Calculate Y = x 1 - VRAL.  

-(2) Determine Pe : If PC < 10.0, use a polynomnial fit for C between XL and 
.R. If PC > 100 and if CL > C >.CR or CL < C < CR, determine xC from 
CL(XC - --L) +CR(XR - Xc) ='C(XR - XL).  

(3) Then integrate f P"C-(x)1V(-T)d to obtiCin (P.•c).(u) 
, 1 x z - T I
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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.  

If Pe > 100 but CLz.> C > CR or CL < C <CR is not true, utuesml oo 

differencing.  
For' two- and three-dimensional problems2 steps (2 and (3),become -more. involved.  

Figre shwsa tpicl stutio fo to-dimensional transport. Velocities at the comners 
of cells. are ýdetermiined1 -and the. shaded -area is calculated. The shaded area is the region 
that will pa-ss through interface I (shown in Fig. 7). The most difficult. task here is to compute the shape of, thý 'toncentration field' i n thesadrginThssdoeb 
interpolating betweený neighboring 'cell výalues. Once again, a Peclet number is. computed.  
If Pe <,,100, a -polyno mi al fit -is -us.ed7. If Pe 0 00 ad concentrati on is mono tonically 
increasing or decreasing in the direction of flow, a "'sharp" donor approach is used. Finally, 
the integration of step (3) is performed. In three- diensions, the bookkeeping bcms 
considerable, but accuracy is the 'reward.  

Under the third, transport solution option' (ISO LVC=ti, CDONOR-0..5.), the numer
ical dispersion is calculated directly and subtracted out, thereby enhancing the accur .acy 
of the numerical results. When CDONOR=0.5, the differencing of spatial derivatives is 
centered (as opposed to donor ýlifferencing which biases the difference towards upstream 
nodes).  

Centered differencing is more accurate than donor differencing but often tends to be 
unstable. The source of this instability (determined by truncation error analysis) is the 
low order differencing of the time derivatives, which introduces a negative diffusion-like 
tei-m. Donor-differencing methods stabilize by adding on more positive numeric .al diffusion 
to overcome the negative term arising from the low order time differe'nc ing. However, 
the~ rarely add on exactly the right amount to cancel the negativedfuin thereby
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guaranteeing that there will be too much numerical diffusion. Rather than using a donor

type spatial differencing to offset the time truncation negative diffusion term, we estimate 

directly the magnitude of the time truncation term and subtract it for each mesh cell at 

each time step. (We- could use a higher order differcncing for the time derivative, but this 

would increase memory 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 

-- + V (uC)= DV 2C (65) 

and our finite difference form is 

6 6 

, ' + - Z(C, + C,+g)AA 9(-1)q = D E(Ci+, -C,) Aiq (66) 
S2 q=1 q=q 

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

Cr' 

[cp At Oa2C n. +o(AX2, A2c [Vt 2 - + .A=DV 2 C] (67) 

So, to lowest order the differential equation that our difference equation (66) is approxi

mating is not Eq. (65) but actually 

8C At (a2C'9 (68) 

which approaches Eq. (65) as At -- 0. To estimate the last term in Eq. (68), we' 

differentiate Eq. (65) to get 

a2 _V ac ) + D 7 ac 
81t2 a ,t & 

-V.u(-V.uC+D V2 C) 

V V-[UV. c ue)] (69) 

* ...) which we then substitute into (68) to get 

a- ( C) = DV 2C- -`-V - [if • (V uC))" (70) 
ai 2
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To remove the artifical, and dcstabilizing, diffusion term in Eq. (70) we simply add that 
same term to our finite diffcrcrice Eq. (6G) to obtain 

nd c,+ 2 E C_(,+ c,,)"AA,-, 

q=l 

CinAAq +At 2 6 =D (Ci+q -C,)2 Dc -V CC, ' AA q (71) 
Ax q 2 Axs+qi) 

q1 q 

This is our final finite difference form. Because of the form of Eq. (69)) this approach is 
called TAD for tensor anti-diffusion. Equation (71) is now accurate to O(At 2, AX2 ).
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