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ABSTRACT

A modeling program for evaluating the performance of a 

proposed cover at a uranium mill tailings disposal location 
has been applied to the cover's design. In this applica
tion, the volume of leachate from the base of the proposed 
tailings impoundment was estimated by a fundamental 
Darcian-style analysis, and with the HELP (Hydrologic 
Evaluation of Landfill Performance) computer model.
Leachate estimates by both techniques were in reasonable 
agreement.

The potential impacts to the local ground water regime 
were assessed initially by diluting the leachate flux, 
predicted by the HELP model, with the estimated volume of 
ground water available for dilution. Following this, the 
potential for leachate attenuation from chemical precipita
tion was simulated with the geochemical speciation code 
PHREEQE (pH redox equilibrium equations). The volume and 
estimated composition of the leachate was mixed with the 
volume and chemical character of the existing ground water 
by using the mixing mode of PHREEQE. All contaminants of 
interest are predicted to be undersaturated, and thus remain 
in solution.

Following this, the generation of leachate from the 
base of the planned tailings cover system was estimated by a
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series of simulations which examined modifications to the 
original design proposals and suggested possible changes to 
that design. Four types of modification to the original 
design were evaluated alone and in combination: slope of the 
top surface, evaporative zone depth, permeability of the 
clay barrier, and length of the drainage paths. When these 
parameters are combined in their most optimal configuration, 
the HELP model predicts a significant decrease in the 
percolation issuing from the base of the impoundment.

Through use of the HELP model, professionals in waste 
disposal practice now have a practical tool for estimating 
leachate volumes from a disposal cell. When these volumes 
are entered into a geochemical code, such as PHREEQE, the 
investigator can also begin to obtain initial estimates of 
leachate attenuation. Knowledge of the local ground water 
regime is also required in this type of analysis. In comb
ination, this type of information allows for the preliminary 
assessment of ground water impacts from a waste impoundment. 

In addition, the HELP code is well suited for evaluating 
alternative designs and in overall design optimization, from 
the relative sense of comparing one design against another. 
Experience has shown that the recommendations that result 

from such design optimization measures are more easily 
received when presented early in the overall remedial action 
plan.
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1 .0 INTRODUCTION

1 .1 Purpose and Scope

The purpose of this research has been to develop a 
methodology for predicting the hydrological performance of 
specific waste impoundment cover designs. These covers will 
be used as part of a comprehensive plan for the long-term 
isolation of uranium mill tailings from the environment, and 
possibly for other tailings piles left over from former 
mining activities. The overall goal of this work has been 
to develop a mechanism whereby effective tailings covers can 

be designed for the lowest possible cost. In addition to 
developing a technique for estimating the leachate flux that 

seeps from a particular impoundment design, a methodology 
for providing preliminary estimates on how these potential 
contaminants may impact local groundwater systems has been 
provided. After these techniques were developed and tested, 
an approach for performing design optimization and 
sensitivity analyses of various cover designs was provided.

As part of this goal, the methodology has satisfied two 
essential criteria: 1) staff level geologists and engineers 
within a regulatory environment must find the use of this 
methodology relatively simple and straight-forward, and 2)
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it must be inexpensive to implement and use in terms of 
personnel time and equipment.

1.2 Previous Work

When faced with the problem of predicting the 

hydrologic performance of engineered containment systems 

there are few models available. There are fewer still that 
have been developed from the onset with this specific 
purpose in mind, although substantial efforts have been 
dedicated to this purpose. Several researchers are 
currently involved with the development of models that 
appear to represent major advances in our ability to predict 
the performance of a solid waste containment system. The 
discussion that follows presents a summary of the work 
conducted in this area.

Perhaps the most powerful and sophisticated model yet 
developed for the purpose of evaluating sites and designs 
for waste disposal is that developed by Neuman and others 
(1974). This model, UNSAT2, uses a numerical method that is 
based on the Galerkin finite element approach. It can be 
used for the analysis of flow-through porous media in 
variably saturated conditions. Non-uniform soils can be 
modeled in two or three dimensions. Water uptake by plants 
is accommodated in a manner that accounts for plant growth.
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UNSAT2 has been used in a wide variety of applications, 

although the model has been criticized for its difficulty of 

use. The model has evolved since its initial release, and 
several versions are available.

When this work began, UNSAT2 was available only for 
mainframe computers. Because one of the two principal 
requirements for any methodology developed herein was 
inexpensive and straight-forward implementation, the use of 
UNSAT2 was ruled out for use in this study. However, as of 
November of 1987, this model has been modified by the 
Hydrology Department of the University of Arizona for use on 
the new generation of desk top computers that are based on 
the 386 microprocessor. It is expected that this model will 
become an alternate tool for tailings disposal design 
evaluation by the Colorado Department of Health when these 
new 32 bit machines become available to State personnel. 
Another model that accommodates variably saturated 
conditions in two and three dimensions was developed by a 
joint effort between T.N. Narasimhan of Lawrence-Berkeley 
Laboratory, and workers at Pacific Northwest Laboratory, 
(Reisenauer et al., 1981). This model was developed for use 
by Nuclear Regulatory Commission (NRC) personnel when 
evaluating alternative sites and designs associated with low- 
level radioactive waste disposal.

The documentation for this model, known as TRUST,
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reports that it is specifically designed to handle the 
numerical instability problems that typically plague 
variably saturated models when applied to desiccated soils, 
such as those found at most western uranium mill tailings 
sites (Reisenauer and others, 1981). Although the author 
has no experience with this model, several contractors 
associated with the UMTRA Program (Uranium Mill Tailings 
Remedial Action) have attempted to use the model for cover 
and liner assessment. During discussions with these 
workers, they have stated that it is very difficult to use 
due to its massive input requirements. Also, they have 
found that it does suffer from numerical instability when 
applied to arid sites (Rice, 1987, personal communication). 
In addition, the model is available only in a mainframe 
environment. For these reasons, this model was not 
investigated for this study.

A model developed by Oak Ridge National Laboratory, 
also for use by NRC personnel when evaluating alternative 

sites and designs for disposal of low-level radioactive 
waste, has been reported by NRC staff to be quite flexible 
and relatively easy to use (Yeh and Ward, 1979). This code, 
known as FEMWATER, is a finite element model that uses the 
Galerkin approach. The model addresses saturated- 

unsaturated porous media. It is currently available only 
for mainframe computers. This prohibits its use for this



ER-3491 5

study. However, the model is used routinely by the NRC, and 
it may be adapted for desk-top computers in the future.

Daniel (1987, personal communication) indicates that 
two additional models, POLLUTE and SOILINER, have been of 
some use in the assessment of engineered covers and liners.

POLLUTE (Rowe and Booker, 1984) is a one-dimensional 
model for predicting contaminant transport through a soil 
layer of finite thickness. Although the program arrives at 
a solution in an efficient manner, applications for this 
model are limited by its assumption of saturated conditions, 
and by assuming that contaminant absorption follows a liner 
isotherm. Also, the model is not public domain, and has a 
high purchase price.

The gradual wetting of a soil going from unsaturated to 
saturated conditions is modeled by program SOILINER (U.S. 
EPA, 1986). Using a finite difference approach, the model 
is intended to predict breakthrough times for water movement 
through a soil liner. Prior to the release of this model 
EPA was considering a requirement that a minimum 30 year 
breakthrough time be required for all soil liners. EPA 
dropped this line of reasoning after discovering the 
deleterious effects that reagent grade organic solvents had 
on clay liners. These effects caused EPA to completely 
rethink their approach to liner construction requirements, 
and subsequently this model has no real demand for its use.
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An unusual feature of this model is that it works within the 

environment of the popular spreadsheet program LOTUS 123. 
This feature also makes the program very slow to execute, 
with typical execution times on the order of 90 minutes.
The program is public domain, and is available from NTIS.

Regarding the prediction of impacts to groundwater, 
there appears to be a shortage of models and other tools 
that address this problem. The following•represents a brief 
summary of the work completed in this area; for a more 
exhaustive review of this subject, the reader is referred to 
Volume One of Herzog and others (1982).

Codell and Schrieber (1979) present a series of models 
for evaluating the dispersion of radioactive materials in 
groundwater. Several processes are simulated in the models: 
dispersion, radioactive decay, and sorption. However, their 
models are of limited usefulness to cover design 
considerations because some assumptions over-simplify the 
physical complexities of an engineered cover. Specifically, 
actual covers will not have simple geometries or uniform 

media, as dictated by the model. These models also suffer 
from limited validation studies.

A model that calculates the one-dimensional transient 
response of a soil column to infiltrating water carrying a 
pollutant that interacts with the soil was developed by
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Wight and Kniazewycz (1979). Although this model could" 
probably be modified for use in cover assessment 
applications - particularly to liners - it has input data 
requirements that are substantial. Among these are field 
investigations of both hydraulic conductivity and 
contaminant-soil chemical interactions. While such 
knowledge, will most likely increase the accuracy of any 
modeling effort, the fundamental need for any model appears 
diminished after such detailed data become available.

A simplified, one-dimensional model was developed for a 
disposal site in West Valley, New York, by Matuszek and 
others (1979). They state that infiltration through the 
cover was excessive, and that the prediction of long-lived 
radionuclides in groundwater requires further study. This 
model was developed to better define radionuclide transport; 
it does not have the ability to predict infiltration through 
a cover.

The contaminant attenuation mechanism of radioactive 
decay was investigated by Schwartz (1977) at the Sheffield 
Defense Research Establishment. He concluded that there are 
many uncertainties in estimating model parameters, and that 
model calibration was not possible. Although this study was 
not directly related to cover designs, the results serve to 
underscore the difficulty in using models in the related 
area of predicting impacts to. groundwater.
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The geotechnical problems associated with controlling 

the seepage from uranium mill tailings in Canada was 
reported by Milligan and others (1977). These authors 
report that control of seepage, or the containment of 
seepage to designated areas, is the essence of effective 
uranium mill tailings management. However, the tailings in 
this study were disposed in ponds. Under these 
circumstances, seepage would be expected to be a continual 
problem until the tailings are dewatered and capped.

In summary, when faced with the problem of predicting 
the hydrologic performance of engineered cover systems, 
there are a few models available. Nearly all require 
mainframe support. Some models, such as the TRUST code 
developed by Pacific Northwest Laboratories, have formidable 
input requirements. An important point to consider when 
selecting a model is the climate in which the waste facility 
will be located. If an arid climate is the setting for the 
design, then due consideration should be given to a model 
that addresses unsaturated or variably saturated 
conditions. This feature may be a requirement for any 
model used for waste disposal problems in arid climates. 
However, there are two critical factors to consider when 
determining the need for a model with this feature. These 
are the specific cover design and the local precipitation 
pattern. In combination, these two parameters can form
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conditions whereby the cover system remains essentially 
saturated throughout most of the year, despite the arid 

climate in which it is located.
For example, a cover design may be required to possess 

substantial erosion protection features, such as a rock 
armor system analogous to the riprap often seen below dams 
and along river channels. When this feature is a component 
of the design, it acts as a mulch and will effectively 
eliminate most of the evaporation that would otherwise have 
occurred if the cover was unprotected bare soil. Hillel 
(1980) points out that gravel mulching can be very effective 
in conserving water, due to its abilities to enhance 
infiltration and suppress evaporation, even when applied in 
very thin layers. When this occurs, the cover design itself 
may bring the local system much closer to saturated 
conditions than would have occurred with a bare soil or 
vegetative cover.

Furthermore, when the length of the drainage path is 
very long, the drain layer within the profile of the cover 
is likely to act as a temporary reservoir if this layer must 
also serve as a filter between cobble-sized material on top 

of the cover and the clay barrier below. The present UMTRA 
covers are bounded by such a constraint. Simple 
calculations based on Darcy’s Law will confirm that such 
ponding of water on top of the cover will occur for up to
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two months after a precipitation event. This phenomenon is 

due to the necessarily limited particle size of the 
drain/filter, and the influence that particle size has on 
hydraulic conductivity. Because of this, the site specific 
precipitation pattern by itself may bring the system towards 
saturated conditions.

These two factors operating together - ponding from a 
sand, drain and the suppression of evaporation - may 
eliminate the need for a model that accounts for variably 
saturated conditions. Experience on the UMTRA Program has 
shown that with the current designs, a model that addresses 
unsaturated conditions is not critical for estimates of 
leachate generation which are consistent with projections 
made by unsaturated flow models.

Modeling the performance and impacts of engineered 
disposal systems is rapidly growing in importance. Because 
of the increasing need for better predictions of cover and 
liner performance, several workers are currently developing 
models that will be specific to this application. When 
these efforts are completed, a preliminary review indicates 
that at least one of these new tools will represent a major 
step forward in our ability to predict the hydraulic 

performance of engineered waste facilities constructed from 
earthen materials. These new tools will have an immediate 
following.
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2.0 INITIAL MODELING AND ASSESSMENT OF DURANGO

2.1 The UMTRA Program

During the 19 50's and early 1960's, the U.S. Atomic 
Energy Commission conducted a national effort to supply 

uranium to the nation's developing nuclear industry and for 
use in weapons. Unfortunately, the waste material left over 
after the extraction of uranium from the ore was not 
disposed of in a proper fashion. This material, known as 
uranium, mill tailings, still contains about 85% of the 
radioactivity originally associated with the ore in the form 
of thorium and its decay products, (Landa, 1979). One of 
these decay products, radon gas, poses a potentially 
significant health hazard when humans are exposed to 
excessive levels of this substance over long periods of. 
time. The degree of exposure necessary to represent a 
health hazard is not likely to occur unless humans are 
inhabiting a building that has uranium mill tailings 
incorporated into some part of the structure. Also, 
although not in Colorado, there are a few locations where 
the tailings contain enough residual radioactivity to be 
mildly hazardous to any permanent residents living 
immediately adjacent to the pile. Such exposure represents
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a cancer risk roughly equivalent to smoking 2/3 of a pack of 

cigarettes per day, which approximately doubles an 
individual's average lifetime risk for lung cancer (National 
Research Council, 1986).

Unfortunately, the tailings were used in a variety of 
construction applications in the past. Typical uses were 
aggregate for concrete and foundations, bedding material for 
pipelines, and in roadway and sidewalk construction.
Nowhere was this practice more widespread than in Grand 
Junction, Colorado. To date, 3,945 structures have been 
identified- as containing uranium mill tailings. Clean-up at 
these "off-site" locations is well underway. The estimated 
total cost for these vicinity properties is $145 million 
dollars; the grand total for all completed and scheduled 
remedial activities at Grand Junction is approximately $315 
million dollars, (U.S. Department of Energy, 1987).

In order to prevent such costly expenditures from 
reoccurring in the future, and in the interest of public 
health and safety, Congress passed the Uranium Mill Tailings 

Radiation Control Act in 1978, (Public Law 95-604). This 
act established a Federal program whose objective is to 
permanently isolate from human contact or exposure the 
various "abandoned" uranium tailings sites located within 
the United States. This program has been named the Uranium 
Mill Tailings Remedial Action program, or UMTRA. It is
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administered by the U.S. Department of Energy (DOE).

Colorado has nine of the twenty-four designated sites 

scheduled for clean-up and permanent isolation; more than 
any other state in terms Of tonnage or number of sites. As 
currently conceived, the program will achieve permanent 
isolation of the tailings by removing them, where necessary, 
to more favorable geologic settings and protecting them with 
an engineered cover system.

The legislation authorizing UMTRA specified several 
technical and financial considerations which greatly affect 
the design and acceptability of the engineered cover 
systems. The principal specifications are:
1) A 200-year minimum design life for these disposal 
systems, during which no appreciable leakage or radon 
emanation should occur (not to exceed on an annual basis 20 
picoCuries (pCi) per square meter per second, averaged over 
the surface of the impoundment);
2) A design objective of 1,000 years where reasonably 
achievable;
3) A zero to minimal maintenance regime for these structures 
over the life of the project;
4) During the initial relocation and/or construction phase, 
individual states will pay for 10 percent of the program 
costs;

5) Once construction is completed, the DOE will assume full
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responsibility for maintaining the integrity and successful 
performance of the various impoundments in perpetuity. 
However, due to funding and budgetary uncertainties 
associated with the Federal budget, the states may 
ultimately be responsible for maintaining the integrity and 
successful performance of these impoundments after post
closure monitoring has confirmed the successful performance 
of the designs.
6) Also, Congress was very clear in its intent to have these 
activities performed in a proper and successful manner by 
stating that "Congress does not want to revisit the problem" 
(Public Law 95-604).

The first three requirements dictate a very stringent 
and conservative design standard, while the last two 
requirements raise potentially catastrophic future financial 
burdens on the various states. As a consequence, the state 
review of DOE proposals is a crucial task.

Many factors must be considered in the selection of a 
site for relocating and encapsulating these uranium mill 
tailings. Wells and Gardner (1 985) provide an excellent 
review of these considerations. However, after a site is 
selected, experience has shown that estimating the 
infiltration through the cover and the resultant contaminant 
flux from the base of the cell has proved to be a very 
difficult task. Even when such volumes have been estimated,
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a second problem remains; the prediction of the impacts on 

the ground water caused by the contaminant flux. To answer 
these concerns, a modeling methodology has been developed 
and is outlined in this report. These efforts will 
hopefully assist Colorado state personnel in evaluating the 
ground water impacts of the various DOE designs proposed for 
the Colorado UMTRA program. The modeling evaluates:

1) infiltration rates through the cover and tailings;
2) contaminant flux rates to the ground water; and
3) geochemical attenuation of the leachate.

2.2 The Durango Site

The uranium mill tailings site discussed in this report 
is at Durango, an important regional center in southwestern 
Colorado (Figure 1). The tailings are presently located 
within the town's central business district, adjacent to the 
Animas River (Figure 2). The future disposal site for these 
materials is approximately 3 road miles west of town, 
situated in a small basin On top of Smelter Mountain. This 
site is known as Bodo Canyon. It is at an elevation of 7050 
feet, some 500 feet above the present position of the 
tailings. These relationships are illustrated in Figure 3.

The site is underlain by shallow valley fill and slope 
wash deposits overlying a silty shale bedrock, as shown in
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Figures 3 and 4. The uppermost portion of the bedrock is 

weathered and fractured. Although the climate is semi-arid - 
an average annual precipitation of 18.4 inches - this amount 
of rainfall approaches a sub-humid climatic regime. Surface 
water runoff is intermittent. Ground water is found below 
the disposal site primarily in the shallow unconsolidated 
deposits. The elevation of the piezometric surface shows a 
marked seasonal trend due to infiltration from spring 
snowmelt and rainfall during spring and summer (Figure 5). 
Both surface and ground water flows from the site towards the 
Animas River, about one and a half miles away.

2.3 Department of Energy Cover Design
The basic design of the intended containment system 

proposed by DOE's engineers for the Bodo Canyon disposal site 
is shown in Figure 6. Excluding the compacted native 
material subgrade, this design includes four materials which 
are, from bottom to top: a) a thick sequence of tailings 
(expected to be approximately 35 feet thick); b) 
approximately six feet of compacted clayey-silty material; c) 
a one foot layer of sandy material; and d) a one foot layer 
of gravel.
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indicate water table is rising 69% of the record.
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S U M A R T  OF MODEL IMG INPUT DATA

R IPR AP A A 8
Thickness • 12 In; Porosity • .35 
Evaporation Coefficient • 3.3 ime/day 
Field Capacity • .08: W ilting Point • .04 
E ff. Hydraulic Conductivity * 142 in /hr 

( I  x 10-1 oe/sec)

Thickness • 12 In; Porosity • .30 
Evap. Coef. • 3 .3; F ield  Capacity • .05 
Wilting Point •  .02; E ff. K • 14.2 fn /hr

(10-2 cm/sec)

Thickness • 72 in; Porosity ■ .35 
Evap. Coef. • 3.1; F ie ld  Capacity • .32 
Wilting Point • .26; E ff. K • .000142 in /h r

(10-7 cm/sec)

Thickness • 300* In; Porosity • .35 
Evep. Coef. • 3 .2; F ield  Capacity •  .27 
Wilting Point •  .26; E ff. k • .00142 in /h r

(10-6 cm/sec)

B E O O IN G  LATER

CO M PA CTED  CLAY  
RAOON IN F ILTR A TIO N  
BARRIER

T A IL IN G S

BEDOING LAYER—* 
RIPRAP A A S — , /

DITCH

RAOON BARRIER

TAILINGS

Thickness of ta ilin g s  was modeled at 300 
Inches (25 f t )  fo r the top section, and 
150 inches (12.5 f t )  fo r tne side slopes.

ROAD

KEY 211. INTO NATURAL SOIL 
SOURCE :DUR RAP, DRAFT. JUNE 19BS

EXISTING GROUNO SURFACE

NOT TO SCALE

Figure 6. Proposed DOE cover design for the
Bodo Canyon disposal site*
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2.4 Modeling Methodology

The evaluation of the cover design was supported by a 
six step modeling methodology. The steps involve the 
estimation or assessment of: 1) natural ground water flow
past the site; 2) leachate production by simple Darcian 
calculations; 3) leachate production by infiltration 
modeling; 4) potential for leachate dilution; 5) chemical 
attenuation effects; and 6) a sensitivity analysis of cover 
design parameters.

These steps are discussed in detail in the following 
sections. Some involved relatively simple calculations which 
were performed on hand-held calculators, but computer models 
were required to complete the process. In some instances, 
the values produced by these simple calculations were 
compared to the values produced by the models. Such 
comparisons were valuable because they provided a relatively 
independent check on the accuracy of the results produced 
from the computer models. In this situation, when the 
credibility of any modeling effort was going to be 

questioned, avoidance of any mistakes in the modeling process 
was extremely important. By using such comparisons, errors 
in the modeling, due to incorrect data specifications for 
instance, would be readily identified.

A second benefit from such comparisons was observed
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during this study* Because the model results showed 
relatively close agreement with the results obtained by 
simple, readily understandable calculations in those areas 
where comparisons were possible, the model predictions of 
conditions which could not be estimated by simple methods 
were also made more believable. This was primarily in the 
area of performing sensitivity analyses of various design 
features of the cover. In short, such comparisons improved 
the modeling credibility.

2.5 Estimation of Ground Water Flow Past the Site

The shallow alluvial ground water aquifer underlying the 
Bodo Canyon site represents a localized system that is 
controlled by the bedrock surface and the basin-like 
character of the surface topography. The shallow ground 
water zone- is recharged by infiltration of incident 
precipitation and snowmelt. Nearly all the water that 
infiltrates into this area and becomes part of the local 
ground water regime must pass through a constricted "neck" 
that is governed by the bedrock geometry. Leakage to 
underlying aquifers is believed negligible, due to the low 
permeability of the unweathered shale bedrock. The annual 
volume of ground water flowing through this neck can be 
computed if the hydraulic conductivity, the gradient of the
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piezometric surface, and the cross-sectional area of the neck 

are known. This volume will approximately equal the 
infiltration flux in the area, thus it is possible to check 
the estimate. The horizontal hydraulic conductivity was 
determined by two slug tests performed in the sandy silt 
material near the northeast corner of the site (DOE,1985). 
These two tests gave values of 1.46 ft/day and 1.19 ft/day; 
thus an average value of 1.3 ft/day was selected. The 
gradient of the potentiometric surface was obtained from two 
maps showing conditions in March and June 1983 (DOE,1984). 
Measurements along the central axis of the basin yield an 
average gradient of 0.061. Using Figure 4, a light-table, 
and fine grid graph paper, the cross-sectional area of flow 
through the neck was determined. The aquifer was considered 
to be bounded by the piezometric surface and the top of the 
unweathered bedrock. Accordingly, the cross-sectional area 
will vary with changes in the piezometric surface. An 
approximate mean annual cross-sectional area of flow was 
estimated to be 8925 square feet by averaging the March and 
June conditions which represent the approximate maximum and 
minimum annual piezometric levels. Utilizing these values 
and Darcy's Law, an annual flux of about 2 60,000 cubic 
feet/year was computed. When divided by the appropriate 
surface area, this translates into an infiltration rate of
1.2 inches per year ( 0.1 feet/year), which seems reasonable
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for these conditions. Packer tests allowed an independent 

estimate of hydraulic conductivity. They suggest an 
infiltration rate of 1.4 inches per year (DOE, 1984).

2.6 Estimation of Leachate Production by Simple Darcian
Analysis

The tailings impoundment will extend over about 60 acres 
of the upper 85 acres of the Bodo Canyon basin. The designed 
cover will be constructed of local clay materials. The 
tailings materials have similar hydraulic propeties to the in- 
situ materials (U.S. DOE, 1985b). Accordingly, once 
equilibrium is re-established, the impounded tailings can be 
expected to behave hydrologically in a similar fashion to the 
current natural conditions.

The amount of contaminant flux which will emanate from 
the base of the tailings is the major parameter of interest. 
This cannot be directly computed from infiltration rates, 
since water is not continuously moving into the system in 
this semi-arid region.

A hydrograph of a shallow well located in Bodo Canyon is 
shown in Figure 5. A rising water level in a shallow well in 
this system is indicative of net downward flow (i.e. drainage 
from the material above the water table, along with snowmelt 
and rainfall). The sum of the line segments on the
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hydrograph with a positive slope were thus used to estimate 

that portion of the year when saturated conditions prevail. 
Measurements from the hydrograph revealed water levels rose 
during 253 days, or 69 percent of the year. This number was 
then used to reduce the flux calculation based on saturated 
flow by multipling by 0.69,

By using Darcy's Lav; with a permeability of 0.10 
feet/year for the clay cover, a unit gradient, an area of 60 
acres for the disposal site, and the 6 9 percent estimate of 
recharge duration, an estimate of the average leachate flux 
can be computed. This value for the Bodo Canyon site is 2.6 
gallons per minute (see Figure 5 for summary calculations).

2.7 Estimation of Leachate Using an Infiltration model

The long term response of the containment system is of 

critical importance to the design review. Zilthough the 
completed cover will have a surveillance and maintenance 
plan, many investigators believe that any cover made of 
natural materials will ultimately reflect the vegetation 
patterns of indigenous plant species. Certainly within the 
design objective of 1000 years, it is not illogical to assume 
that revegetation will occur.

Because of the possible hydrologic effects that 
vegetation may have on the cover's performance, a more

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 8040*
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sophisticated method for evaluating future performance of the 

proposed DOE design was desired. Accordingly, a computer 

model called HELP {Hydrologic Evaluation of Landfill 
Performance) was selected. The HELP model was developed by 
the U.S. Army Corps of Engineers Waterways Experiment Station 
for the Environmental Protection Agency and is capable of 
analyzing water movement across, into, through, and out of 
disposal sites. The HELP model is available for execution on 
mainframe computers and on IBM-^compatible PC's. The PC 
version was used in this study. A twenty-year record of 
precipitation data and other climatological data, such as 
solar radiation, was obtained from the Colorado Climate 
Center for the Durango site. Each model run, using these 
data, required about 40 minutes to be completed on a Leading 
Edge PC equipped with an 8087 math coprocessor and a NEC V-20 
chip. The model is relatively easy to use due to its 
flexibility and its user-interaction characteristics. It can 
be employed to simulate disposal cells that use synthetic 
membranes, natural materials, or both. The user can use up 
to 20 years of site specific, daily precipitation values to 
obtain stable estimates for various hydrologic parameters.

The authors of the HELP model state: "The HELP program 
was developed to facilitate rapid, economical estimation of 
the amounts of surface runoff, subsurface drainage, and 
leachate that may be expected to result from the operation of
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a wide variety of possible landfill designs. The program 

models the effects of hydrologic processes including 
precipitation, surface storage, runoff, infiltration, 
percolation, evapotranspiration, soil moisture storage, and 
lateral drainage using a quasi- two-dimensional approach" 
(Schroeder, and others, 1984). Various types of vegetative 
covers can be simulated with this model. Different degrees 
of vegetation density, varying depths of root penetration, 
and the SCS runoff number can all be specified as part of the 
climatological input data set used by the model.

The HELP model requires soils data to define total 
porosity, field capacity moisture content, wilting point 
moisture content, saturated hydraulic conductivity, and 
evaporation coefficient.- If specific values of these soil 
properties are not known for the design under study, the 
model has a selection of 18 different "default" soil types 
that the user may select. The user should use extreme 
caution when using these default values, however. As an 
example, there are several silty clay loams provided in the 
default soils data set, yet the hydraulic conductivity for 
these soils varies by nearly three orders of magnitude. 
Because of this, site specific soils information is always 
preferable over default data, and may be essential for 
realistic model output. Also, local climatic conditions 
could be greatly different than any of the default climate
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data provided for the major cites of the U.S.
For this application, most of the soil values needed by 

the model were determined by the site characterization work 

(DOE, 1985b). This was fortunate, since site specific data 
reduces uncertainty in the model's predictions. The HELP 
model was used to simulate the DOE cover design shown in 
Figure 6. Over 50 different simulations were performed to 
investigate the sensitivity of the cover flux estimates to 
various design parameters. The estimated leachate volume 
produced at the base of the disposal site ranged from one to 
eight gallons per minute depending on the hydraulic 
conductivity specified for the clay barrier in the cover and 
geometric design variations for the outer surface of the 
finished site. The smallest estimated leachate production 
rate of 1 gallon per minute was selected for the assessment 
of attenuation effects. This volume represents the minimum 
achievable leachate volume for the proposed design. 
Accordingly, the attenuation assessments based on this 
minimum volume represent a "best case" scenario in terms of 
volumetric flux. If the actual leachate production rates are 
higher than 1 gallon per minute, then the contaminant levels 
will be larger.
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2.8 Estimation of Potential for Leachate Dilution

The annual flux of ground water flow past the site under 
present conditions was estimated to be 260,000 cubic feet per 
year, or 3.7 gallons per minute. However, this represents 
only a part of the total volume of ground water available for 
dilution of any leachate escaping from the containment.
Before discharging as baseflow to the Animas River, 
additional ground water will mix and.dilute the leachate. 
However, dilution levels at the point of compliance represent 
the major interest-. Although the final EPA standards that 
specify where the point of compliance will be located have 
yet to be adopted, the published draft standards indicate 
that this critical parameter will follow the requirements of 
the Resource Conservation and Recovery Act (RCRA). The 
current RCRA definition for the point of compliance is at the 
"edge of the facility'1. With this interpretation for a 
compliance point, the available water for dilution will be 
limited to that volume that infiltrates above the 
downgradient toe of the pile.

After construction of the disposal cell, about 60 of the 
85 acres of the drainage basin upstream from the neck area 

will be modified. These modifications will reduce the 
current infiltration rates, thus reducing the ground water 
flow through the neck to about 2 gallons per minute (one



ER-3491 32

gallon of leachate as predicted by HELP and one gallone of 
underflow from the small area up-gradient of the site). From 
the calculations discussed earlier, about half of this volume 
will be leachate. Using a simple mixing cell model, the 
contaminant levels that will exist at one possible point of 
compliance - the down-gradient uppermost aquifer at the toe 
of the pile - are shown in Table 1. An inspection of this 
Table reveals that arsenic, barium, cadmium, molybdenum, 
lead, selenium, and uranium may be above the existing or the 
proposed EPA standards for this project.

As this volume of fluid moves downgradient from the site 
and towards the Animas River, additional water from surface 
infiltration will become available and further dilute the 
leachate. The total drainage basin area is approximately 745 
acres. Assuming uniform infiltration conditions apply 
throughout this geologically similar basin, the additional 
660 acres below the site will yield approximately 30 gallons 
per minute of additional ground water which will mix with the 
2 gallons per minute of contaminated water issuing from the 
neck. Thus, the dilution ratio will have been reduced from 
1:1 at the neck to about 30:1 at the point of potential 
discharge into the Animas River. If the point of compliance 
was set at this location, the resulting contaminant levels 
considering only simple mixing and dilution are shown in 
Table 2. Although there is a considerable improvement in
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Footnotes for Table 1

For mixing cell calculations, background values below the 
detection limit were assumed to be present at one-half of the 
detection limit. Total annual flux from the base of the 
design, as calculated by the computer model HELP, is diluted 
with one gpm, the estimated mean annual flux of ground water 
available for mixing with the leachate.
(1) U.S. Department of Energy, 1984, Remedial actions at the 
former Vanadium Corporation of America uranium mill site, 
Durango, La Plata County, Colorado: Final Environmental 
Impact Statement DOE/EIS-0111D (2 vols), Albuquerque, New 
Mexico, U.S. Department of Energy, UMTRA Project Office, 
Albuquerque Operations Office, 582 p. F-22, Table F.46.
(2) Ibid., processing site well #16, p.F-80,
(3) Bendix Field Engineering Corporation, 1983, Draft Durango 
processing site characterization report, Albuquerque, New 
Mexico, U.S. Department of Energy, UMTRA Project Office, p.71
(4) The proposed EPA standard for molybdenum is 0.10 mg/1; 
the final standard has not been established
(5) The proposed EPA standard for uranium is 30 pico Ci/1; 
the final standard has not been established
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Table - Predicted contaminant concentrations for 
the DOE ;over design at the Bodo Canyon disposal site

[concentrations in mg/1]

pecies Est .mated 
Max .mum 
Con :en. (1 ) 
in "ails 
Por j Wtr.

Background
Concen.
Bodo Canyon 
Grdwater(1)

Estimated 
Future 
Concen.in 
BodoCanyon 
from DOE 
Design

EPA
Primary 
& Secondary 
D.W.
Std

AL 380 <0.01 190 ■*

As 19 <0.01 9.5 0.05

Ba 90 <0.1 4.5 1 .0

Cd 0.2 <0.001 0.1 0.01

Fe 380 0.12 190 0.3
Mn 7.7 0.19 3.9 0.05

Mo (2) 0.24 <0.01 0.12 0.10 (4)

Pb 4.5 <0.01 2.2 0.05

Se (3 » 6.8 <0.01 3.4 0.01

S04 35,200 1 ,200 18,200 250
Sr 64 1 .3 33
U 4.5 0.01 2.3

pCi/1 3 ,000 6.7 1 503 30 (5)

V 770 <0.01 385
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Footnotes for Table 2

For mixing cell calculations, background values below the 
detection limit were assumed to be present at one-half of the 
detection limit. Total annual flux from the base of the 
design, as calculated by the computer model HELP, is diluted , 
with one gpm, the estimated mean annual flux of ground water 
available for mixing with the leachate.
(1) U.S. Department of Energy, 1984, Remedial actions at the 
former Vanadium Corporation of America uranium mill site, 
Durango, La Plata County, Colorado: Final Environmental 
Impact Statement DOE/EIS-0111D (2 vols), Albuquerque, New 
Mexico, U.S. Department of Energy, UMTRA Project Office, 
Albuquerque Operations Office, 582 p. F-22, Table F.46.
(2) Ibid., processing site well #16, p.F-80,
(3) Bendix Field Engineering Corporation, 1983, Draft Durango 
processing site characterization report, Albuquerque, New 
Mexico, U.S. Department of Energy, UMTRA Project Office, p.71
(4) The proposed EPA standard for molybdenum is 0.10 mg/1; 
the final standard has not been established
(5) The proposed EPA standard for uranium is 30 pico Ci/1; 
the final standard has not been established
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Table 2 - Predicted contaminant concentrations for 
the DOE cover design at the Bodo Canyon disposal site

[concentrations in mg/1]

pecies Estimated 
Maximum 
Concen.(1) 
in Tails 
Pore Wtr.

Background
Concen.
Bodo Canyon 
Grdwater(1)

Estimated 
Future 
Concen.in 
BodoCanyon 
from DOE 
Design

EPA
Primary 
& Secondary 
D.W.
Std

AL 380 <0.01 10.9

As 19 <0.01 0.55 0.05

Ba 90 <0.1 2.6 1 .0
Cd 0.2 <0.001 0.006 0.01

Fe 380 0.12 11 0.3

Mn 7.7 0.19 0.4 0.05

Mo (2) 0.24 <0.01 0.012 0.10 (4)
Pb 4.5 <0.01 0.13 0.05

Se (3) 6.8 <0.01 0.2 0.01

SO 4 35,200 1 ,200 2,171 250

Sr 64 1 .3 3.1
U 4.5 0.01 0.14

pCi/1 3,000 6.7 93.3 30 (5)
V 770 <0.01 22
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expected contaminant levels by having more water available 
for dilution, only cadmium and molybdenum will be below 
standards at this point.

2.9 Assessment of Potential for Attenuation

Geochemical attenuation of a leachate can involve 
several different processes. Runnells has described eleven 
of these (Runnells, 1976). The quantitative assessment of 
attenuation requires a considerable amount of site-specific 
chemical data describing the waste, the underlying water, and 
the geologic materials. Even with such data, the computed 
estimates are subject to considerable uncertainty due to the 
interplay of the various attenuation mechanisms, chemical 
disequilibria, and the heterogeneity of natural materials.
Of the various ways in which attenuation may mitigate this 
type of waste stream, simple dilution, precipitation, and 
absorption are usually the most significant. Simple dilution 
was evaluated first.

Geochemical data describing the natural ground water 
quality and the expected maximum contaminant levels in the 
tailings leachate, (based on a survey of similar tailings 
situations), were available in the Draft Environmental Impact 
Statement (DOE, 1984). This information was checked for 
reasonableness by comparison with data obtained from on-site
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monitoring wells located within the raffinate ponds area, and 

adjacent to the tailings pile. In addition, historical 
monitoring information from similar tailings situations was 
evaluated, along with maximum solubilities based on 
thermodynamic data. With this information, a simple mixing 
and dilution of the contaminant flux, using both 1:1 and a 
30:1 dilution ratios, was computed. These results are shown 
in Column 4 of Tables 1 and 2. The resulting estimated 
maximum concentrations of arsenic, barium, cadmium, 
molybdenum, lead, selenium, and uranium exceed EPA primary 
drinking water standards or the proposed ground water 
standards for this project under both scenarios. As is 
expected, the estimated concentrations closest to the pile 
will be the highest. Iron, manganese, and sulfate (secondary 
drinking water standards) will also exceed standards, but 
manganese and sulfate are already above standards in the 
natural background water quality in Bodo Canyon.

To further investigate the effects of geochemical 
attenuation, two widely used geochemical speciation computer 
models were employed. These models, PHREEQE (Parkhurst and 
others, 1982) and WATEQ (Plummer and others, 1976) are 
capable of performing dissolution and precipitation 
calculations on equilibrium systems. WATEQF was chosen as a 
preliminary screening tool because of its easy-to-interpret 
ionic balanceoutput. The mixing simulations were done in the
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mixing and titration modes of PHREEQE. Results of this 

simulation indicated that nearly all constituents would be 
undersaturated, and thus remain dissolved and mobile in the 
ground water.

Additional simulations were completed by varying Eh from
0.2 to 0.4 volts. This was done to test how changes in the 
oxidizing potential might effect contaminant mobilization. 
These simulations predicted that the modeled system is 
relatively insensitive to Eh changes over this range.

Another reason for the Eh sensitivity analysis was to 

test the validity of the assumed value of 0.3 volts for the 
Eh used in these computations. This value was selected based 
on discussions with geochemists who work in this particular 
field. Although Eh can be a very elusive measurement to 
obtain in the field, the large amounts of dissolved iron, 
aluminum, manganese, and sulfate typically found in acid 
leach mine tailings, along with their associated redox 
couples, normally keep the oxidizing potential of this type 
of material poised near a value of 0.3 volts.

Unfortunately, the native groundwater under the site 
contains a small amount of fluoride (approx. .3 mg/1). 
Fluoride, the most electronegative of all elements, forms 
extremely stable, strong aqueous complexes with many 
dissolved cations. Langmuir has described this type of 
complex as an "inner-sphere complex" (Langmuir, personal
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communication, 1986). This may also be thought of as an 
electron configuration between the complexed species as 
predominantly covalent in nature. As a consequence, the 
contaminant concentrations predicted by PHREEQE were very 
similar to the dissolved loads predicted from simple mixing 
estimates which ignored precipitation effects. However, the 
molybdenum level estimated by PHREEQE is less than the 
estimate from simple dilution. This is to be expected. The 
solubility of molybdenum is pH sensitive, as are most 
metals. However, its usual form in natural waters is an oxy- 
anion, making it more soluble in alkaline environments, and 
relatively immobile in the acidic pH of the tailings 
leachate. The more sophisticated computer simulations 
reflected this, whereas simple dilution does not.

While the mill at Durango was in operation, 
approximately 3/4 of the total two million tons of tailings 
material were subjected to an acidic metallurgical process. 
After such material is deposited in a tailings pile, the pH 
is usually buffered between the range of 2 and 4, due to the 
formation of mixed hydroxy-sulfate minerals like allunite and 
jarosite. Because of these considerations, the tailings 
leachate was initially assumed to be acidic in nature. Using 

this assumption, precipitation of dissolved metals from acid 
neutralization was investigated. Pyrih and Associates 

(1985)reported a median calcium carbonate content of 0.25
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percent for nine soil samples obtained from Bodo Canyon.

They concluded that most of these soils "are not acid 

consumers to any great extent" (Roman Pyrih and Associates, 
1985, p12). Pyrih also states that about 0.25 pounds of 
calcium carbonate are required to neutralize one gallon of 
fresh raffinate (raffinate is used to describe uranium 
tailings slurry). These data were used to further evaluate 
the neutralization capacity of the underlying materials.

Conservative estimates suggest the initial 15 feet 
underlying the site involves 39 million cubic feet of 
materials which would contain about 10 million pounds of 
calcium carbonate. If the leachate from these tailings are 
assumed equivalent to fresh raffinate, which is an overly 
conservative assumption, then this much carbonate could 
neutralize about 40 million gallons of leachate. Using the 
leachate volumes estimated by the HELP model, this 
neutralization capacity could be reached in as few as four or 
as many as ninety years. Even if these estimates are off by 
an order of magnitude, they show that the natural 
neutralization capacity could be reached well before the 
design objective of the facility - i.e. 1,000 years. Once 
such neutralization stops, the precipitation of the metal ion 
contaminants would be greatly curtailed, and the system would 
be expected to tend towards the attenuation pattern 
predictedby the PHREEQE simulations.
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Because of these implications, a review of the acid 

neutralization capacity of this site was recommended to the 
DOE. In response to this concern, the DOE directed its 
contractor to install lysimeters within the pile to measure 
the actual pH of the tailings pore water. Fortunately, the 
lysimeter data indicated that the tailings pore-water was not 
acidic, but rather was found to be near neutral in pH. This
indicates that even with a lack of acid neutralization
capacity in the soils beneath the disposal site, enhanced 
contaminant mobilization due to an acidic environment is not
expected at this site. This has favorable implications for
project success at this location.

Subsequent to the lysimeter installations, tailings 
excavation began, and another anomalous situation was 
revealed. The tailings have practically no "slime" layers 
within the pile. Because of the metallurgical process, a 
distinct bimodal particle size distribution of sands and 
slimes is typically found in tailings of this nature. A 
possible explanation for the anomalous situations of a 
neutral pore water pH and the absence of slimes is presented 
in the conclusion of this report.
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3.0 SENSITIVITY ANALYSIS OF COVER DESIGN PARAMETERS

3.1 Purpose

Following these efforts, a sensitivity analysis of the 
DOE cover design was undertaken to ascertain if the hydraulic 
performance of the existing design could be improved. This 
was done because of the implications for design failure if 
the final EPA standards dictate a point of compliance at the 
downgradient edge of the pile. This scenario will likely be 
further compounded by the natural occurrence of fluoride in 
the shallow ground water system found at the disposal site. 
Finally, these simulations showed that the permeability of 
the proposed cover was the most critical factor controlling 
the generation of leachate. If the suggested design 
permeability for the cover of 1 x 10-7 cm/s is in fact 
achieved in the field, then HELP predicts that this disposal 
cell will produce a leachate flux of one gallon per minute. 
However, larger cover permeabilities show correspondingly 
larger leachate volumes.
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3.2 Preliminary Analysis of Alternative Designs

The HELP model analysis of the original DOE cover 
suggested that some relatively simple modifications to this 
design might substantially improve its performance. 
Accordingly, a study of cover performance was undertaken to 
determine the lowest infiltration flux reasonably achievable 
by incorporating additional modifications to the original DOE 
design. In addition, other designs were investigated in a 
preliminary fashion to determine if a more effective 
alternative design was obtainable for an equal or lower 
cost. This work is not complete and will be published at a 
future date.

3.3 Sensitivity Analysis of the DOE Cover Design

The HELP model was used to evaluate the response of the 
proposed DOE cover design to a sequence of design changes.
The objective was to identify the importance of various 
physical parameters in improving the cover's performance.
Two criteria were used :

1. Minimization of the volume of contaminants 
percolating from the base of the impoundment, and

2. Cost.
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Four design components were selected for study. Each 

was investigated while holding all others constant. The 
four design components included:

1. Top slope of the cover;
2. Thickness of the evaporative zone;
3. Permeability of the clay barrier layer; and
4. Length of the drainage path;

3.4 Effects of Length of Precipitation Record on Simulation

In common with many infiltration models, the HELP model 
is sensitive to the period of precipitation used during the 
simulation - i.e. a particularly wet period will show more 
flux than a dry period. Actual daily precipitation records 
are used by the program, up to a maximum period of twenty
years. A 20-year record will account for these year-to-year
flucuations better than a five-year period. However, the 
amount of computer time required to complete each simulation 
is proportional to the length of the climatological record 
used by the model. With the large number.of simulations 
required by this study, it was desirable to use a shorter 
simulation period, provided adequate accuracy in the 
simulation results could be maintained.
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Accordingly, the model was executed using varying 

lengths of time, up to the maximum allowable 20-year period. 
Using site specific daily precipitation data recorded in 
Durango, the infiltration flux determined by a 20-year record 
was typically larger than the flux determined by a five year 
period (see Figure 7). This difference is due to year to 
year variation in the distribution of annual precipitation, 
along with the considerable thickness of this design and the 
time required for the equilibration of water within the 
modeled profile.

Each separate design component parameter was simulated 
initially for the full 20-year time period and for a five- 
year period. Subsequent simulations of the same parameter 
used the five-year data set and were then scaled up to a 20- 
year precipitation period by the use of a scaling factor that 
was calculated from actual model output. This scaling factor 
was simply a ratio of the leachate flux for a five-year 
period to the leachate flux for the 20-year period. In this 
application, this factor was 1.4. The results obtained by 
this procedure were randomly checked against computations 
obtained with full 20-year simulations, and no disagreements 
were observed. When extensive modeling is anticipated, this 

can be a significant time-saving step.
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3.5 Response to Top Slope Modification

The HELP simulation of these alternative designs was 
encouraging. The local availability of cobble- 
sizedaggregate, the size of the disposal area, and the cost 
of redesigning the drainage channels suggested that any 
changes to the specified 5:1 side slopes were infeasible.
This was not a significant limitation to the design 
optimization study. The flatter top slopes account for the 
largest portion of the cover's surface area, while the steep 
side slopes encourage runoff of incident precipitation. Thus 
the largest contribution to infiltration of precipitation and 
theresulting generation of leachate is through the top of the 
disposal cell, not the sides.

During the initial simulations, the top slope was set at 
three percent. The original design specifications allow a 

variation in this parameter from two to four percent.
However, since steeper slopes promote runoff and help to 
decrease infiltration, this design element was thought to be 
critical to better performance. Simulations of steeper top 
slopes, up to a maximum of 12 per cent, showed significantly 
lower percolation rates through the base of the impoundment 
(see Figure 8). At 12 per cent top slope, the percolation 
volume was reduced by 40 per cent. A 12 per cent top slope 
was considered the maximum feasible slope due to long-
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Figure 8. Effects of top slope on contaminant flux.
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term stability and erosion considerations, so no steeper top 

slopes were evaluated. Since this work was completed, 
discussions with a noted expert in riprap design, Dr. Steven 
Abt, Colorado State University, has revealed that a six 
percent top slope would probably be the maximum allowable 
increase in this parameter if a soil/rock composite cover 
were employed. A top slope of more that six percent would 
enhance gully formation due to channelization of flow, and 
would v/ash away soil from within the void spaces of the 
cover. Such a soil/rock cover is advocated by the State for 
use on UMTRA sites within Colorado.

3.6 Significance of the Evaporative Zone Depth

The proposed cover would be protected from the effects 
of long term erosion and denudation by a top layer of cobble 
sized gravel. While this material will certainly minimize 
erosion, it has a deleterious effect on the infiltration of 
incident precipitation. Gravel mulches have long been used 
to minimize evaporation and enhance infiltration in 
agricultural applications. For example, Hillel, (1980), 
states: " Gravel mulching is an age-old method and can be 
very effective in water conservation ( both in enhancing 
infiltration and in suppressing evaporation) even in layers 
as thin as 5-10 mm." (p.141)
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The proposed DOE cover was initially modeled with an 
evaporative zone depth of four inches, which the HELP model 
documentation suggests is appropriate for bare ground. 
However, recent validation tests for the HELP model indicate 
that this value may be much too low for semi-arid conditions, 
such as found at this site. Furthermore, the potential for 
woody vegetation, such as pinyons and junipers, becoming 

established on the gravel surface of this cover within its 
design life is considered realistic by several experts. Such 
vegetation would also increase the evaporative depth.
However, in the short term, the four-inch evaporative depth 
may be reasonable, due to the effects of the rock acting as 
amulch.

Nonetheless, this parameter was investigated to see how 
changes might effect overall performance, and in an attempt 
to “window" potential error. Consequently, the evaporative 
depth was changed through a series of four increments until a 
maximum depth of 24 inches was reached. As would be 
expected, increases in the depth of evaporation cause 
decreases in the volume percolating through the base. As 
shown in Figure 9, this volume is decreased approximately 0.1 
gallons per minute for each four-inch increase in the 
thickness of the evaporative zone. Thus when the maximum two 
foot evaporative zone depth is used, the volume is 
approximately halved.
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Figure 9. Effects of evaporative depth on contaminant flux.
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3.7 Permeability of the Clay Barrier Layer

The final in-place permeability of any clay barrier 
layer has the potential to restrict the amount of 

precipitation that infiltrates into the underlying tailings. 
The original DOE cover design specified a permeability of 1 x 
10-7 cm/sec, which approaches the limit of what is achievable 
under present day construction practice. For instance,
Daniel (1984) has shown that the in-situ or "as built" 
permeability of compacted clay liners may be ten to several 
thousand times higher than predicted from current laboratory 
testing procedures. His data show that field permeabilities 
are rarely lower than 1 x 10-7 cm/sec.

Three simulations were undertaken to analyze the effects 
of changing the cover permeability. The permeability was 
changed by one order of magnitude for each simulation. As 
shown by Figure 10, the percolation volume increases from 1 
gallon per minute when the cover permeability is 1 x 10-7 
cm/sec to 8 gallons per minute when the permeability is 1 x 
10-5 cm/sec. (Other factors also influence the actual 
predicted percolation volume, such as available rainfall and 
the slope parameters.) This clearly demonstrates the 
importance of verifying that the design permeability is 
actually achieved during construction.
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3.8 Length of the Drainage Path

The HELP model does not currently permit the analysis of 
changes in surface runoff collection systems. It does allow 
for the modeling of changes in lateral flow distances to 
drainage collector systems within the cover profile. 
Accordingly, the HELP model was used to evaluate how changes 
in lateral drainage distances, within a lateral drainage 
layer, affect the percolation volumes from the base of the 
impoundment. In this simulation, the sandy filter layer 
between the compacted clay and gravel layers in the cover 
(Figure 6) was modeled as the lateral drain.

Drainage distances ranging from 50 to 200 feet were used 
to evaluate the changes in the predicted contaminant flux as 
the length of these drainage paths varied. The estimated 
volumes from these simulations are shown in Figure 11. For 
this particular site, when the length of the drainage path 
was decreased to 50 feet, the flux volume was reduced by 
approximately 25 per cent.

3.9 Composite Simulation Incorporating Above Modifications

For the final simulation, the various factors that 
improved the performance of the cover were combined. This 
included a 50 ft. drainage path, a 24 inch evaporative zone
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depth, and 12 per cent top slope. The HELP model estimated 

that a cover with these modifications will produce a 
percolation flux from the base of the impoundment of 0.34 
gallons per minute. This is an 66 percent decrease over the 
originally estimated one gallon per minute flux rate. Due 
to the inherent uncertainties in the modeling process, such 
comparisons give only a relative measure of improvement, and 
should not be considered as absolute values. Nevertheless, 
these changes, or modifications thereof to the extent 
reasonably achievable, will be recommended for incorporation 
into the final design.

These modifications may not be totally obtainable in the 
field. For example, the 12 percent top slope could not be 
obtained if a soil/rock composite cover was built. Also, 
without the benefit of vegetation on the surface of the DOE 
cover, this design may result in an evaporative zone depth of 
much less than the 18-24 inches expected for this area. This 
is due mostly to the presence of the gravel cover, which will 
tend to decrease evaporative losses while simultaneously 
increasing infiltration of incident precipitation. Currently 
there is strong opposition to a vegetative cover at any of 
the Colorado UMTRA Project locations, even though Oregon and 
Pennsylvania sites were completed with this type of system. 
The impacts posed by vegetation on the covers of these 
Colorado sites remain under review.
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4,0 SUBSEQUENT DOE SPONSORED MODELING

The DOE recently announced predictions made using their 
newly developed SOILMOIST model that suggest a steady-state 

flux of 2.5 gallons per minute, with a net infiltration rate 
of 3.5 cm per year for the Durango disposal site.

A separate DOE contractor recently modeled the Durango 
cover using UNSAT2, yielding an infiltration rate that 
averaged about 3 cm per year. These results indicate that 
under the right set of circumstances, the computationally 
less sophisticated HELP model can produce output that 
compares favorably to the output from other infiltration 
models, even in arid areas.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 8040!
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The results of any model simulation should never be 
considered as absolute. Nevertheless, the HELP model is a 
valuable aid in assessing design alternatives. Site 
specific data are critical in achieving any reasonable 
measure of predictive reliability.

The HELP model contains default data values for both 
climatological and cover material characterization. These 
are useful in a preliminary design review. However, the 
limitations of such data must be clearly understood by the 
users of the model. For example, the model's default 
permeability values for a silty clay loam vary by nearly 
three orders of magnitude. Thus the user of the model must 
be able to define the site materials with a degree of 
precision greater than represented in the default soils data.

In this study, the precision of model simulations 

increased when longer periods of precipitation data were 
used. The HELP model can use up to twenty years of such data 
to perform a simulation. However, the time required to 
complete a simulation is proportional to the length of the 
precipitation record. When many simulations are required, it 
is possible to develop a scaling factor which allows
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conversion of simulation results obtained using shorter 
precipitation periods to those resulting from use of the full 

twenty year period allowed by the model. This can be a 
valuable time-saving step when many simulations are 
anticipated.

The chief benefit in using HELP during the design 
assessment process is its ability to make comparisons between 
design alternatives or modifications. Used in this capacity, 
the HELP model can be a valuable tool during the actual 
design process. The relative accuracy of such comparisons is 
always better than the absolute reliability of the estimated 
values. However, the HELP model proved useful in estimating 
the probable volume of leachate produced from a proposed 
engineered impoundment in Bodo Canyon for uranium mill 
tailings, and produced results very similar to the 
predictions of two additional infiltration models applied to 
this site (see section 4.0).

These simulations showed that the permeability of the 
proposed cover was the most critical factor controlling the 
generation of leachate. If the suggested design 
permeabilityfor the cover is in fact achieved in the field, 
then HELP predicts one gallon per minute of leachate will be 
produced from the site. This represents a net infiltration 
of about 3 cm per year. However, larger cover permeabilities 

show correspondingly larger leachate volumes. These values
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compare reasonably to a 2.6 gpm estimate produced by a simple 

Darcian analysis.
Estimates of ground water infiltration values in this 

area suggest that a dilution ratio of 30:1 may occur as this 
leachate moves toward the Animas River. With this dilution 
ratio, simple mixing calculations show many metals remaining 
above EPA drinking water standards. These results further 
emphasize the importance of achieving the smallest possible 
in-place permeability for the cover.

Use of geochemical speciation models demonstrate that 
the attenuation of the leachate contaminants from simple 
precipitation may be minimal. This mobilization may be 
further compounded by the natural occurrence of fluoride in 
the shallow ground water system at the disposal site.
However, other significant attenuation mechanisms, such as 
sorption and ion exchange, have not been modeled, and would 
be expected to assist in mitigating the impacts of the 
predicted leachate to the native ground water.

Because the drainage from Bodo Canyon happens to impact 
onto an area that was formerly used for unlined raffinate 
evaporation ponds during the uranium milling process, the 
existing elevated levels of contamination will tend to mask 
any future contamination patterns originating from the 
disposal site. However, the intake structure for the Animas- 
La Plata Project, a new reservoir currently under
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construction, will be located in the area of the former 
evaportion ponds. Construction activities associated with 
this project will likely remove most, if not all, of this 
residual contamination. Because of this, the final design 
and operation of the site may be largely dependent on future 
EPA regulations and standards concerning allowable 
degradation of existing ground water supplies.

These simulations have demonstrated that the proposed 
DOE design can be expected to work within the specified 
design life only if the very stringent design permeability 
for the cover is in fact achieved in place, and if the point 
of compliance is not set at the down-gradient edge of the 
facility. At the present time, it is uncertain as to how the 
EPA standards will effect this project.

5.2 Discussion and Recommendations for Further Work

Regarding the anomalous situation described on pages 29- 
30 of this report, both acidity and slime layers should be 
present in the Durango tailings pile. Currently the tailings 
pile has experienced excavation through the full vertical 
extent of the pile, and yet with the exception of an 
occasional thin slime layer found at approximately ten foot 
intervals, neither of these conditions have been found within 
the pile. Historical data on file with the Department of
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Health show that the contract for this milling operation was 
let on the basis of tons of ore processed, and not on the 

pounds of product (yellowcake) recovered. In other words, 
financial renumeration was based on the amount of ore 
processed, and not on the amount of product recovered. This 
was an unusual situation for the uranium milling industry 
(Merritt, 1987, personal communication). It is perhaps 
indicative of the great urgency with which the nation's 
budding nuclear industry was launched. There appear to be 
only two plausible explanations to account for the anomalous 
conditions found within the pile. The first is that the 
slime fraction was dumped into the Animas River as the 
tailings were processed. The radiological surveys associated 
with site characterization do not indicate that the river was 
used for raffinate disposal? however, the area of the former 
ponds show high levels of many contaminants (U.S.DOE,
1985a). A second possible explanation is that ore was milled 
to sand sized particles, but little effort was made with the 
rest of the metallurgical cycle to extract uranium. Indeed, 
the tailings contain approximately 90% of the original 
uranium associated with the ore, and for a long period this 
site was thought to be a likely candidate for reprocessing.

Because the extraction process for uranium usually 
recovers between 70 to 85 percent of the available uranium, 
because the tailings do not appear to contain any
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appreciableacidity when by all accounts they should, and 
because there are very few slime layers within the pile, the 
author of this report interprets this information as strong 
evidence that very little thought was given to actual uranium 
recovery during the mill's operating life. Rather, the ore 
appears to have been "handled" to a degree, with only an 
occasional batch of ore going through the full extraction 
sequence. Apparently,, this was done to maximize the profits 
from a contract that was easily exploited.

Additional geochemical computer modeling of attenuation 
at the Bodo Canyon disposal site could be accomplished with a 
sorption model, such as MINTEQ. With this information, the 
expected actual point of compliance could be more accurately 
estimated. Such information would be useful to the State, 
the DOE, and the EPA.
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APPENDIX ONE - RECIPE FOR COVER ASSESSMENT

1. Characterize the existing ground-water flow regime 
beneath the disposal site. To accomplish this, the 
cross-sectional area of flow, the hydraulic gradient, 
and a range of estimated or measured values of 
hydraulic conductivity should be determined. The cross 
sectional area of flow can be estimated by taking the 
average height of the water table as the top of the 
cross-sectional area, and the base should be taken as 
the first relatively impermeable zone beneath the 

site. With these parameters, then apply Darcy's Law to 
estimate the water beneath the site (Q = kiA).

2. In a fashion similar to step one, determine a range of 
values for leachate flux using Darcy's Law. From the 
design documents for a given cover, obtain the area of 
the base of the waste disposal cell. For hydraulic 
conductivity, use the value for the most impermeable 
layer within the profile of the cover. Initially, 
assume that the cover has water ponded on it for 365 
days per year. Use a gradient of unity. After 
applying Darcy's Law, this flux value will then 
represent the total maximum possible flux from the 
disposal design under review.
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To reduce this preliminary flux, obtain water level 

values from the piezometers or monitoring wells at the 
site, for a one year record. After constructing a 
hydrograph of the local water table surface, sum the 
positive slope components of this hydrograph for the 
total record. Divide this number of days by 365 to 
obtain that fraction of the year in which it is assumed 
that water is moving downward through the disposal cell 
- i.e. that portion of a year when saturated conditions 
exist. Multiply the total maximum possible flux, from 
above, by this ratio to obtain a preliminary "order of 
magnitude" estimate for leachate flux.

3. For each layer within the cover, obtain values for the 
following parameters: permeability, thickness, 
effective porosity, field capacity moisture content 
(1/3 bar of suction), and wilting point moisture 
content (15 bars of suction). Also, from a comparison 
with similar soils, as defined in the table of default 
soil values in the HELP Model documentation manual, 
obtain the evaporation coefficient for each layer.
Using this information, along with the degree of slope 
in the lateral drains and the area of the impoundment's 
base, run the HELP Model for a second estimate of 
leachate flux. When executing this step, spend the 
additional effort to obtain as much site-specific



ER-3491 70

information as possible - both for the cover and for 

the local climatic regime.
4. In a manner very similar to step one above, estimate 

the total water available for dilution of the 
leachate. This volume will include that amount of 
ground water that flows past the site, as determined in 
step one, along with the additional volume of water 
that is down-gradient of the facility, up to the point 
where a vertical plane intersects the anticipated 
"point of compliance". If the site is located at the 
head of a drainage, and is of sufficient size (area), 
the quantity of water that flows past the site will be 
reduced accordingly (assuming that the disposal cell 
has a permeability that is tighter than in-situ 
conditions).

5. With the expected leachate volume, along with the water 
available for dilution, perform a simple mixing cell 
model of the concentrations of the contaminants within 
the leachate, as mixed with the dissolved substances 

within the background water quality. This will involve 
summing the total masses of a given parameter for both 
leachate and background waters, and then summing the 
volumes of water from each source. The expected 
concentration down-gradient of the site will be the 
reexpression of the mass per unit volume for each
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constituent. This calculation will address simple 

dilution. Note that uniform mixing is assumed, and 
that this may be a potential source of error.

6. From a review of the soil properties beneath the site, 
examine the potential for chemical attenuation of the 
leachate. Simple precipitation can be approximated 
with a geochemical speciation code such as PHREEQE 
(Parkhurst and others, 1982). A sorption model might 
also be employed for this process. If the leachate is 
acidic, the calcium carbonate content of the soils can 
be titrated against the leachate in the mixing mode of 
PHREEQE to assess the acid neutralizing potential of 
the site. For metal cations, data on the cation- 
exchange capacity of the soils will be helpful. The 
study of leachate attenuation is a diverse and 
extensive subject. The reader is referred to Runnells 
(1976) for an introduction to the topic.

7. If the assessment procedures outlined above indicate 
the cover design will not meet the standards for the 
particular application, a sensitivity study of the 
cover may be in order. To accomplish this, identify 
what parameters within the cover that are amenable to 
modifications. Typically this will include the surface 
area of the disposal area (a smaller footprint will 
generate less leachate), the degree of slope on top of
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the cover, the distance water will move laterally 

within the profile of the cover before it is 
intercepted by a collector drain, the permeability, and 
the depth to which evaporation will extend. After 
modeling each of these variables independently of the 
others, a composite simulation may be executed. With 
total unit costs for each of the materials within the 

cover, cost optimization may also be performed.
It is imperative to remember that a particular site may 
be unsuitable for a given waste disposal practice. The 
cover sensitivity study will help elucidate this 
possibility if it exists. Also, cover assessments like 
the steps outlined herein may indicate that a 

relatively impermeable layer - i.e. a geomembrane - may 
be necessary for successful performance of the ultimate 
design.
Finally, these steps' are generic in nature, and will 
not fit all potential applications. Thus, 
modifications to the procedures outlined in this recipe 
will be inevitable for many situations. To 
successfully accomplish these modifications, the user 
should be thoroughly familiar with the fundamental 
principles upon which this methodology is based.
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