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ABSTRACT 

Model simulations identify the rate and amount of leachate released to the 
environment if disposed uranium mill tailings come into contact with ground 
water or if seepage from tailings reaches ground water. In this study, 
simulations of disposal above and below the water table, with various methods 
of leachate control. were compared. Three leachate control methods were used 
in the comparisons: clay bottom liners; stub-sidewall clay liners; and tailing 
drains with sumps, with the effluent pumped back from the sumps. The best 
leachate control for both above and below the water table is a combination of 
the three methods. The combined methods intercept up to 80% of the leachate 
volume in pits above the water table and intercept essentially all of the 
leachate in pits below the water table. Effluent pumping, however, requires 
continuous energy costs and an alternative method of disposal for the leachate 
that cannot be reused as makeup water in the mill process. Without the drains 
or effluent pumping, the clay bottom liners have little advantage in terms of 
the total volume of leachate lost. The clay liners do reduce the rate of 
leachate flow to the ground water, but the flow continues for a longer time. 
The buffering, sorption, and chemical reactions of the leachate passing 
directly through the liner are also advantages of the liner. 
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EXECUTIVE SUMMARY 

Problems associated with the disposal of uranium mill tailings in below­
grade pits located above and below the water table were studied by Pacific 
Northwest Laboratory {PNL) through model simulations of ground-water flow and 
transport. In this study~ sponsored by the U.S. Nuclear Regulatory Commission 
(NRC), we simulated and analyzed cases of tailings disposal in below-grade pits 
above the water table and compared these results with similar simulated cases 
for disposal below the water table. Thus, we were able to build on the 
already-accumulated experience for pit disposal above the water table to allow 
greater understanding of disposal below the water table, that is, greater 
understanding of leachate losses to the environment and of the benefits of 
various leachate control methods. 

Three cases of pit disposal above a lateral water-table gradient were 
considered. (A fourth case, in which the disposal pit was located above a 
horizontal or static water table, was considered as an index to previous 
studies in this area.) A different leachate control method was used for each 
of the first three cases. In the first, or reference case, saturated sluiced 
tailings were in an unlined pit above the water table. The second case 
involved the same pH, with a clay bottom liner added. The third case provided 
still more leachate control through stub-sidewall clay liners and drains in the 
tailings above the bottom clay liner, with the drainage effluent pumped from 
the pit. 

The volume of tailings leachate entering ground water from the pits above 
the water table was 100%, 97.2%, and 20.9%, respectively, for the reference 
lmlined pit, for the pit with the clay-lined bottom, and for the pit with the 
clay-lined bottom and stub-sidewalls, with pumped drainage effluent. The 75 to 
80% decrease in leachate that enters the ground water as a result of the 
pumping from the drain sumps in the third case is significant. 

The corresponding leachate losses to ground water for the below-the-water­
table cases were 142.7%, 135.6%, and essentially 0%, based on the 100% loss for 
the above-the-water-table reference case. Some of the tailings pore solution 
in this reference case is retained by capillary forces. The greater leachate 
losses to ground water for the first two cases below the water table (142.7% 
and 135.6% compared to 100% and 97.2%, respectively) are a result of the ground 
water flowing through the tailings. The ground water effectively sweeps all 
the initial pore solution from the tailings. These leachate losses, we must 
remember, represent the leachate volume that is physically swept from the 
tailings by the ground water flowing through, and do not include the longer­
t~rm leaching associated with chemical interactions between ground water and 
t3ilings. Without experimental analyses of these chemical interactions, we 
must assume worst-case situations to assess the overall consequences of 
l1~achate loss to the environment. Growing evidence suggests that the 
detrimental consequences found are often a direct result of these worst-case 
a~;sumpti ons. 
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On the other hand, essentially no leachate was lost to ground water when 
the leachate control methods were combined in the below-grade disposal pit. 
This combination, however, requires that as the ground water enters the 
tailings and reaches the drains, extra water be pumped from drains. In fact, a 
289.7% volume of fluid (about 2.9 times that of the reference case) must be 
pumped from the pit drains to assure that leachate will not be lost to ground 
water. In all of the pumping situq.t)ons the cost of pumping over time periods 
of from 1 to 10 years is a factor.~a Also, if the pumped fluid is not used as 
process makeup solution., it must be disposed of in an environmentally safe 
manner. 

This study supports earlier work concerning the effectiveness of pumping 
from drains in pits above the water table to reduce leachate seepage from 
tailings into ground water. We also found that control by pumping from 
tailings drains in disposal pits below the water table is even more effective 
{no leachate loss to ground water, compared to 20.9% loss from pits above the 
water table) because greater head drawdown is possible under saturated flow 
conditions. 

{a) See Table 3 for more spedific pumping-time results. 
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I NTROOUCTJ ON 

Depositing uranium mill tailings in the pits excavated during surface 
mining operations lessens the undesirable environmental effects of the tailings 
(NRC 1980). When open mine pits are not available, tailings can be buried in 
specially constructed pits (Scarano 1980). The advantages of better radon 
control and of returning the mine site to nearly the original topography and 
vegetative habitat may warrant such burial (as opposed to storing tailings in 
ponds above the ground). 

On the other hand, buried tailings could contaminate the environment. ln 
particular, drainage from slurried tailings and seepage through the tailings 
disposal site may contaminate ground water. Appropriate construction practices 
and control methods, however, should reduce the possibilities for ground-water 
contamination and, in some cases, essentially eliminate detrimental effects 
(Nelson, Reisenauer and Gee 1980). 

To identify effective and economical control methods, we must be able to 
assess and analyze their potential effects (beneficial and harmful). The 
needed analysis involves two technical areas. First. the amounts. rates, and 
flow paths of the water are analyzed because water transports the leachate 
solute thr~gh and away from the tailings pit. Second, the chemical 
interactions of the solute with the tailings, liner materials, and soil 
materials are identified to estimate the ultimate quality of the ground 
water. These evaluations are important because only those parts of the 
subsurface system where the solute is conveyed by the ground water can be 
affected. On the other hand, an evaluation of potential subsurface 
contamination resulting from the disposal of tailings below the water table is 
unrealistic if chemical buffering capacities, precipitation. and exchange 
reactions along the transport pathway are ignored. 

In this study we used model simulations to focus on the fluid flow and 
water transport features of tailings disposal in pits above and below the water 
table. Our emphasis is on evaluating the effectiveness of various methods to 
control fluid flow, as applied above and below the water table. The control 
methods analyzed include clay bottom liners; clay stub-sidewall liners; and 
drains installed above the clay liners. with pumping of the drainage effluent 
from the pits. 

We defined reference cases (typical disposal situations) for above the 
1~ater table and then compared the simulations of various modihcations for 
l>elow the water table to these reference cases. These generic reference cases 
are based on a typical pit cross-section and the soil material charcteristics 
ilre based on data representative of the proposed Morton Ranch Uranium Mill Site 
in Converse County, Wyoming. [See Nelson, Reisenauer and Gee (1980) for a site 
clescri pti on.] The stratigraphy and materia 1 heterogeneity of the cases 
~elected were uncomplicated, to help us determine relative overall performance 
for tailings disposal above and below the water table. The values from this 
study should be used for overall comparisons between various disposal 
alternatives, not for detailed interpretations of any stratigraphic or 
heterogeneous system. 
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Seven cases are discussed in this report: 

• Disposal Pits Above the Water Table 

Case 1--{reference case), saturated tailings are contained in an 
unlined pit with no drains, above a sloping water table. 

Case 2--similar to Case 1, but with a clay liner in the bottom of the pit. 

Case 3--similar to Case 2, but with clay stub-sidewall liners and 
drains with sumps added, so the drainage effluent is pumped 
from sumps. 

Case 4--similar to Case 3, but with a static or level {rather than a 
sloping) regional gradient through the vertical cross­
section. 

• Disposal Pits Below the Water Table 

Case 5--the same 
(90ft). 
provided 

as Case 1, but with the water table 
{A more detailed tailings leaching 

for this case.) 

raised 27.4 m 
analysis is 

Case 6--the same as Case 2, but w1th the water table raised 27.4 m 
(90ft). 

Case 7--the same as Case 3, but with the water table raised 21.3 m 
(70 ft). 

This report begins with a discussion of techniques we used to simulate and 
analyze the seven cases that are presented in this study. Next, the four 
disposal situations above the water table are described and discussed. These 
analyses are followed by a discussion of the three disposal cases below the 
water table. Finally, we compare and contrast the overall results of the fluid 
control methods simulated. 
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CONCLUSIONS AND RECOMMENDATIONS 

The best control of leachate from uranium mill tailings in disposal plts 
is provided by a combination of a clay bottom liner, clay stub-sidewall liners, 
and tailings drains with pumping of the effluent. As much as 80% of the total 
leachate volume that otherwise would enter ground water from disposal pits 
above the water table is intercepted by this combination of control features. 
Model simulations of pits below the water table with the same control 
combination showed essentially complete control of leachate losses. Pumping of 
the effluent, however, involves continuing energy costs and requires an 
alternative method of disposal of any leachate that cannot be reused as mill 
process makeup water. 

When no drains or effluent pumping are involved, the clay bottom liners 
are less useful. They do reduce the leachate outflow rates, but the leachate 
continues to flow out over a much longer period of time, resulting in 
essentially the same total outflow volume of leachate. This pattern is about 
~he same for disposal both above and below the water table, even though more 
leachate enters the ground water from disposal pits below the water table. 

A 1 though au r analysis of the fluid flow and 1 eachate seepage contra 1 is 
realistic and has provided meaningful results, two related areas of serious 
technical deficiency remain in our assessment of the fate of tailings 
leachate. The first concerns the limited laboratory experimental column 
studies to determine the change in leachate composition as ground water seeps 
through tailings. Closely related is the need for experimental column studies 
on tailings leachate that percolates through coarser natural soils. The 
reutralization, chemical interactions, and sorption effects on the column 
effluent concentrations, and also the precipitation-mineralization effects in 
the column should be known. 

Second, we need an appropriate capability to analyze transport, which 
includes the analysis of sorption, chemical speciation, precipitation, and 
dissolution reactions for tailings leachate percolating through natural 
materials. Without such experimental results, coupled with the capability to 
analyze combined hydrologic transport and chemical interactions, we either 
cannot do the appropriate analyses or we must assume worst-case situations to 
assess the overall consequences. From this project and from related NRC 
research underway at PNL, evidence suggests that the detrimental consequences 
found are often a direct result of the worst-case assumptions that have been 
m:t.de. Specifically, if transport with chemical speciation, precipitation, and 
dissolution effects could be realistically analyzed, many of the currently 
predicted detrimental consequences would probably disappear. 
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ANALYSIS TECHNIQUES 

Our analyses for this study are divided into two main categories. The 
evaluation begins with an analysis of fluid flow in the tailings pit and in the 
surrounding material. From the flow analysis we obtain vector fields in time 
and space for the pore velocity of the fluid. These vector fields are used in 
the second category, the fluid transport analysis, to determine the transport 
of the water and contaminants throughout the system. From the transport 
analyses and from the available experimental information on pertinent chemical 
interactions with the soil materials, we can determine the overall effects of 
the various leachate controls for disposal pits above and below the water 
table. 

FLUID FLOW ANALYSIS 

To analyze the flow of a generic tailings disposal pit, we numerically 
simulate fluid flow in both the saturated and partially saturated regimes. In 
this study, simulations were done in two dimensions, the modeled region being a 
vertical cross-section (one unit thick) of the pit and surrounding material. 
Figures 1a and 1b are schematic diagrams of a typical tailings disposal pit 
above the water table. Figure 1a shows the pit before the cover is applied and 
Figure 1b indicates the structure of the engineered cover system. The 
simulations for pits below the water table are the same, except the water table 
has been raised so that the ground water flows through the tailings. All of 
the pit dimensions are reported in metric units, followed by English units in 
parentheses. 

Model Grid of Tailings Pits 

To solve the flow problems we separated pit cross-sections and surrounding 
areas into discrete irregular elements for use in the TRUST code (Reisenauer 
et al. 1982). TRUST uses an integrated finite-difference method to solve the 
conservation of mass equation for the discrete element or cells that together 
make up the region to be simulated. Each element has a node point at or near 
the center of mass of the cell. The material and hydraulic properties are 
considered to be uniform throughout each individual cell and are represented by 
the values at the node. The cells must fit together to smoothly and completely 
cover the whole region and the connections between nodes should be orthogonal, 
or very nearly orthogonal, to the intersecting cell interfaces. Developing 
reliable grids for irregular flow regions and subregions that satisfy these 
conditions offers a considerable challenge. 

An interactive, graphics-based computer code, DIGRD, was developed at PNL 
by Foote, Rice and Kincaid (1982) to make grid development easier. DIGRD uses 
a RAMTEK scope, light pen, and digitizing table to construct grids, establish 
node connections, and move node locations and cell interface corners. T~us, 
the critical angles between node connections and the cell boundaries they 
intersect can be made as near to orthogonal as desired. 
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During the course of this study, two different grids were used to simulate 
the seven cases. The right half of the first grid used is shown in Figure 2. 
For the case in which the water table was horizontal, the grid in Figure 2 
could take advantage of the axis of symmetry about the vertical centerline of 
the tailings pit. For the remaining cases (with a sloping water table) we 
added a mirror image of this grid to the left of the centerline and changed the 
elevation of the nodes above the datum to reflect the sloping water table. 
This grid also allows us to consider the effects of a cover in the tailings 
pile. 

Although the cover is an important feature in the long-term control of 
radon emission from the buried tailing$, it can only be placed later in the 
simulation sequence. The tailings must drain and settle before a stable cover 
can be installed. Accordingly, a cover usually cannot be added until after a 
year or more into the simulation. 

If future studies include analyses of precipitation and 
evapotranspiration, adding the cover may help to determine the ability of the 
clay layer to route the infiltration. A further impetus for adding the cover 
will exist once the TRUST code is modified to allow analyses of layered 
materials during consolidation. Because additional grid nodes are needed with 
the cover (28% or more), resulting in increased computer costs, we did not use 
the cover in all of the cases. 

Based on our experience with this first grid, we decided it was necessary 
to develop a new grid using the DIGRD generation program. By eliminating nodes 
where possible, we simplified the new grid. 

The right half of the final grid is shown in Figure 3; the complete grid 
is symmetric. The main points followed in the design of this grid are: 

• The grid is set up to handle any combination of the three control 
options: clay liner, clay stub-sidewall liner, and gravel-packed 
under-drains. The philosophy here is that any combination could be 
handled by changing the material associated with a given node rather 
than by changing the node configuration. Thus, simulation scenarios 
could be changed without inadvertently affecting the flow system 
through changes to the grid. 

• The more regular grid (especially the rows of nodes at approximately 
the same elevation) allowed moisture content contours to be more 
representative. When nodes at different elevations in the 
unsaturated region have different potentials, contouring errors in 
moisture content develop because the soil-water characteristic curve 
is nonlinear. 

• The top surface of the modeled region is at a uniform elevation 
because we did not consider a tailings cover in the final grid. 
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Both grids used small grid spacing to give higher resolution and better 
connectivity in the areas where the drains were located. The smaller grid 
spacings with more interconnections are needed to better represent the converg­
ing flow toward the drains. The finer grid also enables more-realistic simu­
lation of the coarser filter material used around the drains. Whereas such 
resolution is needed when the drains are active, when the drain outfl ow stops 
or when no drains are used the smaller grid and t he greater connectivity may 
cause noticeable irregularities. 

The effects of these grid irregularities are most evident in the moisture 
content plots, especially in the latter stages of pit drainage. The nodes 
around the drains represent different materials; that is, filter material 
around the drains and the clay liner are located rather close to each other. 
The moisture contents may change abruptly between the materials because the 
characteristics are much different. Furthermore, nodes around the drains are 
at different elevations and potentials, and thus introduce additional changes 
in moisture content. With all of these interactions, the moisture content con­
tours derived from interpolating between nodes may appear to be more irregular, 
even though the simulation results of the flow are more representative in these 
regions. Accordingly, the contour plots of moisture content should be con­
sidered to be only qualitative and to indicate the trend, rather than to 
provide exact detail. 

Soil Material Properties 

Six soil materials were used in the disposal cases studied. Although this 
evaluation was designed to consider only overal l effects, we believed that 
realistic soil properties should be used in the idealized evaluations. Accord­
ingly, predominantly measured soil characteristi cs were used in the seven 
cases. Table 1 summarizes physical properties of the six materials . The mea­
sured characteristics for the uranium tailings i n Table 1 were from tailings 
samples from the Exxon Highland Mill in Converse County, Wyoming. Samples 
measured for the clay liner, overburden, and Sandstone No. 1 were from the pro­
posed Morton Ranch Mill Site, 9.6 km {6 miles) from the Exxon Highland Mill 
Site, again in Converse County, Wyoming (see Nelson, Reisenhauer and Gee 1980}. 
The Sandstone No. 2 in Table 1 has the same relative permeability as Sandstone 
No. 1, but the saturate1 hydraulic conductivity is reduced to represent a less 
permeable material. The characteristics of the drain filter material were 
synthesized from the Sandstone No. 1, with the saturated hydraulic conductivity 
increased to represent more permeable values. 

The partially saturated soil data required for the simulation cons i st of 
tabular values defining saturation versus capillary pressure head and intrinsic 
permeability versus capillary pressure head. The soil-water characteristi c 
data points used in TRUST are shown for each soil used in the simulation in 
Figures 4 through 9. Intrinsic permeability, k, (plotted in the figures) is 
related to the hydraulic conductivity, K: 
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TABLE 1. Selected Physical Characteristics for Soil Materia 1 Used 
in Model Cases 

Drain 
Sandstone Filter 

Characteristic Tailings No. 1 No. 2 Clay Liner Overburden Material 

Saturated 
Conductivity 

10-4 10-3 K{cm/s) 2.2 X 7.5 X 1.0 X 10-6 2.5 X 10-8 1.3x 10-6 1.0 X 10-1 

Particle 
Density {g/cm3) 2.91 2.65 2.65 2.75 2.70 2.65 

Bulk De~sity 
{ g/cm ) 1.63 1. 75 1.75 1.69 1.90 1. 75 

Void Ratio 0.789 0.515 0.515 0.626 0.421 0.515 

Porosity 0.441 0.340 0.340 0.385 0.296 0.340 

Max. C~paction 
{g/cm ) 1.84 2.03 

K = .!5.ti 
lJ 

where p is the fluid mass density, g is the acceleration due to gravity, and lJ 
is the dynamic viscosity of the fluid. Hysteresis was not considered in these 
simulations because data were limited. Also, experience has shown that much 
less hysteresis occurs under field conditions than is often reported for 
laboratory measurements. 

Results from Fluid Flow Analysis 

The results from the TRUST code provide at each time for each node the 
potential energy, capillary pressure, hydraulic conductivity, moisture content, 
and flux between each element. These large data sets are provided as time 
sequences on disk and magnetic tape for subsequent use, either to contour the 
results for display or to use in the transport analysis. 

TRANSPORT ANALYSIS 

The transport analysis uses the flow analysis results to determine the 
flow paths, arrival times, arrival locations, and amounts of transported con­
stituents. The chemical interactions between individual constituents trans­
ported by the ground water and the porous materials should be included in a 
thorough transport analysis. The fluid movement effect, provided in the fluid 
flow analysis, is coupled in the transport analysis with the interactions of 
contaminants with the porous material and with the chemical reactions of indi­
vidual constituents to provide the transport equations for the mixture of 
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contaminants. When used with appropriate initial and boundary conditions, the 
solute transport equation can be solved to analyze the movement of individual 
components of chemical contaminants. 

The transport analysis is usually divided into two parts by considering 
first the water-coincident constituents, and second, those solutes that either 
interact chemically with other chemical species or with the porous media 
through mineral or exchange reactions. The water-coincident constituents are 
necessarily emphasized in this work for two reasons. First, the experimental 
studies on chemical interactions are only now beginning on coarser, aquifer 
materials. In the past, emphasis has been primarily, if not exclusively, on 
the finer-textured (clay liner) natural materials. Second, although geochemi­
cal model codes are available and are becoming much more widely used, the 
actual coupling of fluid transport codes and geochemical interaction codes is 
only in the initial conceptual stage of development. Hence, analysis tools are 
not currently available to appropriately analyze the solute transport. Accord­
ingly, we have emphasized the fluid transport or have considered only water­
coincident contaminants in this study, with the exception of the detailed 
analysis carried out on Case 5, in which we were able to analyze leaching of 
sulfate from tailings below the water table. This was possible because some 
in-depth experimental data were available from other studies underway at PNL 
(Gee et al. 1980a, 1980b, 1981; Erikson and Sherwood 1982; Relyea and Martin 
1982). 

The MLTRAN code is used for the transport analysis. It is based on the 
method for convective deterministic transport analysis, which does not incorpo­
rate dispersion, but does provide a mildly worst-case analysis that is useful. 
Such an analysis is probably preferable to the less-conservative, convective­
dispersion analysis approach. This approach usually requires the arbitrary 
choice of dispersion coefficients which are seldom measured; or if measured, 
they usually are inappropriate for general application. 

The MLTRAN code uses the results from the TRUST integrated finite differ­
ence flow code in a unique way. The centrally located TRUST node points become 
the corner nodes of what is visualized as a finite-element grid used in the 
MLTRAN convective transport code. This has distinct advantages in that all of 
the results are available at the corner of the new element grid, and the 
finite-element and local coordinate interpolation features are easily applied 
to obtain results over the entire element. Using these methods, we can accu­
rately generate the transport characteristic equations or fluid pathlines. 

The fluid pathline code, MLTRAN, really consists of six separate sub­
codes: MLSTRT, MLGRID, MLPLOT, MLFLUX, MTRVL, and MLFRNT. The MLSTRT subcode 
generates the direct access disk files from the TRUST flow code output that 
are used by the other MLTRAN subprograms. The MLGRID and MLPLOT are utility 
routines that allow grid plotting and verification testing, and provide the 
graphical output of moisture content, capillary pressure head, capillary con­
ductivity, and potentials. MLFLUX uses the data files from MLSTRT (which 
include the TRUST flow rates between each pair of nodes for each time) to 
calculate the vector field for the spatial and temporal pore velocity. MLFLUX 
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may also be used to generate retarded velocity fields, given the pH buffering 
capacities or retardation characteristics of material. From these velocity 
fields pH and sorbed ion front advances may be determined. The subprogram 
MLTRVL determines the pathlines and calculates the travel times along those 
flow paths using the pore velocity fields from MLFLUX. The last subprogram, 
MLFRNT, allows the advancing contamination fronts to be plotted using the 
results from several sequentially determined pathlines from MLTRVL. Unfortu­
nately, the MLTRAN code as developed at present, must be documented so it can 
be made available other users. This useful code is currently operated on a 
mini-computer (DEC PDP 11/70). 

As mentioned, the MLTRAN code provides the flow paths of the fluid, origi­
nating at a selected coordinate locaton at a particular time. The pathlines 
follow the trajectory traversed by particles of that particular fluid. If 
fluid particles originating in the tailings are followed, the course traversed 
by the leachate into the water table and away from the tailings pit is easily 
identified. Through judicious use of these results in combination with the 
TRUST flow results, we can determine the amounts and concentration of leachate 
leaving the pits. Thus, disposal above and below the water table for the 
various control methods can be compared. 
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DISPOSAL CASES ABOVE THE WATER TABLE 

The four cases discussed in the following subsections investigate the 
effect of uranium mill tailings disposal above the water table. The first 
three cases consider a sloping water table in which the vertical cross-section 
is oriented downgradient; the fourth case involves a static water table with no 
ground-water gradient. 

Case 1 involves no control measures for reducing leachate losses. A clay 
bottom liner was installed for Case 2. For Case 3, pumping from the drain 
sumps, and clay stub-sidewall liners were added. The fourth case for disposal 
above the water table is the same as Case 3, except there is no water-table 
gradient. 

REFERENCE CASE 1 

Case 1 probably represents the worst situation for disposal above the 
water table, with no control measures used. Only two materials, the Sandstone 
No. 2 (Figure 6) and the uranium mill tailings, are involved. Grid No. 2 (see 
Figure 3) was used for this reference case. The pit bottom is 16. 6 m (58 ft) 
above the aquifer bottom and 3.05 m (10.0 ft) above the water table. The 
regional ground water flows from right to left with a regional gradient of 
0.005. The grid is oriented with the natural gradient and is maintained with 
the end boundaries held at a potential equal to the water-table elevation at 
the respective ends of the flow system. The fluid or hydraulic potential is 
expressed as energy per unit weight of fluid and is reported in units of meters 
of water head. 

Fluid Flow Analysis 

The distribution of the initial and final fluid potential for the 
Reference Case 1 from the TRUST code is shown in Figures lOa and lOb. The 
initial potential head is higher in the pit because of the completely saturated 
tailings. Also, there is a gradient of head across the pit from the right to 
the left (see Figure lOa). A similar gradient from the right toward the left 
is seen in the saturated zone below the water table beneath the tailings. The 
initial and final values of the moisture distribution are shown in Figures lla 
and llb. Note the sharp contrast between the initially saturated tailings at a 
moisture content in the pit of 0.44 in Figure lla compared to the almost 
equilibrium of the drained tailings at moisture contents of 0.15 and 0.16 in 
Figure llb. Additional plots of the fluid potential and moisture contents 
during the intermediate times of drainage in the tailings pit are provided in 
Appendix B. 

Three distinct phases of flow occurred in the simulation of Case 1. The 
first phase included approximately the first 1500 days (4.1 years). During 
this time, water slowly saturates the region between the tailings and the water 
table (indicated as the region of sharp moisture change between moisture 
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contents of 0.33 and 0.44 in Figure 11a). During this time, drainage is rather 
slow from the tailings because of the moderately high resistance to flow in the 
partially saturated region. In fact, at 1435 days, only 0.4% of the tailings 
fluid has left the pit. Between 1435 and 1500 days, as the soil beneath the 
tailings becomes more saturated and reaches approximately 0.5 m of capillary 
pressure and higher, the seepage increases rapidly. The intrinsic permeability 
of Sandstone No. 2 increases seven orders of magnitude between 0.5 m to 0.0 m 
in capillary pressure head (see Figure 6b). The more saturated connection 
between the water table and the tailings occurs first at the down-gradient, or 
left, end of the pit as is shown in Figure 12a. At that end the tailings begin 
draining rapidly, and the saturated connection gradually spreads upstream 
(Figures 12a, 12b, and 12c). This second phase of the simulation, when the 
sandstone beneath the pit is becoming completely saturated, requires very small 
time steps, and hence, a large percentage of the computer solution time to 
accurately represent the flow system {53% of the total computer time for the 
60-day period). 

As the tailings begin to rapidly drain, that drainage increases the 
hydraulic potentials in the sandstone beneath the pit and builds a mound in the 
saturated zone, which propagates both upstream and downstream through the satu­
rated sandstone. Upstream of the mound the regional water flow is slowed, 
which causes it to extend farther upstream. This ground-water mounding rises 
toward and approaches the tailings, and thus helps to form another, more­
permeable connection with the tailings. The unsaturated region farther 
upstream approaches saturation and the cycle repeats until the right-hand end 
of the pit is reached. 

In the third and final phase, the mound gradually recedes and the tail­
ings continue to drain. The mound essentially di sappears by about 7000 days 
(19.2 years) by which time more than 81% of the drainable tailings fluid has 
left the pit. After this time, the drainage continues at an ever-diminishing 
rate. 

Transport Analysis 

Transport paths from various points along the edge of the tailings pit 
were generated with the MLTRAN code. Contaminants that are believed to move 
with the fluid (i.e., water-coincident constituents such as sulfates and 
chlorides) follow the fluid pathlines. {In this discussion, the terms flow 
paths, fluid pathlines, and water-coincident contaminant flow paths are used 
interchangeably). 

The pathlines of the fluid seeping from the unlined tailings disposal pit 
above the water table are shown in Figures 13a and 13b. The pathlines gradu­
ally move downward toward the water table from along the entire bottom of the 
pit, with the earliest pathlines reaching the water table beneath the lower­
left corner of the tailings pit. The pathlines that originate on the sidewalls 
of the pit primarily move downward in the tailings. 

The effect of the saturated ground-water mound, which develops below 
the pit as the leachate seepage enters the water table, is noticeable (see 
Figure 13b). The pathlines in Figure 13b actually move upstream to the right, 
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against the original ground-water gradient. As the ground-water mound dimin­
ishes, the natural gradient from right to left i s re-established and the path­
lines that have been moving toward the right reverse and flow downgradient 
toward the left-hand, outflow boundary. 

CASE 2--WITH CLAY BOTTOM LINER 

This case is essentially the same as the Reference Case 1 described above, 
with a clay bottom liner added. Grid No. 2 (Figure 3) was used, along with the 
material characteristics for clay (Figure 7), mi l l tailings (Figure 4), and 
Sandstone No. 2 (Figure 6). 

Fluid Flow Analysis 

The hydraulic potential and moisture content distributions obtained by 
using the TRUST code are shown in Figures 14a and 14b and 15a and 15b. Addi­
tional distributions of the hydraulic potentials and moisture contents at 
various times during the simulation are in Appendix C. 

In general, the clay liner results in a longer history of seepage from the 
mill tailings with slower drainage, as expected. Specifically, 20% of the 
drainable fluid was drained at 4853 days (13.3 years) and 80% at 27,753 days 
(76 years), as compared to 1765 days (4.8 years) and 6950 days (19 years), 
respectively, for the same percentage of drainage in the reference case. The 
clay liner considerably extends the time for tailings leachate to seep from the 
disposal pit and generally reduces the mounding below the tailings pit. At the 
same time, more leachate seeped out of the pit sidewalls than seeped out in the 
Reference Case 1 because less seeped through the bottom clay liner. The over­
all leachate loss was about the same; more leachate simply moved around the end 
of the bottom clay liner in Case 2. 

Transport Analysis 

The pathlines for the fluid particles origi nating around the edge of 
the disposal pit and along the top of the bottom clay liner are shown in 
Figures 16a and 16b. The pathlines originating low on the pit sidewalls move 
downward around the end of the bottom clay liner and into the lateral flow of 
the saturated ground-water. They then move laterally toward the left-hand 
outflow boundary. 

Pathlines originating in the tailings above the bottom clay liner toward 
the left half of the pit move slowly downward through the clay liner and then 
gradually flow left toward the outflow end of the flow system. However, fluid 
particles originating in the tailings along the bottom of the pit (but toward 
the right end of the pit in Figure 16b) show the effect of the reduced mound 
that develops below the disposal pit. These pathlines are either diverted 
downward or further to the right and actually flow toward the right while the 
water-table mound grows, peaks, then gradually diminishes, and finally 
vanishes. As the mound dissipates, the pathlines that were previously moving 
to the right gradually reverse and begin flowing left, downgradient toward the 
outflow boundary. 
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The formation, growth, and diminishing of the mound as leachate seepage 
enters the water table beneath the tailings pit significantly affects the 
arrival times of leachate at the left-hand outflow boundary. For those path­
lines entering the water table to the left of the mound crest (see Figure 16a), 
travel times are shortened by the higher mound-i nduced gradients. However, for 
those pathlines entering the water table to the right of the mound crest (see 
Figure 16b), the travel times are much longer. Along these pathlines, the 
leachate moves first to the right and then gradually slows as the mound peaks, 
then reverses and retraces its original lateral path through the region where 
the mound previously had been, and finally arrives at the downstream or left­
hand outflow boundary much later. Accordingly, the elapsed time between when 
the first leachate reaches the outflow boundary and when the later leachate 
that is detained by the mound arrives, is great because of the extreme differ­
ence in the path lengths traversed by the leachat e. The differences in time 
are actually much greater than some may expect because, in general, the time 
varies as the square of the differences in path l engths. 

CASE 3--CLAY BOTTOM AND STUB-SIDEWALL LINERS WITH DRAINS 

This case is essentially the same as Case 2, but with seepage control 
improved by adding clay stub-sidewall liners to form a saucer-like clay base 
for the tailings disposal pit located 10ft above the water table. Four drains 
that drain into sumps that are pumped were also placed in the tailings above 
the saucer clay liner to reduce leachate losses to the ground water. Thus, 
this case used essentially all of the seepage control measures that previous 
studies and experience have suggested are economically desirable. 

The specific dimensions used for Case 3 are shown in Figure 17. The clay 
stub-sidewall liners are installed to a height of 6.1 m (20ft), which is 
within the usual rule of thumb that the stubwall height should be 20 to 25% of 
the total sluiced tailings depth. The stub liner width is certainly greater 
than required to control seepage but is about the minimum width afid shape that 
can be realistically and economically constructed. Similarly, the volume of 
filter material around the drains is considerably greater than actually 
required but is consistent with the usual construction practices and the size 
of equipment usually used. 

Case 3 used Grid No. 1 (see Figure 2) as the basis for modeling. The soil 
materials used in the model included the tailings, Sandstone No. 1, clay, the 
backfill material, and the drain filter material (see Figures 4, 5, 7, 8, and 
9). This problem was simulated for the first 450 days with no cover for radon 
control over the pits. After 450 days, a cover was placed on the pit and the 
simulation continued. 

Fluid Flow Analysis 

The flow analysis, using TRUST, started with saturated tailings. The 
fluid potential and moisture content for the initial condition are shown in 
Figures 18a and 19a, respectively. The final conditions are shown in 
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Figures 18b and 19b for the potential and moisture content, respectively. 
Selected plots at intermediate times are shown in Appendix D. 

In general, the tailings drained more rapidly in Case 3 than in the pre­
vious two cases because the drainage effluent was pumped. Twenty percent of 
the drainable leachate had been removed 45 days after drainage began. By 
450 days, when the pit cover was added to the simulation, 48.5% of the drain­
able leachate had seeped from the tailings. At 2920 days (8 years) the drains 
essentially had stopped intercepting any ~f the partially saturated flow. At 
that time the drains had withdrawn 1090 m Jm of the drainable leachate from the 
taili~gs, which means that the tota1 leachate loss to ground water was only 
310m Jm out of the total of 1400 m Jm of drainable leachate initially in the 
tailings (for Case 3). 

Transport Analysis 

The transport analysis was conducted in essentially the same manner as for 
the previous cases. The pathlines for the first leachate to leave the tailings 
disposal pit are shown in Figure 20. The pathline in the lowest part of 
Figure 20 indicates the path followed by ground water below the water table. 
The combination of clay stub-side wall liner and drains effectively stopped any 
significant seepage of leachate from the pit sidewalls, and hence, provided 
effective control of leachate migration. Although drainage pumping is effec­
tive, the leachate pumped from the drain sumps may be a liability. Some of the 
leachate can be recycled beneficially through the uranium mill; however, any 
excess must be disposed in an environmentally satisfactory manner. The amount 
that can not be recycled through the mill must be discharged to a traditional 
above-grade tailings pond where subsequent seepage to ground water could again 
have direct environmental consequences. Once again, for the trade-offs to be 
appropriately evaluated, the leachate-soil-transport interaction should be 
analyzed through a coupled geochemical transport analysis. 

CASE 4--SIMILAR TO CASE 3, WITH A HORIZONTAL WATER TABLE 

Case 4 is similar to Case 3 except that it is located above a static 
(or horizontal) water table, rather than above one with a lateral gradient. 
Because there was no lateral water-table gradient, the flow problem is symetri­
cal about the vertical centerline of the pit and only one-half of the tailings 
pit was modeled by Grid No. 1 (Figure 2). The clay stub-sidewall and bottom 
liner, along with drains, were used in the Case 4 simulations. The clay stub­
sidewall liners are 6.10 m (20.0 ft) high as in Case 3. Two drains encased in 
coarser filter material with sumps are placed over the clay bottom liner in the 
half pit simulated. The pit contains tailings to a depth of 25.09 m (85.0 ft) 
as in the previous cases. 

The Sandstone No. 1 and overburden materials are initially in hydraulic 
equilibrium with the regional water table. The tailings and drain filter 
material have an initial potential of 56.1 m (184ft). All clay is initially 
saturated; the potential at each clay node was set equal to its elevation 
(pressure head = 0.0 m). 
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FIGURE 20. Leachate Pathlines--Above the Water Table, Case 3, with Bottom 
Liner, Stub-Sidewall Liners, and Drains 



After a period of simulation, the grid is expanded above the pit to 
account for a surface covering. This cover (see Figure 1b) consists of a layer 
of overburden, a sloping (2.0%) clay layer that is 0.91 m (3.0 ft) thick, and 
additional overburden. This addition raises the upper boundary to ground 
level, 64.31 m (211.0 ft) above the datum. When the cover was added during 
simulation, the initial pressure in the new nodes was set to the pressure head 
of the nodes immediately below (i.e., the top tailings nodes). 

Fluid Flow Analysis 

The analysis of this case began with the pit uncovered and the drains 
open. An open drain consists of the drain node connected to an external node 
with potential held at the nodal elevaton. The cover nodes were added after 
478 days of simulation. Simulation continued until 3923 days (10.75 years), at 
which time the drains were closed. 

Figures 21a and 21b are contour plots of the initial and final potential 
heads for the Case 4 simulation. The corresponding moisture contours are shown 
in Figures 22a and 22b. Additional plots of potential head and the moisture 
content at selected times are shown in Appendix E. 

The drainage from Case 4, as expected, was quite similar to Case 3, though 
the dr~ins did continue running longer at a slightly slower rate. A total of 
1106 m jm or 79.5% of the drainable leachate in the tailings was pumped from 
the drains over the first 10.75 years. The slightly greater amount of leachate 
intercepted (about 1% more), and the longer pumping time, for Case 4 is a 
result of the drains all placed at the same elevation. By contrast, in Case 3 
the four drains are each at slightly different elevations due to the lateral 
gradient, and the upstream drains dried up sooner because of that slightly 
higher elevation. 

Transport Analysis 

The transport analysis for Case 4, was essentially the same as the pre­
vious cases. The results are shown in Figure 23 for the paths of fluid par­
ticles originating around the edge of the tailings pit at zero time. The 
pathlines are shorter than for the previous cases even though the leachate 
drainage took longer. The pathlines are shorter because there is no persistent 
regional ground-water gradient. For this case in which the water table i s 
horizontal, once the head induced by the saturated tailings in the pit is 
dissipated, the flow system is static or at equilibrium; hence, the pathlines 
gradually slow down and finally end at the equilibrium static condition. 
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DISPOSAL CASES BELOW THE WATER TABLE 

The three cases for disposal below the water table in this section are 
exact counterparts of the first three cases for disposal above the water table 
discussed in the previous section. The only difference is that the following 
cases are below the water table so ground-water will flow through the tailings 
laterally. We did not analyze a case for disposal below the water table 
similar to Case 4 because such a case would be unrealistic. 

CASE 5--BELOW THE WATER TABLE REFERENCE CASE 

The simulations for this case were the same as those for Case 1, except 
the water table was raised 27.4 m (90ft). Specifically, the water table was 
raised to 54.86 m (180 ft) above the level datum at the left boundary and 
56.54 m (185.5 ft) at the right boundary, leaving only 1.83 m (6 ft) of sand­
stone above the water table to the uncovered land surface. As in Case 1, this 
case uses Grid No. 2 (Figure 3) with the Sandstone No. 2 and tailings 
(Figures 4 and 6). 

Fluid Flow Analysis 

We analyzed the flow with the TRUST code. Figures 24a and 24b show the 
initial and final fluid potential distributions. Figures 25a and 25b show the 
moisture contours for the initial and final drained conditions. Additional 
plots of the potential head and moisture content of the tailings at selected 
times are given in Appendix F. 

Simulation of this case was simple and relatively fast, because the prob­
lem does not involve resaturation of the region between the water table and the 
bottom of the tailings. The tailings leachate is primarily displaced laterally 
by ground water seeping through the saturated tailings. Partially saturated 
drainage from the tailings above the water table was also minimal. These small 
volumes of tailings that are partially saturated at the final steady-state con­
ditions (i.e., dynamic steady-state because of the regional ground-water flow) 
are only a short distance above the final water-table position, and thus, have 
little effect. 

Fluid Transport Analysis 

We analyzed the fluid transport with the MLTRAN subprograms as previously 
described. Fluid particles originating around the edge of the tailings at zero 
time were followed along their respective numbered pathlines, as seen in 
Figure 26. The summary of the leachate arrival data at the left end of the 
vertical cross-section for the twenty-three pathlines shown in Figure 26 is 
given in Table 2. The first and twenty-third pathlines in Table 2 and in 
Figure 26 do not reach the left-hand boundary, so their arrival times and path 
lengths are not shown in the table. These two pathlines end along the upper 
boundary, a result of a numerical constraint in the generating capability for 
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TABLE 2. Pathline Arrival Data at Outflow Boundary for Case 5 

Starting Location Outflow Arrival 
Path line Departure Along Pit Edge Elevation, S, Time at 

Number Time x-Coordinate y-Coordinate Along Outflow lioundary 
{Fig.26) { dals) (meters) (meters) Boundarl (meters) {days) -- (lears) 

1 0.0 68.77 54.86 

2 0.0 70.31 51.82 53.13 4.6997(104) (128.76) 

3 o.o 71.79 48.88 49.20 4.5405(104) (124.40) 
4 0.0 73.40 45.72 44.64 5.3768(104) (147.31) 
5 0.0 74.94 42.67 40.26 5.4601( 104) (149.59) 
6 0.0 76.48 39.62 36.19 5. 5608( 104) (152.35) 

7 0.0 78.03 36.58 32.21 5. 7707( 104) (158.10) 
8 0.0 79.57 33.52 28.23 6.0540(104) (165.86) 
9 0.0 80.69 30.88 24.93 6. 2285( 104) (170.64) 
10 0.0 82.30 30.90 24.26 6. 3353( 104) (173.57) 
11 0.0 83.82 30.91 22.59 6. 5228( 104) (178.71) 
12 0.0 91.44 30.94 19.87 7.6533(104) (209.68) 
13 0.0 167.64 31.32 19.50 1. 4350( 105) (393.15) 
14 0.0 198.12 31.40 19.49 1. 7886 ( 105) (490.03) 
15 0.0 228.60 31.69 19.51 1.8149( 105) (497.23) 
16 (a) 0.0 254.86 31.75 27.46 2.0(105) (548) 
17 0.0 257.01 36.58 34.53 1.8600( 105) (507.00) 
18 o.o 258.51 39.62 36.38 1.8383(105) (503.64) 
19 0.0 260.02 42.67 39.83 1.8100( 105) (495.89) 
20 0.0 261.53 45.72 44.87 1.7765(105) ( 486. 71) 
21 0.0 263.04 48.77 49.45 1. 7556( 105) (480.99) 
22 o.o 264.54 51.82 54.42 2.3402(105) ( 641.15) 
23 0.0 266.05 54.86 

(a) Pathline 16 (Figure 26) contains inaccuracies. See text for discussion. 
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the finite-element pathline near an outer boundary. That is, any time a path­
line passes outside of the outer node points, it is automatically terminated, 
removing the need to extrapolate the velocity outside of the node points of the 
flow system. 

Pathline 16 in Figure 26 shows evidence of inaccuracies; mild effects of 
this inaccuracy may extend into Pathline 17. These irregularities are caused 
by the numerical difficulties in generating pathlines through the very irregu­
lar nodal grid (see Figure 3) that represents the drains and clay stub-sidewall 
liners used when simulating the other more-involved cases. The arrival time 
for Pathline 16 (given in Table 2) is not used in the subsequent analysis. 
Experience suggests that the observed irregular pathlines are the lesser of two 
evils. A smaller nodel grid with more interconnections is required if we are 
to realistically represent converging flow toward the drains in the TRUST flow 
simulation when drains are used. Experience also has shown that any numerical 
pathline generation difficulties are readily observed if they occur, as in 
Figure 26. The consistency of the other pathl i nes, in terms of both the shape 
of the pathline in the figure and in the arrival times at the left boundary, 
indicate the accuracy of the other pathlines generated. 

Tailing Leaching by Ground Water 

Experimental work on tailings leaching has been completed in the labora­
tory and can be used with the fluid transport analysis of the last section to 
realistically estimate the concentration of leachate constituents in the 
ground-water seeping through the tailings. The approach developed for the 
analysis is illustrated here with the sulfate as the example constituent. 

For Reference Case 1 (above the water table) the leachate drainage from 
the disposal pit was at a constant sulfate concentration of 14,000 mg/t. 
Knowing the amount of drainable fluid in the pit allows us to determine that 
2.08 x 107 g/m of sulfate per unit pit length enters the ground water. 

The amount of sulfate leaving the pit for Case 5, below the water table is 
more difficult to calculate. The concentrations change in time and space as 
fresh ground water flows through the tailings, leaching ever-decreasing quanti­
ties of sulfate out of the pit. The analysis is based on the measured l eachate 
concentrations obtained from laboratory column experiments. Figure 27 plots 
the sulfate leaching results from two column experiments run on Highland Mill 
tailings. The curve in the figure was used as the representative curve through 
the measured data points. The initial sulfate concentration in the tailings 
liquor was 14,000 mg/t of sulfate and was constant for the first column pore 
volume of fluid. During the first 3 column volumes, the sulfate reduced sig­
nificantly to 6000 mgjt, with further reduction to 1800 mg/t at 10 column vol­
umes of ground water passing through the tailings. By 70 column volumes the 
leachate sulfate concentration had declined to 185 mg/t, or very nearly 
returned to the background ground-water sulfate concentration. These measured 
leaching data, as in Figure 27, coupled with the pathline boundary arrival data 
in Table 2, are the bases for incorporating the tailings leaching chemical 
results into the transport analysis. 
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The outflow location/arrival time distribut ions for the pathlines in 
Case 5 are needed to use the chemical leachate data in Figure 27 {Nelson 
1978b,d}. The pathline outflow locations along t he left-hand vertical boundary 
in Figure 26, as given in Table 2, are plotted against the pathline arrival 
times from the same table in Figure 28. The left, cross-hatched, area repre­
sents locations and arrival times when the first pore volume of tailings solu­
tion flowed across the downstream outflow boundary for Case 5. In particular, 
we note that the points labeled as Pathlines 2 through 12 along the leading 
edge of the cross-hatched area in Figure 28 represent the arrival at the down­
stream boundary of the first pathlines, which originated along the tailings at 
the far left side of the disposal pit at time zero in Figure 26. The trailing 
edge of the first tailings pore volume in Figure 28 contains the last of the 
tailings solution to reach the downstream boundary, as observed from the origin 
of Pathlines 15 through 22, in Figure 26. The concentration is constant for 
the first pore volume of fluid emerging (i.e., the cross-hatched area in 
Figure 28). This is the original constant pore fluid concentration in the 
tailings, represented by the flat initial part of the sulfate concentration 
curve to one pore volume in Figure 27. 

The curves in Figure 28 to the right of the first constant pore volume 
represent the subsequent ground-water leaching fronts arriving at the down­
stream model boundary. For example, the next vertical curve labeled 11 5 Pore 
Volumes C = 3600 mg/1 11 represents the location or elevation of the ground-water 
front that passes through the tailings and reaches the downstream boundary at 
the times indicated. Before that curve reached the downstream boundary, five 
tailings pore volumes had moved out of the tailings; that is, the first pore 
volume originally in the tailings was replaced by upstream ground water and 
four subsequent pore volumes of ground water had traversed the tailings along 
the various pathlines and then moved downstream t hrough the soil mass laying 
between the tailings pit and the downstream model boundary. 

Figure 28 further shows concentrations for each of the pore volumes. 
Those concentrations were taken from Figure 27; we must recognize the worst­
case assumptions implied by using such concentrations. Unfortunately no 
experimental data are available in the detail required to allow us to account 
for the chemical interactions between the leachate and the sandstone. By 
assigning the experimental concentration at the model outflow location down­
stream we tacitly assume that none of the chemical interactions are al lowed to 
occur (i.e., no pH buffering, no precipitation, no exchange, and no sorption 
are allowed to occur as the leachate percolates through the material between 
the tailings and the downstream end of the model) . This represents a very 
severe, worst-case assumption that may lead to severe calculated detrimental 
consequences. 

Only the arrival location/outflow quantity distribution is then needed to 
evaluate the worst-case sulfate migration from Case 5 {Nelson 1978a,b,c,d). 
These results are available from the TRUST flow analysis and are shown in 
Figure 29. The unit outflow rate of leachate is determined by the volume flow 
rate in meters per day per meter of height, S, per unit meter of tailings pit 
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length, which results in a unit outflow rate of mjday. Figure 29 has only one 
curve because the pathline arriva l times of 40,000 days and greater from 
Figure 28 are much greater than the 20,000 days required for the flow system to 
essentially reach a steady flow condition. Accordingly, only one curve is 
involved for the steady flow conditions . 
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With the location/arrival time results in Figure 28 and the outflow 
location/quantity distribution in Figure 29, the mass outflow rate of sulfate, 
Ws, is obtained by evaluating the integral (Nelson 1978<1): 

where 

w (t) = s 

C is the concentration (sulfate in this case), which is a function of S 
q is the unit fluid outflow rate, which is a function of S 

s1(t) is the minimum or lower boundary outflow loca~ion from Figure 28 at 
time, t 

s2(t) is the upper boundary outflow location from Figure 28 at time, t. 

We formed the product of the concentration from Figure 28 and the unit fluid 
flux from Figure 29 by using the common linking variable of the outflow 
location, S, which enabled us to evaluate the integral mass outflow rate Ws at 
time, t, using the above equation. By sequentially evaluating this equation 
for other times, we obtained the mass outflow rate of sulfate crossing the 
downstream boundary as a function of time (see Figure 30}. The sulfate outflow 
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rate as a function of time in the figure is the worst case or maximum rate of 
sulfate transport away from the buried tailings disposed in the pit below the 
water table. Integration of the area under the sulfate outflow rate curve 
(Figure 30) produces the mass of sulfate that has 18ft the pit. This case for 
below the water table (Case 5) results in 1.51 x 10 g/m sulfate entering the 
ground-water system. This represents 7.26 times the sulfate from Case 1 above 
the water table. 

We should remember the severity of,the worst-case results in Figure 30 and 
hence the factor of 7.26. The results of complete leaching of sulfate from the 
tailings by ground water, as obtained from the scaled-up laboratory leaching 
experiments, are included in Figure 30. However, laboratory column experiments 
of the leachate pH being buffered and of the related chemical interaction with 
the sandstone material were not available and so were ignored; thus, the 
chemical and exchange interactions were not taken into account. Accordingly, 
we considered none of the sulfate reduction that would occur during leachate 
neutralization and so forth during migration through the sandstone in the 
analysis leading to the results in Figure 30. These worst-case results give 
much higher sulfate flow rates away from the tailings pit than would actually 
occur in view of the findings of Gee 1980a. 
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CASE 6--BELOW THE WATER TABLE WITH BOTTOM LINER 

This case is similar to Case 5 described above, with the addition of a 
clay bottom liner. It is also the same as Case 2, except that the tailings are 
disposed in ground water below the water table rather than above the saturated 
zone. A 0.91 m (3 ft} thick clay bottom liner was used for Case 6 as in 
Case 2. 

Flow Analysis 

The flow analysis was the same as for Case 2, except that the water table 
was raised 27.43 m {90ft). Specifically, Grid No. 2 was used, with the water 
table fixed at the left grid boundary at 54.86 m {180.0 ft} and at the right 
grid boundary at a value of 56.54 m (185.5 ft}. This corresponds to a regional 
gradient of 0.005 across the 335.28 m {1100 ft) grid. The substrate, or parent 
material, used is again the Sandstone No. 2. The material properties of the 
uranium mill tailings, Sandstone No. 2, and clay are described in the analysis 
techniques section (see Figures 4, 6, and 7). 

Once again, because the case is primarily saturated and does not involve a 
wetting front, the simulation went quickly. The fluid content of the tailings 
reached an essentially steady-state value in a short time, much the same as for 
Case 5. The initial and final potential distributions are given in Figures 31a 
and 31b, whereas Figures 32a and 32b show the initial and final moisture con­
tent distributions. Additional distribution of potentials and moisture con­
tents at various times during the simulation are given in Appendix G. 

The TRUST code is capable of considering soil consolidation, and although 
we did not use that capability in a major way in the cases run, there is no way 
in the version used to completely bypass all aspects of the consolidation; 
hence, consolidation parameters must be input. Furthermore, one of those 
parameters (the media compressibility) is often used to reduce numerical prob­
lems in the partially saturated regions by providing a higher capacity in the 
regions of transition from partially saturated to saturated flow. Such a 
numerical ruse has very little if any effect during normal TRUST solutions but 
allows for more efficient numerical solutions. There is, however, one diffi­
culty. In its present form, TRUST only calculates total stress, and therefore, 
only calculates pore volumes during the initial t ime step. This means that 
pore volumes and void ratios of each material are changed at each restart of 
the TRUST code, causing the time history of fluxes not to be continuous. A 
discontinuity occurs at each restart. The magni t ude of the discontinuity 
depends on how much the total stress changed since the last restart. The worst 
case observed to date in our experience is shown in Figure 33 for Case 6. Code 
modifications to TRUST that have been proposed under other consolidation 
development work for NRC {Gates 1982) will enable complete bypassing of 
consolidation effects. 
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Fluid Transport Analysis 

The transport analysis for Case 6 was essentially the same as for Case 5 
and the results obtained were similar. The pathlines are shown in Figure 34. 
The bottom clay liner has a very slight isolating effect so pathlines tend to 
spill around the ends. Also, the fluid tends to be conveyed in the tailings 
just above the clay liner toward the downstream end of the liner; however, 
those paths do finally penetrate the liner rather than spill over its end. 

The initial arrival times along pathlines at the downstream boundary were 
very similar to those in Case 5. Arrival was only slightly delayed at the 
intermediate pathlines originating along the top of the clay liner and at the 
upstream tailings pit boundary. In general, the clay bottom liners alone in 
tailings pits below the water table were of little benefit. They could be of 
some practical benefit during pit construction by reducing the pumpage at that 
time. Even that benefit may be slight, considering the difficulty of placing 
the liner and keeping it undisturbed until the pit is filled with tailings. 
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CASE 7--BELOW THE WATER TABLE WITH DRAINS, CLAY BOTTOM LINER, AND 
STUB-SIDEWALL LINERS 

Case 7 is the same as Case 3 for above the water table, except that the 
water table was raised by 21.3 m (70ft) to partially innundate the tailings. 
The water table was purposely not raised for this case to the full 27.4 m 
(90ft) as in the two previous cases for below the water table. If a higher 
water-table elevation had been used, the drawdown by the pumped drains would 
have a greater tendency to dominate the flow system. At lower heads the pumped 
drains could be less effective in controlling seepage loss out of the pit. 

Flow Analysis 

The flow analysis for Case 7 was set up much the same as the previous 
cases, through use of the TRUST code. Grid No. 1 was used, as in Case 3, with 
four drains installed just above the clay liner. Coarser filter material was 
placed around the drains to facilitate leachate movement into the drains. The 
clay bottom liner and stub-sidewall liners provided a saucer-shaped liner 
beneath the tailings. The water table was 12.2 m (40ft) above the top of the 
clay stub-sidewall liners. The entire modeled region was tilted at a slope of 
0.005, creating a regional gradient from right to left. 

The case was simulated for 5506 days (15.1 years) and drainage effluent 
was pumped for the entire period. The initial and final potential contours are 
shown in Figures 35a and 35b. The moisture contours are shown for the same 
times in Figures 36a and 36b. Additional potential and moisture content plots 
at intermediate times are shown in Appendix H. 

The potential and moisture content plots show how the removal of fluid by 
the drains with pumping from sumps dominates and controls this case. The 
saucer-like bottom and stub-sidewall liners effectively assist in the fluid 
control. The two center drains intercept a significant part of the tailings 
leachate that gradually drains in time. The dominant drains are at the 
upstream and the downstream edge of the pit next to the clay stub-sidewall 
liners. These two drains tend to shield the two center drains and induce a 
rather complicated contaminant history in the outer drains. Both of the edge 
drains perform in a very similar way, so only the upstream drain is illustrated 
and discussed here in detail. 

In the early stages of flow development, the head in the tailings is 
higher than in the water table outside the pit. It is also much higher than 
the head in the drains at edge of the pit just inside the toe of the stub­
sidewall liner. Thus, as illustrated in Figure 37a, initially the tailings 
leachate moves primarily into the drain, with a very limited amount of seepage 
near the edge of the tailings moving upstream out of the disposal pit. Before 
long, however, the drawdown in head caused by the drain reverses the flow just 
above the clay toe, as illustrated by Arrow A in Figure 37b; thus, the leachate 
that left the pit is pulled back into the pit and is followed by upstream 
ground water entering the pit. As the flow grows (illustrated by Arrow A in 
Figure 37b), the leachate outflow (illustrated by Arrow B) diminishes and then 
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FIGURE 37a . Schematic Diagram of Initial Water Movement Near the Upstream 
Edge of the Disposal Pit 

FIGURE 37b . Schematic Diagram of Water Movement a Short Time Later Near 
the Upstream Edge of the Disposal Pit 
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reverses. In the process all of the leachate that initially seeped from the 
pit into the upstream sandstone returns to the tailings and later moves into 
the drain. As drainage toward the drain continues, some of the upstream ground 
water first reaches the drain and is pumped away. In fact, gradually more and 
more of the fluid pumped from the drain is ground water, and even smaller 
amounts of tailings leachate enters the two drains. Accordingly, if the pump­
age from the edge drains of the pit is separate from the center drains, gradu­
ally the water quality pumped from the toe drains will become essentially that 
of the background quality of the ground water. 

Fluid Transport Analysis 

We used the MLTRAN subcodes in the fluid transport evaluation to generate 
the fluid velocity fields and to determine the pathlines. Along the disposal 
pit sidewalls several pathlines were originated at zero time {Figure 38). The 
leachate first moved out of the tailings a small distance (as discussed in the 
previous section), then returned into the tailings, and gradually proceeded 
into the drains at the toe of the clay stub-sidewall liner. Starting points 
for pathlines at zero time were also located some distance below the bottom 
clay liner (see Figure 38). In each instance we observed that the flow of 
ground water is upward through the clay bottom liner and then into the drains, 
showing that no leachate leaves the system. Similarly, for fluid particles 
selected at zero time and located horizontally toward the top of tailings, the 
pathlines move first downward and then laterally to the drains. In every case 
in Figure 38, the pathlines all indicate that the tailings leachate is finally 
captured by the drains. In effect, no leachate escaped the combination barrier 
system of drainage pumping and the bottom stub-sidewall liner • . 

The clay barrier and pumped sumps exercise a much better control in the 
saturated system than they do in the above-the-water-table Case 3. In the 
saturated case the flow system can be strongly controlled by the greater draw­
down at the drains. Such stronger control is not possible in the partially 
saturated system above the water table. A disadvantage of the case below the 
water table is the additional energy required for pumping over longer times to 
exercise the control possible. The ground water first reached the right-most 
(upstream) drain in Figure 38 at 137 days, and by 482 days essentially all of 
the water pumped from the drains near the clay toe consisted of fluid originat­
ing from the surrounding ground-water flow system, not from the tailings. At 
the left-most {downstream) drain, first fluid arrival was at 145 days and the 
last was at 489 days. 
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DISCUSSION OF RESULTS 

The results of the seven cases modeled are assembled in Table 3, which 
provides a detailed summary of the tailings and fluid control aspects of the 
four pit simulations above the water t able and the three comparable simulations 
for below the water table. The first case in Table 3 is the Reference Case 1 
with essentially no fluid control features but with initially saturated tail­
ings disposed in an unlined pit positioned above the regional sloping water 
table. The results from the Reference Case 1 are used as a basis for more 
direct comparisons of results from the various cases. For example, Reference 
Case 1 had the largest total volume of tailings disposal per length of pit 
normal to th~ vertical cross-section of the pit analysed. Cases 2 and 6 repre­
sented 167m /m or a 3.3% reduction in tailings disposal capacity from the 
Reference Case 1 because the bottom clay liner material replaced some tailings. 

The combination of clay stub-sidewall liners and bottom liners coupled 
with pumping of the effluent from the tailings drains provides the best leach­
ate control (see Table 3, Column 6). As much as 80% of the total leachate 
volume that otherwise would enter ground water from disposal pits above the 
water table is intercepted by these combined control features. The simulations 
for pits below the water table with the same control combination showed essen­
tially complete interception and control of leachate losses. The much stronger 
control for below-grade conditions is a result of the greater drawdown at the 
drains that is possible under saturated flow conditions. Noted also in 
Table 3, Column 9 for Cases 3, 4, and 7 is the relative amount of leachate 
recovery possible by pumping the drainage effluent for different periods of 
time. Although from 8 to 10-3/4 years of pumping were needed to intercept 
essentially all of the leachate possible, three quarters of that total leachate 
was intercepted by pumping for the first year to year and a half. Thus, 
shorter pumping times can be very effective in controlling the total long-term 
leachate lost to ground water. These results apply only to the materials and 
pit configuration studied; however, the results do suggest that the order of 70 
to 75% of the total interceptable leachate can be removed by pumping for only 
the first 10 to 12% of the time the drains are intercepting fluid. The results 
in the last four columns of Table 3 for Case 7 show that the extra water pumped 
over the longer pumping times is largely ground water of much better quality 
t han the original leachate, and thus may not have the same potential for 
detrimental environmental effects that occur over the shorter pumping times. 

On the other hand, the advantages of much better leachate control through 
the use of liner, drain, and pumping carry a price tag. Better leachate con­
t rol involves higher construction costs, continuing energy costs for pumping, 
and also requires an appropriate alternative method of disposal of any leachate 
that may not be reused as mill process makeup water. 

When no drains or effluent pumping are involved, the clay bottom liner has 
little advantage in terms of the total leachate lost. The benefit of the bot­
tom clay liner is primarily in the lower leachate outflow rates (see Table 3, 
Column 7); however, the leachate flows out over a much longer period of time 
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TABLE 3. Sunmary and Comparison Results from Seven Tailings Pit 
Disposal Cases 

Tailings Otsposed Leachate Entering Ground Water 
eer Ulli t Length of Plt eer Unit Length of P1t Fluid Pumeed from P1t ~r Un1t Length 

1 sposal Kax. Flow Tal hngs Le.tchate liround Water 
Disposal Ca~aclt~ ReductiOn Total Percent of l<ate P.,ay Pumped Percent of Pumped Percent 
Vo~ume o ~ume Percent Vo~ume Reference F5om Pit Vo~ume Possible Vo1ume Excess 

Case Oescrietion (m {.m) ~_l!L ~ Case '~) 'm /da~/m) ~ PumEage (%) ~ Pumeed (~) 

Pits Above the Water Table (2) (3) (4) (5) (6) (7) (tl) (9) ( 10) ( 11) 

1. Reference Case - Ini tully 5107 0.0 0. 0 14tl6 100.0 0.36(10- 3) 0.0 
saturated tailings in an 
unlined pit with no drains 
but above a sloping water 
table 

2. Similar to 1 but with a 4940 167 3.4 1445 97.2 6.42( w-3) 0.0 
0.9-m(Aj-ft) clay bottom 
11 ner 

3. Similar to 2 but with clay 4800 307 6.4 310 20.9 2.04( w-3) 10\10 100.0 
stub-sidewall liners 1n~ 
4 drains with pumping a 
for 8 years (maximum) 

(a) pump1ng for 5 years --- --- --- 365 24.6 --- 1035 95.0 
0'"1 (b) pumping for 3 years --- --- --- 41g 21:1.l --- 9110 89.9 
CX> (c) pumping for 2 years --- --- --- 414 31.9 --- ':IZb tl5.0 

(d) pumping for 1 year --- --- --- 583 39.2 --- BHl 75.0 

4. Similar to 3 but with no 4769 2B9 b.1 2tl5 19. ~ --- 1106 100.0 
water-table slope (1.e., no 
lateral gradient) but with 
10.75 yr pumping from drains 

(a) pumping for 8 years 10/tl 97.5 
(b) pumping for 5 years 1035 93.6 
(c) pumping for 3 years 9Bb tl9.2 
!d~ pumping for 2 years 945 1!5.4 
e pumping for 1 year tl61:1 7tl. 5 

P1ts l:lelow the W.tter Table 

5. Same as Case I but water 5107 0.0 0.0 2121 142.7 11. 75( w-3) 0. 0 
table raised 27.4 m {90ft) 

6. Same as Case 2 but water 4941! 167 3.4 2015 135.6 17 .14( 10-3) 0.0 
table raised 27.4 m (90ft) 

7. Same as Case 3 but water 4800 307 6.4 o.o{b) 0.0 0.0 1489 100.0 4313 289.7 
table raised 21.3 m (70ft) 
with 8 years pumping 

(a) pumping for 5 years 1408 94.6 2473 175. 6 
{b) pumping for 3 years 1331 89.4 1140 85.7 
(c) pumping for 2 years 1280 1!6.0 622 48.6 
(d) pumping for 1 year 1095 73.5 <5 

(a) See Figure 1. 
{b) See Figure 38. 
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of time yielding essentially the same total outflow volume (Table 3, 
Column 5). This pattern for the benefits of the clay liner is essentially the 
same for disposal above and below the water table, even though more leachate 
consistently entered the ground water from disposal pits below the water 
table. Specifically, based on a 100% leachate loss for disposal above the 
water table, with no clay bottom liner (Case 1), the comparable loss in Case 5 
(below the water table) was 142.7%; the case above the water table, with a clay 
liner, Case 2, had a loss of 97.2% compared to 135.6% for Case 6 (below the 
water table with a bottom liner). 

The greater leachate losses for disposal pits without drains and effluent 
pumping below the water table, as compared to those above the water table, 
represent only the leachate being physically swept from the tailings by the 
ground water flowing through. The losses do not consider the longer-term 
leaching associated with ground-water/tailings chemical interactions 
(i.e., those involving buffering, precipitation, solubilization, chemical 
reactions, mineral reactions, ion exchange, and other sorption effects 
occurring in the tailings leaching process). These longer-term chemical 
leaching effects could not be analyzed in detail in this study because not 
enough experimental data are available for an appropriate analysis, nor have 
appropriate coupled geochemical and transport models been developed. 
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APPENDIX A 

NOTATION 

c = Concentratio~ 
{Units: M/L ) 

g = Acceleration 2due to gravity 
(units: L/T ) 

k = Inrinsic Permeabi 1 ity 
{Units: L2) 

K Hydrau 1 i c Conductivity 
{Units: L/T) 

Q = Vol umetri c/1 ow rate 
(Units: L /T) 

s = Saturation 
(Units: L3JL3) 

t = Time 
{Units: T) 

W = Mass fluid flow rate 
(Units: M/T) 

Ws = Mass outflow rate of sulfate 
{Units: M/T) 

q = unit fluid 3outf~ow {Units: L /T /L ) 

S1 = The minimum or lower outflow 
locations, for example, from 
Figure 28 {Units: L) 

s2 = The upper or maximum outflow 
location, for example from 
Figure 28 (Units: L) 

V = Volume of fluid that has 
drained from the tailings 
per unit p~t length 
{Units: m /m) 

A.l 



Vr = Total volume of drainable fluid 
in the tailings p~r unit pit 
length {Units: m /m) 

~ = Dynamic viscosity 
{Units: M/LT) 

p = Mass density
3 {Units: M/L ) 

A.2 



APPENDIX B 

POTENTIAL AND MOISTURE CONTENT PLOTS: REFERENCE CASE 1 
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POTENTIAL AND MOISTURE CONTENT PLOTS: 
CASE 2 WITH CLAY BOTTOM LINER 
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FIGURE C.2b. Moisture Content Contours at 9731 Days (26~7 ~ears)--Above the Water Table, 
Case 2 witn Clay iottom Liner (values in m /m ) 



n . 
w 

• 

30.5 
30.5 

28.8 

28.9 
29.6 
29.6 29. 

SCALE CMETEASJ 
0 25 50 

CONTOUR 
INTEAVAL : 5.00 
LOWEST = 25.00 
HIGHEST = 60.00 
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FIGURE C. 4a. Hydraulic Potential Contours at 27,753 Days {76.0 years)--Above the Water Table, 
Case 2 with Clay Bottom Liner (values in meters) 

SCALE (METERS) 
0 25 50 

CONTOUR 
INTERVAL ~ .05 
LOWEST = • 10 
HIGHEST = . 1!5 
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POTENTIAL AND MOISTURE CONTENT PLOTS: 
CASE 3 WITH CLAY BOTTOM AND STUB-SIDEWALL LINERS WITH DRAINS 
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FIGURE D.la. Hydraulic Potential Contours at 33.6 Days--Above the Water Table, Case 3 with 
Clay Bottom and Stub-Sidewall liners with Drains (values in meters) 
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FIGURE D. 2a . Hydraulic Potential Contours at 247 Days--Above the Water Table, Case 3 with Clay 
Bottom and Stub-Sidewall Liners with Drains (values in meters) 
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FIGURE D.2b . Moisture Content Contours at 247 Days--Above the Water T~blj, Case 3 with Clay 
Bottom and Stub-Sidewall Liners with Drains (values in m /m ) 
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FIGURE D.3b. Moisture Content Contours at 513 Days (1.4 years)--Above the Water Table, 
Case 3 with Clay Bottom and Stub-Sidewall Liners with Drains (values in m3;m3) 



0 . 
""" 

27.ij 

27.ij 

27.ij 
27.ij 

27.ij 

27.5~,. 53.5 53.7 53.8 &3.9 a'l.l 51l.~ ~·l.a ~ij 3• 8.8 28.6 28. 7' 

27.5 27.6 

27.5 27.6 

27.8 

27.7 

28.0 

27.9 

28.1 

28.0 

28.3 

28.2 

28.ij 28.5 28.6 28.6 

28.3 28.4 28.6 28.6 

28. 

28. 
28. 

28. 

JaiLf ~~ 
I II a 
I I I 

tiiiT1IIII 

I~· s.• 
LM3T • Zl •• 

IOM:ST • ... 

FIGURE D.4a. Hydraulic Potential Contours at 1498 Days {4.1 years)--Above the Water Table, 
Case 3 with Clay Bottom and Stub-Sidewall Liners with Drains (values in meters) 
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FIGURE D.Sa. Hydraulic Potential Contours at 676~·Days {18.5 years)--Above the Water Table, 
Case 3 with Clay Bottom and Stub-Sidewall Liners with Drains (values in meters) 
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APPENDIX E 

POTENTIAL AND MOISTURE CONTENT PLOTS: CASE 4 WITH 
HORIZONTAL WATER TABLE 



I"T1 r·· . ...... 

,.., "·' "·' "·' "·' "·' ,. .. '!.'·•-. 27 •• 27 • • 
27 •• 27.' 

27 •• 
U.2 U .5 U .7 U.l ..... -·· 7nln . 27.4 27 •• 

27 •• 

42.7 ·' 27 •• 27 •• • 1.5 
27.4 

:-:--\ 
37 •• !MU 37.7 \ 27 •• 

27.4 
42.2 27 •• 

27 •• 

27 •• 
27.' 27 •• 27.4 27.4 27 •• ~7.' 

27.4 27.' 27.4 
27 •• 27 •• 27.' 27 •• 27 •• 27 •• 27 •• 

27 •• 27 •• 27 •• 
27.4 

~1 •• 27 • • 27 • • 27.4 27 • • 27 •• 27 • • 27 •• 27. 4 27.' 
27 •• 

27 • • 27 •• 27.4 27.4 27 •• 27 • • 27 •• 27 •• 27 •• 27 •• 27.4 
27 •• c·· 27 •• 27 • • 27.4 27 •• 27 • • 27 •• 27 •• 27 • • 27 •• 27.4 .. 27 •• 

SCI'&.£ 
I II 21 

METERS 

COITOIII 

INTEIM'. • 5.11 

I.OW(5T • 25.11 

HIGHEST • 55.11 
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APPENDIX F 

POTENTIAL AND MOISTURE CONTENT PLOTS: CASE 5--BELOW 
THE WATER TABLE REFERENCE CASE 
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FIGURE F.la. Hydraulic Potential Contours at 276 Days--Below the Water Table 
Reference Case 5 (values in meters) 
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FIGURE F.lb. Moisture Content Contours at ~763Days--Below the Water Table 
Reference Case 5 (values in m /m ) 
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FIGURE F.2a. Hydraulic Potential Contours at 974 Oays (2.7 years)--Below the Water Table 
Reference Case 5 (values in meters) 
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FIGURE F.2b. Moisture Content Contours at j743Days (2.7 years)--Below the Water Table 
Reference Case 5 (values in m /m ) 
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FIGURE F.3a. Hydraulic Potential Contours at 2092 Days (5.7 years)--Below the Water Table 
Reference Case 5 (values in meters) 
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FIGURE F.3b. Moisture Content Contours at ~09~ Days {5.7 years)--Below the Water Table 
Reference Case 5 (values in m /m ) 
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Reference Case 5 (values in meters) 
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FIGURE F.Sa. Hydraulic Potential Contours at 6486 Days (17.8 years)--Below the Water Table 
Reference Case 5 (values in meters) 
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APPENDIX G 

POTENTIAL AND MOISTURE CONTENT PLOTS: CASE 6-­
WITH CLAY BOTTOM LINER 
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FIGURE G.1a. Hydraulic Potential Contours at 713 Days (1.95 years)--Case 6 with Clay 
Bottom Liner (values in meters) 
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FIGURE G.1b. Moisture Content Contours
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713 Days (1.95 years)--Case 6 with Clay 

Bottom Liner (values in m /m ) 
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FIGURE G.3a. Hydraulic Potential Contours at 2548 Days (7 years)--Case 6 with Clay 
Bottom liner (values in meters) 
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FIGURE G.4a. Hydraulic Potential Contours at 4948 Days (13.6 years}--Case 6 with Clay 
Bottom Liner (values in meters} 
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APPENDIX H 

POTENTIAL AND MOISTURE CONTENT PLOTS: CASE 7-­
WITH CLAY BOTTOM AND STUB-SIDEWALL LINERS WITH DRAINS 
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FIGURE H.la. Hydraulic Potential Contours at 32.7 Days--Case 7 with Clay Bottom 
and Stub-Sidewall Liners with Drains (values in meters) 

.33 

.33 

.33 

.33 

.33 

,.. : 37 . -- . -- . -- . -- . -- . -- . --
1---.... .~e .se .~6 .~e . 3~~- Ill" 011 

.33 .33 .33 .33 .33 .33 .33 .33 .33 .33 

.33 

.33 

.33 

.33 

JCIIU ~) 

,. 
I 

• Z5 ,. 

CDIIIUI 

IIIRIWIIL• .111 

UMIT • ... 

MIIIIUT • .a 

FIGURE H.lb. , Moisture Content Contours at 32.7 Days--case 7 wi~h3tlay Bottom 
and Stttb-Sidewall Liners w1th . Or.a,;As (.v1.lues in m I ) .. 



:X: . 
N 

qe.e qa.9 

qe.7 qe.s 

qe.7 qe.s 

qe.7 qe.s 

qe.7 qe.s qe.s qe. 7 qe.e qg, 0 qg, 2 qg,q qg,s 

50.2 50.3 

50.2 50.3 

50.2 50.3 

50.2 50.3 

50. 2 50.3 

stiU U€1!M) 

• 25 " 

CIIII'IUI 

,,__. '·· 
~ .... 
"IIIDT • ••• 

FIGURE H.2a. Hydraulic Potential Contours at 270 Days--Case 7 with Clay Bottom 
and Stub-Sidewall Liners with Drains (values in meters) 
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FIGURE H.3a. Hydraulic Potential Contours at 747 Days (2 years)--Case 7 with Clay Bottom 
and ·Stub-Sidewall Liners with Drains (values in meters) 
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FIGURE H.4a. Hydraulic Potential Contours at 2062 Days (5.6 years)--Case 7 with Clay Bottom 
and Stub-Sidewall Liners with Drains (values in meters) 
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