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SUMMARY 

A model assessment was made to evaluate contaminant transport to ground 
water from clay-lined and partially-lined pits containing uranium mill tail
ings. The assessment involved combined subsurface fluid flow and contaminant 
transport modeling of four alternatives for controlling seepage from buried 
tailings. The input hydrologic soil characteristics were measured on mate
rials typical of those found at the Morton Ranch uranium mill site in central 

Wyoming. The assessment included combined saturated and partially saturated 
flow and contaminant transport models for two-dimensional vertical, cross sec
tions typical of the tailings burial pits proposed for use at Morton Ranch. 

The results obtained from the models were the contaminant flow paths away 
from the tailings pits, the advancing contaminant flow fronts for various 
sorbed and non-sorbed constituents of major environmental concern, and the 

associated quantities of contaminant flow for each of the alternatives. These 
results enable us to compare the environmental consequences of the four alter
natives. It was also possible to gain considerable insight about combining 
the beneficial alternatives to obtain the best overall method for controlling 

seepage from the buried pits. 

The four alternatives we considered to minimize seepage of contaminants 

from buried mine tailings included: 

1) Placement of saturated tailings in a covered pit with a clay liner in the 
bottom, but no side liners. 

2) Placement of dewatered tailings in a covered pit with clay bottom liner, 
but no side liners. 

3) Placement of saturated tailings in a pit having a clay bottom liner, no 
side liners, and drains to facilitate pumping of drainage solution from 
sumps placed above the bottom clay liner. 

4) Placement of saturated tailings in a pit with both bottom and side clay 
liners. 
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All four alternatives might be interpreted as being based upon a premise or 
goal of isolating and containing the drainage solution through use of clay 
liners. Such a goal is never realized, however, because clay, like any other 
liner material, always has a low rate of seepage which allows losses to occur 
over extended time periods. 

that can be realized; rather 
Accordingly, complete containment is not a goal 
the goal is to economically minimize the detri-

mental environmental consequences of seepage. 

The first alternative- the one with no side wall liner- is the most 
economical of the four but it is the least effective for minimizing environmen
tal consequences. The undesirable environmental effects come from excessive 

seepage out of the pit side walls; however, the study results conclusively 
show that seepage is not uniform over the entire height of the side wall. In 
fact, the model results demonstrate that seepage into the upper 70 to 80% of 
the side wall results in few if any detrimental effects. The greatest seepage 
occurs at the bottom, i.e., near the intersection of the bottom clay liner 
with the side wall. At higher and higher levels on the side wall, the contami
nant seepage diminishes and becomes insignificant. The negligible effects 
higher on the side wall are explained by the well-established nonlinear theory 

for partially saturated flow. 

These results have important implications for considering management 
alternative No. 4, which uses clay liners over the entire side wall height: 
Little or no actual environmental benefits result from placing clay on the 
upper 70 to 80% of the pit side wall. Therefore, lining the entire side wall 
with clay is economically wasteful and should not be done. 

Alternatives No. 2 (dewatered tailings) and No. 3 (using drains in the 
tailings) emphasize reducing the actual volume of fluid available for seepage 

from the pits coupled with using a bottom clay liner to minimize vertical 
seepage from the much larger bottom area of the pit. Both of these alterna
tives significantly reduce the detrimental environmental consequences as com

pared to alternative No. 1. 
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A comparison of sulfate peak loss rates for alternates No. 1, 2, and 3 
shows the merits of reducing the volume of fluid potentially available for 
seepage from the pits. Alternative No. 1 (with no attempted fluid reduction) 
had a peak outflow rate of 383 kilograms per day per lineal meter of pit 
length. Alternatives No. 2 (dewatered tailings) and No. 3 (installed drains), 
both of which reduce the fluid volume for potential seepage from the pit, had 
maximum rates of 3.2 and 2.2 kg/day/m, respectively. These results represent 
more than a 120-fold reduction in peak sulfate outflow for dewatered tailings. 
When a drain is placed in the tailings above the bottom clay liner, the reduc
tion is more than a factor of 170. Reductions of this magnitude indicate the 
significant benefits of reducing the fluid volume in the tailings as a means 
of controlling contaminant seepage from the burial pits. 

The sulfate, which moves with the tailings water, was found to be the 
most environmentally harmful leachate constituent in the tailings solution. 
Other chemical and nuclide constituents of lesser concern, viz. 120Pb, 
238u, and pH, were considered in the transport analysis. Each of these con
stituents was evaluated in terms of the distance of movement of the contaminant 
front away from the pit with time. The acid front represented by a pH value 

of 2.2 was determined first, since the sorbtion distribution factor (Kd) of 
the lead and uranium was very strongly dependent upon the pH. Also, the sorb

tion distribution coefficients of 230rh at pH 2.2 was so similar to 238u 
that only the 238u transport analyses were made. In all cases, the front 
advance for these contaminants simply reconfirmed the results already presented 
for the control alternatives as shown by the sulfate results. 

The best contaminant seepage control would be provided by combining the 
most desirable features of the four alternatives considered in this study. In 
addition to the accepted covering procedure already proposed we recommend: 

1) Provision of a bottom clay liner placed at least 3.05 m (10 ft) above the 
regional water table and not less than o.g1 m (3 ft) thick; 
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2) Provision of stub clay side liners only part way up the pit side wall to 
form a saucer-shaped bottom and side liner for the pit; 

3) Installation of a network of gravity drains and pumping sumps with the 

drains in the tailings sufficiently above the bottom clay liner to pro
vide very effective drainage of the tailings; 

4) Pumping of tailings drainage effluent from the sumps during filling of 
the pit with tailings and as required for the first 6 to 8 months after 
the filling is completed. 

The tailings placed in the pits could be either dewatered or saturated, pro

viding, of course, that adequate drain and pumping capacity are provided for 
the wetter saturated tailings. If tailings were slurried into the pit, perhaps 

separate decant sumps should be used, or extreme care must be exercised to 
assure that the tailings underdrains would not be clogged by settlement of 
decant-carried sediment in the sumps. 

It is important to realize that there is a trade off between the height . 
to which the side liners must be placed in the pit wall and the effectiveness 
of the underdrainage system. The effectiveness of the drain alternative found 
in this study, when no side liner was present to give a saucer effect, hints 

that only small side liner heights may be required. 

Additional studies, however, will be required to determine the exact side 
liner heights needed to insure acceptable minimum contaminant seepage in the 
most economical way. Specifically, further study of various soil materials 
and other pit configurations using the combined approach of lining and reduc
ing tailings water {as proposed above) will be necessary. Companion field 
observations should be conducted during implementation of the proposed manage
ment practices at Morton Ranch in order to check, verify, and improve upon the 

disposal control practices. In this way, it will be possible to reduce the 
cost of disposing of contaminant seepage 3nd better assure adequate disposal 

methods for uranium tailings in burial pits. 
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1.0 INTRODUCTION 

GENERAL 

The advantages of returning uranium mill tailings to the pits excavated 
during surface mining operations are being more widely recognized and utilized 
to minimize any undesirable environmental effects. Particularly notable among 
the benefits is the better control of radon gas emission through appropriate 
mill tailings burial. This advantage alone warrants burial of the tailings. 
Also, through burial of tailings, the mined-out site is returned to nearly the 
original topography and vegetative habitat. All of these benefits are being 
included in the planning of the mining and milling operations at the Morton 
Ranch Site in Converse County, Wyoming. 

As plans are made for the burial of the tailings in pits, {as opposed to 
using conventional tailings ponds above the ground surface), concern arises 
about the potential for contaminant seepage from the buried tailings. Disposal 

in the mined out pits places the tailings nearer ground water and may lead to 
ground water contamination. However, through appropriate construction opera
tions and placement practices, the possibilities for subsurface contamination 
may be reduced to acceptable levels. 

PURPOSE 

The purpose of this study is to examine potential ground water contamina
tion by seepage from buried tailings under four alternatives of clay liners 
and tailings placement, which have been proposed for possible use at the Morton 
Ranch Site. To accomplish this comparison of alternatives, laboratory work 
and numerous measurements were made on materials typical of the Morton Ranch 
Site. These measurements provide the soil characteristics necessary for input 
to the hydrologic flow and transport models. 

The results obtained from the flow and transport models allow direct com
parison of the environmental consequences of the four seepage control alterna

tives. When the probable environmental consequences are known, the construc
tion, operations and maintenance costs can be considered to enable selection 
of the best overall alternative for use at the Morton Ranch Site. 
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ORGANIZATION OF REPORT 

Section 2 presents an overview of the geologic setting of the Morton 
Ranch Mill Site. Also considered are typical burial pits at the site, the 
construction practices proposed and disposal practices considered by the 

Morton Ranch Site management as most useful for handling the tailings. Many 
of these practices are widely accepted as the most desirable way to proceed 

and need not be considered in more detail. However, other management aspects 
may involve several alternatives that must be assessed in terms of their 
environmental consequences. 

Section 3 describes the alternatives that will be modeled, including con

sideration of net or element configuration, relative location of the various 
materials, appropriate boundary conditions and initial conditions. Laboratory 
measurements on materials typical of Morton Ranch are also presented. 

Section 4 gives an overview of the flow modeling process and summarizes 
flow results and their use in the subsequent pathline and transport analysis 

steps. The bulk of the flow data is presented in the Appendix, which includes 
1) a description of the methods used to measure soil characteristics. 2) the 
measured soil charateristics, and 3) the intermediate results of the flow 
analysis, namely, the moisture content distribution sequences. Although they 
are important findings that aid in better understanding the four management 
alternatives, the moisture distribution sequences are only used incidentally 
in the course of the subsequent transport analysis. 

Section 5 describes the study 1 s flow path modeling approach for water 
coincident contaminants, and elaborates on the FLUX and MILTVL computer codes 
developed in the course of this research. The way in which the flow path 
models provided arrival distributions is also described; and the arrival dis

tributions are used to compare worst-case sulfate seepage rates over time for 
each management alternative. 

Section 6 describes the contaminant transport accounting for the delay of 
specific species due to the pH buffering capacity of the materials and the 

sorbtion of specific isotopes (238u, 230Th, and 210Pb). Section 6 also 
shows how the FLUX and MILTVL models were used to obtain data about the move
ment of the pH and contaminant fronts away from the tailings burial pit. 
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Section 7 discusses the results obtained for the four management alterna
tives studied and recommends a seepage control alternative for use at Morton 
Ranch. Areas of additional study are identified that would facilitate appli
cation of these results to sites other than Morton Ranch. 

3 



2.0 MORTON RANCH SITE GEOLOGY AND MINE PITS SYSTEM 
PROPOSED FOR MILL TAILINGS DISPOSAL 

GEOLOGIC SETIING 

The Morton Ranch Uranium Mine and Mill Site is located in central Wyoming 
in Converse County. The geology of the area is discussed in detail in the UNC 
Environmental Report (UNC 1976). Briefly~ the site lies in the southernmost 
part of the Powder River Basin. This basin is a large structural depression 
bounded on all sides by areas of uplift (Figure 2.1). The area to the east 
rises to the Black Hills and the area to the west rises into the eastern slopes 
of the Rocky Mountains. Since pre-Cambrian times~ the history of the Powder 
River Basin has consisted largely of periods of subsidence and sedimentation. 

-®-Miles 

0 10 20 30 

------
FIGURE 2.1. Regional Location Map of Morton Ranch 

Uranium Properties 
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Accumulation of sedimentary rocks has occurred to depths of 4570 m (15,000 ft). 
The underlying sediments of the basin are primarily carbonates, sands and 
shales deposited in a marine environment. 

The uppermost sediments are freshwater fluvial (river transported) 
deposits of the Fort Union and Wasatch Formations. The Wasatch Formation is 
the uppermost bedrock unit exposed throughout the mill site area. In this 
area, all but the bottom 100 m (+330 ft) has been stripped away by stream 
erosion. The Wasatch Formation is comprised of fluvial sediments of interbed
ded silty claystones and sandy siltstones that contain thick lenses ·of coarse, 
arkosic (granular) sandstone. The Fort Union Formation underlies the Wasatch 
Formation and typically consists of poorly consolidated continental deposits 
about 1000 m thick. At the mill site area, the formation consists of fluvial, 
interbedded silty claystones, sandy siltstones, relatively clean sandstones 
and granular sands. The sandstones of the upper Fort Union Formation are the 
host rocks for the uranium deposits. 

MINE PIT SYSTEM PROPOSED FOR TAILINGS DISPOSAL 

Extensive drilling at the Morton Ranch Site has delineated those areas 
where surface mining pits will be excavated to obtain uranium ore. From this 
excavation plan has come a proposed tailings disposal system which is shown in 
Figure 2.2. The map indicates the general layout of the mill site, including 
the placement of disposal pits and an earthen dam designed for water impound
ment. Figures 2.3 and 2.4 show pit cross sections ss• and cc•, which are typ
ical of most sections. 

Some of the construction and management practices that have been proposed 
to reduce the adverse environmental effects of tailings burial in pits are 
illustrated in Figure 2.3. The bottoms of the pits are backfilled when neces
sary with overburden material that is compacted to an elevation of at least 
3.05 m (10 ft) above the regional water table. A clay liner is placed over 
the compacted overburden fill or over the bottom of the pit if the water table 
is far enough below the bottom that no backfill is needed. The bottom clay 
liner is at least 0.91 m (3 ft) thick and is compacted at optimal moisture 
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content. Filling of the pit with tailings would then proceed to within 2.4 to 
3 m (8 to 10 ft) of the original ground surface. As shown in Figure 2.3, com
pacted overburden is placed over the tailings to provide a base for the upper 
clay cover. The clay cover is 0.76 m (2.5 ft) or more in thickness. Fill is 
placed above the upper clay liner and finally covered by top soil to enable 
plant growth for erosion control. Such a sequence in the pit's top cover 
should adequately control radon gas emissions and at the same time restrict 
rain or melting snow from infiltrating the soil and reaching the buried tail
ings. The combination of vegetation growing over the pit, the semi-arid cli
mate at Morton Ranch, and the clay cover over the pit should adequately 
restrict infiltration. 

Additional measures for minimizing seepage from the buried tailings could 
be useful but may be rather expensive to implement. Among these measures are 
the use of clay liners along the sides of the pits, the placement of dewatered 
tailings in the pit, and possible pumping of tailings drainage from the pits. 
The implementation of each alternative would produce some degree of benefit 
but considerable expense could be involved in using a particular alternative. 
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3.0 SOME ALTERNATIVES AND THEIR ASSESSMENT THROUGH MODELS 

ALTERNATIVES CONSIDERED FOR REDUCING CONTAMINANT SEEPAGE 

The alternatives suggested in the previous section would probably reduce 
contaminant seepage from the buried mill tailings. Each alternative appears 
to have individual merit although the extent of the benefit or relative 
desirability of the alternative is not known in every instance. Associated 
with the unknown benefit may be significant expenses required to implement the 
process. It is, therefore, important to determine the relative advantages of 
adopting the various alternatives. 

Four major alternatives for reducing the loss of contaminants from mill 
tailings are considered in this study. The first alternative includes no 
additional control and is essentially illustrated in Figure 2.3 where no clay 
liner is used on the sides of the pits and saturated tailings are placed in 
the pit. Alternative No. 1 does however utilize a bottom clay liner. Alter
native No. 2 is the same as alternative No. 1 except that dewatered tailings 
instead of saturated tailings are placed in the pit. The third alternative is 
again similar to the first in that no side wall liners are used, and the tail
ings are saturated. However, alternative No. 3 includes placing drains in the 
tai l ings above the bottom clay liner. The drains empty into sumps from which 
effluent from the tailings is pumped out of the pit for reuse in the mill. 
Any excess tailings leachate goes to a surface evaporation pond. The fourth 
alternative involves completely lining the pit, both bottom and sides, with 
clay. Specifically then the alternatives are: 

No. 1) Placement of saturated tailings in a covered pit that has a clay liner 
on the bottom but no side liners 

No. 2) Placement of dewatered tailings in a covered pit that has a clay bot
tom liner but no side liners 

No. 3) Placement of saturated tailings in a covered pit that has a clay bot
tom liner, no side liners, and drains to facilitate pumping of drainage 
solution from sumps placed above the bottom clay liner 

10 



No. 4) Placement of saturated tailings in a covered pit that has both 
bottom and side clay liners. 

Each of these four alternatives was modeled considering a combination of par
tially saturated and saturated flow conditions followed by a 3-step convective 
transport model analysis. 

CONCEPTUAL FORMULATION OF MODELS FOR THE ALTERNATIVES 

The disposal pit CC' shown in Figure 2.3 is representative of many pit 
facilities. Topography and special excavation techniques necessary to remove 
the uranium ore may alter individual configurations somewhat. A second cross 
section BB' {shown in Figure 2.4) is wider and deeper and has a regional water
table gradient. Selecting and combining particular features from Sections BB' 
and CC' (Figures 2.3 and 2.4) would provide a pit configuration rather typical 
of those at Morton Ranch with which we can model the four pit design 
alternatives. 

Figure 3.1 shows half of a cross-section of a typical burial pit on the 
Morton Ranch Site. Only half of the typical cross section is shown for use in 
modeling since the other half would be a mirror image. The typical pit shown 
has an average width of 132.88 m or 600ft (300ft in Figure 3.1) and a depth 
of buried tailings of 25.91 m {85 ft), with the water table initially at 
3.96 m (13ft) below the top of the clay liner. 

Model Grid of Typical Tailings Pit 

The typical tailings pit cross section and the immediately surrounding 
area were discretized into irregular elements for use in the integrated finite 
difference numerical solution method, which is used in the TRUST code for 
solving problems involving both partially saturated and saturated flow. The 
resulting element network is shown in Figure 3.2. It is convenient to think 
of each element in the figure as having a grid point at approximately the cen
ter of the element. In actual practice, a number is assigned to each central 
grid point or element, and all calculations are performed in terms of that 
element number. Similarly, the soil characteristics, boundary conditions, and 
initital conditions are all indexed in terms of the individual node or element 
number. 
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The element configuration shown in Figure 3.2 was designed to accommodate 
data for differer1t soil materials such as those shown in the slim horizontal 
elements representing the clay liner beneath the tailings and in the clay cover 
for the tailings. For example, in the slim elements between C' and E in 
Figure 3.2, compacted clay material data are used; while in the slim elements 
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between E and G, regular sandstone characteristics are used. In elements 
between D and E, if clay material is used then the side-lined alternative 
(No. 4) can be analyzed; however, if those same elements are specified as 
tailings material, then one of the alternatives that does not have side wall 
liners may be considered. There are also advantages in using the radial ele
ments outward from point E to represent the sloping side wall of the pit. 
These radial elements provide connections between elements, which generally 
correspond with the expected flow directions. Such elements should provide 
the most realistic discretized system for solution. 

Fluid Flow Boundary Conditions 

The boundary conditions are quite similar for the four control alterna
tives to be modeled. Specifically, in Figure 3.2, along the lower boundary 
between A and B, the flow normal to the boundary is zero. In other words, 
there may be flow parallel to AB, but there is no flow vertically across this 
boundary. Similarly, there is no flow across boundary BC'C 11 C because this is 
a boundary of symmetry with horizontal flow components of zero. No inflow of 
infiltration across the top boundary CD'F is assumed. The semi-arid climate 
with limited precipitation and with plant growth over the tailings at Morton 
Ranch should result in very little, if any, deeper infiltration. Moreover, 
the top clay cover would further restrict or stop infiltration. The boundary 
FGA was held as an equipotential boundary at the potential head of 9.75 m 
(32 ft), which is the initial water table elevation. Such a boundary condi~ 
tion between points A and G in Figure 3.2 results in essentially horizontal 
outflow toward the left of the system. For practical purposes, the outflow 
between points G and F is effectively zero for this constant potential condi
tion. The hydraulic conductivity in the very dry, partially saturated region 
between points G and F is very small. 

The boundary conditions just described are applicable for all four of the 
alternatives being studied. There is one additional boundary condition for 
alternative No. 3, namely that required to represent the drain placed in the 
small triangular element immediately to the right of the element labeled E in 
Figure 3.2. The drain was installed at an elevation of 15.09 m (49.5 ft) or 
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1.37 m (4.5 ft) above the top of the clay liner and near the end of the liner. 
Placing the drain some distance above the clay liner makes the drain more 
effective. Accordingly, the tile drain was placed 1.37 m above the clay liner 
in the tailings. The potential was maintained in the drain at a head of 
15.15 m (49.70 ft) of water for the first 112 days after the pit was filled 
with saturated tailings. The analysis showed that after 112 days the poten
tial in the tailings around the drain became less than the potential in the 
drain. From then on, the tailings immediately around the drain were desatu
rated so that no water would enter the drain. 

Fluid Flow Initial Conditions 

The initial conditions or starting conditions at zero time for the flow 
systems for the four alternatives are identical for the region outside of the 
pit, or for the region in Figure 3.2 enclosed by ABC'EDC"CD'FGA. In this 
region, the materials are considered to be in equilibrium with the regional 
water table, which is located 3.96 m (13 ft) below the top of the bottom clay 
liner. The water table is at a potential head of 9.75 m (32ft). Accordingly, 
everywhere in the region -except in the pit and up to the clay layer that 
covers the pit- the initial potential head is 9.75 m (32ft). This assumes 
that only minor water table fluctuations may have occurred recently and that 
the large mass of natural material around the pit has not been significantly 
disturbed. 

Inside the pit, two different initial conditions are required, depending 
upon whether the tailings are placed in the pit under saturated conditions or 
are first dewatered. For those alternatives with saturated tailings, the ini
tial potential head was set at 44.65 m (146.5 ft} i.e. the tailings are all 
saturated. A more involved initial condition was required for the dewatered 
tailings case. 

Experimental work indicated that the moisture content on a volume basis 
in the pit would be 0.33 cm3Jcm3 if the dewatered tailings left the mill 
at 20% moisture by weight and were placed in the pit at a bulk density of 
1.63 gm/cm3. Setting the initial condition in the pit for the dewatered 
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tailings involved assigning the appropriate potential at each element grid 
point, such that the initial moisture content would be 0.33. This was done 
using the measured material characteristics to determine the capillary pres
sure head associated with the 0.33 moisture content (see the appendix). The 
required initial potential head could then be obtained using that capillary 
pressure head and the elevation of the element grid point being considered. 

The initial conditions just described assume that the burial pit is com
pletely filled at the initial time (time equals zero) either with saturated or 
dewatered tailings, depending upon the situation being studied. No seepage or 
drainage is assumed to have occurred prior to time equals zero. In actual 
practice, the pit is filled gradually and some seepage occurs during this 
time; however, any seepage losses during filling correspondingly reduce the 
saturation in the tailings; i.e., the two phenomena tend to be compensatory. 
In other words, the initial condition assumes that seepage lost during filling 
is still in the tailings pit at time equals zero, and that all fluid must drain 
out later. Such an initial condition tends to represent a worst-case maximum 
stress to the system, and is a basis for comparing the four alternatives from 
the standpoint of environmental consequences. 

Soil Materials 

The materials used for this study represent both the materials that will 
be mined and processed in the mill operation and the undisturbed sediments 
adjacent to the mine pits through which the leachate may move. The materials 
characterized included the following: uranium mill tailings, clayliner, over
burden, and sandstone. 

Uranium Mill Tailings 

These tailings were taken from the Exxon Highland Mill located approxi
mately 9.6 km (6 mi) from the proposed mill site at Morton Ranch. The Highland 
mill tailings are subjected to a sulfuric acid-leach process similar to that 
being planned at Morton Ranch. In addition, the ore materials at the two sites 
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are similar due to the close proximity of the existing Highland mill and the 
proposed mill site at Morton Ranch. These considerations formed the basis for 
selecting the Highland mill tailings to represent those that will be produced 
at Morton Ranch. 

Clay Liner 

This material was taken from the 1704 pit at the Morton Ranch site (see 

Figure 2.2). The liner material tested was composed primarily of interbedded 
silty claystone materials of the Wasatch formation. 

Overburden 

This material was also taken from the 1704 pit at Morton Ranch. The 

overburden material was a mixture of clay, silts, and sands of the Wasatch 
formation mixed with overlying alluvial materials. The relative coarse tex
ture of the material reflected a mixture that was predominantly of sandstone 
origin. 

Sandstone 

Sandstone was taken from the side wall of the 1704 pit. Care was taken 
to minimize mixing of the clean sandstone material with adjacent finer 
materials. 

Chemical and physical characteristics of the materials are described in 
detail in a companion report (Gee et al. 1980). The hydraulic properties of 
these materials are described below. These properties were used extensively 
in the modeling effort. 

Hydraulic Properties 

Selected physical properties, including hydraulic characteristics for 
materials used in the model, are shown in Table 3.1. These data represent a 
wide variety of soil characteristics ranging from a very permeable sandstone 

that drains readily, to a low permeability clay liner that drains only 
slightly. All materials were tested using standard methods of soil analysis 

(Black 1965). Water retention curves were run on slurried as well as 
dewatered, recompacted tailings (Figure 3.3). Although measurable differences 

in drainage are observed between packing treatments for the tailings, the 
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TABLE 3.1. Selected Physical Characteristics for Materials Used 
in Model of Morton Ranch Tailings Pit 

Water Retention Characteristics for Test Materials 

0 

10 

20 
30 
40 
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60 

ea 
(-em) 

100 

300 
1,000 

10,000 
106 

Particle 
Density (g/cm3) 

Bulk Oe~sity 
(g/cm ) 

Max. Co~paction 
(g/cm ) 

Void Ratio 

Porosity 

Saturated 
Conductivity 

(cm/s) 

Tailings 

0.441 
0.394 

0.375 
0.364 
0.354 
0.330 

0.308 
0.260 

0.184 
0.156 
0.084 

0.020 

2.91 

1.63 

0.789 

0.441 

2.2 X 10-4 

Clay Liner 

0.385 
0.385 

0.385 
0.385 
0.385 
0.385 

0.385 
0.383 
0.338 
0.301 

0.264 
0.052 

2.75 

1.69 

1.84 

0.626 

0.385 

2.5 X 10-8 

Overburden 

0.296 
0.295 

0.295 
0.294 
0.293 
0.291 

0.289 
0.279 

0.208 
0.181 

0.109 
0.031 

2.70 

1. 90 

2.03 

0.421 

0.296 

1.3 X 10-6 

Sandstone 

0.340 
0.337 

0.218 
0.154 
0.102 
0.094 
0.082 

0.066 
0.048 

0.043 
0.019 
0.009 

2.65 

1. 75 

0.515 

0.340 

7.5 X 10-3 

slurried tailings water characteristic-drainage curve was used in all modeling 
efforts. This allowed for direct comparison of the cases studied and elimi

nated tailings packing differences. In practice, sand and slime separation and 
packing differences would alter the shape of the tailings drainage curve and 
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FIGURE 3.3. Effect on Tailings Moisture Characteristics of Dewatering 
on Recompaction to Different Densities 

consequently affect the unsaturated flow characteristics of the tailings. In 
the model cases run, these segregation problems were not simulated. A prelimi
nary analysis showed that a sand-slime separation would act to delay the 
drainage. We chose to maximize the drainage by using the curve for uniform 
slurried tailings materials. 

The water retention characteristics of all materials used in the model 
calculations are shown in the appendix. Also shown is the water conductivity 
moisture content relationship used in the model calculation. These conductiv
ity values were determined from water retention characteristics and saturated 
conductivity data using a modified Millington and Quirk method (Reisenauer 

1973). 
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Chemical Properties 

The chemical properties used in the models reflect the characteristics of 

the material to retard radionuclide and contaminant transport. The movement 
of an acid from through the test material was evaluated by assessing the neu
tralizing capacity of the materials. The neutralizing capacity was determined 
by titrating the materials with acid and determining the resulting pH as a 

function of the amount of acid added. 

An estimate of the attenuation of the pH front due to the neutralizing 
capacity of the material was made by calculating the ratio of neutralized 
hydrogen in equivalents per gram to the hydrogen ion concentration in solution 
at pH 2. Values obtained from the titration curves are shown in Table 3.2. 

TABLE 3.2. Neutralizing Capacity of Morton Ranch Test Materials 

Materia 1 Dens it~ Neutralized H~drogen Kd{pH) 
(g/ml) (eq/g) (ml/g) 

Clay liner 1.7 3.31 X 10-5 3.3· 

Overburden 1.9 1. 79 X 10-5 1.8 
Sandstone 1.8 1.20 X 10-5 1.2 

The computed alkalinity in terms of Caco3 percentage (APHA 1971) for the 
three materials was 0.04%, 0.01%, and 0.009% for the clay liner, overburden, 
and sandstone, respectively (Gee et al. 1980). A distribution type coeffi
cient, Kd, {pH) is used to describe the buffering capacity of acidic solution. 
We assume that equilibrium conditions are obtained under the relatively low 
flow rates, which occur during drainage of the tailings solution. We treat 
the pH (hydrogen ion concentration) changes in the system analogous to those 
of exchangeable capacity reactions. This is not strictly true since other 
chemical kinetic reactions (e.g., neutalization) are taking place in addition 
to ion exchange on the mineral surfaces. 

When a distribution capacity coefficient, Kd (pH), is used, it implies 

that the buffered species is retarded relative to the transport fluid by an 
amount directly related to the Kd. The pH fronts observed in column studies 
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(Gee et al. 1980) were observed to be retarded by amounts that reflected the 
relative buffering capacity of the materials through which tailings solution 
had passed. The retardation of the pH front through the clay liner was about 
twice that observed through the overburden material, in qualitative agreement 
with data shown in Table 3.2 for these two materials. Hydrodynamic dispersion 
and diffusion are not accounted for in the computation of the Kd (pH), sug
gesting that the values used may be somewhat conservative. 

Kd Values for Radionuclides 

In the companion study to this report (Gee et al. 1980), values were 
determined for the pH dependence of the Kd. The values used in the modeling 
effort are shown in Table 3.3. 

TABLE 3.3. Kd Values of Radionuclides for Morton Ranch Test 
Materials as a function of pH 

.P!!_ 
2.2 

7.7 

Material 
clay 1 i ner 
overburden 
sandstone 

clay 1 i ner 
overburden 
sandstone 

U-238 
1.3 
1.0 
1.7 

23,700 
20,000 
15,000 

Th-230 Pb-210 
1.2 1,848 
1.1 13 

1.9 68 

81,000 10,000 
40,000 9,000 
10,000 8,000 

These Kd values include the effects of precipitation reactions and reflect the 
influence that neutralization has on the solution concentration of these iso
topes. The pH is the critical factor in determining the transport of these 
radi onucl ides. 
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4.0 FLOW MODEL RESULTS FOR SEEPAGE CONTROL ALTERNATIVES 

The conceptual model formulations for the four seepage control alterna
tives in the previous section provide all of the input conditions and measure
ment data required for the actual flow models. These data and conditions 
typical of the Morton Ranch Site were input to the TRUST Computer Code 
(Narasimhan, 1977, 1978), which provided the combined partially saturated and 
saturated flow results. 

COMPLEXITIES OF PARTIALLY SATURATED FLOW MODEL REQUIRED 

Modeling with partially saturated flow conditions as in the TRUST code 
introduces considerably more complexities than if a more traditional and 
generally available saturated flow analysis could have been applied. It is 
also far more realistic to use the two-dimensional TRUST approach rather than 
to attempt using an approach that couples a one-dimensional partially satu
rated flow code coupled with a two-dimensional saturated flow code. Any 
approximation considers only saturated flow cannot be expected to provide any
thing approaching realistic flow results. For the three cases that use satu
rated tailings, saturated flow occurs only early in the process, very briefly, 
and only in the lower part of the pit. It is our task to determine how the 
partially saturated drainage occurs in the tailings pit, into the clay liners, 
and into the parent materials outside the clay linings. Thus a realistic 
modeling of a burial-disposal system for wet tailings requires consideration 
of partially-saturated flow, which is by nature non-linear and considerably 
more complicated. 

Even those who admit that partially saturated flow must be used in order 
to achieve a realistic analysis may assert that one-dimensional approximations 
could nonetheless be used rather than the full two-dimensional approach 
utilized in this study. Certainly, in some cases (for example, when drainage 
seeps from a large, moderately shallow, surface pond into a deep underlying 
water table) a one-dimensional, partially saturated analysis of flow in a 
vertical column coupled to a two-dimensional saturated model of lateral flow 
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could be very useful. However, regarding the pit leakage problems of concern 
here, many questions arise. How are the one-dimensional, partially saturated 
flow cases oriented for realistic analysis? Are they placed perpendicular to 
the sloping side wall or at some expected flow direction? If the latter is 
the case, then in what direction? How high on the side wall should the column 
be placed? Should the column be lower and closer to the bottom clay liner? 
Surely, vertical one-dimensional partially saturated flow in the pit should be 
considered to determine how the tailings would drain within the pit and 
through the clay bottom liner. What fraction of the pit drainage would be 
assigned to pass through the bottom as compared to through the unlined side 
wall columns? In short, the drainage of the tailings in the pit and seepage 
into the surrounding materials for the cases of interest here involved a two
dimensional, if not a three-dimensional situation. To model using flow in 
less than two-dimensional, vertical cross sections would be unrealistic. 

The complexities of the combined partially saturated and saturated flow 
modeling, in addition to the more involved input soils data, lie in the poten
tial difficulties in numerical solution for this class of non-linear boundary 
value problems. For the Morton Ranch cases, the numerical solution difficulty 
could arise either from the sharp wetting fronts {which result as the fluid 
advances from the tailings into the unlined, relatively dry sandstone side 
walls), or from the transion zone {which goes from partially saturated flow 
conditions to saturated conditions immediately above the water table). The 
TRUST code adequately handled these two potential problems. Small time incre
ments were required at certain points during the solution process, but the 
automatic time-increment control features in the code controlled any tendency 
for numerical instabilities. The results reflected excellent outflow mass 
balance and produced consistent data concern- ing fluid-drainage outflow rates 
from the tailings. 

RESULTS FROM TRANSIENT FLUID FLOW MODELS 

The results from the TRUST flow code provide for each flow system element 
the potential energy, capillary pressure, capillary conductivity, moisture 
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content, and the flux between elements. These large data sets were organized 
into time sequences, and are provided on magnetic tape for subsequent use. 
Figures 4.1 and 4.2 show the moisture contents for alternative No. 1 and alter
native No. 3 at 6 days after drainage started for the unlined side walls. More 
detailed results showing the moisture contents for the first three alternatives 
are shown in the appendix. 

The relative overall drainage of the tailings in time for the various 
alternatives is shown in Figure 4.3. The similar change in tailings water con
tent in time is seen for the unlined cases with and without the drain. Such 
similarity suggests that installation of a drain only slightly changes the 
actual fluid drainage pattern inside the pit. The large benefit of the drain 
is in the amount of tailings solution actually intercepted. The dewatered 
tailings in Figure 4.3 involves considerably less water in the pit, and the 
drainage is somewhat slower than for the other cases with no side liners. 

It is convenient to consider the outflow from the left hand side of the 
flow models, in particular across the vertical segment AG in Fi~ure 3.2. This 
vertical line is some 56.4 m (185 ft) to the left from the end of the bottom 
clay liner at the pit side wall. In the discussion to follow, unless other
wise stated, an outflow rate of fluid or contamination will refer to the flow 
rate across this vertical segment of the model. 

Figure 4.4 shows the fluid outflow rate as a function of time. The maxi
mum outflow is for alternative No. 1, which has no side wall liner and satu
rated tailings. Note also the curve immediately inside the curve for alterna
tive No. 1 labeled .. Contaminated Water Outflow11

• Only the outflow under this 
latter curve, which has a peak value of 12.01 m3/day, represents outflow of 
water containing contaminants (such as sulfate and chlorides) from the tail
ings pit. The fluid outside this curve, but under the larger curve, represents 
the uncontaminated fluid not originating in the pit, which flows out of the 
system's boundary. The contaminated fluid outflow rates associated with the 
alternatives No. 2 and No. 3 are so small that they cannot be plotted in Fig
ure 4.4. Specifically, the peak for the contaminated water outflow rate from 
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alternative No. 2 (dewatered tailings) occurs at 430 days; the rate is 
0.0311 m3/day. The corresponding time and peak outflow rate of contaminant 
for the third alternative (with drains) is at 300 days and is a value of 
0.0214 m3/day. Figure 4.4 also indicates that after some 100 days, the 
effective outflow rate is essentially insignificant across the outer boundary. 

FLOW RESULTS ENABLE DETERMINING VELOCITY FIELDS FOR ALTERNATIVES 

The flow results provided in the previous section are useful in under
standing the system from an overall point of view but are secondary to the 
many results obtained and needed to allow calculating the expected velocity 
field. In particular, the potential energy, capillary conductivity, and 
moisture content distributions are all provided by the TRUST computer code. 
As the results are obtained, the large data sets are stored on magnetic tape 
for subsequent use in obtaining fluid and contaminant flow paths. The water 
flow paths and associated water coincident contaminants are described in the 
next section. 
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5.0 WATER AND WATER COINCIDENT CONTAMINANT FLOW PATHS 
AND ARRIVAL DISTRIBUTIONS 

Once the flow results are available, the time and spatially dependent 
pore velocity field for the modeled systems can be determined. By the same 
token, once the velocity field is known for the whole region and throughout 
all of the times of interest, then the water flow paths and the paths followed 
by contaminants moving coincident to the water can be obtained. The progress 
of the contaminant with time along each flow path is also provided. 

Hydrologists seem hesitant to determine the paths and travel times from 
the flow results. Often, instead of being used to determine the flow paths of 
actual contaminants, the flow system results are used only to make qualitative 
inferences or to discuss where the water coincident contaminants are trans
ported. Although additional analysis is necessary to identify flow paths, 
there are no additional field data required beyond that already available for 
the flow analysis in partially saturated systems. Since no additional data is 
required, it appears essential that the contaminant flow path and flow time 
results should be provided. From such results, the contaminant arrival dis
tributions are easily assembled, allowing direct evaluation of the overall 
environmental consequence. 

GENERATION OF PORE VELOCITY FIELDS 

An important ancillary part of the work performed during this study was 
development of several interactive computer modules necessary to provide the 
contaminant flow paths and the related transport results. Among these were 
preprocessing subroutines and the code FLUX, which utilizes the flow results 
from TRUST, the model element data, and the soil data to obtain the pore velo
city field. Specifically provided by FLUX are the Cartesian velocity compo
nents at each element grid point for the entire time history. The velocity 
results are then input into a newly developed interactive code, MILTVL, which 
determines the flow ~aths and travel times along those flow paths. 
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CONTAMINANT FLOW PATH RESULTS 

The water flow paths beginning from various po1nts along the edge of the 
tailings pit were generated using the MILTVL code. Those contaminants con
sidered to move with the fluid, i.e., water coincident constituents such as 
sulfates and chlorides, follow the fluid pathlines. It is con- venient to use 
flow paths, fluid pathlines, and water coincident contaminant flow paths 
interchangeably in our discussion in this section. Discussion of the paths of 
fluid or water particles may also be used interchangeably when dis- cussing 
the gross contaminant ions flow paths for the water coincident contaminants. 

Figure 5.1 shows the paths of fluid particles that started at the edge of 
the tailings for alternative No. 1 (no side wall liner). For those pathlines 
originating along the bottom of the pit just above the clay liner, the flow is 
diagonally to the left through the clay and changes vertically to more directly 
leave the clay. Most of the pathlines passing through the clay bottom liner 
end. The end point indicates the position of water particles at 9956 days or 
27.2 years or when the drainage of the tailings is essentially completed. 
Some of the pathlines, however, which started on the top of the clay liner 
nearer the pit side wall, are seen to reach the outflow (left) end of the 
model, in which case the arrival time at the boundary is obtained. The path-

--, 
__ -_- _-_- ==j~ ! 

-- _ ::...JlJI!_ ------- I 
OVEI'IIUUH -- -~ 

MINE TA ILINGS 

FIGURE 5.1. The Paths of Flow for Water Coincident Contaminants from the 
Buried Tailings for Alternative No. 1 with No Side Liner 
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lines that exit low on the pit side wall near the end of the bottom clay 
lining are those that are predominantly reaching the outflow boundary at the 
left side of the figure. 

After a short distance up the pit side wall, the pathlines again stop or 
end before reaching the outflow boundary. The end of a pathline indicates the 
location of the fluid particle at slightly over 27 years. At a height of 
4.6 m (15ft} or higher along the side wall,. no fluid particles or water coin
cident contaminants such as sulfate or chloride reach the outflow boundary. 
Still higher along the side wall, the distance traversed by water coincident 
contaminant from the pit over the 27 years becomes less and less. Therefore, 
the upper 70% to 80% of the unlined side wall contributes little or no con
tamination over very long periods of time. The primary losses as shown by the 
pathlines occur in the bottom 4 to 5 m (13 to 16ft), with the greatest being 
at the bottom and diminishing higher and higher on the side wall. 

It is interesting to compare the relative lengths of the short stubby 
pathlines along the upper three-quarters of the side wall with t~ose pathlines 
that pass through the bottom clay liner (see Figure 5.1). All of the path
lines through the clay liner traversed longer distances, hence, they moved 
considerably faster than did the fluid and contaminants moving out from the 
upper three-fourths of the side wall. The side wall is sandstone; the MRO 
soil beneath the bottom clay liner has a saturated hydraulic conductivity 
three orders of magnitude lower; and the clay liner material is five orders of 
magnitude lower than the sandstone (Table 3.1). 

However, since the sandstone is much drier high on the side wall, it is 
really the partially saturated hydraulic conductivity that should be compared 
with the saturated clay conductivity of the bottom liner. The partially satu
rated hydraulic conductivity of the sandstone higher on the side wall is more 
than three orders of magnitude smaller than that of the clay liner (see the 
appendix). This indicates that the very small seepage in the upper part of 
the pit side is due to partially saturated flow system characteristics. 

31 



The pathlines for the first fluid leaving the pit for alternative No. 3 
(with drains} are shown in Figure 5.2. In general, the pathline configuration 
is very similar, with only those paths departing low on the pit wall ever 
reaching the outflow boundary of the model. The stubby flow paths, which end 
at a time of 24 years, are again high on the sandstone side wall. Fewer path
lines tend to reach the outflow boundary when drains are used. This observed 
tendency is indicative of the longer travel times by which the contaminants 
reach the outflow boundary for the alternative with drains. Pathline patterns 
for the other two cases were also calculated. Pathlines were obtained for 
fluid particles departing from the tailings at times other than zero (as was 
shown in Figures 5.1 and 5.2}. These results enable us to obtain the needed 
arrival distribution. 

FIGURE 5.2. The Paths of Flow for Water Coincident Contaminant from the 
Buried Tailings for Alternative No. 3 with No Side Liner 
but with Underdrains 

CONTAMINANT ARRIVAL DISTRIBUTIONS FOR ALTERNATIVES 

The pathlines described in the previous section and the travel times along 
those pathlines are conveniently assembled in the arrival distribution, which 
summarizes the results and enables a determination of the overall environmental 
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implication of seepage from the pit. Only the location arrival time distribu
tion (Nelson 1978a,b,c,d) is needed here since the flow across the outflow 
boundary is uniform and essentially horizontal (see Figures 5.1 and 5.2). 

The location arrival time distribution for alternative No. 1 (with no 
side wall liner) is shown in Figure 5.3. The location where the pathline 
reaches the boundary is denoted by the height above the bottom of the model, S. 
This height where the pathline leaves the left-hand end of the flow model is 
plotted against the arrival time, T, which is when the fluid particle arrives 
at the outflow boundary as in Figure 5.1. The first and highest curve in Fig
ure 5.3 is for the fluid particles, which departed from the tailings pit at 
zero time, i.e., t

0 
= 0. The next curve t

0 
= 10 days represents the arrival 

of the fluid pathlines particles or water coincident contaminant traversing 
the appropriate pathlines, which departed the edge of the tailings at 10 days. 
Similarly, the curve labeled t

0 
= 25 days is the arrival curve for the 

particles departing from the edge of the tailings at 25 days. The curve, 
t

0 
= 0, indicates that the first arrival of a fluid coincident contamination 

such as sulfate would occur at S = 4.8 m and arrive at a time, T = 8.85 days. 
The same curve suggests that at an arrival time of 10 days, the contaminated 
fluid leaves the model at all points between S = 2m and S = 6.3 m along the 
outflow boundary. 

Figure 5.4 shows the arrival time curves for alternative No. 2 (with 
dewatered tailings). The dewatered tailings changed the arrival curves in at 
least two ways. Much later arrival times of the water coincident contaminants 
result, i.e., the first arrival is at locationS= 5.1 m and at time 
T = 141.8 days or about 16 times later than with saturated tailings. The 
arrival curve for t

0 
= 50 days in the figure also shows that the later 

departing con~aminants arrive over a significantly shorter part of the vertical 
outflow area. 

Figure 5.5 shows the outflow location arrival time distribution for alter
native No. 3, in which underdrains are used. Again, longer first arrival times 
are found with a value of 79.74 days at a location of S = 4.2 m. The diminish
ing bounding outflow location at longer times to the right side of the graph 
indicates the stronger reducing effects of the drain on contaminant seepage 
rates. 
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SULFATE OUTFLOW RATES FOR UNLINED SIDE WALL ALTERNATIVES 

The most serious contaminant in the tailings drainage that may move 
directly with the water is sulfate. The sulfate is considered here at a con
centration of 15.95 gm/1 since it is the most serious, but any other water 
coincident contaminant is easily incorporated simply by using its concentration 
instead of the 15.95 gm/1 sulfate concentration. 

In the companion study (Gee et al. 1980), it was observed that the 
sulfate concentration in effluent from test columns was always below the 
maximum concentration of 15.95 g/1. For the model calculations, however, this 
maximum concentration was used as a worst-case estimate of the contamination 
potential. 

The sulfate outflow rate for the three alternatives is easily obtained 
using the location arrival time distribution results from the previous section 
and unit fluid outflow rates obtained from the total fluid outflow rates shown 
previously in Figure 4.4. These results are given in Table 5.1. The instan
taneous sulfate outflow rate is the product of the contaminated outflow dis
tance, i.e., the difference in s•s from the arrival distributions, the unit 
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fluid outflow rate, q, and the sulfate concentration all expressed in consis
tent units. The resulting sulfate outflow for the first three alternatives is 
shown in Figure 5.6. The very significant benefits of reducing the sulfate 
outflow rates by dewatered tailings and use of drains is apparent. Specifi
cally, the peak sulfate outflow rate is 383.2 kg/day/m of pit length and 
occurs at 12.5 days. The peak rate for dewatered tailings occurs much later 
at 430 days and is 3.15 kg/day/m. The highest value when drains are used is 
only 2.25 kg/day/m and occurs at 300 days. The results as shown in Figure 5.6 
demonstrate the significant benefit of reducing the volume of drainage water 
potentially available to seep from the pits. 
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TABLE 5.1. Contaminant Arrival Results Utilized to Obtain 
Sulfate Outflow Rates for the Three Seepage 
Control Alternatives with No Side Wall Liner 

Arri va 1 
Time 
(Days) 

6,& 
tlll,0 
tc,s 
t5,GII 
t8.~ 
2t1,0 
~2.5 
25,0 
3111,0 
35,0 
4t1,0 
4C,,0 
«;0,0 
52,5 
ss.~ 
•n. s 
b"',ld 
?~.~ 

"0,0 
1~0.(.11 

1'50.~ 
2012!,111 
3tll0,l1 
IHI '-1•"" 
5QI~.0 

'7'5~.~ 
111~1.1,111 

t~tllll\,~ 

2;1}111..,,0 
~~tll"',0 

Alternative 

Out Flow 
Distance 
S2-S (m) 

~.ot~VI 

4,389 
5,883 
b,'70b 
7,37t-
7.~S~ 
.,,,~2 

7,833 
8,Pll1 
~.?.Hl 

8,~21 
8,382 
6,412 
8,443 
8,£1&1 
A,4b7 
A,473 
A,'534 
~.59'i 
P-,&11 
,,b2b 
8,&2~ 

S,62b 
8.~2h 
A,~2~ 

8,h2b 
A,~2b 
8,62h 
A,,c?h 
8,htt 

Sulfate 
Unit Outflow Mass Outflow 
Rate, g Rate, W 
m3/day/m (Kg/day/m) 
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2,6975 
i?,4t71 
2,0422 
1,7739 
1,'5b97 
t,4tt91 
t,3Sb4 
1,2405 
t,0tliS~ 
0,7711 
il',b27~ 
0,548b 
~.47?4 

i/1,2652 
0,1951 
~.1524 
,,t281d 
~.~914 
ll!,e7a.5 
0,0bt~ 
0,050111' 
0,~1.118 
~.~32~ 
~.01232 
~.f't8~ 

~~~.~ttl 
~~~.~()18~ 

lll,t11()()4 
~.0049 
ld,00t7 

0,00~ 
338,4?0 
383,224 
379,4&1.1 
3&9,354 
3~4.2'56 
334,977 
309,990 
258.18q 
202,444 
1&b,6b7 
14b,b99 
12b,7R3 

71,420 
52,&53 
41,1&5 
34,6~3 

24,89<1 
21.478 
tb,744 
\3,755 
11,4901 
8,806 
b,374 
1.1,948 

3. ~~.d 
2,348 
1.76\ 
1,342 
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TABLE 5.1. (Continued) 

Alternative 
u a e 

Arri va 1 Out Flow Unit Outflow Mass Outflow 
Time Distance Rate, g Rate, W 
(Days) S2-S (m) m3/day/m (Kg/day/m) 

141,8 "'·"'~0 0.~17r1 0,~910 
p;~.~ 1,107 0,0168 0,913 
200,0 3,~92 ~,0lh3 1, HJ9 
2150.~ 4,359 ~.0152 2.119 
3~"'•A 5,273 0,Pit47 2,47& 
350.~ ,,?48 t-1,01112 2,831 
4010.~ &,949 d,Qitl~ 3,0'54 
430,0 1,3!5 0,0135 3,151 
5910,~ 7,437 ~.0126 3,037 
bPI"'•"' 7,62~ 0,0118 2,875 
700,"' 7,742 ~.At"'b 2,&12 
8lli~,PI 7,~~3 ~.0~95 2.3f>7 
QOI~.~ 7,Rb4 0,~08b 2,149 
\~0~.0 7,894 0,~PI79 1,99& 
150116,"' "1,91" 0,00'H 1,44b 
2000,0 7,q25 0,~PI43 1.079 
3~01 ~ .~ 7.q~c; J.0~22 ~.5~~ 
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TABLE 5.1. (Continued) 

Alternative No. 3 With Underdrains 
u ate 

Arri va 1 Out Fl (Jti Unit Outflow Mass Outflow 
Time Distance Rate, g Rate, W 
(Dal:s) s2-s (m) m3/dal:/m (Kg/dal:/m) 

1~,1 fil,~""(ll C}J,018~ li',~00 

8"'.~ 1111,6\A 0,0118" C'!,]l5q 

9~,(1 ,_,.," 0,~183 0,b75 
10!~.·~ t • ., ~1 7 1(1.~181 0,98f.l 
1 ~"' • . ., ~.210~ IIJ,Atb8 t • 1 1 1 
291~. •-1 J,q93 ~.~1b~ 2,1V•4 
2~ ..0 ,1 'l,0591 J.~t52 2. ltd 
3~~'~. ·' 4,'78"i ~.01147 2,243 
IJV'I¥1, V. "i,12l ld,'~137 2,240 
5ql ~. ~' s.~t>4 .,,1-\\27 2,1A0 
f)0~.~ r;,~39 ~."'1 17 2,111 
H!VlJ,r, ~.913 ~.1-110~ 2,030 

8"'"'·"' .,, un ~.0~9~ 1,9 :H 
q(IIC,. ~~ ~.4&2 0,0QifHI \,~Qiq 

1fAA0,"' b,7V!b .,., .... ~.,~ 1,o7b 
1~5~.~ ft,qA('I ~.~"'~0 1,507 
15q,0. ·!' 1,?2~ .-1,¥'l"'"q 1,34q 
t7c;~.~ 7, 'Hf> fd,QI0S~ 1,\7b 
2~ 111VI, ·-1 7.~~0! t1,0!1f'4~ 1,022 
1?\~11.-' 7,498 A,IA~Jq 0, CJ(l~ 

2~~~.~ 7. t en v),IIIV'\37 ~-~'q 
2.SQI~,0 t\,1'28 ""·'i1111'Jij 0,744 

3~ tll "'. 0 3, . .,4H ~.l"t121 ~.20!~ 
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6.0 TRANSPORT OF INTERACTING CONTAMINANTS 

Only contaminants in the tailings drainage that move with the fluid were 
considered in the previous section. Emphasis was placed on sulfate, which had 
the highest concentration and posed potentially the greatest environmental 
concern. In this section, transport of selected contaminants from the drain
age solution which interact with the porous material is considered. Those 
species considered are either typical of others in the tailings solution or 
are those ~f the most potential environmental concern. They were selected 
based upon the extensive laboratory studies of pit lining materials of which 
this modeling task is a part (see Gee et al. 1980). 

The laboratory studies on clay liner properties, buffering capacity, and 
material stability indicated that the pH change was particularly important. 
The soils at Morton Ranch have .a pH in the range of 7.7 to 8.5, but the mill 
tailings solutions typically range from pH 2.0 to 2.5. The experimental 
results also show a very strong dependence upon pH of sorbtion of the tailings 
contaminants by the natural soils (see Table 3.3). Accordingly, the change of 
pH is considered here in terms of the advance of the pH front away from the 
tailings pit with passing time for the seepage control alternatives. The pH 
then is important both since the low pH may be a direct environmental concern, 
and perhaps even more important, because the transport of other tailings solu
tion constituents is so strongly pH dependent. 

A convective transport analysis was formulated using the experimental 
results and neutralization approach discussed previously in Section 3.3. The 
resulting formulation was incorporated into the auxillary routines and into 
the two main computer codes, FLUX and MILTVL, to enable determining the advance 
of the pH front away from the pit. The two codes also allow calculating the 
advance of other sorbed contaminants, such as uranium species, thorium, and 
lead away from the pits, taking into account the equilibrium sorbtion coeffi
cient's dependence upon pH. 
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THE pH RESULTS FOR TWO CONTROL ALTERNATIVES 

The model fluid flow results were used with the pH buffering capacities 
in Table 3.2 as additional input to the FLUX code. The FLUX code then gener
ates the potential for pH front movement throughout the flow system, which may 
be called for brevity "the retarded pH velocity field." Use of this pH 
velocity field in the MILTVL code provides the advance of the pH front, which 
is shown for the case with unlined side walls and saturated tailings (alterna
tive No. 1) in Figure 6.1. Figure 6.2 shows the advance of the front for 
pH = 2.2 for alternative No. 3 (no side wall liners, saturated tailings but 
with underdrains). Though some inprecision is contained in the computer 
generated pH fronts in the figures due to straight lines being used to connect 
the location at a given time on different pH pathlines, the fronts are 
nontheless effective in bounding the outermost or largest soil mass, where 
acid conditions are expected to occur. The advantage of drains in reducing 
the advance of the pH front is very apparent. Also, essentially the same 
advance is noted in the bottom clay liner as occurs into the unlined wal l s 
high on the sides of the pit. 

TRANSPORT RESULTS FOR URANIUM-238 AND LEAD-210 

The transport analysis for 238u and 210Pb was obtained using the FLUX 
code, but this time the sorbtion distribution coefficients, Kd's, used are 
also dependent upon the pH. The Kd's used for the soils were those listed in 
Table 3.3. All of the interactions are combined in the FLUX code to provide 
the retarded 238u and 210Pb velocity field, which is utilized by the MILTVL 
program to provide the advance of the particular interacting contaminant front 
away from the pit. Figures 6.3 and 6.4 show the advancing fronts for the 
238u for the unlined side wall cases without and with underdrains, respec
tively. The 210Pb is not shown in figures since the movement of the fronts 
was too small to be seen or plotted. Only a single solid line would be seen 
along the side wall and along the bottom clay liner. Such very small movement 
is the direct result of the larger Kd values for the 210Pb (Table 3.3). The 
320Th was not considered since the Kd values were so close to the 238u case 

already shown in Figures 6.3 and 6.4. In fact, the results would be 
essentially identical to the 238u results. 
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7.0 DISCUSSION OF RESULTS AND RECOMMENDATIONS 

Although four alternatives were considered in this study, only the first 
three alternatives, which utilize a bottom clay liner but no side liner, pro
vide important results. All of the results obtained in this study demonstrate 
a side liner on the upper 70 to 80% of the side wall height is of very little 
or no benefit in reducing contaminant seepage; hence, high side wall liners 
are unnecessary and use of such would moreover be economically wasteful. 

The study has demonstrated the very real benefits of reducing the volume 
of fluid available to seep from the tailings. The similarity of contamination 
consequences for systems that use dewatered tailings or underdrains tends to 
indicate that the means of reducing the volume available for seepage is less 
important than the actual volume reduction of water that can be realized. 

RECOMMENDATIONS FOR A PROPOSED CONTROL ALTERNATIVE 

Based upon what has been learned from this study, it is the authors' con
sidered opinion that the best contaminant seepage control would be provided 
through combining the desirable features of the four alternatives considered. 
The recommendations would include the accepted pit covering procedure already 
planned for the Morton Ranch Site: specifically, the additional proposed con
trol alternative is: 

1) to provide a well constructed bottom clay liner placed at least 3.05 m 
(10 ft) above the regional water table and not less than 0.91 m (3 ft) 
thick; 

2) to provide stub clay side liners continuing part way up the pit side wall 
to form a continuous saucer-shaped bottom and side liner for the pit; 

3) to install a network of gravity drains and pumping sumps with the drains 
in the tailings sufficiently above the bottom clay liner to provide very 
effective drainage of the tailings; 

4) to pump the tailings drainage effluent from the sumps while the pit is 
filled with tailings and as required for the first 6 to 8 months after 
the filling is completed. 
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The above proposed control features are shown conceptually in Figure 7.1, 
which contains a 5 m (16.4 ft) high stub sidewall clay liner and underdrains 
located above the clay liner. Though such a control alternative has not been 
evaluated through models, it is the proposed alternative that would, in the 
authors' considered opinions, be among the more conservative cases to be con
sidered if additional model studies had been or were to be made. In other 
words, actual model results would probably sanction even lower stub side wall 
liners. However, such lower heights should not be allowed without testing 
their effectiveness in further studies. 

Additional studies, however, will be required to determine the applica
bility of these side liner recommendations at other sites and to assure accept
able minimum contaminant seepage under other conditions. Specifically, further 
study is needed for various soil materials and other pit configurations using 
the combined approach of lining and reducing tailings water. Such studies 
should also be followed by companion field observation as the recommended 
management practices are put into use at Morton Ranch or elsewhere to check, 
verify, and improve upon the recommended disposal control practices. In this 
way, it will be possible to economically further reduce contaminant seepage 
and better assure the adequate disposal of uranium tailings in burial pits. 

RECOMMENDATIONS CONCERNING MODEL CAPABILITIES DEVELOPED DURING THIS STUDY 

Significant model code developments were accomplished during the study 
that provide essential information about coincident fluid, pH buffering, and 
sorbed transport analysis capabilities. The developed supporting computer 
modules, the FLUX program and MILTVL programs, have not been documented, nor 
have more detailed testing comparisons with analytical or other generally 
available results been made. The documentation and additional testing work 
should be done in the near future if the modeling capacity achieved in this 
study is to be realistically retained. Significant economies could be real
ized in later use of the modeling sequence if automated grid generation and 
input calculation capabilities were developed to complement the present 
capability. Very careful consideration on a first priority basis should be 
given to retaining the capability demonstrated on the problematic situation at 
Morton Ranch. 
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APPENDIX 
COMBINED PARTIALLY SATURATED AND SATURATED FLOW MODEL RESULTS 

AND SOIL CHARACTERISTICS FOR THE MORTON RANCH MILL SITE 

The classical nonlinear partially saturated flow equations are the 
theoretical basis for the model utilized to determine the fluid flow results 
for the typical tailings pit with various alternatives. Combining the 
conservative of mass and Darcy's Law for partially saturated flow gives 

where 

div P{-K grad ~ ) = ~ {1) 

K = K[x,z, Pc{x,z,t)] is the partially saturated hydraulic 
conductivity and is dependent on Pc 

~ = p + Pgz is the potential energy per unit volume 
e = f {pc) is the moisture content on a volume basis and f is a 

function of Pc 
p is the fluid pressure 

Pc = -p and is the capillary pressure 
p is the fluid mass density 
g is the gravitational scaler 
x is the horizontal independent coordinate variable 
z is the vertical coordinate variable parallel with the earths 

gravitational field and 
t is time. 

The detailed Boundary Condition and Initial Condition were described in the 
body of the report. 

The above nonlinear system was solved utilizing the TRUST Model which is 
described in detail by Narasimham (1977, 1978). The model solves the more 
general case than Equation (1) above where the porous material is assumed 
deformable. Soils data were not available to use this more complete 
deformable analysis capability. 

The specific soil characteristics for partially saturated flow are 
summarized in Table 3.1 in the body of the report. 
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The following Figures, A.1 to A.8, show the water retention and water 
conductivity relationships determined for the test materials at the Morton 
Ranch site. These relationships were used as input characteristics for the 
model TRUST to analyze partially saturated and saturated flow from the pits 
for specific test cases. Because this was a drainage study, with no evapora
tion, no hysteresis was considered in the water retention characteristics. 
Input of a hysteretic function for the overburden and sandstone would have 
produced results showing slightly lower drainage, hence this flow analysis was 
considered conservative. 

Extensive results from the flow model, TRUST were used in the subsequent 
contaminant flow path and transport models. These results included the poten
tial, capillary pressure, capillary conductivity, fluxes, and moisture content 
for each of the discrete elements in the flow system. These very large data 
sets for the time sequence for each of the four alternatives were stored on 
magnetic tape and utilized in the subsequent pathways and transport analysis. 
Out of these large data sets the most informative results are the moisture 
content changes with time during drainage of the tailings. Figu~es A.9 
through A.15 show the moisture content distribution at various times for 
management alternative No. 1. Figure A.16 is the calculated moisture distri
bution to which the three alternatives with no side liners will ultimately 
drain. The distribution was obtained by setting up the final completely 
drained boundary value problem and solving that special problem using TRUST. 

Figures A.17 through A.24 show the moisture content on a volume basis for 
alternative No. 2 (dewatered tailings). Comparison of these results with Fig
ures A.9 through A.15 indicates some differences in the drainage pattern. 
This is indicative of the differences shown in summary form in Figure 4.3 in 
the body of the report. 

Figures A.25 through A.32 show the moisture distribution on a volume 
basis at various times during tailings drainage for alternative No. 3 (with 
underdrain). The drainage pattern in time for alternative No. 3 is very simi
lar to No. 1. 
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