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ABSTRACT

This study evaluates the hydrologic characteristics of a lakewhich will be
formed by natural accumulation of water in Exxon Minerals Company's
Highland Uranium Operations open pit mine.

With diversion of drainage from nearby Antelope Draw to the pits,.a mixed-
tank Lake Simulation Program predicted a maximum water volume of about
21,200 ac-ft and a maximum water depth of about 220 feet.

After 2000 years, the model predicted lake water dissolved radium 226
activity of 16 pCi/l and total dissolved solids (TDS) concentration of 4100
ppm. Although model predictions show a slightly rising trend at 2000 years,
extrapolated radium activity and TDS level do not exceed the acceptability
criteria of 3OpCi/l and 5000 ppm, respectively, Within the lake's expected
5000-year life.
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CHAPTER 1 SUMMARY

The objective of this study was to evaluate the hydrologic characteristics
of a lake which will be formed by allowing Exxon Minerals Company's Highland
Uranium Operations surface mine to fill naturally with water. The study
addressed filling rate, water elevation of the lake, and changes in water
quality with time.

To conduct the study, data describing the hydrologic and geologic setting of
the lake were required. These data, provided by the U. S. Geological. Survey
and by Exxon Minerals Company, were reduced to a set of values representing
the best estimate of parameters controlling lake development. The
variabilities of the raw data were used to help quantify the possible
inaccuracies associated with predicted lake conditions.

Predictions of lake conditions were made using a Lake Simulation Program
(LSP) which models the lake as a continuously stirred tank in which all
inflows are uniformly mixed before flowing out, and pure water is lost
through evaporation. Predicted lake water quality was judged acceptable if
below 30 pCi/l radium 226 activity and 5000 ppm total dissolved solids
(TDS).

The reclamation lake will receive surface water runoff, direct preci-
pitation, and flow from water-bearing sandstone formations cut by the pit.
Water will leave the lake by evaporation and by seepage into submerged
sandstone formations. No surface water outflow will occur because the water
depth never exceeds the depth of the pit. The proposed surface water
drainage area, including the area of the lake, is 3180 acres. It c~onsists
of an 840-acre area immediately around and including the lake (the lake
surface area is about 190 acres) and a 2340-acre area drained by Antelope
Draw, which will be diverted to the lake. This diversion of surface water
is necessary to produce acceptable water quality in the lake.

1.1 CONCLUSIONS

Precipitation, surface water runoff, and ground-water flow will fill
the lake, slowly, over a period of about 100 years, to a maximum
elevation of 5118 feet above mean sea level. At this time, the lake
will be about 220 feet deep at its deepest point, and the water level
will be about 90 feet below the average ground elevation. Sediment,
carried into the lake with surface water runoff, will accumulate
slowly on the lake bottom, gradually reducing inflow from-submerged
aquifers, and will eventually fill the lake.

Total dissolved solids (TDS) and dissolved radium 226, hereafter also
referred.to as radium, were the water quality parameters of concern for
this study. Two factors cause concentration levels of both to rise.
1) Both species enter and leave the lake primarily with ground-water

-1-



flow. However, the net inflow of contaminants is greater than the net
outflow of contaminants, causing accumulation. Because groundwater
inflow rates decrease as the lake fills with water and sediment, the
impact of this factor decreases continuously over time. 2) Evapo-
ration is the single greatest, loss of lake water. Evaporation removes
pure water, leaving contaminants behind and causing concentrations to
rise.

The LSP model predicts that TDS and radium levels in the lake water
will rise to about 4100 ppm and 16 pCi/l, respectively, over the first
2000 years of lake life. However, the model does not account for
removal of radium from solution by adsorption or other uptake onto
suspended or sedimenting particles. Such removal would cause lower
radium levels in the lake water than predicted by the model.

For times greater than 2000 years, lake water volume, elevations, and
quality are extrapolated from predicted lake conditions for the first
2000 years. These extrapolations assume that all environmental
conditions. affecting the lake will remain unchanged. Late in the life
of the lake, when submerged aquifers are covered by sediment, lake
quality will approximate the quality of typical stock water ponds in
the area.

1.2 SENSITIVITES

Sensitivity studies were done to assess the impact on lake water
quality of variation in environmental influences. These sensitivity
studies showed that both radium and TDS were highly sensitive to
aquifer recharge and discharge elevations, aquifer permeability, and
radius of influence of aquifer pressure drawdown caused by the lake.
However, the sensitivity studies also showed that reasonable variation
in these parameters would cause better lake water quality than
predicted for the best estimate case. This shows that the values
selected for these parameters are conservative. Sensitivities to
evaporation and precipitation rates demonstrate that lake conditions
would change significantly if future permanent and significant changes
in climate occurred.
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CHAPTER 2 INTRODUCTION

The objecti ve of this study is to evaluate the hydrologic characteristics of
a lake which will be formed by allowing part of the Highland surface uranium
mine to fill with water. The study results address the following aspects of
the proposed lake.

i) Source of water, both surface and subsurface, and quantities of
water inflow and outflow as a function of time

2) Quality of water in the lake as a function of time

3) Lake water elevation as a function of time

To conduct this study, familiarity with the mining operation, regional and
local geology, and the hydrologic setting was necessary. The remainder of
the introduction discusses each of these topics.

2.1 MINING OPERATIONS

The Highland Uranium Mine is located in Converse County, 35 miles north
of Douglas, Wyoming. The Highland operation is conta~ined in Sec-
tions 17, 19, 20, 21, 22, 27, 28, 29 and 30 of T36N, R72W, and Sections
23 and 24 of T36N, R73W as illustrated in Figure 1. Recovery of uranium
ore at Highland has primarily been by surface and underground mining.
Some uranium has also been recovered by a pilot solution;:mine.

In 1973, sinking of the Buffalo Shaft for access to underground mining
began. Ore production commenced at the underground mine in 1977 and
continued until shutdown in 1982 (Moe, 1979). It is anticipated that
the local depression of the water table caused by the underground mine
will dissipate in less than five years. Since this is a relatively
short duration compared to the time scale of this study, the effects of
the underground mine on the hydrologic system were considered negli-
gible.

An in situ solution mine pilot was initiated in 1972 and expanded in
1979. The solution mine also had relatively little effect on the
hydrologic system and therefore was neglected in this study.

Surface mining began in September, 1970, with the first ore being
recovered in October, 1972. The mine consists of four.contiguous pits
(Figure .1). Mining has progressed from Pit 1 through Pit 4 and is
scheduled for shutdown in October, 1983. The surface mine pits were
progressively backfilled during operations, but at the end of mining
much of Pits 3 and 4 will not be completely backfilled. These pits will
be left open and allowed to fill with water and form a. lake as part of
the reclamation plan.
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2.2 GEOLOGIC SETTING

The Highland uranium mine is located in the southern Powder River Basin
of northeast Wyoming. The geology of the basin is described by Langen
and Kidwell (1970):

2.2.1 Physical Setting

"The Powder River Basin includes an area of some 12.,000 square
miles in northeastern Wyoming. It is a broad basin both struc-
turally and topographically, which is bounded on the east by the
Big Horn Mountains and Casper Arch, on the south by the Laramie
Mountains and Hartville Uplift, and on the east by the Black Hills
and lesser structural features. To the north, it passes into
Montana where it gradually terminates.

"The terrain near Highland is typical of the Powder River B asin as
a whole. Topographic:ally, the region has moderate reli~ef
consisting of sagebrush cover, rolling hills between flattopped
highlands, and wide gentle drainages. Elevations generally range
from about 4,500 to 5,500 feet, with the exception of the Pumpkin
Buttes which rise to an elevation of 6,000 feet in the central
part of the basin.

"Drainage in the western and north parts of the basin is northward
through the Powder River and its tributaries and is essentially
along the structural basinal axis. In the southerni part of the
basin drainage is to the east, normal to the structure, and by way
of the.Cheyenne River and its tributaries. The Highland deposit
is located on the.north side of eastward flowing Box Creek, which
is a tributary of Lance Creek."

2.2.2 Regional Geology

"The Powder River Basin is an asymmetric syncline with the axis
displaced several miles west of the basin center. Also, the trace
of the, basin axis on the Precambrian basement lies to the east of
the axis in the surface rocks. The Highland .depo~sit is
approximately parallel to the surface axis and about two miles
east of it.

"Dips are generally less than 3 degrees on the east side of the
basin but become steep on the. southwest and west sides near the
basin margin. Local small-scale faulting has been recognized in
the mineralized areas near Pumpkin Buttes, Monument Hill and Box
Creek but no widespread extensive faulting is known to occur. The
mountain axes and major folds of Wyoming started to develop late
in the Cretaceous and were well defined by the Paleocene."
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2.2.3 Local Geology

The geologic sequence of the Powder River Basin is shown in
Figure 2. The geologic units of interest to this study lie in the
upper Fort Union Formation. They consist of interbedded fine-to-
coarse. grained sandstone, siltstone, claystone and minor lignite.
Figure 3 presents a stratigraphic column for the site vicinity.

The.Highland ore sands are, for this study, referred to as the
Upper, Middle and Lower Ore Body Sands. These sands are laterally
continuous in the area of the surface mine but break up.or"shale
out" t.o the north and east. The three Ore Body Sands are
separated by several feet of siltstones, claystones and lignites.
In places, these separating lithologies are absent and the ore
sands are in vertical contact.

The first major sand immediately above the Ore Body Sands is
referred to as the Tailings Dam Sand. This sand was probably
deposited by the same processes that deposited the Ore Body
Sands. However, it is underlain by a laterally continuous shale,
referred to as the Tailings Dam Shale, and is not in vertical
communication with the Upper Ore Body Sand.

Several other sand bodies lie above and below the four sands just
described but are of little importance to the present study.
Directly above the Tailings Dam Sand are several small dis-
continuous sands of the Fort Union Formation, and higher in the
section is a major sand of the Wasatch Formation locally called
the Fowler Sand. Below the Lower Ore Body Sand are two sand units
both of which are less continuous than the ore sands.

2.3 HYDROLOGIC SETTING

2.3.1 Climate

The climate at the Highland area is semi-arid and cool. Total
rainfall averages about 12 inches per year and total snowfall
ranges between 35 and 65 inches per year. Average summer
temperatures are in the high 60's and low 70's and average winter
temperatures are in the mid-20's. The average evaporation rate
ranges from about 44 inches per year from deep reservoirs to about
60 inches per year for shallow ponds (Hagmaier, 1971, Lewis,
1978, and Smith, 1974).

2.3.2 :Ground Water

Ground-water flow is commonly divided into three types of flow
systems: local, intermediate and regional flow :(Toth, 1963).
The flow systems are differentiated by the lengths of the ground

-5-



water flow paths. Local systems have flow paths ranging in length
from a few hundred feet to several thousand feet, intermediate
systems range from several thousand feet to several miles, and
regional systems range from several miles to several tens of
miles. Figure 4 illustrates the superposition of these three
types of flow systems.

Regional flow through the Upper Cretaceous Parkman Sandstone is
shown in Figure 5. Although the Parkman Sandstone underlies the
Fort Union Formation, it is likely that regional flow directions
would be very similar in the Tailings Dam and Ore BodySandstones.
Note that regional flow is to the northeast in the Highland area.

Intermediate flow in the Highland vicinity is from Blizzard
Heights to the North Fork Box Creek area as shown on Figure 6.
Blizzard Heights is a topographically high area about 5,600 feet
above mean sea level and located about nine miles west of the
mining operations. North Fork Box Creek is about two miles east
of the surface mine and is at an elevation of 5,100 feet. Figure 6
shows a generalized flow net which represents premining ground-
water flow between Blizzard Heights and North Fork Box.Creek.

It is assumed that the potentiometric levels in the Tailings Dam
Sandstone and Ore Body Sandstones were equal in the pre-
development flow system. The flow net is in reasonable agreement
with premining potentiometric water levels reported by Hagmaier
(1971) and Dames and Moore (1972). It is also consistent with the
observation that, in a semi-arid region like Highland, the
potentiometric surface is typically a significant depth below the
elevation of the recharge area and a lesser depth below the
elevation of the discharge area. The flow net predicts the
potentiometric surface to be about 170 feet below the elevation
of Blizzard Heights, and the water table at the discharge area to
be at nearly the same elevation as the ground surface (average
elevation of about 5,100 feet).

2.3.3 Surface Water

Most precipitation in Wyoming occurs as snowfall in mountainous
areas in fall, winter, and spring. Snowmelt is the main source of
water for the major Wyoming rivers. The valleys and high plains
areas of the state receive relatively little precipitation,
usually less than 16 inches per year of combined rainfall and
rainfall-equivalent snowfall. Most of this precipitation occurs
in the form of summer thunderstorms, the larger and more intense
of which generate intermittent streamflow. These intermittent or
ephemeral streams generally form sedimented beds, erosion gul-
lies, or shallow grassy channels.
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The hydrologic region containing the Highland site is a plains
area closely associated with mountainous areas creating meteor-
ological conditions which tend to produce intense summer. thunder-
storms. The frequency and size of these storms varies con-
siderably from event to event and throughout the region. Most of
the annual rainfall (between 11 and 14 inches) in this region
infiltrates into the soil or evaporates, with runoff generated
only by the larger, high-intensity storms. The fairly constant
relief and low cover expose water surfaces to sun and wind causing
evaporation rates of between 30 and 60 inches per year over the
region.

The Highland site lies near the southern edge of the upper
(western) part of the Cheyenne River drainage area as shown in
Figure 7. The stream network is composed of intermittent streams
merging to form the Cheyenne River which flows out of the state to
the east.

Antelope Draw is one of these intermittent streams which flows
generally west to east toward the Highland site. Antelope Draw
drains 2340 acres from which water could be diverted to the lake.
Surface water from a small drainage area north of the pits,
referred to as the North Pond Area could also be diverted. This
diversion would increase the surface drainage area by 870.acres.
An area of 840 acres of land immediately around and incl-uding the
pits will drain naturally into the lake.

Drainage from the Highland site flows into North Fork BoxCreek,
an intermittent stream which drains into the Lightning-Lance
Creek system, and subsequently into the Cheyenne River.
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CHAPTER 3 GENERAL APPROACH

The complex interaction of the lake with ground-water flow, surface water
flow, and meteorological conditions precludes exact analysis of the lake
system. However, by exercising judgment and using simplified models of the
physical systems, reasonably accurate estimates of lake water quality and
lake water elevation as functions of time can be obtained.

This chapter provides an overview of the methods and approximations used in

this study.

3.1 LAKE MODEL

Exxon Production Research Company's Lake Simulation Progr~am (LSP) was
used to simulate the development of the lake in the mine pits,
hereafter referred to as the reclamation lake. The LSP computes lake
water level and water quality as functions of the amounts and chemical
quality of water inflow and outflow components. The program models the
lake as if it were perfectly mixed. This implies that the lake
contents are always uniform in composition and that outflowing water,
except evaporation, will have the same composition.

The perfect mixing assumption greatly simplifies the analysis. This
assumption is valid if the time necessary to disperse an entering
element of fluid uniformly throughout the lake is much shorter than the
average residence time in the lake. At Highland, the lake will undergo
seasonal thermal stratification due to seasonal variation of tem-
perature. The residence time of water in the lake (15-20 years) is
longer than the induced stratification mixing cycle. Therefore, for
the long time scale of this study, the assumption of complete mixing is
valid.

To compute lake elevation and water quality as functions of time, the
LSP simultaneously solves the differential volumetric balance and a
differential mass balance for each solute considered. For this study,
total dissolved solids (TDS), dissolved radium 226 and total suspended
solids (TSS) were modeled. Each equation consists of an influx term,
an outflux term and an accumulation term.

Figure.8 is a schematic representation of a perfectly mixed lake. The
lake receives inputs from surface inflow, ground water, and the
atmosphere. Possible outflows from the lake are via ground water and
evaporation. Surface water outflow would be possible if the lake water
depth were to exceed the depth of the pits. No Surface.water outflow
occurs in this case because the lake water surface elevation never
approaches the ground surface above the pits. Thus, a simple
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volumetric balance giving the change in lake volume as a function of
time can be expressed as:

dV

QSi + QGI + QPr - QGO - - QSed -()

where

V Lake volume

QSI :Rate of surface water inflow to the lake

QGI = Rate of ground-water inflow to the lake

QPr = Precipitation rate (combined rainfall and rainfall-equiv-
alent snowfall)

QGO = Rate of ground water outflow from the lake

QE = Evaporation rate

QSed = Rate of sediment accumulation

t = Time (all rates are in consistent units of volume per unit
time)

Each of the above listed rates represents the sum of possibly several
inputs or outputs which can be complex functions of time. For example,

QGI represents the sum of ground-water inflow from the Tailings Dam
Sand and the Ore Body Sands. The LSP solves this first order
differential equation to compute lake volume as a function of time.
The formulations used to describe water inflow and outflow are
detailed in the next section.

To compute the concentration, C, of any species in the lake, the LSP
solves the differential mass balance for that species. in addition to
solute inflow and outflow, the program can also calculate. solute
removal or production by radioactive decay or chemical reaction. This
capability was not utilized in this study. A generalized mass balanc~e
for any species can be written as

QSI CSI + QGI CGI + QPr Cpr - QGO C - VR d(VC) (2)dt.
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where

C = Concentration of the species in inflow from surface water

CGI = Concentration of the species in inflow from ground water

Cpr = Concentration of the species in precipitation

C = Concentration of the species in the lake (equal to effluent
concentration)

R =Rate of removal or production, by radioactive decay or
chemical reaction, per unit volume of the lake.

All concentrations are in consistent units of mass or activity per unit
mass or volume of water. Flow rates, Q, are defined as in equation (1).
Evaporation from the lake is assumed to be pure water and therefore
does not appear in equation (2).

In general the coefficients of equation (2), QSI, QGI, QPr and QGO, are
time dependent. In addition, some or all of the coefficients can be
functions of other parameters, depending upon the complexity of the
hydrologic environment to be simulated. QSI, the rate of surface water
inflow, can be expressed as some function of precipitation. QGI and

QGO, the rate of ground-water inflow and outflow respectively, are
functions of pressure which in turn is a function of the lake elevation
and the properties of the porous media through which flow occurs. The
resulting system of nonlinear, ordinary differential equations are
solved using a Runge-Kutta fifth and sixth order method.

3.2 LAKE WATER INFLOW AND OUTFLOW

3.2.1 Precipitation and Evaporation

Analytical expressions for precipitation (combined rainfall and
snowfall) and evaporation rates as functions of time were
obtained by fitting quadratic spline functions through average
monthly weather station data. The best fit to the data was
obtained using a least squares regression program. The data used
and functions obtained are described in Chapter 4 and Appendix A.
Precipitation was assumed to enter the lake with a fixed
composition and evaporation was assumed to be pure water.

3.2.2 Ground Water

The water-bearing strata which intercept Pits 3 and 4 are the
Tailings Dam Sand and the Ore Body Sands. These two units are
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hydrologically independent since they are separated by the
laterally continuous and relatively impermeable T-ailings Dam
Shale. The two aquifers are recharged at Blizzard Heights where
they are believed to be in hydrologic communication..

Ground-water inflow was modeled as radial flow through the
Tailings Dam Sand and Ore Body Sands. This assumption is valid
since Pits 3 and 4 act as a pressure sink to the aquifers,
resulting. in an approximate radial ground-water flow regime
within the radius of influence of the pits. The ground-water flow
equations depend upon the hydrologic properties of the aquifer
rock, the thickness of the aquifers, the radius of influence of
the lake as a ground-water sink, and the effective radius of the
pit.

The inflowing ground water was assumed to have a fixed composi-
tion. However, uranium-free material used for recontouring the
reclaimed lake attenuates some of the solutes present in ground
water. This was accounted for with the use of distribution
coefficients (Kd'S). Appendix E contains an explanation of the
distribution coefficient. In general, the Kd's relate the rock
attenuation capacity to the velocity of various solute fronts
through the porous media. As will be discussed later, radium 226
was found to be strongly attenuated.

Once the lake elevation exceeds the water table elevation at the
North Fork Box Creek discharge area, ground-water outflow from
the downgradient side of the lake will occur. Sensitivity
studies, which are presented in Chapter 6, indicate that the
ground-water outflow regime has very little effect on lake
elevation or water quality. Therefore, the outflow for both
sandstones was modeled as radial flow from the downgradient side
of the lake.

3.2.3 Surface Water

Surface water inflow was modeled as the amount of surface water
runoff which occurs within the drainage area for the lake.
Several methods were used to estimate runoff as a fraction of mean
annual rainfall. These techniques are discussed in Appendix A,
Section A.3. The water is assumed to enter the lake at a fixed
composition.

3.2.4 Sedimentation

Sedimentation was modeled as a suspended solids load carried into
the lake by surface waters and then deposited as a level layer on

-11-



the pit bottom. The sediment load is treated as a fixed fraction
of surface water runoff volume. As sediment accumulates in the
lake and begins to obstruct inflowing aquifers, the model
accounts for the resulting reduced ground-water inflow rates.
The estimation of sediment load is presented in Appendix C,
Section C.3.
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CHAPTER 4 LAKE MODEL PARAMETERS

This chapter summarizes the input parameters used to model the most likely
case for lake volume and quality. A summary appears in Table 1. Details of
the data, calculations, and assumptions are presented, in the Appendixes.

4.1 PIT SHAPE

The approximate shape of the reclaimed pit and its topography are shown
in Figure 9. Backfill will be placed along, the pit walls around most
of its perimeter. Interrelationships between lake water volume,
elevation, and surface area were approximated by quadratic spline
functions. Although the map is approximate, the water volume-
elevation-surface area relationships reflect the most correct pit
shape as of the writing of this report. The functions are shown in
Appendix D, Section D.l.

4.2 HYDROLOGIC PARAMETERS

4.2.1 Precipitation and Evaporation

The mean annual precipitation calculated by averaging data from
three weather stations is 12.3 inches per year. Cyclic varia-
tions in precipitation through the year were approximated by
fitting quadratic splines to the data using a least-squares
method.

Annual lake evaporation was calculated from pan evaporation data
to be 43.8 inches. Mean annual pan evaporation measured at three
stations is 62.6 inches per year. Cyclic variations in pan
evaporation over the year were approximated by fitting quadratic
splines to the data using a least-squares method. Al1. evapora-
tion data were taken using Class A pans, so the standard .70
coefficient was used to convert Class A pan evaporation to lake
evaporation.

Mean cyclic variations of precipitation and pan evaporation
over the year are shown in Figure 10. The data and calculations
are discussed in Appendix A, Sections A.1 and A.2.

4.2.2 Surface Water

For this study, the surface water drainage area of the lake chosen
to represent reclaimed conditions isa 3180-acre drainage area
consisting of an 840-acre area immediately surrounding and
including the lake, and a 2340-acre area drained by Antelope Draw
(see Figure 11). Antelope Draw will be diverted to drain into the
lake as part of the reclamation plan, since the additional
surface water is necessary to provide acceptable water quality in
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the lake. The model subtracts the surface area of the lake from
the total area before calculating surface water runoff.

Various methods were used to arrive at an estimated annual
surface water runoff rate of 6% of annual precipitation. The
methods are discussed in Appendix A, Section A.3.

4.2.3 Ground Water

The water-bearing strata intercepted by the pit (the Tailings Dam
Sandstone and the Ore Body Sandstones) are recharged to the west
of the pits near Blizzard Heights and discharge to the east near
North Fork Box Creek. A recharge elevation of 5430 feet above
mean sea level and a discharge elevation of 5100 feet were
estimated using a flow net based on water level, data (see
Appendix A, Section A.4.2). The flow net is shown in Figure 6.

Average stratigraphy for the inflow and outflow sides of the pit
are shown in Figure 12. An average of ten feet of Lower Ore Body
Sand are exposed on the pit bottom (see Appendix A, Sec-
tion A.4.1).

The radius of influence of ground-water drawdown caused by the
lake was estimated to be two miles (see Appendix A, Section
A.4.3).

Aquifer permeabilities were estimated from lab core analyses and
pump test data to be 2000 md (1.9 x 0l 3 cm/sec). Shale per-
meabilities measured by lab core analysis were very small
relative to sand permeabilities and were assumed to be zero for
this study. The permeability data are discussed in Appendix B.

4.3 TDS, RADIUM AND TSS INFLOWS

The two contaminant species of interest for this study were dissolved
radium 226 and total dissolved solids (TDS)ý. In addition, the
suspended solids loads in surface waters (TSS) were used to calculate
lake sediment buildup and to estimate lake life. Data on the water
quality of the various inflow streams are summarized in Table 1.
Appendix C presents the data and parameter estimates in more detail.

4.3.1 Precipitation

Precipitation was estimated to have a typical TDS content of from
one to ten parts per million (ppm) based on precipitation quality
values in the literature (Lerman, 1978 and Frey, 1963). A
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precipitation TDS concentration of ten ppm was chosen as a
conservative estimate. Precipitation was assumed to have zero
radium activity.

4.3.2 Surface Water

Surface water was estimated to have an average level of 345 ppm
TDS before revegetation of the area disturbed by mining opera-
tions and 169 ppm TDS after revegetation. Surface water was
estimated to have 2.2 pCi/l radium activity in the Highland area.
The annual suspended sediment load was estimated to be 1.9
percent by volume of surface water runoff after reclamation of
disturbed drainage area. It was assumed that the entire sediment
load comes from surface water runoff since estimates of the
contribution from other sources were negligible by comparison.
All suspended solids entering the lake are assumed to settle on
the lake bottom.

4.3.3 Ground Water

Analyses of water from the Tailings Dam Sandstone indicated 750
ppm TDS and 1.4 pCi/l radium activity.

The TDS concentration of water from the Ore Body Sandstone was
calculated to be 370 ppm. The radium level of water entering the
lake, from the Ore Body Sandstone not covered by backfill was
calculated to be 20 pCi/l (see Appendix C, Section C.2). Since
the calculated backfill distribution coefficient, Kd, was suf-
ficient to delay radium breakthrough beyond predicted lake life,
the estimated radium level of water from the Ore Body Sand passing
through the backfill is zero pCi/l (see Appendix E for a
discussion of the distribution coefficient and breakthrough
time.)

4.4 BACKFILL CHARACTERISTICS

Backfill materials used for recontouring the reclaimed lake do
not contain uranium mineralization and are therefore free of
significant radium activity. The backfill material has a
measured permeability of 42 md (4.1 x 10-5cm/sec) and an average
porosity of 35% (see Appendix 0, Section D.2). Average
thicknesses of the backfill over the Ore Body Sandstonesaround
the perimeter of the lake were calculated to be 450 feet on the
western walls of the pit over the Ore Body Sands and 250 feet on
the eastern walls over the Ore Body Sands (see Figure 9). The
concept of radial resistances in series was used to calculate
effective permeabilities for sandstones covered by backfill.
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About ten feet of the Lower Ore Body Sandstone remain unexcavated
on parts of the pit bottom. Flow from this layer of sandstone is
therefore not impeded by backfill.

The distribution coefficient (Kd) for the backfill is 100 ml/g,
the minimum value calculated using well sample data (see Appen-
dix E). As mentioned in Section 4.3.3, calculations using this
conservative estimate of radium attenuation potential in the
backfill material resulted in complete removal of radium from
water flowing through the backfill.

The effects of backfill or clay liners on the pit bottom over the
unexcavated Ore Body Sandstone are examined in Appendix F.

4.5 SEDIMENT CHARACTERISTICS

The permeability of the sediment was taken to be 40md, similar to the
permeability of the backfill material and a typical value for mixed
silty sediments (see Appendix D, Section D.3).
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CHAPTER 5 LAKE MODEL PREDICTIONS

This chapter presents the best estimates of lake water quality and water
level based on input data which represent the hydrologic conditions at
Highland. Ultimate water quality limits of 5000 ppm TDS and 30 pCi/l radium
226 are the criteria for acceptable lake water quality.

5.1 SIMULATION ASSUMPTIONS

No chemical reactions, chemical precipitation, or radioactive decay,
are modeled using the LSP. However, chemical precipitation was
treated by applying the chemical equilibrium model EQ3/6 (Wolery,
1979) to predicted lake composition at discrete points in time. As
discussed in Section 5.3, neglecting chemical precipitation might lead
to overprediction of TDS concentrations. Neglecting radioactive decay
is valid for this study since the radium half-life of 1600 years is
much longer than the average water residence time of 15 to 20 years in
the lake.

All environmental impacts on the lake, such as climate, drainage
patterns, and contaminant sources were held constant throughout time
for all simulations.

5.2 PREDICTED LAKE RESPONSE

This section presents predicted lake volume, elevation., and water
quality over time for the reclamation plan with 3180 acres~of drainage
area. Lake volumes are presented to indicate available water supply
and degree of sedimentation. Lake water surface elevation is
important because three-to-one pit slopes must extend below the
predicted water surface to allow animals access to the lake for
drinking. Lake water quality is presented as a function of time and is
compared to criteria of 5000 ppm for TDS and 30 pCi/l for radium.

In every case, the predictions are carried far into the life of the
lake (2000 years) to demonstrate trends. Model predictions up to 2000
years can be used to indicate trends which would continue further into
lake l.ife if all influences on the lake were to remain constant. Late
in the life of the lake, qualitative evaluations of probable lake
conditions can be made. The effects on the lake of variations in
environmental influences can be evaluated using the results of
sensitivity studies presented in Chapter 6. Tables 2 and 3 summarize
predicted lake conditions.

5.2.1 Elevation and Volume

Lake water elevation is predicted to rise to a peak elevation of
5118 feet over the first 100 years then decrease ata *very slow
rate to 5115 feet at the end of 2000 years. . Short-term
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fluctuations of a foot or two about this trend will occur in
response to seasonal cycles. The lake water volume rises to a
maximum of 21,200 ac-ft at about 90 years, then decreases
gradually as sediment builds up on the lake bottom. Predicted
lake life is about 5,000 years. Figure 13 shows lake elevation
and volume over time. Table 2 shows lake elevation over time in
greater detail for times less than 100 years.

To verify model results, a water balance on the lake was
calculated. Table 3 contains a summary of yearly average lake
inflows and outflows. Inflow from the Tailings Dam Sandstone,
from precipitation, and from surface water are the dominant
inflows. Evaporation is the dominant outflow and the dominant
flow component for the lake. The water balance tabulated in
Table 4 shows that after about 100 years of filling,: lake volume
slowly decreases over time at a rate of about .1 ac-ft/mo due to
sediment buildup and resulting obstruction to ground-water flow.

5.2.2 Water Quality

Over the first 50 years, the model predicts that TDS will rise to
1000 ppm and radium to seven pCi/l. Thereafter, concentration
levels of both continue to rise, but at a continually decreasing
rate. Model predictions show lake radium level below 16 pCi/l and
TDS below 4100 ppm at 2000 years. At 1000 years average sediment
depth is expected to be about 85 feet, indicating a sufficient
depth to cause the LSP to slightly overpredict radium contri-
bution from the Lower Ore Body Sand (by less than one percent) and
underpredict lake TDS levels (by about five percent). 'Figure 14
shows lake radium and TDS levels versus time. Table:2 shows lake
water quality in greater detail for times less than l0 years.

Mass balances for TDS and radium show that both accumulate
continuously in the lake although at continuously decreasing
rates. Mass flow rates at 100 years are shown, as an example, in
Table 5.

Very late in the life of the lake, at several thousand years,
sediment will have accumulated to cover all aquifers once
intercepted by the lake. At that time, the lake will be larger
than many stock water ponds in the area but will be hydrologically
similar, and will continue to decrease in size. Rainfall and
runoff will be the only inflows, and seepage and evaporation will
be the only outflows. Water quality also can be expected to be
similar to the quality of nearby stock water ponds at that time.

-18-



5.3 OTHER EFFECTS ON LAKE WATER QUALITY

There are several factors which were not. quantified by simulation but
which can be shown qualitatively to affect lake water quality. In most
cases, these factors would cause better water quality than that
predicted by the LSP model: 1) uptake of radium on particulates
(suspended solids) in the lake water, 2) precipitation of dissolved
solids, and 3) lower ground-water flow rates in early years due to
dewatering. These are discussed in more detail below.

5.3.1 Uptake of Radium on Particulates

Sediment particles suspended in lake water have the potential to
take up radium by adsorption and ion exchange. This uptake
potential can be described by an equivalent distribution co-
efficient for the suspended material. When a distribution
coefficient of 100 ml/g is attributed to suspended sediment (TSS)
in the LSP model, simulations show that radium levels in lake
water are significantly lowered. Initial measurements of Pit 3
sump water quality indicate that this mechanism is not presently
impacting radium levels. However, the pond is currently fed by
ground waters containing minimal suspended solids. When recla-
mation progresses and surface water enters the lake, suspended
particles are expected to remove radium from the lake water,
thereby improving lake water quality.

5.3.2 Precipitation of Dissolved Solids

As the concentrations of various dissolved solids increase in
lake water, precipitation of minerals such as gypsum and calcite
may occur. Chemical equilibrium model EQ3/6. calculations
(Wolery, T. J., 1979), based on approximations of lake water
composition at several points in time during the life' of the lake
indicate that the predicted levels of TDS are near saturation for
some species. If precipitation of these components of TDS
occurs, lake levels of TDS will be reduced.

5.3.3 Dewatering of Highland Sands

In the early years of lake filling, the Highland Sands in the
vicinity of the pit will be depressurized as a, result of
dewatering operations during mining. This depressurized condi-
tion could cause lower ground-water flow rates for the early
years than predicted by the model, and therefore, slower-volume
rise and better water quality than predicted by the model. The
effect is expected to last for less than five years. After that
time, the lake will approach LSP predicted conditions.



5.4 SUMMARY

Lake model predictions indicate that a 190-acre, 21,200-acre-foot lake
with a predicted life of about 5000 years will form in the open pits.
Simulations show that for 2000 years the lake will have water quality
well within the 5000 ppm TDS and 30 pCi/l radium activity criteria.

Extrapolation of water quality trends at the end of the first 2000
years indicate a high probability that the lake will continue. to meet
the water quality criteria throughout its projected life., Toward the
end of lake life, lake water quality is expected to be similar to the
water quality of stock-water ponds in the area at the time..
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CHAPTER 6 PARAMETER SENSITIVITIES

In this study, predictions of lake inflow and outflow rates and water
quality are carried far into the life of the lake. These predictions are
made on the assumption that all environmental influences on the lake remain
constant over time. However, beyond several hundred years, changes in lake
configuration as sediment accumulates and unpredictable changes in climate
and surface water drainage patterns may cause changes in parameters
important to lake volume and water quality. In addition, all estimates of
input parameters to the Lake Simulation Program contain some uncertainty.
The impact of possible variation from study assumptions should be assessed
before model predictions can be extrapolated to the end of expected lake
life.

In Chapter 5, expected lake conditions were simulated using best estimates
for all input parameters. In this chapter, the effects of variation in
input parameters on model predictions are examined.

A series of sensitivity studies were performed in which each model parameter
was changed within its specific range of uncertainty and the subsequent
model predictions were compared to the expected case. Conceivablechange or
inaccuracy in model values for aquifer recharge elevation, aquifer per-
meability, evaporation, precipitation, radius of influence, and surface
water runoff would cause the largest change or inaccuracy i.n ;LSP pre-
dictions. These sensitivities help quantify the possible inaccuracies
associated with LSP model predictions and long-term extrapolations.

The following sections summarize a series of sensitivity studies involving
the above parameters. In each case, lake water volume, lake water
elevation, magnitude of inflows and outflows, TDS level, or radium level
will be compared to the predicted conditions presented in Chapter 5.

6.1 AQUIFER RECHARGE AND DISCHARGE ELEVATIONS

As summarized in Appendix A, Section A.4.2, a recharge elevation of
5430 feet and a discharge elevation of 5100 feet were chosen. At 5430
feet above mean sea level, the estimated recharge elevation is 170 to
270 feet below the elevation of the ground surface (5600 to.5700 feet).
Two considerations indicate that the selected recharge elevation is a
lower bound; 1) water level measurements closest to Blizzard Heights
show water levels higher than predicted by the flow net.(see Figure 6),
and 2). regional water tables for the Powder River Basin shown in
Hagmaier (1971) are generally less than 100 feet and rarely as deep as
200 feet below the ground surface. For this reason, sensitivity was
studied only in the upward direction. Figure 15 illustrates model
predictions for a recharge elevation of 5530 feet, 100 feet higher than
the estimated value.
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Discharge occurs at the ground surface elevation (5100 feet) of North
Fork Box Creek. Model sensitivity to a discharge elevation of 5075
feet (25-foot drop) is illustrated in Figure 16.

Model results were very sensitive to aquifer recharge and discharge
elevations over the tested ranges, but all cases cause better water
quality than predicted using best estimates of recharge and discharge
elevation. Raising recharge elevation and lowering discharge eleva-
tion have the effect of increasing ground-water flow rates, decreasing
water residence time in the lake, and thus improving lake water
quality. A 100-foot rise in recharge elevation causes about a 30% drop
in TOS and radium levels at 2000 years, accompanied by a 11-foot (5%)
rise in lake elevation. A 25-foot drop in discharge elevation causes
about a 45%,drop in TDS and radium levels at 2000 years, accompanied by
a 10-foot (5%) drop in lake elevation. These results indicate that the
best estimates of recharge and discharge elevation give the most
unfavorable predictions of lake water quality and are therefore
conservative for this study.

6.2 AQUIFER PERMEABILITY

As summarized in Appendix B, 2000 md was used as the permeability of
the Tailings Dam and Ore Body Sandstones. This value was chosen on the
basis of all available data from core tests and well tests. Of the six
pump tests run, five indicated permeabilities higher than 2000 md.
Since well test results generally represent field conditions better
than core test results, 2000 md is a low estimate of permeability.
Model sensitivity to aquifer permeability was tested for permea-
bilities up to 3000 md for both the Tailings Dam and Ore Body
Sandstones. Sensitivity was high over this range because per-
meability, like recharge and discharge elevation, directly affects
ground-water flow rates. Results are shown in Figure 17.

For a 3000 md aquifer permeability (50% rise over estimated value),
predicted lake elevation is 7 feet higher and TOS and radium levels are
about 45% lower at 2000 years. This result indicates that the aquifer
permeability selected for the study causes the most unfavorable
prediction of lake water quality and is therefore conservative.

6.3 EVAPORATION

As summarized in Appendix A, Section A.2, mean annual evaporation is
43.8 inches. Due to the large amount of data, this figure is a very
reliable measure of the mean annual value under current conditions.
About 95% (two standard deviations assuming a normal distribution) of
yearly evaporation totals for the period of record are within about
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five inches of the annual pan evaporation of 62.6 inches. Model
sensitivities were studied over this range to assess the possible
impact of permanent alteration of annual average rates due to a
significant climatological change. The sensitivity results are shown
in Figure 18. Using a Class A pan-to-lake coefficient of .70, sensi-
tivities were run for annual evaporation rates of 40.3 inches and 47.3
inches, variations of 8% above and below the current mean. With a
yearly evaporation cycle totalling 40.3 inches, the LSP predicts a 2%
higher lake elevation and 30% lower TDS and radium levels than for the
expected case. A 47.3 inch evaporation cycle would cause a 2% lower
lake elevation and 50% higher TDS and radium levels.

6.4 PRECIPITATION

As summarized in Appendix A, Section A.I, mean annual precipitation at
the Highland site is 12.3 inches. About 95% (two standard deviations
assuming a normal distribution) of yearly totals are within four
inches of mean annual precipitation of 12.3 inches. Sensitivities
were therefore run for 8.3 inches/year and 16.3 inches/year of preci-
pitation, variations of 32% above and below the mean, to assess the
effect of permanent alteration of annual average rates due to a
significant climatological change. Comparisons to the base case are
illustrated in Figure 19.

A yearly 8.3-inch precipitation cycle would cause a lake elevation
about 3% lower and TDS and radium levels about 60% higher than
predicted at 2000 years. A yearly 16.3-inch precipitation cycle would
cause a lake elevation about 2% higher and TDS and radium levels about
30% lower than the expected case at 2000 years.

The impact of a climatological change causing lower annual pre-
cipitation rate can be described qualitatively. The lower pre-
cipitation rate decreases both direct precipitation on the lake and
surface water runoff. Since total inflow is decreased, lake elevation
drops and water residence time increases. Runoff is a fairly
significant contributor of TDS and radium, so mass inflow rates of each
are reduced somewhat. However, increased residence time allows the
already high evaporation rate to have a greater relative impact,
causing TDS and radium to concentrate in the lake at a faster rate.

6.5 RADIUS OF INFLUENCE OF GROUNDWATER PRESSURE DRAWDOWN CAUSED BY THE
LAKE

Estimates of an upper bound for the radius of influence for the lake
indicated a probable range between 1.5 and 2.5 miles (see, Appendix A,
Section A.4.3). This was the range chosen for the sensitivity tests.
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A larger radius of influence causes lower lake elevations and higher
TDS and radium levels, while a smaller radius of influence causes
opposite effects. The results of the sensitivity tests are s5hown in
Figure 20.

With a radius of influence of 2.5 miles (25% greater than the maximum
value chosen for the study), the model *predicts a 3-foot drop in lake
elevation and about a 30% rise in TDS and radium levels. With a radius
of influence of 1.5 miles, the model predicts a 4-foot rise in lake
elevation and a 25% drop in TDS and radium levels. Radius of
influence, like aquifer recharge and discharge elevation and per-
meability, affects all ground-water flows to and from the lake.
Changes in each of these parameters cause qualitatively similar
responses,.

6.6 SURFACE WATER RUNOFF

Surface water runoff to the lake is governed by three. factors;
precipitation rate, surface water drainage area, and rainfall-runoff
rate ratio. The effect of precipitation was discussed earlier, so this
section will discuss the relative impacts of changes in drainage area
and rainfall-runoff rate. In general, larger drainage area and higher
runoff rate cause higher lake elevations and lower levels of TDS and
radium due to higher lake flushing rates. The sensitivity results are
shown in Figures 21 and 22.

Various combinations of the three surface water drainage areas shown
in Figure 11 were considered as alternative cases for the reclamation
plan. These drainage areas are: I) Antelope Draw (2,340 acres), 2) the
North Pond Area (860 acres) and, 3) the natural pit drainage area (840
acres). For Antelope Draw or North Pond runoff to drain into the lake,
runoff would have to be diverted. Diversion of Antelope Draw is in the
reclamation plan, forming a total planned drainage area of 3180 acres.
Currently, North Pond Area diversion is not in the reclamation plan.
Sensitivities were run on three variations:

1) Natural pit drainage area alone (840 acres)

2) Diversion of North Pond drainage only (1700 acres), and

3) Diversion of both Antelope Draw and North Pond runoff (4040.
acres).

The impacts of reduced drainage area due to construction of bridges or
stock water ponds within the planned drainage area of 3180 acres were
considered by running two additional cases:
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4) 3180 acres reduced by 25% (2385 acres)

5) 3180 acres reduced by 50% (1590 acres).

The largest drainage area case (4040 acres, an increase of 30% over the
planned 3180 acres) showed a four-foot higher lake elevation and about
20% lower TDS and radium levels than the planned case.. Although the
1700-acre and 25% reduced (2385-acre) cases showed radium levels below
30 pCi/l at 2000 years, all cases with drainage area less.than the
planned 3180 acres showed TOS in excess of 5000 ppm at 2000 years.
Consequently, none of the smaller drainage areas are acceptable and no
further work was done on drainage areas smaller than 3180 acres. A
drainage area of 1700 acres is the smallest case used to illustrate
sensitivity in Figure 21. In general, a percentage decrease in
drainage area below the planned 3180 acres would cause a percentage
increase four to five times larger in TDS and radium levels at 2000
years. For example, a 5% reduction in available drainage area due to
construction of stockwater ponds would cause a 20% to 25% increase in
lake TDS and radium levels.

Although the effect of changes in rainfall-runoff rate on model
predictions is the same as for changes in drainage area, a series of
sensitivities were run to reflect the calculated range of rainfall-
runoff factors. These generally varied between 2.5% and 9% with an
estimated true value of 6% as shown in Appendix A, Section A.3. Based
on the expected accuracy of the various methods, sensitivity tests
were run for rainfall runoff rates of 5% and 9%. The results are shown
in Figure 22.

6.7 OTHER SENSITIVITY STUDIES

Additional sensitivity studies were performed with respect to the
following parameters: water quality of inflows, sediment per-
meability, ground-water outflow regime, backfill permeability, and
water-bearing stratum thickness. The model predictions were found to
be relatively insensitive to changes in these parameters within
reasonable limits.

6.7.1 Water Quality of Inflows

Changing TDS or radium levels in specific inflows to the lake by
plus or minus 50% (one standard deviation or more of the measured
values) caused less than 10% changes in TOS and less than 20%
changes in radium level at 2000 years for all cases except TDS
from the Tailings Dam Sandstone. As shown in Appendix C,
Section C.1.3, TDS in the Tailings Dam Sandstone was calculated
to be 746 ppm with a standard deviation of 317 ppm. Using the
standard error of the mean (=--7T) as an indicator of uncertainty in
the mean, TDS levels over a range of 560 ppm to 930 ppm were
tested. For a TDS concentration of 930 ppm from the Tailings Dam
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Sandstone, lake TDS level at 2000 years would be 4820 ppm, an
increase of about 20%. For a concentration of 560 ppm in Tailings
Dam Sandstone water, lake TOS level at 2000 years would be 3230
ppm, a decrease of about 20% below the predicted 4100 ppm. The
sensitivity is illustrated in Figure 23.

6.7.2 Sediment Permeability

Increasing permeability of the sediment over almost two orders of
magnitude caused no more than a four-foot rise in lake; elevation,
a 30% drop in TOS, and a 20% rise in radium level at 2000 years.
Decreasing sediment permeability to 30 md caused a 1-foot drop in
lake elevation and an increase in TDS and radium levels of about
5% at 2000 years. Decreasing sediment permeability to 10 md (75%
drop) caused a 2-foot drop in lake elevation, a 25% rise in TDS
level and a 10% rise in radium level. TDS is higher than 5000 ppm
for permeabilities lower than 10 md but it is anticipated that
such a low permeability is unlikely (see Appendix D, Sec-
tion. D.3).

6.7.3 Outflow Regime

Two outflow regimes from the lake to the discharge area were
considered for this study; a radial regime and a source-sink
regime in which the lake and the discharge area behave like an
injection-production well pair. The two cases showed less than
3% difference in any predicted lake condition at 2000 years. The
radial regime was used for the best estimate case.

6.7.4 Backfill Permeability

Backfill permeability was calculated to be 42 md from pump test
results (see Appendix 0). Sensitivites were run over a range of
backfill permeabilities from 21 md to 63 md, variations of plus
and minus 50%, reflecting estimated uncertainty in the pump test
results. The 63 md case caused a one-foot rise in water level and
about 7% drops in TDS and radium levels at 2000 years. The 21 md
case caused less than a two-foot drop in water level-and about 13%
increases in TDS and radium levels at 2000 years.

6.7.5 Stratum Thicknesses

A summary of stratum thicknesses in the vicinity of the lake
appears in Appendix A, Section A.4.1. Several sensitivity runs
were conducted for this parameter. These runs involved various
combinations of positive or negative changes in- four stratum
thicknesses; the Tailings Dam Sandstone on the upgradient (west)
side of the lake, the Tailings Dam Sandstone on the downgradient
(east) side, the Ore Body Sandstone on the upgradient side, and
the Ore Body Sandstone on the downgradient side, of the lake.
Standard errors of the mean stratum thicknesses ranged from 3.5
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feet to 5.3 feet. Positive or negative five-foot changes in
stratum thicknesses were used for the sensitivity studies. For
the more likely combinations of changes, the model predicts
variations of about 20% above or below expected lake levels of TDS
and radium at 2000 years. Predicted lake elevations vary within
about three feet above or below the level predicted for the
expected case.

In the most pessimistic case, with all four strata modeled as five
feet thinner than estimated, lake elevation was predicted to be
three feet lower and TDS and radium levels about 30% higher than
for the expected case at 2000 years. This worst case results in
TDS concentration (5100 ppm) slightly above and radium activity
(21 pCi/l) well below the acceptability criteria. In the most
optimistic case, with all four strata modeled at five feet
thicker than predicted, lake elevation was predicted to be about
twolfeet higher and TDS and radium levels about 20%. lower than for
the expected case at 2000 years.

6.8 DISCUSSION OF SENSITIVITIES

Model sensitivity studies summarized in this chapter show that
variations in aquifer recharge elevation, aquifer permeability, eva-
poration, precipitation, radius of influence, and surface water runoff
have the greatest impacts on lake model predictions. Water volume and
elevation are most influenced by the primary sinks and sources of
water; evaporation and ground-water flow. TDS levels are most
influenced by the primary source of TDS (flow from the Tailing Dam
Sand) and by the concentrating effect of evaporation. Radium levels
are most influenced by the primary sources of radium (Tailings Dam Sand
and Ore Body Sand) and by evaporation. The reasons for the relative
impacts of these parameters can be explained in terms of Water and
contaminant balances under predicted lake conditions. Relative rates
for the various lake water inflows and outflows as functions of time
are shown in Table 3 and Figure 24. Mass inflow and outflow rates for
TDS and radium are shown in Tables 4 and 5 and Figures 25 and 26.

6.8.1 Water Volume and Elevation

The dominant sources of water to the lake are, in order, inflow
from the Tailings Dam Sandstone, precipitation, and surface water
runoff, accounting for about 39%, 25%, and 23% of all inflow,
respectively. The dominant sink for lake water is evaporation,
accounting for about 88% of all outflow. Consequently, variation
in evaporation and precipitation rates, surface water runoff
rate, and hydrologic and hydraulic properties of the Tailings Dam
Sandstone have the most significant impacts on lake volume and
elevation.
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6.8.2 Lake TDS Levels

The dominant source of TOS to the lake is the Tailings Dam
Sandstone, accounting for about 75% of total mass inflow of TDS.
Therefore, variation in hydrologic and hydraulic properties of
the Tailings Dam Sandstone and in TDS levels of its waters has the
largest relative impact on lake TDS levels. Evaporation has a
large impact on accumulation rates. The Ore Body Sand:and surface
water runoff each supply about 10% of total TDS inflow indicating
that hydrology of the Ore Body Sandstone and surface water runoff
rate have smaller impacts on lake TDS levels.

Because the Tailings Dam Sand and Ore Body Sand have the same
permeability and are affected by the same radius of pressure
influence and recharge and discharge elevations, variations in
these four parameters have a compounded effect on predicted TDS
levels in the lake.

6.8.3 Lake radium Levels

The Ore Body Sand, specifically the layer of Lower Ore Body Sand
uncovered by radium-attenuating backfill, contributes about 48%
of all radium entering the lake. The Tailings Dam Sandstone
contributes about 27%, so that the combined contribution by
ground water is about 75% of total radium. Consequently,
variations of ground water recharge and discharge elevations,
permeability, and radius of influence have the largest impacts on
lake radium levels. Accumulation rate of radium activity (and
TOS levels) in the lake will be influenced by evaporation rates.

6.9 CONCLUSIONS

Use of the LSP model to study sensitivities helps quantify the
significance of deviation from parameter values used in the best
estimate case. As the results described in this chapter show,
conservative values were generally chosen for variables on which a
range of information was available. For example, although sensi-
tivities to aquifer recharge and discharge elevations, aquifer per-
meability, and radius of influence were high, these parameter values
were chosen so that probable change or error would tend to improve lake
conditions.

High sensitivities to evaporation and precipitationrates show that
significant and permanent future climatological changes would cause
actual conditions to vary from model predictions. Yearly variations
about the mean will have no long-term effects on lake water volume or
quality.

-28-



in summary, the sensitivity results show that conservatism in the
selection of input parameters to the LSP model will overcome the
uncertainty in many of the parameter estimates assuming that environ-
mental influences on the lake remain unchanged. The results also show
that extrapolation of lake conditions far into lake life will be
inaccurate if permanent climatological changes occur.
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FIGURE 2. GEOLOGIC SEQUENCE OF THE POWDER RIVER BASIN
(FROM LANGEN AND KIDWELL, 1970)
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FIGURE 3. GENERALIZED STRATIGRAPHIC COLUMN, HIGHLAND AREA
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FIGURE 9. GENERALIZED MAP OF RECLAIMED PIT BELOW APPROXIMATE MAXIMUM
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Table 1 Values of Model Parameters

Aquifer Parameters

Thickness (ft) Recharge Discharge Effective Permeability
Aquifer W Side E Side Elevation (ft) Elevation (ft) (darcy)

W Side E Side

Tailings Dam Sand 45 53 5430 5100 2.0 2.0
Ore Bod, Sand 96 98 5430 5100 0.2* 0.6*
Bottorr Feet of

Lower ie Body Sand 11 0 5430 2.0

*Effective permeability reduced due to backfill

Water Quality
Quality

Source QSettleables (%)
TDS (ppm) Ra (pCi/l) TSS (% by Volume) TSS

Tailings Dam Sand
Ore Body Sand
Bottom 10 feet of

Lower Ore Body Sand
Preý;" tation
Stur Water Runoff

750
370

370
10

169

1.4
0. (removed)

20.
0.

.2.2

0.
0.

0.
0.

0.
0.
1.9

0.
0.

100.

Other Hydrologic Parameters
Parameter Value

Surface Water Drainage Area 3180 acres
Mean Annual Precipitation 12.3 in.
Mean Annual Evaporation 43.8 in.
Ratio of Runoff to Rainfall 6%
Backfill Permeability 42 md



Table2 Predicted Lake Elevation and Water Quality Versus Time

Time
(Year)

0
2
4
8

12
16
20
24
28
32
36
40
44
48
52
56
60
64
68
72
76
80
84
88
92
96
100
150
200
500

1000
2000

Lake
Elevation

(Feet)

4900
4949
4975
5011
5036
5053
5068
5079
5088
5096
5102
5106
5109
5112
5113
5114
5115
5116
5116
5117
5117
5117
5117
5117
5118
5118
5118
5117
5117
5116
5115
5115

Lake
Rddium Activity

(pCi/l)

(~-20)
5
5

55

5
5

5

6
6
6
6
6

7
7
7
7
7

8
8
8
8
8
9
9
9
11
12
15
16
16

Lake
TDS.Level

(ppm)

(-370)
574
597
638
675
711
728
776
809
841
874
907
941
976

I 1010
1045
1079
11 T3
1147
1181
1215
1248
1281
1313
1345
137.7
1408
1763
2055
3038
3592
4052
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Table 3 Predicted Lake Conditions Versus Time

Inflows (ac-ft/mo)

Lake Lake Lake Average
Time Volume Elev. Area Tailings [Dam Ore Body Uncovered Direct Averag

(Years) (ac-ft) (ft) (ac) Sand Sand Ore Body Sand Rainfall Runoff

Outflows (ac-ft/mo) Water Quality

TDS Radium
(ppm) (pCi/i

e Tailings Dam
Sand

Ore Body Average
Sand Evaporation

(rxi00O
I

20

100

500

1000

2000

13380

21130

19430

17540

13890

5068

5118

5116

5116

5115

144

190

188

187

187

38.6

25.2

25.6

26.0

25.9

8.0

5.2

5.1

4.8

4.3

7.1 12.2

3.6 16.1

2.1 16.0

1.6 15.9

1.1 15.9

15.6

15.3

15.3

15.4

15.4

0.0

5.7

5.3

5.1

4.9

0.0

2.5

2.1

1.7

1.3

43.8

57.8

57.1

56.8

56.8

744

1408

3038

3592

4052

5.2

9.0

15.0

15.5

15.8

Average sediment inflow rate is .3 ac-ft/mo



Table 4. Reclamation Lake Water Balances

Time Flow Rates (ac-ft/mo)

(Years) Inflow Outflow Sediment Storage.

20 81.5 43.8 .3 38.0

100 65.6 66.0 .3 -0.1

500 64.1 64.5 .3 -0.1

1000 63.4 63.8 .3 -0.1

2000 62.5 62.9 .3 -0.1
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Table 5 Reclamation Lake Water and Contaminant Mass Flows

TOS Mass Flows at 100 Years

Inflow/Outflow
Flow rate
(ac-ft/mo)

Tailings Dam Sand in

Ore Body Sand in

Precipitation

Runoff in

Tailings Dam Sand out

Ore Body Sand out

Evaporation

25.2

8.8

16.1

15.3

5.7

2.5

57.8

Conc.
(mg/l)

750

370

10

170

1408

1408

0

Mass. Rate
(grams/min)

540.5

93.1

4.6

74.4

229.5

100.7

0

Net inflow - 0.6 382.4

Radium Mass Flows at 100 Years

Flow Rate Conc. Mass Rate
Inflow/Outflow (ac-ft/mo) (pC i/l) (nCi/mi:n)

Tailings Dam Sand in 25.2 1.4 1.01

Backfill covered Ore
Body Sand in 5.2 0. 0.

Uncovered Ore Body
Sand in 3.6 20.0 2.06

Precipitation 16.1 0. 0.

Runoff in 15.3 2.2 0.96

Tailings Dam Sand out 5.7 8.9 1.45

Ore Body Sand out 2.5 8.9 0.64

Evaporation 57.8 0. 0.

Net inflow - 0.6 1.94
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APPENDIX A HYDROLOGIC PARAMETERS

This appendix presents data and discusses the methods used to estimate
precipitation, evaporation, surface water runoff, and ground-water flow for
the reclamation lake.

A.1 PRECiP:ITATION

Data from three weather stations were used to estimate average annual
precipitation (combined rainfall and rainfall-equivalent snowfall) at
the Highland site. These stations were: 1) Douglas Aviation with 18
years of record, 2) Bill 4S with 31 years of record, and 3) Glenrock
5ESE with 38 years of record. The locations of these stations are
shown in Figure 7. The data are summarized in Table A.l. For each
station monthly mean values were averaged over all years of record.
This generated annual cyclic rainfall data for each of the stations.
The three data sets then were superimposed. The combined data were
approximated by a quadratic spline function which was found using a
least squares fit analysis, The resulting periodic function, illus-
trated in Figure 10, gave a mean annual rainfall of 12.3 inches per
year with peak rainfall occurring in May. The standard deviation of
all yearly records is about two inches of precipitation per year.

A.2 EVAPORATION

Evaporation was calculated in a manner similar to that used to
calculate precipitation. Pan evaporation data were available from
three nearby stations: 1) Pathfinder Dam, about 75 miles southwest of
Highland with 28 years of record 2) Gillette, approximately 84 miles
north of Highland with 16 years of record, and 3) Whalen Dam, about 75
mil-s south of Highland with 30 years of record. The locations of
these stations are shown in Figure 7. The data are summarized in
Table A.2.

Pan evaporation differs from lake evaporation due to the small water
volume and to the large impact of animals drinking, leaf debris, or
possible shelter of trees and structures, for example, and may be
sensitive to measuring techniques. The pan at Gillette 2E is sheltered
by trees. The impact of this sheltering was studied by. Hanson and
Rauzi, 1977. As they recommended, pan evaporation data at this site
was raised by 14% to represent unsheltered evaporation. Lewis (1978)
found that all data before 1962 at Pathfinder Dam were taken by a
procedure different from the current one, so they were eliminated from
the data leaving 16 years of record.
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To calculate Highland equivalent pan evaporation, mean annual cyclic
data were generated from each of the three stations. Then the combined
data were approximated by a quadratic spline function. The resulting
cyclic function gave an average annual pan evaporation of 62.6. inches
per year with peak pan evaporation occurring in July and August. The
standard deviation is about two and a half inches per year.

Once other effects are eliminated, the smaller volume of the pan and
resultant higher evaporation rate must be accounted for. All1 pans used
in this study are of a specified configuration referred to. as a Class A
pan. Many studies have been done relating Class A pan evaporation to
lake evaporation, and the uniform result of these studies has
indicated that evaporation from deep lakes is about 70% of pan
evaporation under similar environmental conditions (Vie ssman, 1977,
Linsley, et al, 1982, Lewis, 1978). Therefore, .70 has become a
standard Class A pan-to-lake evaporation coefficient for deep lakes.
Using this coefficient yields an estimated lake evaporation of 43.8
inches per year. The Water Atlas of the United States (Geraghty, et
al, 1973) and other reference sources give mean annual. lake evapo-
ration of 43 to 44 inches for the Highland area in agreement with
calculated evaporation. Based on this information, cyclic evaporation
of 43.8 inches over the year, shown in Figure 10, was used for this
study.

A.3 SURFACE WATER RUNOFF RATE

Surface water drainage area is required to calculate surface water
runoff rate. The model subtracts the surface area of the lake from the
total drainage area before calculating surface water runoff. The
surface water drainage area chosen for reclamation plan assessment is
a 3180 acre drainage area containing the immediate lake area (840
acres), and Antelope Draw (2,340 acres), runoff from which will be
diverted to the lake. This and alternative drainage area combinations
are shown in Figure 11. Alternative drainage areas are considered in
the sensitivity studies described in Chapter 6.

Runoff was calculated using several different methods which are
summarized in Table A.3.

First, actual hydrograph measurements for Sage Creek tributary near
Orpha, Wyoming (Craig and Rankl, 1978) for 12 rainfall events over a
period of eight years were used to predict runoff trends .on an event
basis. The location of this station is shown in Figure 7. Rainfall
events, varying in size from .32 to 1.41 inches, were correlated to
their respective runoff and applied to mean expected Highland rainfall
events. This method gave an average runoff to rainfall ratio of 5.5%.
An examination of the multiple soil complex over this basin indicates
that Antelope Draw will probably have a slightly higher runoff rate per
unit area.
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Second, the Soil Conservation Service or SCS method was used. This is
a standard and fairly reliable correlative procedure for calculating
runoff. It is frequently used when no direct measurements of runoff at
the site are available, but contains more error than method's which are
more site specific. The method, which correlates runoff volume to soil
type, soil vegetation cover, drainage area, and size and temporal dis-
tribution of rainfall events gave an average runoff to rainfall ratio
of about 8.9%. This value would be expected to be higher than the value
generated by the first method because the soils in Antelope;Draw should
generate slightly higher unit runoff than those in theSage Creek
tributary catchment.

Third, nine to ten years of record at Frank Draw tributary near Orpha,
Wyoming, Sage Creek tributary near Orpha, and McKenzie Draw tributary
near Casper, Wyoming were compiled to generate correlations between
annual rainfall and runoff. The locations of these stations are shown
in Figure 7. The correlations based on these records gave an annual
runoff to rainfall ratio of 3.3%. This method is subject to more error
than the previous two since it is more sensitive to unusually large or
small rainfall events. Again, an examination of soils ýover these
catchments indicate that Antelope Draw will have a higher runoff rate.

Fourth, a power correlation published by the USGS (1976) between
runoff volume and drainage area based on eight gages in the plains
areas of Wyoming over a span of ten years was used. Predictions based
on this correlation would be expected to be high due to the large
variation of topography near Highland and the small amount of dat~a in
the very near vicinity. This method gave a high runoff torainfall
ratio of 24.4%. The document contained another power correlation for
plains areas of Wyoming which was not developed for the area containing
Highland but which was judged to be more typical meteorologically of
the Highland site. This correlation gave a runoff to rainfall ratio of
13.0%.

Fifth, the Wyoming Water Resources Research Institute (Smith,' 1974)
has published contours of constant runoff over the state~of Wyoming
based on about 20 years of stream flow records in Wyoming. , This
publication gave a runoff to rainfall ratio of about 2.4% at the
Highland site by interpolation between contours. These contours are
expected to contain some inaccuracy except at measured points. No data
were taken at the Highland site.

Weighing the results of all methods and bearing in mind the expected
inaccuracies in the various estimates, the average runoff to rainfall
ratio was estimated to be 6%.
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A.4 GROUND-WATER FLOW

A.4.1 Pit Stratigraphy

Stratum thicknesses near the pit are necessary to compute ground-
water flows into and out of the pit. The average pit stratigraphy
and stratum thicknesses near the pi'ts are shown in Fi-gure 12 and
Table A.4. A geologic model based on contour maps and drill hole
geophysical logs was used to estimate these thicknesses. From
this model, stratum thicknesses all around the perimeter.o.f the
lake were averaged separately for the west and east halves of the
pit at distances of 250 to 500 feet away from its edge.

The Lower, Middle and Upper Ore Body Sandstones, and the Tailings
Dam Sandstone supply all ground-water inflow to the lake, with
inflow generally from the west and outflow to the east. Average
stratigraphy indicates that these aquifers have thicknesses of 44
feet, 33 feet, 30 feet, and 45 feet on the west half and 35 feet,
27 feet., 36 feet, and 53 feet on the east half. of the pit,
respectively. The bottom of the pit is an average of about ten
feet above the bottom of the Lower Ore Body Sand. Details of
stratigraphy in the immediate area of the pit are presented in
Figures 3 and 12,

A.4.2 Lake Recharge and Discharge Elevations

Recharge and discharge elevations govern the pressure gradients
which control flow, into and out of the lake. The' continuous
water-bearing strata intercepted by the pit, the Tailings Dam
Sand and the Ore Body Sand, are recharged to the west of the pit
near Blizzard Heights and discharged to the east near North Fork
Box Creek. The recharge and discharge areas *are shown in
Figure 6. An intermediate regime ground-water flow net between
these areas was constructed from water level data taken under
pre-mining conditions in several wells between Blizzard Heights
and the pit. The flow net and water level data are also shown in
Figure 6. The flow net showed a recharge elevation of 5430 feet
above mean sea level and a discharge elevation of .5100 feet.
These were the recharge and discharge elevations chosen for the
lake model. The estimated recharge elevation, at about 200 feet
below the ground surface, is at an elevation generally consistent
with typical values in arid regions and in the Powder River Basin
(Hagmaier, 1971), but at the low end of the typical range..

A.4.3 Radius of Influence

The radius of influence of ground-water drawdown caused by the
lake must be input to the lake model to calculate pressure
gradient for ground-water flow. The radius of influence is
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greatest when the lake is first beginning to fill and the water
level is low. Therefore, an upper bound on the average radius of
influence throughout lake life can be calculated using estimated
ground-water inflow rates at early times. Two methods were used
to estimate this upper bound.

First, a mass balance was performed in which seepage rate into the
pit was equated to the product of an estimated ground-water
recharge rate and an area inside the radius of influence
available for recharge. This calculation indicated a radius of
influence between 1.5 and 2.5 miles. This range. estimates an
upper bound for the radius of influence not only because it
reflects higher flow rates at early times, but also because it
neglects pressure support provided by the fully pressurized
aquifer beyond the radius of influence.

Second, an estimate of water volume in the Pit 3 pond gave an
estimated ground-water inflow rate of 150 to 200 gpm. This flow
rate and average formation properties were input to an un-
confined, steady-state flow equation. A radius of influence of
three miles was calculated by this method. This result confirms
the general range calculated by the first method, but. is probably
less accurate due to the assumptions of the flow equation over the
entire layered depth of the lake. A maximum radius of influence
of 2.0 miles was chosen for the study.
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Table A. l

Precipitation Data

3 Stations

Station
Number

483693

480725

483950

Station
Name

Douglas Aviation

Bill 4S

Glenrock 5ESE

Years of
Record

1962-1979

1948-1978

1942-1979

Number
of Years

18

31

38
I

Averaged Over

Station
Name

All Years of Record

Precipitation (in)

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Douglas
Aviation 0.48 0.36 0.65 2.02 2.30 1.82 1.33 0.94 0.81 0.80 0.55 0.44

Bill 4S 0.35 0.34 0.67 1.41 2.46 1.79 1.44 0.85 0.90 0.67 0.47 0.57

Glenrock 5ESE 0.49 0.49 0.86 1.70 2.46 2.14 1.22 0.74 1.14 1.06 0.5 0.37



Table A.2

Evaporation Data

3 Stations

Station
Number

Years of
RecordStation Location

Number
of YearsData Type

487105

483855

489604

Near Pathfinder Dam,
76 mi. SE of Highland

Near Gillette,
84 mi. N of Highland

Whalen Dam,
75 mi. S of Highland

Class A
pan evap

Class A
pan evap

Class A
pan evap

1962-1977

1962-1977

1951-1980

16

16

30

Averaged Over All Years of Record

Station
N ame Evaporation (in)

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Gillette 2E* - - - 5.11 7.96 9.36 11.37 11.49 7.56 5.39 2.28 -

Pathfinder
Dam - 0.32 1.90 4.41 7.49 8.90 11.32 10.59 8.01 6.00 1.99 1.01

Whalen Dam - - 3.92 5.15 7.95 9.49 10.81 9.55 6.69 4.43

* Pan evap. values increased by 14% to compensate for pan sheltering due to trees.



Table A.3

Rainfall-Runoff Factor

Annual Surface Water Runoff as a Percent of Average Annual Rainfall (12.3 in)

Source Value Comments

A. Craig and Rankl
(1978)

B. SCS method

C. USGS Office,
Cheyenne

D. USGS (1976)

E. Smith (1974)

0.68 in; 5.5%

1.10 in; 8.9%

0.40 in; 3.3%

3.00 in; 24.4%
1.63 in; 13.0%

0.30 in; 2.4%

Actual hydrograph measurements
for Sage Creek near Orpha, 12
events over 8 years from 0.32 to
1.41 in, correlated:and applied
to mean Highland rainfall events.

This result was verified by
regrouping mean-annual storm
occurrences and using Antecedent
Moisture Condition (AMC) modifi-
cations.

9-10 yrs records: Frank Draw
near Orpha, Sag~e Creek near
Orpha, McKenzie Draw near Casper.

Power correlation With drainage
area based on 8 gages (20 yrs)
in quarter of Wyoming containing
Highland. Predictions probably
high near Highland due to varia-
tion in topography and small amount
of data.

Based on up to 20 yrs of stream-
flow records done specifically
for Wyoming.

Estimated rainfall-runoff rate is 6%.

I
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Table A.4

Pit Stratigraphy

Average, around
perimeter (ft)

Bottom Top Thick-
Elev Elev ness

Average on.
west edge (ft)

Bottom Top Thick-
Elev Elev ness

Average on
east edge (ft)

Bottom Top Thick-
Elev Elev nessStratum

I

Fowler Sand

Tailings Dam Sand

Tailings Dam Shale

tipper Ore Body Sand

Middle Ore Body Sand

Lower Ore Body Sand

5109

5061

5025

4993

4953

4894

5205

5109

5061

5025

4984

4934

96

48

36

32

31

40

5102

5057

5021

4991

4949

4889

5217

5102

5057

5021

4982

4933

115

45

36

30

33

44

5119

5067

5031

4995

4959

4901

5185

5119

5067

5031

4986

4936

66

52

36

36

27

35



APPENDIX B ROCK PERMEABILITIES

B.1 AQUIFER PERMEABILITIES

Permeability values for the Tailings Dam Sand were measured by pump
tests and core analyses. The locations of the wells are shown in
Figure 8.1. The results of three drawdown tests and a recovery test
performed by Exxon Minerals Company (see Figures B.2 through B..5)
conducted in Wells XXI, XII, and VII indicate permeabilities of 1190,
2220, 7930, and 7420 md (millidarcies)l, respectively.

Core tests were performed by ERCO Petroleum Services to determine
horizontal and vertical permeabilities. The results of the tests
conducted on Tailings Dam Sand cores are summarized in Table B.I.

Table 8.1

Laboratory Measurements of Permeability for the Tailings Dam Sand

Permeability (md)
(gas flood)

Core Depth (ft) Horiz Vert

VIII a 112.9-113.2 372 3177
b

XII a 127.4-127.8 2804 2992
b
c

XX a 122.7-123.1 6390 5522

The lab analyses agree closely with results obtained in the field.
Note that the horizontal and vertical permeabilities are nearly the
same in cores XII and XX. This indicates that the Tailings Dam Sand
may be isotropic. Visual inspection of the cores indicate that the
Tailings Dam Sand is very fine- to medium-grained with varying
amounts of silt and clay. Based on the above data, an isotropic
permeability of 2000 md was used for the Tailings Dam Sand.

1For typical properties of water, a permeability of 1 md is equivalent
to a hydraulic conductivity of about 1 x 10-6 cm/sec or 1 ft/yr.
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Permeability values for the Ore Body Sands were also measured by pump
tests and core analyses. Pump tests were performed in Wells XX and VI
which were completed in the Upper and Middle and Middle Ore Body
Sands, respectively. Results of these tests, shown in Figures.B.6 and
B.7, indicate permeabilities of 2060 and 6760 md respectiVely.

Core analysis data were taken at one-foot intervals through the Ore
Body Sands in seven core holes (see Figure B.I). When the per-
meabilities were arithmetically averaged over the entire core depth,
the following values were obtained:

Table B.2

Summary of Permeability for the Ore Body Sands

Permeability (md)
(gas flood')

Horiz VertCore Depth (ft)

2700-0505 384-411 1672 3450
0865-0875 353-361 1036
0815-4950 695-764 2236
2700-2310 650-704 3079
4260-0940 627-659 3235
4260-0940 745-795 3103
2650-0320 367-400 2288 1687
0600-0810 633-667 834 .626

Since these
Tailings Dam
aquifers.

results are very similar
Sand, a single permeability

to those obtained for the
of 2000 md was used for both

B.2 SHALE PERMEABILITY

Permeability values for the Tailings Dam Shale were measured by core
analysis. The Tailings Dam Shale has very low permeabilities and very
long-term pump tests would have been required to obtain field
permeability measurements. The results of the core analyses can be
summarized as follows (see Figure B.1 for core locations):
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Table B.3

Summary of Permeability for the Tailinqs Dam Shale

Depth
(Feet)Core

Permeability
(md)

Air Water
Reference

1

1
1
1

4
XX
XXa

60.5
75.5
80.5
85.5
35.5
40.5

169.9-170.3
169.0-169.5

1.0
9.3
0.10
0.15
0.03

Dames & Moore (1980b)
Dames & Moore (1980b)
Dames & Moore (1980b)
Dames & Moore (1980b)
Dames & Moore (1980b)
Dames & Moore (1980b)

ERCO (1981)
Exxon Prod. Research
Exxon Prod. Research
Exxon Prod. Research
Exxon Prod. Research
Exxon Prod. Research

c
d
e

Since the permeabilities of the shale samples were very low relative
to the aquifer permeability, the shales were assumed to be imper-
meable for this study.

i
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APPENDIX C WATER QUALITY

The water quality parameters of concern for this study are total dissolved
solids (TDS), dissolved radium 226, and total suspended solids (TSS) which
are treated as the source of sediment.

C.l SOURCES OF TOTAL DISSOLVED SOLIDS

Dissolved solids (TDS) are brought into the lake by precipitation,
surface water runoff, and ground water.

C.l.l Precipitation TDS

Precipitation was estimated to have a typical TDS content of
from 1 to 10 parts per million (ppm) based on precipitation
quality values in the literature (Lerman, 1978 and Frey, 1963).
A precipitation TDS concentration of 10 ppm was, chosen as a
conservative estimate.

C.l.2 Surface Water TDS

Surface water quality data from the Highland Uranium Operations
and from the Wyoming Water Resources Research Institute were
used to estimate the average total dissolved solids concen-
tration in surface waters flowing into the lake. The data are
shown in Table C.l.

Separate TDS loads were calculated for drainage area disturbed
by mining operations and for undisturbed drainage area since
disturbed areas commonly generate higher TDS loads. For the 840
acre disturbed drainage area in the vicinity of the lake, the
estimated TDS load is about 840 ppm. For the undisturbed areas,
the TDS load is estimated to be about 170 ppm. These values were
weighted by area over 3180 acres, yielding 345 ppm TDS in surface
waters flowing into the lake before recovery of disturbed areas
to natural conditions.

Typically, recovery corresponds to completion of revegetation.
Twenty years were conservatively allowed for recovery in the
model, after which time a surface water TDS level of 169 ppm was
used.

C.1.3 Ground Water TDS

Total dissolved solids in waters from the Tailings' Dam Sandstone
and from the Ore Body Sandstone are shown in Tables C.2 and C.3.
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Tailings Dam Sandstone

The quality of the water from the Tailings Dam Sandstone was
calculated using well samples collected by Exxon Minerals
Company.. The mean TDS content of the Tailings Dam Sandstone
waters was calculated to be about 750 ppm.

Ore Body Sandstone

The total dissolved solids concentration of water from the Ore
Body Sandstone was calculated using well water samples from the
Ore Body Sandstone. These calculations yielded an average value
of about 370 ppm.

C.2 SOURCES OF RADIUM

Radium is brought into the lake by surface water runoff and by
ground-water flow.

C.2.1 Surface Water Radium

Surface water quality data from the Highland Uranium.Operations
and from the Wyoming Water Resources Research Institute were
used to estimate radium levels in surface waters flowing into
the lake. The data are shown in Table C.4.

Separate values were calculated for the two surface drainage
areas in the vicinity of the mine. These values were weighted by
area over 3180 acres using 4.6 pCi/l radium activity for the 840
acre disturbed drainage area and 1.3 pCi/l for the 2340 acre
undisturbed area. The weighted estimate of radium level in the
surface water runoff contribution was 2.2 pCi./l radium activity.
Because it has not been established that radium contamination
may be related to disturbance or revegetation of soils, and in
order to be conservative, this value was not decreased to 1.3
pCi/l (as TDS was reduced) after anticipated revegetation.

C.2.2 Ground Water Radium

Radium levels in the ground water of the Tailings Dam Sandstone
and the Ore Body Sandstone are shown in Tables C.5 through C.8.
Higher levels of radium in the Ore Body Sandstone are related to
uranium mineralization. Sampling well locations are shown in
Figures C.1 and C.2.



Tailings Dam Sandstone

The radium level in water from the Tailings Dam Sandstone was
calculated using well water samples collected by Exxon Minerals
Company. The data are shown in Table C.5. These samples gave a
mean of 1.4 pCi/l radium activity.

Ore Body Sandstone

The radium level in water entering the lake from the Ore Body
Sandstone was calculated using three sets of data. *These were
well water samples from: 1) the Ore Body Sandstone, 2) the
accumulated ground-water seepage in Pit 3, and 3) the Pit 2 sump
(actually located in Pit 3).

The largest set of data on radium levels in water from the Ore
Body Sandstone consisted of solution mine well water samples
(see Table C.6). These data are biased toward high radium levels
because most of the wells were. drilled through or very near high
grade ore bodies in preparation for solution mining. The
locations of the sampling wells and ore bodies are shown in
Figure C.2.

These wells are generally single-sand completions and lo-
cated: 1) northeast of the pit in the Pilot Solution Minearea,
or 2) about two miles west of the pit in the proposed Section 24
Solution Mine area.

There was no statistically significant difference at the 5%
significance level between the radium levels measured-for the
two locations, so data from both locations were pooled for
subsequent statistical evaluation. Similarly, there was no
statistically significant difference between the radium levels
in the Lower Ore Body Sand and in the Middle Ore Body Sand, so
these data were pooled. The radium levels measured in the Upper
Ore Body Sand (see Table C.7) were significantly lower than
those measured in the Lower Ore Body Sand or the Middle Ore Body
Sand and were treated separately.

The 38 samples from the Lower and Middle Ore Body Sands fit a
lognormal distribution. The mean was calculated, assuming a
lognormal distribution and sample variance equal to population
variance, to be 55 pCi/l with a 95% confidence interval about the
mean of 31 pCi/l to 96 pCi/l. An alternate technique, Sichel's
t-estimator for the mean of a lognormally distributed sample of
small size with an unknown population variance (David, 1977),
gave a mean value of 51 pCi/l with a 95% confidence interval
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about the mean of 29 pCi/l to 153 pCi/l. A value of 55 pCi/l was
chosen as the more conservative estimate of the radium level in
the Lower and Middle Ore Body Sands in or near ore bodies.

The radium level in the Upper Ore Body Sand was estimated from
samples taken from wells completed in the Upper Ore Body Sand to
be 1.3 pCi/l radium activity.

Radium data from three mine dewatering wells completed through
the uranium ore zone far from high grade ore bodies to the
northwest of the pit showed low radium levels (see Table C.8).
The average radium level in the multiple completion dewateri.ng
wells was 2.4 pCi/l. These were mixed samples from the combined
Lower and Middle Ore Body Sands and from the Upper Ore Body Sand
away from high grade ore bodies. Assuming the radium contribu-
tion from the Upper Ore Body Sand to be 1.3 pCi/l as noted above,
a flow weighted calculation shows that the data, from the
dewatering wells indicates a radium level of 2.9 pCi/l in the
Lower and Middle Ore Body Sands far from high grade uranium ore.

These calculations indicated different levels of radium activity
in three types of flows from the Ore Body Sand; 1.3 pCi/l radium
activity from the Upper Ore Body Sand, 2.9 pCi/1 from the Lower
and Middle Ore Body Sand far from high grade ore bodies, and 55
pCi/l from the Lower and Middle Ore Body Sand within high grade
ore bodies.

To estimate the average radium activity contribution from the
Ore Body Sands the following procedure was used: A semicircular
area to the west of the proposed lake was divided into six equal
sectors representing radial flow paths within a one-mile radius.
The division is shown in Figure C.3. If a sector' contained
significant ore bodies in the Lower or Middle Ore Body Sands, it
was assigned a radium level of 55 pCi/l; if not; or if
measurements in the sector were low, it was assigned the
background value of 2.9 pCi/l. This method gave an estimated
radium level of 20 pCi/l in water from the Ore Body Sands. In
these calculations, the values assigned to the Middle and Lower
Ore Body Sands were also used for the Upper Ore Body Sand to
obtain conservative results. If the 1.3 pCi/l radium leve.l from
the Upper Ore Body Sand were used, calculated average radium
levels would be about 15 pCi/l.

Ten measurements of water quality in the ground waterseepage in
Pit 3, taken in 1981 and 1982, show an average radium level of 17
pCi/l with a standard deviation of 7 pCi/l. Twenty-one
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measurements from December, 1976, to July, 1982, of Pit 2 sump
water show an average radium level of 17 pCi/l with: a standard
deviation of 15 pCi/l. The data are shown in Table C.8.
Approximate calculations indicate that, for early times., and
without any surface water contribution, the radium values
measured from the Pit 2 sump and in the Pit 3 seepage water pond
should closely approximate the radium levels enteringfrom the
Ore Body Sandstones. Thus,, all three sets of data support a
value of 20 pCi/l radium as a best estimate of radium level in
water from the Ore Body Sandstone.

C.3 SOURCES OF SUSPENDED SOLIDS

Total suspended solids (TSS) brought into the lake by surface water
runoff will be the dominant source of sediment in the lake. Therefore
other sources were ignored for this study. Sediment yield calcu-
lations are summarized in Table C.9.

Correlations published by the USGS (Schumm and Hadley', 1961) in
Wyoming and by Linsley, 1982, gave values of from 0.4 to 3.7 percent
by volume of surface runoff. Soil erosion calculations by the
Universal Soil Loss Equation (McElroy, et al, 1976) were used to
estimate an annual suspended sediment load of 2.7 percent by volume of
surface water runoff after revegetation of disturbed drail:nage areas.
A value of 1.9 percent by volume of runoff was used in the model to
estimate sedimentation rate in the lake. It was assumed that the
entire sediment load would settle in the lake.
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Table C.1

TDS in Surface Water

Disturbed Area

Sample

Creek SE of Highla
mined area

Box Creek

Reservoir 2A

Buck Reservoir

Oxbow below dump 2•

840 acres

Data Source

id Exxon Minerals Co.

Water Resources Research

Institute (U. of Wyoming)

Exxon Minerals Co.

Exxon MineraIs Co.

A Exxon Minerals Co.

Mean TDS
(ppm)

927

No. of
Samples

II

773

749

584

1151

4

9

9

7

Mean 836

Standard Deviation 214

Undisturbed Area 2340 acres

Mean TDS No. of

Sample Data Source (ppm) Samples

Fowler Draw stock pond Exxon Minerals Co. 149 8

Antelope Reservoir Exxon Minerals Co. 188 9

Mean

Standard Deviation

169

28

Combined

840(836) + 2340(169) 345 ppm
3180

After Recovery

TDS = 169 ppm
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Table C.2

TDS in Tailings Dam Sand Water

Well 10-.30-81 11-30-81 12-31-81 Mean TDS (•ppm)

RM3 441 360 370 390

RM4 1042 966 988 999

TDM XXVIII 848 848

Mean

Standard Deviation

746

317

Data Source: Exxon Minerals Co. (with Bell Petroleum Lab data)
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Table C.3

TOS in Ore Body Sand Water

Well

TOM A

W-15

W-11

W-21

W-22

TOM XI

TOM XXX

I-I

I-3

P-3

P-5

P-7

P-9

0-2

0-3

0-5

0-6

0-8

0-9

Mean TDS (ppm)

421*

297

359

381

361

415*

242*

396

341

394

351

292

354

448

312

404

446

339

409

Number of Samples

2

1

3

3

3

2

3

2

2

4

5

5

5

2

5

5

2

2

2

Mean 366

Standard Deviation 55

Data Source: Exxon Minerals Co.
* (with Bell Petroleum Lab data)
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Table C.4

Ra in Surface Water

840 Acre Drainage Area

Mean Ra Number of
(pCi/i) SamplesSample

Creek SE of Highland
mined area

Box Creek

Reservoir 2A

Buck Reservoir

Oxbow below dump 2A

Data Source

Exxon Minerals Co.

Water Resources Research
Institute (U. of Wyoming)

Exxon Minerals Co.

Exxon Minerals co.

Exxon Minerals Co.

6.06

0.48

1.30

5.50

6.10

25

4

11

10

6

Mean

Standard Deviation

4.60

3.00

2340 Acre Drainage Area

Mean Ra Number of
Sample Data Source (pCi/!) Samples

Fowler Draw
stock pond Exxon Minerals Co. 0.85 11

Antelope Reservoir Exxon Minerals Co. 1.83 10

Me an

Standard Deviation

1. 30

0.70

Combined

840 (4.6) + 2340 (1.3)
3180 = 2.2 pCi/l
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Table C.5

Ra in Tailings Dam S.and Water

Well

RM3

RM4

TOM

TOM

TOM

TOM

TDM

TOM

Vll
VI
IX

XII

XXI

XXVI

XXVIII

10-30-81

1.19

1.50

1.02

1.40

1.95

2.80

11-30-81

0.55

1.72

0.76

1.69

1.77

1.17

0.86

12-31-81

0.87

2.65

1.16

1.53

1.56

1.66

1.42

Mean Ra (pCi/l)

0.87

1.96

0.98

1 .40

1.72

2.04

1.42

1.14

Mean 1.44

Standard Deviation 0.44

Data Source: Exxon Minerals Co. (with Bell Petroleum Lab data)
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Table C.6

Ra in Middle and Lower Ore Body Sand Water

(Pooled Data)

Well Sand Ra (pCi/l) Mean Std Dev

1
2
3
4-2
6
7
8
9
10
11-23
14
16
19-3
21
24
25
K-1-3
K-3-9
K-9-7
K-7-15
K-11-15
0-4
0-7
0-10
0-13
0-2
0-3
0-5
0-6
0-8
0-9
P-3-2
P-5
P-7
P-9-2
I-I
1-3-2
E-M-I

middle1
lower
lower
middle
middle
middle
middle
middle
middle
lower
lower
lower
middle
middle
1 ower
middle.
lower
lower
lower
lower
lower
lower
1 ower
lower
lower
lower
lower
lower
lower
lower
lower
lower
lower
lower
lower
lower
lower
middle

99.00
2.30
0.00
2.30

14.00
0.00
0.60

14.00
46.10

3.90
77.00
70.00
2.60

24.00
18.00
26.00
36,00
19.00
24.00
79.00
6.60
5.80
0.50
2.00

27.00

3.60
160.00
16.00
2.70
3.60

8.30

153.00
320.00

2.10

90.00
2.70
2.00
1.80

15.00
0.60
1.90

27.00
3.60
2.30

65.00
110.00

2.30
26.00
19.00
24.00
14.00
14.00
38.00
74.00
15.00
5.30
0.50
1.70

28.00

1.30
260.00

1.00

10.00

240.00
2.40

80.00
3.40
2.50
1.90
9.30

1.20

3.90
2.90

94.00
153.00

1.90
23.00
19.00
41.00
54.00
20.00
16.00
58.00
20.00
3.90
0.30
0.50

16.00
7.20
1.20

260.00
14.00

3.10
1.40

43.00
291.00

14.00
104.00
150.00
157.00

3.70

104.00
1.50
0.60
1.90

16.00
0.20
0.80
3.50
3.80
3.50
3.50*

161.00
1.60

27.00
15.00
0.70*

43.00
23.00
27.00
28.00
13.00
2.90
1.80
0.90

29.00
8.80
1.50

207.00
12.00
2.20
4.50

36.00
296.00

8.80
106.00
101.00
296.00

1.60

140.00
2.70
3.90
0. 90

24.00
2.40
2.80

12.00
2.50
3.50
5.00*

92.00
3.90

24.010
12.00
41 .00
22.00:
17.00
25.00
27.00
13.00

1.80
2.00
1. 10

32.00
9.30
4.80

218.00
151.00
1.10
0.0

48.00
171.00

3.00
110.00
92.00

173.00
3.90

102.60
2.52
1.80
1.76

15.66
0.80
1.46

14.13
11.98
3.22

78.67
117.20
2.46

24.80
16.60
33.00
33.80
18.60
26.00
53.20
13.52
3.94
1 .02
1.24

26.40
8.43
2.48

241.00
14.25
* 2.27

4.10
.42.33
252.67

8.82
106.67
124.00
237.20

2.74

22.82
0.69
1.55
0.52
5.32
1.10
0.90
9.72

1.9.08
0.63

14.57
39.10
0.89
1.64
3.03
9.27

16.04
3.36
7.91

24.71
4.81
1.66
0.81
0.61
6.11
1.10
1.63

59.93
1.71
0.87
1.88
6.03

70.77
3.95
3.06

31.99
72.24
1.01

Log Normal Mean 54.65

95% confidence interval = 31.20 to 95.70
Sichel's t Mean 51.42

5%,' confidence interval =.28.50 to 152.80
*lower outliers removed from data.

Data Source: Exxon Minerals Co.
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Table C.7

Ra in Upper Ore Body Sand Water

Wel 1

5

15

23

K-M-I

TDM VI

TDM XI

TDM XXIX

TDM XXX

0.50

0.70

0.00

1.00

1.50

0.30

0.60

1.60

Ra (pCi/l)

0.70

0.10

2.00

2.10

0.76

3.14

0.70

1.70

0.80

1.90

1.06

1 .80

1.35

0

0

0

4

0

Mean

.50 0.78

.30 0.62

.80 0.84

.80 2.28

.67 0.86

- 3.14

.67 1.23

.74 1.11

Std: Dev

0.41

0.64

0.73

1.47

0.28

0.80

0.33,1.24

0

0

Log Normal Mean

Standard Deviation

95% confidence interval

1.36

0.89

0.85 to 2.18

Data Source: Exxon Minerals Co.
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Table C.8 Ra in Mixed Ore Body Sand Water

Pit 2 Sump

RaDate

12-76

05-77

07-77

10-77

11-77

12-77

01-78

02-78

05-78

08-78

11-78

05-79

08-79

11-79

02-80

05-80

08-80

11-80

02-81

05-81

08-81

11-81

02-82

07/08-82

(pCi/1)

1.48

143.42*

110.71*

51.

13.

54.

11.25

13.78

15.20

0.50

7.24

19.

13.

10.

16.

600.*

7.91

6.9

7.3

22.

3.4

40.

27.

8.05

Mean

Standard Deviation

*Outlier removed from data

16.6

14.9
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Table C.8 (continued)

Ra in Mixed Ore Body Sand Water

Pit 3 Seepage

Date Ra (pCi/l)

11-81 23.

12-81 26.

02-82 17.

03-82 19.

04-82 16.4

05-82 14.7

06-82 21.1

07/08-82 19.41

09-82 5.12

11-82 7.48

Mean 16.9

Standard Deviation 6.5

Multiple Completion (Lower, Middle, Upper) Dewatering Wells

t

Well Ra (pCi/l)

W-11 2.40

W-21 3.47

W-22 1.26

Mean 2.38

Standard Deviation 1.11

Data Source: Exxon Minerals Co.
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Table C.9

Sediment Yield of Reclamation Lake Drainage Area

Annual Sediment Yield (as percent by volume of mean annual runoff)

Source

A. Schumm and
Hadley (1961)
(relief ratio
method)

B. Schumm and
Hadley (1961)
(area method)

C. Linsley et al
(1982)

D. USLE Calcula-
tions

Value

0.005 in; 0.7%

0.003 in; 0.4%

0.027 in; 3.7%

0.020 in; 2.7%

Comments

Study was conducted on many
small drainage basins in eastern
Wyoming.

Same as above.

Power correlation of sediment
yield to mean annual discharge.

Some parameters not easily
quantified

Mean 1.9%

Smith, 1974, annual sediment yield between 0.13 and V' 3 ac-ft/mi 2 (0.002

to 0.340 inch)
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APPENDIX D PIT SHAPE AND BACKFILL AND SEDIMENT CHARACTERISTICS

D.1 PIT SHAPE

The approximate shape of the reclaimed pit is shown in Figure 9. The
pit will have backfill placed along most of its perimeter. In
addition,, surface material from the upper edges will be pushed into
the pit to reduce side slopes. On the west side of the pits, the slope
is approximately three-to-one. Along the northern walls of Pit 3, the
overall average slope is approximately three-to-one, with a large
bench at about 5040 feet above above mean sea level. From Pit 3 to
Pit 4 along the eastern walls, the slope varies from the stepped
configuration typical of Pit 3, to the lesser sloped walls formed of
Pit 2 backfill, to a one-to-one unbackfilled slope on the south and
southwest walls of Pit 4.

Lake water volume,'elevation, and surface area must be available to
the model for flow and composition calculations. A topographic map of
the pit was used to calculate the interdependence of these three para-
meters. Functional relationships between lake water volume and lake
water surface elevation and between lake water volume and lake water
surface area were obtained by fitting quadratic spline functions
through the data using a least squares method. The spline fit
functions are given in Figure D.1.

D.2 BACKFILL CHARACTERISTICS

Backfill materials used for recontouring the pit walls are a mixture
of sands and shales from formations overlying those containing
uran.ium ore. These materials are free of significant radium
activity. A pump test run in the backfill material indicated a
permeability of 42 md (4.1 x 10-5 cm/sec) (see Figure 0.2). Lab tests
on the materials composing the backfill measured an average porosity
of 35%.

To reduce. slope angle of the pit walls, overlying formations will be
pushed into the pit and additional backfill will be placed along part
of the pit walls over the inflow side of the Ore Body Sandstone,
thereby impeding inflow from the higher radium Ore Body Sandstone. As
discussed earlier, various slope angles around the lake perimeter are
planned. Average thickness of the backfill over the Ore Body
Sandstones around the perimeter of the lake was calculated using
topographic maps of the reclamation plan. Under this plan, the
backfill covers only the Ore Body Sandstone and intervening shale
layers with an average thickness of about 450 feet on thewestern
walls of the pit and 250 feet on the eastern walls. About 10 feet of
the Lower Sandstone remain unexcavated on parts of the p.it bottom.
Flow, from this layer of sandstone is therefore not impeded by
backfill.
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The low-radium backfill can attenuate radium in waters flowing from
the Ore Body Sandstone. A methodology was developed for calculating
distribution coefficients (Kd's) for the Highland Sandstones using
well sample radium activities and ore-grade values at the wells.
Appendix E contains an explanation of the distribution coefficient,
and shows, in Table E.1, the results of calculations of Kd used for
this study. These calculations yielded a wide range of results, with
a minimum coefficient of about 100 ml/g, a mean of about 9000 ml/g,
and a maximum of over 190,000 ml/g. Calculations using 100 ml/g as a
conservative estimate of radium attenuation potential in the backfill
material showed complete removal of radium from water flowing through
the backfill during the life of the lake.

D.3 SEDIMENT CHARACTERISTICS

Average values of permeability for silty sediments range from :.Ol to
1000 md, values for silty sand sediments range from 10 to 105 md
(Freeze and Cherry, 1979, McWhorter and Sunada, 1977, Linsley, et al,
1982). The measured permeabilities of the consolidated Highland
shales ranged from .03 to 9.3 md (see Appendix B, Table B.3). Since
sediments generated by erosion of these low permeability shales would
be mixed with coarser-grained sedimentary materials and deposited in
a low-density unconsolidated form, 10 md (the upper limit of
permeability for the Highland shales) was anticipated to be a lower
bound for permeability of the lake sediments. The permeability of the
Highland sands (2000 md) was chosen as an upper bound. The value of
permeability for the sediment was chosen to be 40 md. This value is
similar to the permeability of the mixed sand-shale backfill and
falls in the lower mid-range of average permeabilities for silty sand
sediments.
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APPENDIX E THE DISTRIBUTION COEFFICIENT

Adsorption-desorption reactions, including ion exchange, can have important
impacts on solute concentrations in ground water. However, the large number
of possible reactions between the many chemical constituents in the water
and on the rock or soil surfaces make analysis of these reactions quite
difficult.

To quantify the net impact of such reactions, a relatively simple laboratory
test is often conducted.. The test involves equilibrating known quantities
of the solute-carrying water and the adsorbing or desorbing porous medium.
The solute concentration in the water is measured before and after contact
with the rock or soil. The test assumes that any solute concentration
decrease is caused by adsorption onto the solid and that any concentration
increase is caused by desorption from the solid. The equilibrium condition
is then expressed as an apparent distribution coefficient between the water
and the solid. This distribution coefficient, Kd, is defined to be the mass
of solute on the rock per unit mass of rock divided by the mass of 'solute in
the liquid per unit volume of liquid.

Once calculated, the apparent distribution coefficient, and the bulk
density and porosity of the porous medium, can be used to calculate the
velocity of a specific solute concentration front relative to the average
seepage velocity of the water through the porous medium. This relationship
can be expressed by the equation:

VRa 1~ObVw 1l+ 0:Kd)

where VRa = velocity of radium front

Vw = seepage velocity of water

Pb= bulk density of porous medium (.g/ml)

= porosity of porous medium

Kd = distribution coefficient (ml/g).
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Since the movement of the attenuated contaminant is not stopped but only
retarded, it is meaningful to define a breakthrough time. For an
attenuating medium with a finite pore volume, breakthrough time is the time
required for the contaminant front to pass entirely through that volume and
begin to contaminate the region beyond it.

The distribution coefficient for radium 226 in a particular soil can also be
calculated without a lab test where both average ore grades and dissolved
radium activities are known. The method assumes that: 1.) uranium and
radium are in secular equilibrium and 2) solid radium is in chemical
equilibrium with ground water. The first assumption leads to the conclusion
that the activity of uranium 238 per bulk unit mass of ore body equals the
activity of. radium 226 per bulk unit mass of ore body. The resulting
expression for calculating the distribution coefficient is:

Kd : 2.81 x 1C6 G 1
ARa

where Kd = distribution coefficient (ml/g)

G = average uranium grade, lbs U3 08/PON lbs dry ore

ARa = activity of Ra 226 in ground water, pCi/l.

The results of this calculation for Highland data are presented in
Table E.I.
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Table E.1

Distribution Coefficients for Highland Sands

Sand
Thickness

(ft)

Grade
Thick-
ness

Mean Ra
ARa (pCi/l)

%U3 08 in
Total Sand, G

Mass
Uran i um(kg)

Uranium
Activity

(Ci/1)Well Sand Kd (ml/g)

5

15

23

K-M-I

TDM XXIX

TDM VI
I

rn 4-2

6

7

8

9

I0

19-3

21

25E-M-l

2

3

11-23

14

lower

lower

lower

lower

lower

lower

middle

middle

middle

middle

middle

middle

middle

middle

middle

middle

middle

upper

upper

upper

upper

21.0

27.0

28.0

30.0

27.0

12.0

55.0

41.0

86.5

45.0

56.5

47.0

37.5

42.0

30.0

43.0

55.0

19.0

82.0

44.0

83.5

0.020

0.020

0.020

0.020

0.020

0.020

1.493

0.049

2.439

2.436

0.439

2.677

0.253

0.021

0.020

0.157

0.020

0.502

0.208

0.020

1.129

0.8

0.6

0.8

2.3

1.2

0.9

102.6

1.8

15.7
0.8

1.5

11.3

3.6

2.5

24.8

26.5

2.7

2.5

1.8

3.2

49.6

0.001

0.002

0.001

0.001

0.001

0.001

0.030

0.012

0.031

0.055

0.014

0.059

0.010

0.002

0.001

0.005

0.001

0.029

0.006

0.002

0.021

0. 1556E-04

0.311 1E-04

0. 1556E-04

0. 1556E-04

0. 1556E-04

0. 1556E-04

0.4667E-03

0. 1867E-03

0.4822E-03

0.8556E-03

0.2178E-03

0.9178E-03

0.1556E-03

0.3111E-04

0..1556E-04

0..7778E-04

0.1556E-04

0.45,11E-03

0.9333E-04

0.3111E-04

0.3267E-03

0. 5160E-08

0. 1032E-07

0.5160E-08

0.5160E-08

0. 5160E-08

0.5160E-08

0. 1548E-06

0.6192E-07

0. 1600E-06

0.2838E-06

0.7224E-07

0. 3044E-06

0. 5160E-07

0. 1032E-07

0.51160E-08
0. 2500E-07

0.5160E-08

0.1496E-06

0.3096E-07

0.1032E-07

0. 1084E-06

3512

9366

3513

1221

2341

3121

821

18732

5547

193187

26226

14671

7805

2247

112

529

1040

32595

9366

1755

1189
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Table E.1 (contd.)

Distribution Coefficients for Highland Sands

Sand
Thickness

(ft)

Grade
Thick-
nessWell Sand

Mean Ra
ARa (pCi/1)

%U30 8 in
Total Sand,

Mass
Urani um

(kg)

Uranium
Activity
(Ci/i)G Kd (m1g9)

16

24

K-1-3

K-3-9

K-9-7

K-7-15

K-11-15

0-4

0-7

0-10

0-15

0-2

0-3

0-5

0-6

0-8

0-9

P-3-2

P-5

P-7

P-9-2

I-I

1-3-2

upper

upper

tipper

upper

upper

upper

upper

upper

upper

upper

upper

upper

upper

upper

upper

:upper

upper

upper

upper

upper

upper

upper

upper

36.0

40.0

60.0

51.0

64.5

46.0

72.0

51.0

47.0

53.0

48.0

59.0

44.0

31.0

20.0

43.0

29.0

42.0

30.0

41.5

38.0

49.0

48.5

0.560

0.103

0.287

0.525

3.287

1.423

.2.678

0.020

0.020

0.020
0.020

2.491

0.020

0.840

0.090

0.051

0.056

0.551

2.027

0.292

0.265

0.905

0.851

117.2

16.6

33.8

18.6

26.0

53.2

13.5

3.9

1.0

1.2

26.4

8.4

2.5

241.0

14.3

2.3

2.1

42.3

252.7

8.8

106.7

124.0

237.2

0.015

0.005

0.007

0.013

0.053

0.032

0.039

0.002

0.002

0.001

0.003

0.045

0.001

0.029

0.006

0.004

0.005

0.012

0.069

0.009

0.019

0.021

0.019

0.2333E-03

0.7778E-04

0. 1089E-03

0.2022E-03

0.8244E-03

0.4978E-03

0.6067E-03

0.311IE-04

0.3111E-04

0. 1556E-04

0.4667E-04

0.7000E-03

0. 1556E-04

0.451 1E-03

0.9333E-04

0.6222E-04

0.7778E-04

0. 1867E-03

0. 1073E-02

0. 1400E-03

0.2956E-03

0.3267E-03

0.2956E-03

0.7740E-07

0.2580E-07

0.3612E-07

0.6708E-07

0.2735E-06

0. 1651E-06

0.2012E-06

0. 1032E-07

0. 1032E-07

0.5160E-08

0.1548E-07

0.2322E-06

0. 5160E-08

0. 1496E-06

0.3096E-07

0.2064E-07

0.2580E-07

0.6192E-07

0.3560E-06

0.4644E-07

0.9804E-07

0.1084E-06

0.9804E-07

359

845

581

1963

5727

1689

8117

1440

5619

2341

318

15053

1123

337

1178

4886

6689

796

766

2873

499

475

224

QH1A



APPENDIX F EFFECTS OF LINING THE PIT BOTTOM

Exxon Minerals Company originally planned to place backfill material on
the bottom of the Highland reclamation lake. A preliminary assessment of
the effect of-lining the bottom of the. lake with low permeability material
indicated, that water qaulity would worsen due to a restriction of water
inflow and outflow from the Ore Body Sandstone. This appendix documents
the changes in lake water quality and final water surface elevation which
will occur if a liner is installed.

F.1 METHODOLOGY

The actual impact of a liner on the composition of the proposed lake
will depend upon the permeability, thickness, and attenuation capa-
city of the liner. To bound the effects of backfill material of
various thicknesses, four limiting cases were simulated:

CASE 1

No backfill material is placed on the lake bottom. This corresponds
to the base case presented in the body of this report.

CASE 2

An ideal liner is placed on the lake bottom which does not impede
water flow into or out of the lake, but removes all radium from water
flowing from the Ore Body Sandstone. The time to radium breakthrough
is assumed to be greater than the life of the lake. This limiting case
would correspond to a liner with a high permeability and a large
distribution coefficient.

CASE 3

A liner is placed on the lake bottom which impedes all.flow of'..iter
from any Ore Body Sandstone not already covered by backfill. This
limiting case corresponds to a thin totally impermeable (i.e., clay-
like material) liner placed evenly on the lake bottom.

CASE 4

A 50-foot impermeable liner is placed on the lake bottom. :This layer
prevents water inflow and outflow through any sandstone at an
elevation less than 50 feet from the original base of the pit.

F.2 RESULTS AND DISCUSSION

This section presents the results of the four simulations outlined
above. The effect of each idealized liner on the radium concen-
trati-on, total dissolved solids concentration (TDS)', and lake water
surface elevation is examined. These quantities are plotted versus
time in Figures F.1, F.2, and F.3 for the four cases analyzed.
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CASE 1

If no liner is present, the TDS concentration and radium activity wili
rise to 1000 ppm and 7 pCi/l respectively over the first 50 years.
Thereafter, both concentrations will continue to rise at decreasing
rates. At 2000 years lake radium level is 16 pCi/l .and the TDS
concentration is .4100 ppm (see Figures F.1 and F.2).

Lake water elevation reaches a maximum of 5118 feet above mean sea
level at 100 years. Then, the elevation decreases at a slower rate. to
5115 feet at the end of 2000 years (see Figure F.3).

CASE 2

When all radium is attenuated but flow is not restricted, the radium
activity increases at a slower rate than in Case 1 for about the first
50 years to slightly over 2 pCi/l and then continues to increase to
about 12 pCi/l at 2000 years (see Figure F.1). The TOS concentration
and lake water elevation are identical to those predicted in Case 1
since the ideal liner does not restrict flow (see Figures F.2 and
F.3).

This case in unrealistic because, although a liner could remove
radium effectively, it would also impede flow into and out of the
lake, causing higher radium and TDS levels, and a lower filling rate
than predicted. However, this result shows that the radium activity
level cannot be reduced below 12 pCi/l at 2000 years by the liner.

CASE 3

When flow from the bottom of the lake is completely restricted, the
radium concentration increases for the first. 50 years at a higher rate
than in Case 2, but still slower than in Case 1 with no liner present.
At 50 years, the radium concentration is about 3 pCi/l and increases
to 13 pCi/l at 2000 years (see Figure F.I). The concentration of TDS
increases at a higher rate than in the two previous cases to 4400 ppm
at 2000 years (see Figure F.2). The maximum water surface elevation
is reduced slightly to 5114 feet at 160 years and then decreases to
slightly less than 5.114 feet at 2000 years (see Figure F.3).

This case is also unrealistic because a liner which is thick and
impermeable enough to completely prevent flow from the bottom of the
lake would also impede radium-free flow from other sand units along
the sides of the lake. This would lead to higher radium and TDS levels
and a slower filling rate.

CASE 4

When flow is restricted into the bottom 50 feet of the lake, radium
activity increases to about 5 pCi/l in 50 years and .continues to
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increase at a slower rate to slightly over 16 pCi/l at 2000 years,
exceeding the concentration predicted for the other cases (see
Figure F.l). The TDS concentration also increases to a higher value,
5400 ppm at 2000 years (see Figure F.2). Finally, the maximum water
elevation, is reduced to slightly above 5112 feet at 170 years and then
levels off to 5112 feet at 2000 years (see Figure F.3)..

This case is pessimistic because most backfill material would allow
some flow to pass through. In addition, a 50-foot layer is probably
more material than is necessary to completely attenuate the radium.
For example, if the distribution coefficient of the liner were
greater than 100 ml/g then a liner thickness of no more than 30 feet
would be required. In summary, this case demonstrates that a thick
backfill will have a negative effect on lake water quality, causing
radium and TDS levels to build up to higher levels than would be the
case if no liner were used.

F.3 CONCLUSIONS

I. The lowest lake water radium activity obtainable by lining the
pit bottom is 12 pCi/l over the long term (2000 years). In
comparison, an activity of 16 pCi/l will result if the pit is not
lined. The reduction of 4 pCi/l is optimistic because it was
calculated assuming the liner does not restrict water inflow and
outflow and completely removes radium in water flowing into the
lake from the exposed Lower Ore Body Sandstone.

2. Any :lining on the pit bottom will cause increased total
dissolved solids concentration over the life of the lake.

3. As the thickness of the lining material is increased, ground-
water inflow from the Lower Ore Body Sandstone along the pit
walls will be restricted and the concentration of all solutes
within the lake will increase. For an impermeable liner
thickness of 50 feet, radium activity may be above 16 pCi/l, and
the total dissolved solids concentration as high as 5400 ppm.

4. Early in the life of the lake a liner will reduce the rate at
which radium activity increases. At 50 years,ý the radium
activity will be 5 pCi/l if a 50-foot liner is used in comparison
to 7 pCi/l if the bottom is not lined.

5. A liner will also decrease the filling rate of the lake, increase
the time required to reach the maximum water surface elevations,
and reduce the maximum water surface elevation *by 4 to 6 feet.

The small changes in predicted lake water quality produced by the most
extreme liner configuration assumptions make a more detailed study
with the LSP unnecessary. Further study will not alter the conclusion
that slightly lower radium levels may be obtained at the cost of
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higher TDS levels and a lower maximum water elevation. In addition,
the potential benefit in reduced radium concentration depends on
successful placement of a liner of extremely long life uniformly on
the pit bottom. If the liner fails during the life of the lake, the
radium acitivty level will approach the level predicted when no liner
is present.
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MFG, Inc.
Environmental and Engineering Consultants

TECHNICAL MEMORANDUM

DATE: January 8, 2003 SMI# 180548

TO: Paul Sorek

Joe ReedFROM:

SUBJECT: Highland Reservoir precipitation,
pan evaporation, and surface water
runoff data

COPY:

PRECIPITATION DATA

Data from three weather stations were used to estimate average monthly and average yearly
precipitation at the Highland site. The three stations were Bill (Station Number 725), Douglas
Aviation (Station Number 2693), and Glenrock 5 ESE (Station Number 3950). Station
summaries are presented in Tables 1, 2, and 3. Figure 1 presents a graph of the average monthly
precipitation data for each of the stations as well as the average monthly data of the three
stations. Table 4 presents the monthly average of the three monthly averages.

PAN EVAPORATION DATA

Pan evaporation data for the Highland Reservoir site was obtained from the Department of
Agricultural Engineering, University of Wyoming, Laramie's "Design Information For
Evaporation Ponds In Wyoming" published by the Wyoming Water Research Center (WWRC-
85-21). Table 5 presents means, standard deviations, and high and low evaporation values (in
inches) from estimates using the Kohler-Nordenson-Fox equation with a coefficient of 0.7 and
Table 6 presents means, standard deviations, and high and low net evaporation values (in
inches) from estimates using the Kohler-Nordenson-Fox equation with a coefficient of 0.7.

SURFACE WATER RUNOFF RATE

Runoff was calculated in the Exxon Production Research Company, EPRCO, 1983, Surface
Mine Reclamation Lake Study for Highland Uranium Operations (Updated) using several
different methods which are summarized in Table 7. Evaluating the results of all methods and
noting the expected inaccuracies in the various estimates, the average runoff to rainfall ratio was
estimated to be 6%.

:aes, storage projectfkles highland hydrolog, report appenhix c highland resenvtoirpreci,,tatioan.diV
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Technical Memorandum
Paul Sorek
January 8, 2003
Page 2 of 6

Table 1 Station Bill Precipitation Summary
Station: BILL Parameter: Precipitation % Coverage: 89

PO Code: WY Latitude: N43:15:00 Begin M/Yr: 09/1948

Stn ID: 725 Longitude: W105:16:00 End M/Yr: 07/1978

County: CONVERSE Elevation: 4715 # Record Years: 30

Years: 1949-61,64-72

Precipitation (in)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Days 806 706 734 750 861 840 861 837 840 837 802 805 9679

Avg Day 0.01 0.01 0.02 0.05 0.09 0.06 0.05 0.03 0.03 0.02 0.01 0.02 0.03
Valid 26 25 24 25 28 28 28 27 28 27 27 26 22

Maximum 2.03 1.75 1.84 3.48 7.72 4.11 5.31 3.52 2.81 2.08 1.75 3.16 16.41
Max Yr 1949 1953 1950 1971 1978 1967 1951 1972 1961 1961 1953 1949 1971
Minimum 0 0 0 0.19 0.14 0 0 0 0 0 0 0 5.16

Min Yr 1977 1977 1962 1961 1966 1973 1959 1976 1960 1973 1961 1960 1960

Average 0.38 0.33 0.59 1.41 2.67 1.83 1.51 0.86 0.88 0.67 0.43 0.53 11.8

Std Dev 0.47 0.36 0.54 0.87 2.02 1.01 1.22 0.82 0.73 0.57 0.4 0.66 2.89
Skew 1.98 2.42 1.02 0.76 1.26 0.49 1.41 1.34 0.82 0.63 1.52 2.46 -0.52
Kurt 6.79 10.15 2.9 2.84 3.83 2.58 4.73 4.79 2.84 2.52 5.41 9.73 2.7

z: aesi storage prleaet.fle.s highkad hydrology report appendix c highland re.servorr precipttation.doc.
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Table 2 Station Douglas Aviation Precipitation Summary
Station: DOUGLAS AVIATION Parameter: Precipitation % Coverage: 95
PO Code: WY Latitude: N42:45:00 Begin M/Yr: 08/1962
Stn ID: 2693 Longitude: W105:23:00 End M/Yr: 01/1995
County: CONVERSE Elevation: 4805 # Record Years: 34
Years: 1963-65,67,69-74,76-77,80-81,84,87-89,92-94

Precipitation (in)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
# Days 942 847 944 932 976 935 984 986 946 910 956 954 11312
Avg Day 0.01 0.02 0.03 0.06 0.07 0.06 0.05 0.03 0.03 0.02 0.02 0.01 0.03
4 Valid 30 30 30 31 31 32 32 32 32 29 32 31 21

Maximum 1.15 1.5 2.07 4.34 7.48 5.7 4.61 3.25 2.95 2.51 2.01 0.93 17.54
Max Yr 1972 1993 1983 1971 1991 1967 1973 1972 1973 1994 1983 1992 1993
Minimum 0.03 0.07 0.19 0.17 0.23 0 0.19 0.03 0 0 0.06 0.07 6.55
Min Yr 1989 1979 1963 1987 1974 1980 1980 1964 1969 1988 1964 1971 1974

Average 0.39 0.43 0.8 1.64 2.27 1.7 1.48 0.78 0.86 0.72 0.66 0.4 11.95
Std Dev 0.24 0.3 0.53 1.1 1.56 1.39 1.01 0.64 0.72 0.52 0.45 0.22 3.15
Skew 1.11 1.62 0.87 0.64 1.28 1.11 0.85 1.91 1.02 1.22 0.64 0.99 0.2
Kurt 4.43 6.38 2.78 2.64 4.84 3.61 3.82 7.76 3.66 5.43 3.29 3.41 1.94

z:2aest slorage prjectlfiles'vhighlamtthydroloty reporitappetdix chighkmdlresyertvirprecipitation.doc
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Table 3 Station Glenrock 5 ESE Precipitation Summary
Station: GLENROCK 5 ESE Parameter: Precipitation % Coverage: 98
PO Code: WY Latitude: N42:50:00 Begin M/Yr: 08/1948
Stn ID: 3950 Longitude: W105:47:00 End M/Yr: 12/1998
County: CONVERSE Elevation: 4948 # Record Years: 51
Years: 1949-56,58-59,61-62,64-75,77,80-84,88-98

Precipitation (in)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

# Days 1510 1344 1442 1456 1544 1488 1514 1581 1514 1545 1507 1518 17963
Avg Day 0.01 0.02 0.03 0.05 0.08 0.06 0.04 0.02 0.03 0.03 0.02 0.01 0.03
# Valid 49 48 47 49 50 50 49 51 50 50 51 50 41

Maximum 1.34 1.5 3.02 5.67 7.7 6.41 4.24 2.13 5.43 3.43 2.54 1.4 21.85
Max Yr 1949 1952 1975 1973 1971 1967 1977 1953 1973 1998 1979 1987 1971
Minimum 0 0 0.1 0.07 0.27 0 0.15 0 0.06 0 0 0 6.4
Min Yr 1983 1977 1959 1988 1994 1984 1980 1970 1983 1987 1974 1991 1988

Average 0.44 0.44 0.78 1.57 2.38 1.77 1.15 0.73 1 1.05 0.6 0.36 12.43
Std Dev 0.33 0.37 0.59 1.14 1.6 1.4 0.94 0.54 1.08 0.75 0.58 0.3 3.67
Skew 0.84 1.04 1.49 1.49 1.31 0.91 1.71 0.77 2.07 0.7 1.6 1.43 0.7
Kurt 2.85 3.41 5.76 6.27 4.38 3.67 5.73 3.17 7.47 3.3 5.55 5.36 3.16

Table 4 Average Precipitation

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
0.40 0.40 0.72 1.54 2.44 1.77 1.38 0.79 0.91 0.81 0.56 0.43 12.06

z: aes, storage proijecfikes highlatuthydrloglo report alppetidix c highlatndre~servitr prec)iitatie.dew
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Table 5 Means, Standard Deviations, and High and Low Evaporation Values (in inches) from Estimates Using the
Kohler-Nordenson-Fox E uation With a toelticient of 0.7

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Pathfinder Mean 0.9 l.1 2.1 3.5 5 6.5 7.5 6.6 4.5 2.6 1.3 0.9 42.5
St Dv 0.2 0.3 0.5 0.6 0.8 0.9 0.6 0.6 0.7 0.5 0.2 0.2 2.4

High 1.2 1.8 3.3 4.9 6.3 8.3 8.9 7.9 5.4 3.4 1.9 1.3 46.2
Low 0.5 0.6 1.4 2.2 3.5 4.5 6.2 4.9 2.8 1.4 0.7 0.6 35.5

Whalen Mean 1.7 1.9 2.6 3.5 4.7 6.3 7.6 6.9 5.1 3.6 2.2 1.8 47.9

St Dv 0.5 0.5 0.6 0.6 0.6 0.9 0.6 0.7 0.7 0.7 0.4 0.4 3

_High 3.3 3 3.7 4.6 6.4 8.7 8.7 8.3 6.7 4.8 3.3 2.6 54.5

_Low 0.7 1.1 1.2 2.4 3.6 4.8 6.1 5.2 3.3 1.9 1.5 0.9 40.2
Pathfinder/Whalen Average Mean 1.3 1.5 2.4 3.5 4.9 6.4 7.6 6.8 4.8 3.1 1.8 1.4 45.2

Table 6 Means, Standard Deviations, and High and Low Net Evaporation Values (in inches) from Estimates Using the
Konler-iNoroenson-rox E uation witn a Coeiilcienr o0 U. /

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Pathfinder Mean 0.6 0.7 1.5 2.2 3.5 5.1 6.8 6 3.7 1.7 0.9 0.6 33.3

StDv 0.4 0.5 0.7 1.1 1.6 1.7 0.9 1.1 1.2 1.1 0.4 0.3 4

High 1 1.7 2.6 4.5 5.9 8.3 8.4 7.8 5.3 3.1 1.9 1.1 39.9

Low -0.9 -0.2 -0.2 0.5 0.1 1.1 5 2.4 1 -0.8 -0.2 -0.4 19.8

Whalen Mean 1.3 1.5 1.9 2 2.5 3.9 5.9 5.9 3.7 2.9 1.7 1.3 34.8

St Dv 0.4 0.6 1 1.2 2.1 2.2 1.5 1.1 1.6 1.1 0.5 0.5 5.5

High 2 2.8 3.5 4 6.3 7.7 8.5 8 5.6 4.4 2.6 2.2 45.3

_Low 0.4 0.6 -0.4 -0.2 -3.7 -0.9 2.6 3.5 -1.1 0.1 0.8 0.2 21.6

Pathfinder/Whalen Average Mean 1.0 1.1 1.7 2.1 3.0 4.5 6.4 6.0 3.7 2.3 1.3 1.0 34.1

z aes storage pryectfiles highlandhydrolojg report qpt•,dhx c highland reservoir preciptation.dc,
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Table 7 Annual Surface Water Runoff as a Percent of Average Annual Rainfall

Source Value Comments

Actual hydrograph measurements for Sage Creek near Orpha, 12
Craig and Rankl (1978) 0.68 in; 5.5% events over 8 years from 0.32 to 1.41 in, correlated and applied to

mean Highland rainfall events.

This result was verified by regrouping mean annual storm
SCS method 1.10 in; 8.9% occurrences and using Antecedent Moisture Condition (AMC)

modifications.

USGS Office, Cheyenne 0.40 in; 3.3% 9-10 years records: Frank Draw near Orpha, Sage Creek near
______Office,_Cheyenne_0.40_in;_3.3%_Orpha, McKenzie Draw near Casper.

Power correlation with drainage area based on 8 gages (20 years) in

USGS (1976) 3.00 in; 24.4% 1.63 quarter of Wyoming containing Highland. Predictions probably
in; 13.0% high near Highland due to variation in topography and small

amount of data.

Smith (1974) 0.30 in; 2.4% Based on up to 20 years of streamflow records done specifically for
I_ _ Wyoming.

z: aest storage project files highlatul hydrology report appetndix c highlaod reservoir precipitation.do,
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