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SUMMARY

. The piezometric surface map was updated using ground water elevation data
measured in wells in September, 1996 and using average 1996 ground water
elevations calculated for other site monitoring wells. It was necessary to use the
average 1996 data to have sufficient data to map the ground water surface. The
piezometric surface map indicates that the ground water mound that used to exist
beneath the tailings basin has dissipated to the point where it is significantly reduced in
height. Ground water flows from the northeastern edge of the-tailings basin towards the
west-northwest before it is affected by the flow regime of the Highland Reservoir and
begins to flow southwest. Ground water flows from the southeastern edge of the
tailings basin towards the west-southwest before it too is affected by the Highland
Reservoir and begins to flow to the northwest. Ground water beneath the tailings basin
migrates west to the Highland Reservoir. There is no significant ground water flow from
the tailings basin to the east or to the south, and therefore neither the North Fork of Box
Creek, nor its unnamed tributary east of the tailings dam lies in the path of ground water
migrating from the basin area. 'There is a ground water depression around the
Highland Reservoir.

The 1988 location of the chloride front as shown in Figure 2.4 of WWL, 1989.was
verified. Because it appeared that the placement of the 1988 seepage front boundary
was not consistent relative to a well-defined chloride concentration, an analysis was
performed using the average 1988 chloride and TDS measurements. Based upon this
analysis, a TDS concentration of 1000 mg/I and a corresponding chloride concentration
of 90 mg/I was used to define the placement of the.chloride seepage front. As a result,
the 1988 location of the chloride seepage front was revised slightly (only the northern
edge of the boundary was impacted).

Because this analysis indicated that the location of the 1988 chloride seepage
boundary within the finger area was accurate, the contaminated liquid volume within the
finger area was not revised from the estimate of 280 million gallons provided by Exxon,
1994. The change in location of the northern boundary did impact the estimates of the
total liquid volume within the chloride seepage front. Based upon the revised location
of the 1988 chloride seepage front, the total liquid volume was estimated to be 1.7
billion gallons (which is lower than the original estimate of 2.0 billion gallons provided by
Exxon, 1994). Using the revised location of the seepage boundary, the total volume
capable of draining from the TDSS was estimated to be 0.5 billion gallons.

The chloride seepage front criterion of 90 mg/I that was defined using the 1988 data
was applied to estimate the 1996 location of the chloride seepage front. Only one well
that had been within the 1988 boundary was found to lie outside of the 1996 boundary.
While the chloride concentrations in several of the wells located within the front declined
considerably from 1988 to 1996, the configuration of the interpreted chloride front
remained essentially unchanged from the modified 1988 configuration.
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For the third quarter of 1996, the total volume of liquid contained within the chloride
front was estimated to be I billion gallons. Approximately 132 million gallons were
contained within the finger area that was also within the chloride front. Approximately
294 million gallons of this liquid were capable of draining from the area defined by the
entire chloride front, and 39 million gallons were capable of draining from the portion of
the chloride front that overlaps the finger area.

A computer model was developed using Visual MODFLOW in order to estimate the
long-term stable elevation of the water surface in the Highland Reservoir once ground
water levels stabilize, and to show the stable configuration of the piezometric surface in
the vicinity of the site, Hydraulic properties, boundary conditions, and recharge rates
that were deemed to be appropriate based upon the modeling efforts of previous
investigators as well as a transient calibration performed for this project were used to
simulate the long-term configuration of the piezometric surface and Highland Reservoir.
The long-term stable level of the Highland Reservoir was estimated to be approximately
5125 ft above msl.

In general, once water levels stabilize, ground water will flow from west to east, with
perturbations to this flow regime in the vicinity of the Highland Reservoir and mine
backfill. JThe rate of flow is greatest to the northwest of the Reservoir (approximately
.15 ft/day), and slowest to the northeast of the Reservoir (approximately .05 ft/day). In
the vicinity of the tailings basin, the ground water flows from northwest to southeast at a

.) rate of about .03 ft/day, but changes to an easterly flow direction at the eastern edge of
the tailings basin. In addition to this change in flow direction, the water table dips below
the TDSS and lies within the TDSh in the southeast portion of the tailings basin, As a
result, it appears that the portion of the unnamed tributary of the North Fork of Box
Creek that lies east of the tailings dam, and the North Fork of Box Creek that lies to the
south of the tailings basin, will not intercept ground water migrating from beneath the
basin.

Sensitivity analyses were performed in order to determine the degree of uncertainty in
the model results based upon uncertainty in the model input parameters. It appears
that the model results are most sensitive to order-of-magnitude changes in the hydraulic
conductivities assigned to model layers 1 through 4, and to two order-of-magnitude
changes to the specific storage in layers 4 through 9. The model results were found to
vary by as much as 15% when these parameters were changed in this manner. Model
results were less sensitive to the.boundary conditions assigned and to recharge rates.
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Section 1

7)

)

Introduction

Four tasks were performed at the request of Exxon Coal and Minerals Company in
order to assist them in pursuing alternative concentration limits (ACLs) for the Highland
Uranium Mine site. These tasks are as follows:

Task 1. Updating the piezometric surface map using the most recent ground water
elevation data, and estimating the ground water flow rates and flow paths within the
Tailings Dam Sandstone (TDSS) and the mine backfill.

Task 2. Verifying the 1988 location of the chloride seepage front and estimating the
location of the chloride seepage front using 1996 chloride measurements.

Task 3. Calculating the 1988 and 1996 liquid volumes (in the saturated zone) in the
TDSS within the chloride seepage front and within the portion of the chloride seepage
front that overlies the "finger area"'1 .

Task 4. Modeling the piezometric surface at a time in the future when water levels are
stable, and estimating the ground water flow paths and rates at that time.

This report documents the methodology used to perform each task, and the findings for
each. Task 1 is described in Section 2, Task 2 in Section 3, Task 3 in Section 4, and
Task 4 in Section 5. Section 6 provides a summary of findings, and Section 7 includes
a list of references.

1The area that is being referred to as the "finger area" is that area southwest of-the tailings impoundment
between the impoundment and the Mine Backfill Area.
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Section 2

Task 1: 1996 Ground Water Flow Rate and Direction

2.1 Introduction

The purpose of this task was to. estimate the ground water flow directions and rates in
the TDSS and mine backfill using the most recent groundwater elevation data
available. At the time that this task was performed, the most recent data collected were
from September, 1996.

2.2 1996 Ground Water Elevations, Flow Directions and Flow Rates

Inspection of the data provided in Table 1 indicates that for September 1996, ground
water elevations were available for a total of six wells and the Highland Reservoir.
Because the ground water elevation data for September 1996 are so few and are
widely distributed across the site, average 1996 ground water elevations were
calculated for the other wells listed in Table 1, and were used to construct a contour
map of the piezometric surface.

The configuration of the piezometric surface for the TDSS and mine backfill using the
data from Table 1 is shown in Figure 1. Several features are evident from the figure.
The ground water mound that used to exist beneath the tailings basin has dissipated to
the point where it is significantly reduced in height (now less than 5130 feet (ft) above
mean sea level (msl)). This mound was interpreted to be at elevations greater than
5140 ft above msl in 1988 (Water, Waste and Land (WWL), 1989) and greater than
5130 ft above msl in 1994 (Exxon, 1994).

Ground water flows from the northeastern edge of the tailings basin towards the west-
northwest before it is affected by the flow regime of the Highland Reservoir (discussed
in the following paragraph) and begins to flow southwest towards the Reservoir.
Ground water flows from the southeastern edge of the tailings basin towards the west-
southwest before it too is affected by the Highland Reservoir and begins to flow to the
northwest. Ground water beneath the tailings basin migrates west tothe Highland
Reservoir. There is no significant ground water flow from the tailings basin to the south,
and therefore the North Fork of Box Creek does not lie in the path of ground water
migration from the basin.

The hydraulic gradient around the Reservoir varies considerably. The magnitude of the
gradient is greatest from the south as evident by the closeness of the contour spacing
in Figure 1, while the magnitude of the gradient from the north/northwest is less, as
evident by the wider contour spacing. However, when the groundwater flow velocities
are calculated for the south and for the northwest usi.ng average hydraulic
conductivities at nearby wells (Exxon Production Research Company, 1982), and an
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average site-wide porosity of 34 percent, the ground water velocity immediately around
the reservoir varies by less than 0.01 ft/day, with an average value of about 0.46 ft/day.
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Table 1. 1996 GroundWater Elevation Data for Wells Screened in TDSS and Mine Backfill

1996 Ground Water ELevations (ft above rnsl)

Well Jan Mar Apr Jun Jul Sep Average
Number

015 DRY DRY DRY DRY1

112 5127.30 5126.75 5126.90 5126.98=

114 5110.27 5109.59 5109.99 5109.95Z

117 5126.05 5125.20 5125.90 5125.721

120 5121.07 5120.42 5120.62 5120.70Z

125 5126.50 5126.25 5126.40 6126.382

127 5127.83 5127.40 5127.55 5127.592

131 5121.90 5126.40

132 5080.00 5079.86

133 5078.90 5079.40

134 5124.45 5125.40 . 5124.20

170 5019.40 5 6019.402

171 5042.00 5042.30 5042.80

172 5086.39 5086.39 5086.59

173 5064.44 5064.09 5064.29 5064.27r

174 5084.34 5083.99 5084.34 5084.222

175 5107.89 5103.89 5103-.99 5105.263

177 5121.96 5121.04 5120.34 5121.113

178 5118.14 5115.54 5117.64 5117.112

179 5121.44 5120.69 5120.84 5120.992

180 DRY DRY DRY DRY1

181 5125.10 5124.20 5124.60

182 5121.88 5120.98 5121.18 5121.352

183 5112.62 5111.87 5112.12 511.2.202

Highland 5012.30 5013.94 5013.94
Res. I . I

Notes:
Measurements used to construct the contour map of the piezometric surface are shown above in bold.
1. The ground wate r elevation lies beneath the bottom of the screen, which is at an elevation of 5134.8
and 5085.9 feet above mean sea level (ins]), for wells 015 and 180, respectively.
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2. The average 1996 value differed from the value projected for September, 1996 (using a straight line
projection from the nearest water level meas urement) by less than one foot.
3. The average 1996 value differed from the value projected for September, 1996 (using a straight line
projection) by approximately 1.5 feet.

9'
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V.

Section 3

Task 2: Verification and Location of Chloride Seepage Front

3.1 Introduction

The purpose of this task was to verify the 1988 location of the chloride seepage front
and to estimate the location of the chloride seepage front using 1996 chloride
measurements. Data used to perform this task were obtained from Exxon's database
of chemical measurements for the site.

3.2 Verification of the Chloride Seepage Front in 1988

Chloride concentrations measured in 1988 were obtained from Exxon's chemical
database and compared to those used to estimate the location of the."seepage front" as
shown in Figure 2.4 of WWL, 1989. It appears that four concentrations were reported
for each well and are annotated on the figure: one was collected in approximately
August of 1988, two were-collected in September of 1988 and the fourth was collected
in either late September or October of 1988. Three wells (Numbers 134, 015 and 125)
had at least one other chloride concentration measured at another time, which was not
used to determine the placement of the seepage front. For each of the three wells, this) additional concentration was greater than any of the four measurements used in Figure
2.4 (WWL, 1989), but they would not have affected the placement of the seepage front.
In addition, the fourth measurement for well number 117 was not reported on Figure 2.4
(WVL, 1989) and may not have been used to determine the location of the seepage
front. This omission would also not have affected the location of the 1988 chloride
seepage front.

In general, the placement of the 1988 seepage front is questionable since it is not
evident from Figure 2.4 (WVVWL 1989) what chloride concentration was used to define
the seepage front boundary. Section 2.2.5 of WVWL, 1989 describes a background
chloride concentration of 20 milligrams per liter (mg/I). It is evident' however, that 20
mg/[ was not used to define the seepage front, as shown by the placement of well 173
(with an average 1988 chloride concentration of 66 mg/I) outside of the boundary. In
contrast, wells 181,179 and 183, which have chloride concentrations that are
approximately equal to or less than well 173, are placed inside the seepage front. A
different document ("Supporting Information for ACL Application," Exxon, 1994) refers
to a chloride seepage front concentration of 110 mg/I. Again, it appears that this
concentration was not used to consistently define the location of the seepage front
boundary due to the placement of wells 181, 179 and 183 (all with concentrations less
than 110 mg/I) inside the boundary. In conclusion, it appears that the placement of the
1988 seepage front boundary was not consistent relative to a well defined chloride
concentration.
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In order to better identify the region where the ground water quality may have been
- impacted by mining activities (and thus should be included within the chloride seepage
.) front boundary), plots were constructed that show the average 1988 chloride

concentration versus total dissolved solids (TDS), and average 1988 chloride
concentration versus pH for all of the monitoring wells. TDS and pH were used since
they tend to be reliable indicators of overall ground water quality.
Figure 2 is a graph of average 1988 chloride concentrations versus pH. This figure
indicates that there is no consistent relationship between ground water pH and chloride
concentration, especially at low chloride concentrations. For example, five wells with
chloride concentrations of less than 50 mg/I had pH measurements that ranged from
about 7.7 to 9.7. Four of these five wells are considered to be background wells and
are therefore outside the influence of any mine-related activities on ground water
quality., Consequently, it was determined that pH could not be used reliably to assist in
locating the chloride seepage front.

A graph of average 1988 chloride concentration versus TDS, shown in Figure 3,
exhibits a linear trend (chloride concentration increases as TDS increases). The wells
also appear to plot into two clusters: cluster 1 includes those wells that have TDS
concentrations of around 1000 mg/I or less, and cluster 2 includes those wells that have
a TDS concentration of 2000 mg/I and above (there are no wells between the two
clusters). An inspection of Figure 3 suggests that wells 174, 182, 172, 134 and 127 lie
outside of the seepage front due to their low chloride concentrations
(< 25 mg/I), Four of these wells (174, 182, 172 and 134) are considered to be
background monitoring wells. Well Number 134, despite its low chloride concentration,
has a TDS concentration of approximately 1000 mg/I, which is considerably higher than
the.TDS concentration of the other background wells. If a TDS concentration of 1000
mg/I is used for an upper limit for water outside the chloride seepage front, then wells
173, 181,183 and 171(shown on Figure 3 with triangle symbols) would also lie outside.
of the seepage front. All of these wells also have chloride concentrations of less than 90
mg/I, which is still quite low relative to the State of Wyoming drinking water criteria of
250 mg/I. Only one well (well 179) in cluster 1 has a TDS concentration of just greater
than 1000 mg/I and a chloride concentration equal to 90 mg/l, and this is the only well in
the cluster interpreted to lie within the seepage front. All of the wells in cluster 2 lie
within the seepage front.

Based upon this analysis it was determined that wells 174, 182, 172, 127, 134, 181,
171, 173 and 183 should lie outside of the 1988 chloride seepage front, while all ofthe
other wells should lie within the front. This conclusion does impact the previous
interpretation of the 1988 seepage boundary location in the vicinity of wells 181, 183
and 179, north of the tailings basin.

The 1988 interpretation of the chloride seepage front has also been modified in the
area southwest of the tailings basin. The previous interpretation had the seepage front
in this area coinciding with the southwestern boundary of the finger area, nearly midway

. between wells 178 and 173. However, well 178 had an average chloride concentration
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of 322 mg/I (for 1988 data) while well 173 had an average concentration of 65 mg/I.
.• While it may not be entirely correct to use a strict linear interpolation to locate the 90

mg/l chloride contour, it would appear to be more correct than the arbitrary manner in
which the front was originally placed. Linear interpolation was also used for the pair of
data at wells 180 and 173.

Based on the foregoing discussion, the revised interpretation forthe location of the
1988 chloride seepage front is shown in Figure 4.

3,3 Location of the 1996 Chloride Seepage Front

A similar analysis was performed using the chloride and TDS concentrations measured
in 1996. Figure 5 is a plot of average 1996 chloride versus TDS concentrations in the
wells. The wells no longer plot in two distinct clusters -- there are three wells with TDS
concentrations of between 1000 and 2000 mg/I. If the chloride seepage front criterion
of 90 mg/l that was defined using the 1988 data is applied to the 1996 data, wells 174,
182,'172, 134, 171, 127, 173,183 and 125 would lie outside of the seepage front (all of
these wells are shown with either diamond or triangle symbols on the figure). With the
exception of well 125, these are the same wells that were outside of the seepage front
in 1988. The chloride concentration in well 125 declined considerably since 1988 (from
219 to 71 mg/I) such that in 1996 the well no longer lies within the seepage front,

The chloride seepage front location-in 1996 is shown in Figure 6. The configuration of
the northern portion of the boundary is essentially the same as that in 1988. The
configuration to the southwest of the tailings basin is also nearly the same as it was in
1988. Chloride concentration in well 173 - the only data point that can be used to fix
the location of the seepage front in this area - increased from an average of 65 mg/I in
1988 to 84mg/I in 1996.

Due to lack of data in the area west of the tailings basin, in the area directly northwest
of wells 180, 175 and 114, the 1988 interpretation of the chloride seepage front has not
been modified in this area. Nevertheless, the 1996 interpretation in slightly different,
with the front placed closer to the tailings basin. This is not based on any data
specifically, only that the front appears smoother as presented.
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Section 4

S.) Task 3: Liquid Volumes Within the TDSS Chloride Front and Finger Area

4.1 Introduction

The purpose of this task was to calculate the 1988 and 1996 liquid volumes (in the
saturated zone) in the TDSS within the chloride seepage front, and within that portion of
the chloride- seepage front which lies within the finger area.

The liquid volumes within the TDSS 1988 chloride seepage front and finger area are
discussed in WWL, 1989 and were later revised by Exxon using MINEX software
(Exxon, 1994). Exxon also estimated the liquid volumes within the TDSS 1994 chloride
seepage front and finger area (Exxon, 1994). For the purpose of this task, only Exxon's
revised 1988 volumes and 1994 volumes will be referred to (Exxon, 1994).

4.2 1988 Liquid Volumes Within-that Portion of the Chloride Front that:
(a) Lies Within the TDSS
(b) Lies Within the Finger Area

The previous estimate for the volume of liquid inside the entire chloride front within the
TDSS has now been changed based upon the revision to the location of the chloride
front as shown in Figure 4. The change in estimate arises from the modification to the
chloride front north of the tailings basin but not due to the modification to the front
southwest of the basin. This is because the extension of the front to the southwest is
into the mine backfill, not into the TDSS. Exxon (1994) estimated that the total liquid
volume inside the chloride front in 1998 was 2.0 billion gallons and that 0.6 billion
gallons of this was drainable (again based on a specific yield of 0.1). Using the revised
chloride front shown in Figure 4, these volumes are now estimated to be 1.7 billion
gallons and 0.5 billion gallons, respectively.

Because the analysis performed in Task 2 corroborated the previous location (Exxon,
1994) of the 1988 chloride seepage front within the finger area, the estimate of the
corresponding liquid volume remains unchanged from the earlier estimate of 280 million
gallons (Exxon, 1994). Using a specific yield value of 0.1, it was estimated that 80
million-gallons of this volume could be drained from the TDSS within the finger area
(Exxon, 1994).

15



4.3 1996 Liquid Volumes Within that Portion of the Chloride Front that:
(a) Lies Within the TDSS
(b) Lies Within the Finger Area

Liquid volumes within the TDSS 1996 chloride seepage front and finger area were
calculated using the TDSh structure contour map to estimate the saturated thickness of
the TDSS 2. For the third quarter of 1996, the total liquid volume inside the chloride front
was estimated to be 1 billion gallons. It was also estimated that approximately 132
million gallons were contained within that portion of the chloride front which overlapped
the finger area. These estimates do not include water in the unsaturated zone and are
based on an estimated site-wide TDSS porosity of 34 percent.

A specific yield of 0.1 was used to estimate the volume of liquid capable of draining
from the TDSS, and from the finger area. The resulting estimated volumes were 294
million gallons capable of draining from inside the entire chloride front, and 39 million
gallons from the area inside the chloride front that overlaps the finger area.

The 1994 estimates reported in Exxon (1994) were:

° 1.5 billion gallons of liquid contained in the TDSS within the area enclosed by entire
chloride front.

* 140 million gallons of liquid contained in the TDSS within the portion of the chloride
front which overlaps the finger area

o 400 million gallons of liquid capable of draining from the TDSS in the area within the
chloride front

0 40 million gallons of liquid capable of draining from the TDSS in the portion inside
the chloride front that overlaps the finger area.

These volumes were also based on a TDSS porosity of 34% and a specific yield of 0.1.

The decline in volume of contaminated water from 1988 to 1996 is due primarily to the.
fact that the saturated thickness of the TDSS in the region defined by the chloride
seepage front is declining as the ground water mound beneath the tailings basin
continues to dissipate.

2 None of the reports made available to EPR contain any description of the. MINEX software based.
method used by Exxon to estimate the 1988 and 1994 liquid volumes. To check that the method used in
the current study produces results that are comparable to those based on the MINEX software, the former
was used to estimate 1988 liquid volumes. The results were veryclose to the previous MINEX based9.results.

16



f.

Section 5

Task 4: Ground Water Model of the Piezometric Surface

5.1 introduction

A computer model was developed in order to estimate the long-term average or steady
state elevation of the water surface in the Highland Reservoir once ground water levels
stabilize, and to show the stable configuration of the piezometric surface in the vicinity
of the site. Visual MODFLOW (Waterloo Hydrogeologic) was-used to develop the
model and solve the ground water flow-equation. Visual MODFLOW is based on
MODFLOW, a finite difference, model developed by the United States Geological
Survey, but includes significant pre- and post-processing capabilities. The sections
below discuss the configuration of the model, calibration results, the simulated long-
term stable Reservoir elevation, and sensitivity analyses performed.

5.2 Model Configuration

The model domain, shown in Figure 7, is 30,000 feet by 30,000 feet. The Highland
Reservoir lies approximately in the center of the model domain. The model grid
consists of 96 columns and 80 rows, with a finite difference node located. at the center
of each block formed by the intersection of a row and column.

Vertically, the model consists of nine layers (layer 1 is the most shallow, layer 9 is the
deepest). Layers 1 and 2 represent the Fowler and TDSS.formations. Layer 3
represents the TDSh, and layers 4 through 9 represent the upper, middle and lower Ore
Body Sandstones, and the two aquitards that lie between the upper and middle sands,
and the middle and lower sands. In the vicinity of the Highland Reservoir, mine backfill
is represented by specific node blocks in layers 1 through 8. This is also true of the
Highland Reservoir itself, which is defined by specific nodes in layers 1 through 9.
Average hydraulic properties were initially assigned to each model layer based upon
tests performed in the vicinity of the site. These were later refined as part of the
transient calibration and are discussed in the following section.

5.3 Transient Calibration

A transient calibration was performed in order to refine the hydraulic properties
assigned to the various model layers. The calibration "target" was the average annual
water level measured in site monitoring wells in 1996.
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5.3.1 Initial and Boundary Conditions

The initial condition for the transient calibration consisted of average 1988 ground water
levels across the site. The same ground water elevations were used as the initial
condition for each model layer. The year 1988 was selected as the starting point for the
transient calibration (as opposed to an earlier year) in order to maximize the amount of
well data available to compare with the model results.

A constant head boundary condition was used on the western and eastern edges of the
model for most of the model layers. In layers 1 and 2, the western boundary condition
was fixed at an elevation of 5200 ft above msl.. This value was obtained by projecting
the average hydraulic gradient at the western edge of piezometric surface maps from
1988 (WWL, 1989) and 1994 (Exxon, 1994) back to the western boundary of the model.
The western boundary of layer 3 was fixed at an elevation of 5175 ft above mst. In
layers 4 through 9, the western boundary was fixed at a constant head that increased
With time, as shown below in Table 2.

Table 2. Values of Time-Varying Western Boundary Condition Assigned to Layers 4
Through 9.

O.....

Years Value of Constant Head
Boundary (ft above msl)

1988-1990 5025

1990-1992 5050

1992-1994 5075

1994-1996 5100

1996 and beyond 5125
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These values were based on measurements of ground water elevations in the Ore
-- , Body Sands in the vicinity of the western boundary of the model. Water levels in the

. sands were greatly impacted in the early 1980s by underground operations associated
with a Tennessee Valley Authority (TVA) mine. Since the mid-1980s, underground
operations have ceased at the TVA mine. Recent ground water measurements
(January 1997) at wells near the western boundary indicate that water levels in the Ore
Body Sands have risen approximately 100 ft.

To the east, the TDSS and TDSh outcrop. In the field, the outcrop of the top of the
TDSh shows no e-vidence of ground water seepage. As a result, it can be assumed
that the piezopr~ric surface in the TDSS west of the outcrop drops beneath the top of
the TDSh bIf re the outcrop occurs. Therefore, a no-flow boundary condition was
defined for m',dl layer 1lt the TDSh outcrop. In layers 2 and 3, the eastern boundary
does not lie alo.ng-the-eastern edge of the model domain, but instead follows the line of
the TDSh outcrop as shown in Figure 8.- Ground water elevations along this eastern
boundary were set equal to the elevations of the top'df lay•e-r-s2-d-3-Al-f-the nodes
to the east of the TDSh outcrop in layers 1 through 3 were defined to be inactive.

The eastern boundary in layers 4 through 9 was located along the eastern edge of the
model domain since there was no information regarding outcrops of the Ore Body
Sands in this region. Ground water elevations along the eastern boundary in layers 4
through 9 were set equal to an elevation of approximately one footabove the bottom of
layer 4.

It should be noted that along the western and eastern boundaries, the head difference
above and below layer 3 indicates that the TDSh is believed to be laterally extensive
across the model domain and is an effective aquitard. In contrast, the value of the
constant head boundary condition is the same in layers 4 through 9 because the Ore
Body Sands are believed to be in hydraulic communication across the model domain
and the aquitard units between the Ore Body Sands are not laterally extensive.

5.3.2 Recharge

Three different recharge zones.were defined for the model domain, as shown in Figure
9. The first (not explicitly shown in'the Figure) was applied to the entire model domain,
except those regions shown in color on the Figure. This recharge zone was set at a
constant rate of 0.5 inches per year, and represents the amount of rainfall available to
infiltrate to ground water after evapotranspiration.

The second recharge zone is shown in green, and lies within the tailings basin outline.
Here, the ground water from the extraction wells (discussed below) is discharged into
an evaporation pit. The size of the pit is approximately 1.5 acres (the size of two grid.
blocks in this portion of the model domain), and the amount of recharge assigned to the
zone varied from 4.7 inches/year to negative 24 inches/year (a loss of water from the
evaporation pit) depending upon the amount of'discharge from the wells.
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Finally, the Reservoir surface, which is shown in blue in Figure 9, was defined as the
third recharge zone. For the time period simulated for the transient calibration, it was
held constant at a rate of 42.5 inches/year. It was estimated using the water balance
shown in Table3, which is based upon work performed by Exxon Production Research
Company (Exxon Production Research Company, 1983). The estimate of 42.5
inches/year indicates that during this time frame, ground water inflow greatly exceeded
ground water outflow and evaporation.
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Table 3. Water Balance Used to Estimate Net Recharge at the Reservoir Surface

Acre-

feet/month
Years Ground Direct Runoff Evaporation Ground Lake Net
since Water. Rainfall Water Area Recharge
1996 Inflow Outflow (acres) (in/year)

0 45.7 8.4 4.8 30 0 98 42.5

5 45.7 9.3 4.7 33.1 0 112 34.2

10 45.7 10.3 4.7 36.9 0 123 27.9

15 45.7 11.3 4.6 40.2 0 134 23

20 45.7 11-9 4.6 42.3 0 140 20.5

25 45.7 12.4 4.5 44.1 0 146 18.3

30 45.7 12.9 4.5 45.8 0 152 16.4

35 45.7 13.3 4.5 47.4 0 157 14.8

40 45.7 13.7 4.5 48.9 0 162 13.3

45 44.5 14.1 4.4 50.3 0 166 11

50 42.8 14.5 4.4 51.6 0 171 8.5

60 40.6 15 4.4 53.4 2.2 176 3.6

70 39.7 15.2 4.4 54.2 3.2 178 1.5

80 39.3 15.3 4.4 54.5 3.6 179 .7

90 39.1 15.3 4.4 54.7 3.8 180 .2

100 39.1 15.4 4.4 54.7 3.9 180 .2
110 39 15.4 4.4 54.8 3.9 180 .1

120 39 15.4 4.4 54.8 3.9 180 .1

j)

.9
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5.3.3 Ground Water Extraction Wells

As many as five wells have been extracting ground water from the finger zone since
1989. The average annual pumping rate for each of the wells was used in the model to
simulate pumping conditions. The average annual pumping rates in gallons per minute
(gpm) for the wells are shown in Table 4 and the location of the wells are shown in
Figure 10.

Table 4. Average Annual Ground Water Extraction Rates (in gpm) Used in Model
Calibration

Well 1989 1990 1991 1992 1993 1994 1995 1996
Number
114 .004 0.0 0.0, 0.0 0.0 0.0 0.0 0.0 Y

117 1.117 1.117 1.117 1.117 1.117 .494 .332 .104

175 1.839 1.839 1.839 1.839 1.839 2.854 1.602 1.594-

177 .572 .572 .572 .572 .572 .023 .002 .001

178 .511 .511 .511 .511 .511 .239 .150 .089

D
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5.3.4 Transient Calibration Results

The configuration of the piezometric surface for the TDSS and mine backfill using the
calibrated model output is shown in Figure 11. In general, the calibrated model output
agrees well with the average 1.996 piezometric surface. In the vicinity of the tailings
basin, the modeled piezometric surface is approximately one to four feet lower than the
average.1996 piezometric surface. Close to the Highland Reservoir, the modeled
piezometric.surface matches the 1996 surface very closely. The modeled piezometric
surface differs from the 1996 piezometric surface in the southeastportion of the mine
backfill, and south of the Reservoir. In general, however, the modeled ground water
flow velocities'agree well with average 1996 conditions. The final hydraulic properties
assigned to each model layer are summarized below in Table 5.

Table 5. Hydraulic Properties Assigned to Calibrated Model Layers

Layer Predominant Formation Range of Hydraulic Properties
Represented by Layer Used for-Predominant Formation

I Fowler Formation Kx,y,z=.002-.015 cm/sec
Ss=.00073-.073 lIft; SY=. 15,
n=.3

2 Tailings Dam Sandstone Kxyz=.002-.015 cm/sec
s5 =.00073-.073 lift; Sy=.15,

n=.3
3 Tailings Dam Shale Kx y z=lX10'- -8X10-1 cm/sec

SA-.'00022 lift; Sy=.04, n=.14
4 Upper Ore Body Sandstone Kx,y,z=.Ol cm/sec

S,=.00073 lift; Sy=.15, n=.3
5 Upper Aquitard Kx,y,z=. 0 0 8 crm/sec

Ss,=.00073 1/ft; Sy.15, n=.3
6 Middle Ore Body Sandstone Kx,y,z=.008 cm/sec •

Ss=.00073 l/ft; Sy. 1 5 , n=.3
7 Lower Aquitard Kx,yz=.008 cm/sec

Ss=.00073 lift; Sy=. 1 5 , n=.3
8,9 Lower Ore Body Sandstone Kxy z=.008 cm/sec

Ss".00073 1/ft; Sy=.15, n=.3
1-8 Mine Backfill Kx,yz=lX10- cm/sec

Ss=.000.7.5 1/ft; Sy=.15,.n=.35

1-9 Highland Reservoir Kx,y,z=100 cm/sec
Ss=. 9 9 , Sv=. 9 9 , n=.99

D

)
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5.4 Long-term Simulations

The hydraulic properties, initial condition, and boundary conditions discussed in section
5.3 were used to simulate the long-termconfiguration of the piezometric surface and
Highland Reservoir. For the purpose of the long-term simulations, it was assumed that
no ground water extraction occurs within the model domain after 1996, and there was
no corresponding recharge of the extracted ground water via the evaporation pond.
The recharge rate assigned to the Reservoir surface declined to a rate of 0.2
inches/year, based on the assumption that as the Reservoir begins to fill more slowly,
ground water outflow increases, and the greater surface area of the Reservoir allows for
increased evaporation (refer to Table 4).

The long-term configuration of the piezometric surface in the TDSS and mine backfill is
shown in Figure 12. The long-term stable level of the Highland Reservoir is estimated
to be approximately 5125 ft above msl. In general, ground water flows from west to
east, with perturbations to this flow regime in the vicinity of the Highland Reservoir and
mine backfill. The rate of flow is greatest to the northwest of the Reservoir
(approximately .15 ft/day), and slowest to the northeast of the Reservoir (approximately
.05 ft/day). Ground water flow velocities Were estimated using an average hydraulic
conductivity for the site (.002 cm/sec), and an average site-wide porosity of 34 percent.

In the vicinity of the.tailings basin, ground water flows from the northwest to thesoutheast at a rate of about .03 ft/day, but changes to an easterly flow direction at the

eastern edge of the tailings basin. Beneath the northwest portion of thetailings basin,
ground water flows from northwest to southeast. In the southeast portion of the tailings
basin, the water table actually lies within the TDSh and the direction of ground water
flow starts to change to more of an easterly direction. As a result, it appears that the
portion of the unnamed tributary of the North Fork of Box Creek that lies east of the
tailings dam, and the North Fork of Box Creek that lies to the south of the tailings basin,
will not intercept ground water migrating from beneath the basin. Ground water flow
velocities were estimated using an average hydraulic conductivity for the site (.002
cm/sec), and an average site-wide porosity of 34 percent.

9i
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5.4.1 Sensitivity Analyses

) Sensitivity analyses were performed in order to determine the degree of uncertainty in
the model results based upon uncertainty in the model input parameters. All sensitivity
analyses, except those performed on the value of specific storage, were performed as
steady state simulations in order to greatly reduce the computational effort required.

Hydraulic Conductivity

The values of the hydraulic conductivities assigned to the model layers were increased
and then decreased by an order of magnitude in order to evaluatethe sensitivity of the
final Reservoir elevation to the values used. In general, an order of magnitude change
in hydraulic conductivity in any of the layers resulted in a change in the long-term stable
Reservoir elevation of about 15% or less. For most of the layers, the change in
Reservoir elevation was less than 10% (a 10% change is approximately. 15 feet). The
Reservoir elevation was most sensitive to the hydraulic conductivity assigned to model
layers 1 and 4.

Recharge

The values assigned to the two recharge zones (the areal recharge zone and the zone
assigned to the Reservoir surface) used in the steady state simulation were changed to
determine the sensitivity of the long-term stable Reservoir elevation to the values used.D For the first sensitivity analysis, the recharge assigned to the entire model domain was
increased from 0.5 inches/year to 1.5 inches/year. This change had a negligible impact
(approximately 3%) on the long-term stable Reservoir elevation. For the second
sensitivity analysis, the net recharge to the Reservoir surface was changed in a rather
extreme manner from 0.2 inches/year to -50 inches/year. While the estimates of net
recharge to the Reservoir provided in Table 3 are not as low as -50 inches/year, this
value is similar to estimates of pan evaporation rates in the area and therefore is
considered to be reasonable. This change in the net recharge to the Reservoir also
had a negligible impact (it resulted in a decline of less than 3%) on the long-term stable
Reservoir elevation.

Boundary Conditions

The boundary conditions were modified in order to evaluate the sensitivity of the final
Reservoir elevation to the values assigned. In layers 1 through 3, the western
boundary condition was decreased by 20 ft. This resulted in a negligible (approximately
3%) decline in the long-term stable Reservoir elevation. A 20 ft increase in the western
boundary condition for layers 1 through 3 also resulted in an increase in Reservoir
elevation of about 3%.

For layers 4 through 9, the western boundary condition was increased from 5125 to
5150 ft above msl. This resulted in an almost 7% increase in the long-term stable
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Reservoir elevation. A corresponding decrease in the boundary condition for layers 4
through 9 was not made, since current water level measurements are at or below 5125
feet above, msl, and while it is believed that the ground water system in these layers
may continue to rebound slightly, water levels are not expected to decline.

To the east, the boundary condition in layers 2 and 3 was lowered by 10 feet in order to
evaluate the impact on the long-term stable Reservoir elevation. The resulting
Reservoir elevation was essentially the same (a less than 2% decline) as the original
elevation. In layers 4 through 9, the eastern boundary conditions were increased by 20
feet. This resulted in a less than 2% increase in the long-term stable Reservoir
elevation simulated by the model.

Specific Storage

Out of necessity, the sensitivity analyses performed on specific storage were performed
as transient simulations. The computational effort required was significant and limited
the number of analyses that could be performed to two. The first sensitivity analysis
performed was on the value of specific storage and specific yield used in layers I and
2. Here, the specific storage was increased by two orders of magnitude, and specific
yield was increased 33%. The result was a less than 7% decrease in the long-term
stable Reservoir elevation.

The second sensitivity analysis was on the value of specific storage used in the model
layers that correspond to the Ore Body Sands and the aquitards between the sands
(layers 4 through 9). Again, the specific storage was increased by two orders of
magnitude (the specific yield was also increased by 33%). The resulting Reservoir
elevation was approximately 13% lower. While the model results are certainly more
sensitive to the value of specific storage used in layers 4 through 9 as opposed to
layers 1 and 2, the change can still be considered to be rather minimal when compared
to the overall rise in water level in the Reservoir.
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Section 6

Findings

The piezometric surface map was updated using ground water elevation data
measured in wells in September, 1996 and using average 1996 ground water
elevations calculated for other site monitoring wells. It was necessary to use the
average 1996 data to have sufficient data to map the ground water surface. The
piezometric surface map indicates that the ground water mound that used to exist
beneath the tailings basin has dissipated to the point where it is significantly reduced in
height. Ground water flows from the northeastern edge of the tailings basin towards the
west-northwest before it is affected by the flow regime of the Highland Reservoir and
begins to flow southwest. Ground water flows fromthe southeastern edge of the
tailings basin towards the west-southwest before it too is affected by the Highland
Reservoir and begins to flow to the northwest. Ground water beneath the tailings basin
migrates west to the Highland Reservoir. There is no significant ground water flow from
the tailings basin to the-east or to the south, and therefore neither the North Fork of Box
Creek, nor its unnamed tributary east of the tailings dam lies in the path of ground water
migrating from the basin area. There is a ground water depression around the
Highland Reservoir.

The 1988 location of the chloride front as shown in Figure- 2.4 of WWL, 1989 was
verified. Because it appeared that the placement of the 1988 seepage front. boundary
was not consistent relative to a well-defined chloride concentration, an analysis was
performed using the average 1988 chloride and TDS measurements. Based upon this
analysis, a TDS concentration of 1000 mg/I and a corresponding chloride concentration
of 90 mg/I was used to define the placement of the chloride seepage front. As a result,
the 1988 location of the chloride seepage front was revised slightly (only the northern
edge of the boundary was impacted).

Because this analysis indicated that the location of the 1988 chloride seepage
boundary within the finger area was accurate, the contaminated liquid volume within the
finger area was not revised from the estimate of 280 million gallons provided by Exxon,
1994. The change in location of the northern boundary did impact the estimates of the
total liquid volume within the chloride seepage front. Based upon the revised location
of the 1988 chloride seepage front, the total liquid volume was estimated to be 1.7
billion gallons (which is lower than the original estimate of 2.0 billion gallons provided by
Exxon, 1994). Using the revised location of the seepage boundary, the total volume
capable of draining from the TDSS was estimated to be 0.5 billion gallons.

The chloride seepage front criterion of 90 mg/l that was defined Using the 1988 data
was applied to estimate the 1996 location of the chloride seepage front. Only one well
that had been within the 1988 boundary was found to lie outside of the 1996 boundary.
While the chloride concentrations in several of the wells located within the front declined
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considerably from 1988 to 1996, the configuration of the interpreted chloride front
remained essentially unchanged from the modified 1988 configuration.

For the third quarter of 1996, the total volume of liquid contained within the chloride
front was estimated to be I billion gallons. Approximately 132 million gallons were
contained within the finger area that was also within the chloride front. Approximately
294 million gallons of this liquid were capable of draining from the area defined by the
entire chloride front, and 39 million gallons were capable of draining from the portion of
the chloride front that overlaps the finger area.

A computer model was developed using Visual MODFLOW in order to estimate the
long-term stable elevation of the water surface in the Highland Reservoir once ground
water levels stabilize, and to show the stable configuration of the piezometric surface in
the vicinity of the site. Hydraulic properties, boundary conditions, and recharge rates
that were deemed to be appropriate based-upon the-modeling efforts of previous
investigators as well as a transient calibration performed for this project were used to
simulate the long-term configuration of the piezometric surface and Highland Reservoir.
The long-term stable level of the Highland Reservoir was estimated to be approximately
5125 ft above msl.

In general, once water levels stabilize, ground water will flow from west to east, with
perturbations to this flow regime in the vicinity of the Highland Reservoir and mine
backfill. The rate of flow is greatest to the northwest of the Reservoir (approximately

) _ .15 ft/day), and slowest to the northeast of the Reservoir (approximately .05 ft/day). In
the vicinity of the tailings basin, the ground water flows from northwest to southeast at a
rate of about .03 ft/day, but changes to an easterly flow direction at the eastern edge of
the tailings basin. In addition to this change in flow direction, the water table dips below
the TDSS and lies within the TDSh in the southeast portion of the tailings basin. As a
result, it appears that the portion of the unnamed tributary of the North Fork of Box
Creek that lies east of the tailings dam, and the North Fork of Box Creek that lies to the
south of the tailings basin, will not intercept ground water migrating from beneath the
basin.

Sensitivity analyses were performed in order to determine the degree of uncertainty in
the model results based upon uncertainty in the model input parameters. It appears
that the model results are most sensitive to order-of-magnitude changes in the hydraulic
conductivities assigned to model layers 1 through 4, and to two order-of-magnitude
changes to the specific storage in layers 4 through 9. The model results were found to
vary by as much as 15% when these parameters were changed in this manner. Model
results were less sensitive to the boundary conditions assigned and to recharge rates.
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Figure 1. Piezometric Surface of TDSS and Mine Backfill using September 1996
and Average 1996 Ground Water Elevations
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Figure 2. Average 1988 Chloride Concentrations versus pH
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Figure 3. Average 1 988 Chloride versus TDS Concentrations
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Figure 5. Average 1996 Chloride versus TDS Concentrations
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Section 1. Introduction

This Addendum was prepared to document the modeling effort performed on behalf of Exxon
Production Research Company and Exxon Coal and Minerals Company for the Highland
Reservoir project. A computer model was developed in order to predict the ultimate elevation of
the water surface in the Highland Reservoir once ground water levels stabilize, and to show the
stable configuration of the piezometric surface in the vicinity of the Site. Visual MODFLOW
(Waterloo Hydrogeologic) was used to develop the model and solve the ground water flow
equation. Visual MODFLOW is based on MODFLOW, a finite difference code developed by the
United States Geological Survey (USGS), but includes significant pre- and post-processing
capabilities.

The Modeling Addendum contains four sections. Section 2 documents the configuration of the
model; Section 3 describes the results of the transient calibration, and Section 4 describes the
long-term simulations performed.
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Section 2. Model Configuration

... The model domain, shown in Figure 1, is 30,000 feet by 30,000 feet. The Highland Reservoir lies
approximately in the center of the model domain. The model grid consists of 96 columns and 80
rows, with a finite difference node located at the center of each block formed by the intersection
of a row and column. The largest grid blocks (located at the outermost edges of the domain)
have approximate dimensions of 1800 by 1600 feet, while the smallest grid blocks (located near
the Highland Reservoir) measure approximately 200 by 200 feet.

Vertically, the model consists of nine layers (layer 1 is the most shallow, layer 9 is the deepest).
Layers I and 2 represent the Fowler and Tailings Dam Sandstone (TDSS) formations. Layer 3
represents the Tailings Dam Shale (TDSh), and layers 4 through 9 represent the upper, middle
and lower Ore Body Sandstones, and the two aquitards that lie between the upper and middle
sands, and the middle and lower sands.

Elevations for the top of layer 2 (top of TDSS) and the top of layer 3 (top of TDSh) were read
from ASCII files that were digitized from Figures 1.3 and 1.4 in Water, Waste and Land, 1989.
The elevations for the top of layer 1 (the ground surface) were hand-entered into ASCII file
format from the two USGS topographic quadrangles that cover the model domain (Whipple
Hollow and Bobby Draw), Elevations for the remainder of the model layers were created by
subtracting constant thicknesses from the elevations for the top of the TDSh. The values for the
thicknesses of the various layers beneath the TDSh were obtained from a generalized geologic
cross section of the Site (Figure 12 in "Surface Mine Reclamation Lake Study for Highland
Uranium Operations," EPR.81ES.83). For all model layers, the ASCII file elevations were
interpolated onto the model grid using a utility included in the Visual MODFLOW software.

Average hydraulic properties were initially assigned to each model layer based upon tests
performed in the vicinity of the Site. These tests and the resulting hydraulic data are documented
in various Exxon reports (including "'Highland Uranium Tailings Impoundment Seepage Study,"
EPR.5ES.82) and are not repeated here. The hydraulic properties were refined as part of the
transient calibration and are discussed in the following section, as are the values used for the initial
and boundary conditions, recharge rates and'ground water extraction rates..
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Section 3. Transient Calibration

A transient calibration was performed in order to refine the hydraulic properties assigned to the
various model layers. The calibration "targets" were the average annual water levels measured in
Site monitoring wells from 1989 to 1996.

3.1 Initial and Boundary Conditions

The initial condition for the transient calibration consisted of average 1988 ground water levels
across the Site. The piezometric surface for December, 1988 (Figure 1.6 of Water, Waste and
Land, 1989) was digitized into ASCII file format. The ASCII data were read into the model and
the model was run for one iteration (not enough to change, the heads significantly). The resulting
heads for the entire model grid were saved to a file that was later used for the initial heads for.
each of the transient simulations.

The same ground water elevations were used as the initial condition for each model layer. The
year 1988 was selected as the starting point for the transient calibration (as opposed to an earlier
year) in order to maximize the amount of well data available to compare with the model results
(refer to Table 1, below).

Table 1. Number of Wells Having Water Level Measurements Prior to and Including 1988

Year Number of Wells Having Water Level

Measurements

1982 7 (no measurements in Reservoir)

1984 8 (measurements in Reservoir began)

1986 15 (seven additional wells installed),

1988 27 (12 additional wells installed)

A constant head boundary condition was used on the western 'and eastern edges of the model for
most of the model layers. In layers 1 and 2, the western boundary condition was fixed at an
elevation of 5200 ft above msl. This value was obtained by projecting the average hydraulic
gradient at the western edge of piezometric surface maps from 1988 (WWL, 1989) and 1994
(Exxon, 1994) back to the western boundary of the model. The western boundary of layer 3 was
fixed at an elevation of 5175 ft above msl. In layers 4 through 9, the western boundary was fixed
at a constant head that increased with time, as shown below in,Table 2.
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Table 2. Values of Time-Varying Western Boundary Condition Assigned to Layers 4 through 9
A--

Years Value of Constant Head
Boundary (ft above msl)

1988-1990 5025

1990-1992 5050

1992-1994 5075

1994-1996 5100

1996 andbeyond 5125

These values were based on measurements of ground water elevations in the Ore Body Sands in
the vicinity of the western boundary of the model. Water levels in the sands were greatly
impacted in the early 1980s by underground operations associated with a Tennessee Valley
Authority (TVA) mine. Since the mid-1980s, underground operations have ceased at the TVA
mine. Recent ground water measurements (January 1997) at wells near the western boundary
indicate that water levels in the Ore Body Sands have risen approximately 100 ft. (Range, 1997).
These water levels are shown below in Table 3.

Table 3. January 1997 Water Level Measurements in Ore Body Sand Wells

Well Name Easting (ft) Northing (ft) Ground Water
Elevation

(ft above msl)

CM-2 391235 886600 5088.9

CM-20 387525 880922 5106.5

CM-29 386323 882772 5109.3

EM-5 387110 879105 5122.8

EM-18 381042 880380 5135.2

FM-36 373049 877817 5170.0

FM-44 376936 879339 5153.7

To the east, the TDSS and TDSh outcrop. In the field, the outcrop of the top of the TDSh shows
no evidence of ground water seepage. As a result, it can be assumed that the piezometric surface
in the TDSS west of the outcrop drops beneath the top of the TDSh before the outcrop occurs.
As a result, no eastern boundary condition was defined for model layer 1. In layers 2 and 3, the
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eastern boundary does not lie along the eastern edge of the model domain, but instead follows the
line of the TDSh outcrop as shown in Figure 2. Ground water elevations along this eastern
boundary were set equal to the elevations of the top of layers 2. and 3. All of the nodes to the east
of the TDSh outcrop in layers 1 through 3 were defined to be inactive.

The eastern boundary in layers 4 through 9 was located along the eastern edge of the model
domain since there was no information regarding outcrops of the Ore Body Sands in this region.
Ground water elevations along the eastern boundary in layers 4 through 9 were set equal to an
elevation of approximately one foot above the bottom of layer 4.

It should be notedthat along the western and eastern boundaries, the head difference above and
below layer 3 indicates that the TDSh is believed to be laterally extensive across the model
domain and is an effective aquitard. In contrast, the value of the constant head boundary
condition is the same in layers 4 through 9 because the Ore Body Sands are believed to be in
hydraulic communication across the model domain and the aquitard units between the Ore Body
Sands are not laterally extensive.

3.2 Recharge

Three different recharge zones were defined for the model domain, as shown in Figure 3. The
first (not explicitly shown in the Figure) was applied to the entire model domain, except those
regions shown in color on the Figure. This recharge zone was set at a constant rate of 0.5 inches
per year, and represents the amount of rainfall available to infiltrate to ground water after(.....'") evapotranspiration.

The second recharge zone is shown in green, and lies within'the tailings basin outline. Here, the
ground water from the extraction wells (discussed below) is discharged into an evaporation pit.
The size of the pit is approximately 1.5 acres (the size of two grid blocks in this portion of the
model domain), and the amount of recharge assigned to the zone varied from 4.7 inches/year to
negative 24 inches/year (a loss of water from the evaporation pit) depending upon the amount of
discharge from the wells. Appendix A includes the spreadsheet printout containing the
calculations of recharge for the evaporation pit.

Finally, the Reservoir surface, which is shown in blue in Figure 3, was defined as the third
recharge zone. For the time period simulated for the transient calibration, it was held constant at
a rate of 42.5 inches/year. It was estimated using the water balance shown in Appendix A, which
is based upon work performed by Exxon Production Research Company (EPR, 1983). The
estimate of 42.5 inches/year indicates that during this time frame, ground water inflow greatly
exceeded ground water outflow and evaporation.
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3.3 Ground Water Extraction Wells

As many as five wells have been extracting ground water from the finger zone since 1989. The
average annual pumping rate for each of the wells was used in the model to simulate pumping
conditions. The average annual pumping rates in gallons per minute (gpm) for the wells are
shown below in Table 4 and the location of the wells is shown in Figure 4.

Table 4. Average Annual Ground Water Extraction Rates (in gpm) Used in Model Calibration

Well 1989 1990 199i 1992 1993 1994 1995 1996

Number

114 .004 0.0 0.0 0.0 0.0 0.0 0.0 0.0

117 1.117 1.117 1.117 1.117 1.117 .494 .332 .104

175 1.839 1.839 1.839 1.839 1.839 2.854 1.602 1.594

177 .572 .. 572 572 .572 .572 .023 .002 .001
178 .511 .511 .511 .511 .511 .239 .150 .089

3.4 Transient Calibration Results

The results of the transient calibration on a well by well basis are shown in Appendix B. The
hydraulic properties assigned to each model layer are summarized below in Table 5. The
distribution of hydraulic conductivities and storage properties for each model layer are shown in
Figures 5a through 5i. Figure 6 is a map of the simulated and measured piezometric surfaces in
the TDSS and mine backfill for average 1996 conditions,.

71)
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Table 5. Hydraulic Properties Assigned to Calibrated Model Layers

Layer Predominant Formation Range of Hydraulic Properties Used
Representing Layer for Predominant Formation

1 Fowler Formation :.. =.002-. 015 cm/sec
_ Ss=.00073-.073 l/ft; S,=.15, n=.3

2 Tailings Dam Sandstone K,.Z=.O002-.015 cm/sec
S.=.00073-.073 l/ft; Sy=. 15, n=.3

3 Tailings Darn Shale K_. :IX10-7 -8X10"7 cm/sec
SI=.00022 l/ft; Sy=.04, n=. 14

4 Upper Ore Body Sandstone K. Z=.08 cm/secSsl=:00073 1 /il;SY=.l15, n=. 3

5 Upper Aquitard K,•y.Z=.O08 cm/secS,=.00073 1/if; SY =.15, n=.3

6 Middle Ore Body Sandstone I.Y,,O008 cm/sec
Ss=.00073 lIft; Sy=. 15, n=.3

7 Lower Aquitard IKr, =,008 cm/sec
Ss=.00073 l/ift; Sy=.15, n=.3

8,9 Lower Ore Body Sandstone K.y,,Z=.008 cm/sec
S,=.00073 l/ft; S:.. 15, n=.3

1-8 Mine Backfill Kyz=4X10-7 cm/sec
S,,=.00075 l/ft; Sy=.15, n=.35

1-9 Highland Reservoir K.- =100 cm/sec
S,=.99, Sy=.99, n=.99
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Figure 5f. Hydraulic Conductivities and Storage Properties Assigned to Layer 6
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Section 4. Long-Term Simulations

The hydraulic properties, initial condition, and boundary conditions discussed in Section 3 were
used to simulate the long-term configuration of the piezometric surface and Highland Reservoir.
For the purpose of the long-term simulations, it was assumed that no ground water extraction
occurs within the model domain after 1996, and there was no corresponding recharge of the
extracted ground water via the evaporation pond. The recharge rate assigned to the Reservoir
surface declined to a rate of 0.2 inches/year, based on the assumption that as the Reservoir begins
to fill more slowly, ground water outflow exceeds inflow, and the greater surface area of the
Reservoir allows for increased evaporation. Refer to Appendix A for the water balance
spreadsheet that estimates the net recharge to the Reservoir surface.

The long-term configuration of the piezometric surface in the TDSS and mine backfill is shown in
Figure 7. The ultimate level of the ' Highland Reservoir is predicted to be approximately 5125 ft
above msl. In general, ground water flows from west to east, with perturbations to this flow
regime in the vicinity of the Highland Reservoir and mine backfill. The rate of flow i's greatest to
the northwest of the Reservoir (approximately. 15 ft/day), and slowest to the northeast of the
Reservoir (approximately .05 ft/day). Ground water flow velocities were estimated using an
average hydraulic conductivity for the site (.002 cm/sec), and an average site-wide porosity of 34
percent.

In the vicinity of the tailings basin, ground water flows from the northwest to the southeast at a
rate of about .03 ft/day, but changes to an easterly flow direction at the eastern edge of the

) rtailings basin. Beneath the northwest portion of the tailings basin, ground water flows from
northwest to southeast before the water table drops below the top of the TDSh. Within the
TDSh, ground water starts to flow in more of an easterly direction beneath the southeast portion
of the tailings basin. As a result, it appears that the portion of the North Fork of the Box Creek
that lies to the south and east of the tailings basin will not intercept ground water migrating from
beneath the basin. Ground water flow velocities were estimated using an average hydraulic
conductivity for the site (.002 cm/sec), and an average site-wide porosity of 34 percent.

4.1 Sensitivity Analyses

Sensitivity analyses were performed in order to determine the degree of uncertainty in the model
results based upon uncertainty in the model input parameters. All sensitivity analyses, except
those performed on the value of specific storage, were performed as steady state simulations in
order to greatly reduce the computational effort required.
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Hydraulic Conductivity

The values of the hydraulic conductivities assigned to the model layers were increased and then
decreased by an order of magnitude in order to evaluate the sensitivity of the final Reservoir
elevation to the values used. In general, an order of magnitude change in hydraulic conductivity
in any of the layers resulted in a change in ultimate Reservoir elevation of about 15% or less. For
most of the layers, the change in Reservoir elevation was less than 10% (a 10% change is
approximately 15 feet). The Reservoir elevation was most sensitive to the hydraulic conductivity
assigned to model layers 1 and 4.

Recharge

The values assigned to.the two recharge zones (the areal recharge zone and the zone assigned to
the Reservoir surface) used in the steady state simulation were changed to determine the
sensitivity of the ultimate Reservoir elevation to the values used. For the first sensitivity analysis,
the recharge assigned to the entire model domain was increased from 0.5 inches/year to 1.5
inches/year. This change had a negligible impact (approximately 3%) on the ultimate Reservoir
' elevation. For the second sensitivity analysis, the Reservoir evaporation rate was increased from
0.2 inches/year to -50 inches/year. This also had a negligible impact (it resulted in a decline of
less than 3%) on the ultimate Reservoir elevation.

Boundary Conditions

The boundary conditions were modified in order to evaluate the sensitivity of the final Reservoir
elevation to the values assigned. In layers 1 through 3, the western boundary. condition was
decreased by 20 ft. This resulted in a negligible (approximately 3%) decline in the ultimate
Reservoir elevation. A 20 ft increase in the western boundary condition for layers. I through 3
also resulted in an increase in Reservoir elevation of about 3%.

For layers 4 through 9, the western boundary condition was increased from 5125 to 5150 ft above
msl. This resulted in an almost 7% increase in the ultimate Reservoir elevation. A corresponding
decrease in the boundary condition for layers 4 through 9 was not made, since current water level
measurements are at or below 5125 feet above msl, and while it is believed that the ground water
system in these layers may continue to rebound slightly, water levels are not expected to decline.

To the east, the boundary condition in layers 2 and 3 was lowered by 10 •feet in order to evaluate
the impact on the ultimate Reservoir elevation. The resulting Reservoir elevation was essentially
the same (a less than 2% decline) as the original elevation. In layers 4.through 9, the eastern
boundary conditions were increased by 20 feet. This resulted in a less than .2% increase in the
ultimate Reservoir elevation simulated by the model.
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Specific Storage

S.. Out of necessity, the sensitivity analyses performed on specific. storage were performed as
transient simulations. The computational effort required was significant and limited the number of
analyses that could be performed to two. The first sensitivity analysis performed was on the value
of specific storage and specific yield used in layers 1 and 2. Here, the specific storage was
increased by two orders of magnitude, and specific yield was increased 33%. The result was a
less than 7% decrease in the ultimate Reservoir elevation.

The second sensitivity analysis was on the value of specific storage used in the model layers that
correspond to the Ore Body Sands and the aquitards between the sands (layers 4 through 9).
Again, the specific storage was increased by two orders of magnitude (the specific yield was also
increased by 33%). The resulting Reservoir elevation was approximately 13% lower. While the
model results are certainly more sensitive to the value of specific storage used in layers 4 through
9 as opposed to layers 1 and 2, the change can still be considered to be rather minimal when
compared to the overall rise in water level in the Reservoir.

Sii)
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Calcu•-•Lon of net recharge from evaporation pond
,.... ,.

'-I

Well 1989 1990 1991 1992 1993 1994 1995 1996
114 0.004 0 0 0 0 0 0 0
117 1.117 1.117 1.117 1.117 1.117 0.494 0.332 0.104
175 1.839 1.839 .839 1 .8839 1.839 2.854 1.602 1.594
177 0.572 0.572 0.572 0.572 0.572 0.023 0.002 0.001
178 0.511 0.511 0.511 0.511 0.511 0.239 0.15 0.089

Total (gpm) 4.043 4.039 4.039 4.039 4.039 3.61 2.086 1.788
Total (ft3yr) 284091 283809.9 283809.9 283809.9 283809.9 253665.2 146577.8 125638.1
Evap Pond Area
(ft2) 65340 65340 65340 65340 65340 65340 65340 65340

Baseline
Recharge (in/yr) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Evap Pond Rechg
(in/yr) 52.17 52.12 52.12 52.12 52.12 46.59 26.92 23.07
Pan Evap. (in/yr) -48.00 -48.00 -48.00 -48.00 -48.00 -48.00 -48.00 -48.00
Sum (in/yr) 4.67 4.62 4.62 4.62 4.62 -0.91 -20.58 -24.43
Amt in model 4.7 4.6 4.6 4.6 -1 -21 -24
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Calculation of net recharge at Reservoir surface.

ac-ft/month
Years Ground Ground Net water
since Water Direct Water Lake ac-
1996 Inflow Rainfall Runoff Evap Outflow Area(ac) ft/month in/yr

0 45.7 8.4 4.8 30 0 98 28.9 42.47
5 45.7 9.3 4.7 33.1 0 112 26.6 34.20

10 45.7 10.3 4.7 36.9 0 123 23.8 27.86
15 45.7 11.3 4.6 40.2 0 134 21.4 23.00
20 45.7 11.9 4.6 42.3 0 140 19.9 20.47
25 45.7 12.4 4.5 44.1 0 146 18.5 18.25
30 45.7 12.9 4.5 45.8 0 152 17.3 16.39
35 45.7 13.3 4.5 47.4 0 157 16.1 14.77
40 45.7 13.7 4.5 48.9 0 162 15 13.33
45 44.5 14.1 4.4 50.3 0 166 12.7 11.02
50 42.8 14.5 4.4 51.6 0 171 10.1 8.51
60 40.6 15 4.4 53.4 2.2 176 4.4 3.60
70 39.7 15.2 4.4 54.2 3.2 178 1.9 1.54
80 39.3 15.3 4.4 -_ 54.5 3.6 179 0.9 0.72
90 39.1 15.3 4.4 54.7 3.8 180 0.3 0.24

100 39.1 15.4 4.4 54.7 3.9 180 0.3 0.24
110 39 15.4 4.4 54.8 --- 3.9 180 0.1 0.08
120 39 15.4 4.4 54.8 3.9 180 0.1 0.08
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TRANSIENT CALIBRATION RESULTS
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