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INTRODUCTION

This feport presents the results of'oﬁr e&aluation of
hydrologic conditions which will occur as'a'fesultiof not back-
filling Pit 5 at the end of operations at theinghland surface
operations. The Exxon Highland mine and:mili‘are located in
Converse County, Wyoming as shown on Plate 1, Ldéatibn Map. Open

pit mining operations began in 1970 and are currently scheduled

to end in 1987.

Mining began in the SE 1/4 of Section 28'Rahge 72 W Township
36 N aﬁd has progressed 1n a northwesterly difection, and will
eventﬁally finish near the center of Sectiqn 20 as-shown on Plate
2, Final Reclamation Plan. As part of the finél teclamation plan,
the last pit, Pit 5, will be left open and allowed.to £fill with

ground water and surface runoff to form a lake.

PURPOSE AND SCOPE

The purpose of this study was to assess’ the hydrologic
conditions which will exist in the depression left by Pit 5

following reclamation. Specific objectives of the study were to

evaluate: .

1. The source of water, both surface and subsurface, and
- the expected quantities and qualities.

2. The quality of water in the lake after equilibrium is
reached, with emphasis on salinity and radionuclide
concentrations. ' »
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3. The water outflow, both evaporation and subsurface
flows, and effects on ground water quality in the
vicinity. : L

4. The expected shoreline elevation.

5; Recommended énd use of lake.

The scope of our studies has included ﬁhé evaluation of
available geologic, climatologic, and hydrologic data applicable
to the site region; evaluation of the surface{water balance and
quality for the Pit 5 lake; computer modeling’of ground water
flows to the.lake; evaluation of ground wétervquality data
for the site area; assessment of the resulting water quality
conditibns in the Pit 5 lake using a mass balén¢é.approach; and

preparation of this summary report.

RECLAMATION PLAN

The open pit mine is progressively backfilled during‘opera—

~tions. At the end of mining, a small part of thé pit, the Pit 5

lake area, will not be completely backfilied, as shown on
Plate 2, Final Reclamation Plan. The pit will,be'about 400 feet
deep. The northern half of Pit 5 will be left at the original’
mined'siope and will be relatively undisturbedlnaiural rock. The
souihéaétern wall of the reclaimed pit will be:backfill composed
of mixed overburden. The bottom of the pit wiil be at an apbrox-
imate elevation of 4,910 feet. The estimated éré-mining water

table elevation lies between 5,200 and 5,225 feéta
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Riprapped channels will be constructed on the pit sideslopes
to convey runoff from the major drainages .into the lake. Rip-

rapped channel locations are shown on Plate 2-;

SITE CONDITIONS

TOPOGRAPHY

The topography surrounding the site»ié!charécterized by
gently -rolling upland areas and'broad streém'Qalleys that are
dissec@ed by numerous draws with relatively;steep slopes and
roundéd ridge crests (see Plate 6). Headwardierbsion of streams
since late Tertiary time has resulted in £hé pféSent-day pattern
of uplands and dissected stream valleys. The Highland Flats, an
upland area, is a remnant of the Tertiary erosional/depositional
surface (Hagmaier, 1971). Shallow depressions provide natural
impoundments for surface water in upland aréaé sdch as Highland

Flats.

The principal drainage of the site area is North Fork Box
Créek,”an intermittent stream which drains easterly into the
" Lightning-Lance Creek system eventually reaqhihg' the Cheyenne

River.

Elevations range from a maximum of approximatély 5,700 feet
in the Highland Flats area 8 miles west of the,éite'to 5,000 feet

on ‘the North Fork Box Creek approximately 2 miles east of the

site.

AL E L s
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GENERAL GEOQOLOGY

. STRUCTURE

The Exxon uranium mine is located near thé édpthern margin
of the éowder River structural basin of northehsﬁ Wyoming. The
basin ié expressed as both a topographic'and Stfucﬁural low,
bounded on three sides by structural highs. Thé basin is flanked
on the east by ;he Black Hills Uplift, on the west by the Bighorn

Mountains and on the south by the Laramie Mountains and Hartville

Uplift.

The basin morphology can be described{asvan asymetric
syngline which gradually opens and broadéﬁs-to the north-
northﬁéét. The axis of the basin trends N.30°W.*'Measufed dips
oﬁ the Wasatch Formation in the central portidn;of the basin
range from less than one degree to two and oné-haif'degrees. At
the margin of the basin, dips steepen to as mugb as 20 degrees.
Dips are’ usually low to the north and east and-feéch maximums at

the south and southwest fringes of the basin.

STRATIGRAPHY

~The Fort Union and Wasatch Formations are the principal
units of interest to this study contained in - -the Powder River
Basin. These units are Tertiary continental deposits of semi-

consolidated sandstones, siltstones, claystones and coal.

R IRy N [



The Paleocene Fort Union Formation reacheé_a maximum thick-
ness of approximately 3,500 feet and generaily:is:in the range of

2,200 to 2,500 feet when not eroded.

The Wasatch Formation, .of early Eocene agé,' overlies the
Fort Uﬁion Formatibn and occupies the centrél‘portion of the
Powder River Basin. The Wasatch Formation is:génerally between
l,OOO‘and 3,000 feet thick when not eroded and_dontains lenses of

coarse, crossbedded, arkosic sandstone.

Deeper formations and other aspects of the regional geology

are discussed‘by Hagmaier (1971) and HodsOh; ét al (1973).

SITE GEOLOGY

STRUCTURE

The Fort Union and Wasatch Formations are essentially hori-
zontal in the site vicinity with slight dips (1° or less) to the
northwest toward the basin center. No faulting or evidence of

faulting has been detected in the area, either by surface studies

or drilling.

STRATIGRAPHY

The site is underlain by interlayered'sandStone, siltstone
and claystones of the Wasatch and Fort Union Formations. Plate 3

presents a stratigraphic column for the site vicinity.

LraéTam . - v nect

-5



 The uppermost sandstone is referred to as?the tailings dam
sandstode and 1is about 50 feet thick. The-tép’of the stratum
lies at'about elevation 5,180 feet. This sandsfohe is underlain
by a shale, referred to as the tallings dam shaie( which is about

40 feet thick.

The ore zone, referred to as the Highland sandstone menber,
underliés the tailings dam shale and typically'éOnéists of three
sandstone strata separated by shale. The sanastohe strata are
typically 30 to 50 feet thick. The shales whiCh:separate the
sandstohé are generally 20 to 40 feet thick and:afe'relatively
continuous., Mining generally ends at or nearithe base of the
Highland sandstone above a shale layer at eléVation 4,900 to
5,000 feet. Plate 4 displays stratigraphic cross sections with
individuél sandstone and claystone beds inter?rétedvfrom drilling

data by Exxon personnel.

Plate 5 displays an isopach map of sandstone beds within and
above the Highland sandstone but below the original water table.

The -isopach map overlies the Highland Uranium Operations base

map. The cross sections and information used in constituting the

isopach map were obtained from an environmental report prepared

by Exxon. (1977).

GROUND- WATER

REGIONAL
A relatively detailed study of the regidnal ground water

regime and its significance to deposition of ecconomically

A ESe oy e
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recoverable guantities of uranium is presented: in an unpublished

Ph.D. thesis (Hagmaier, 1971). Portions of the thesis which are

particularly relevant to this study are:

l.. A well inventory of the Powder River Basin. There are

3.

five wells listed within a five-mile radius of the Exxon
site. The reported water levels in the wells should .be
indicative of pre-mining conditions.

Estimates of vertical and horizontal gradients and
corresponding regional flow patterns. Near the site
area, the Highland Flats area is interpreted as a major
regional recharge area, while the North Platte and Dry

" Fork Cheyenne Rivers are considered major discharge

areas.

Background ground water chemistry data.

Tybical gradients for ground water flow in the Dry Fork

Cheyehne River drainage basin, according tq-Hagmaier (1971)

are 0.001 to 0.004 horizontally and 0.2 to 0.4 vertically.

Horizontal flow quantities are much larger than vertical flow

guantities, however, because of the very large horizontal to

vertical permeability ratio which is on thévbrder of 1,000

to 10,000,

Based on the above data presented in Hagmaier (1971),

ground water potentials are at maximums in the»Highland Flats

and decrease in all directions away from Highland Flats. In

addition, there is some vertical movement of ground water in the

vicinity of the Highland Flats recharge area.
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Ground water quality analyses presented in.ﬁhe thesis for
shallow wells in the vicinity of Exxon indiéate water of the
calcium-sodium-sulfate-bicarbonate type wifﬁ}total dissolved
solids in the range of 300 tc 700 milligrams peﬁ iiter (mg/l) and

PH in the range of 7.5 to 8.5.

ESTIMATION OF PRE-MINING REGIONAL GRADIENTS

Estimated pre-mining ground water levels”arefdisplayed on
Plate 6. The contours shown on Plate 6 indigéte the top of the
saturated zone. Data from which this map was constructed were

obtained from the Hagmaier thesis well inventory,:a'Dames & Moore

- dewatering study performed for Exxon in 1971, a Dames & Moore

dewatering study performed for United Nuclear Corporation in
1975, the'existing topographic surface, and elevations of natural

springs recorded on USGS l5-minute quadrangle maps.

It should be noted that the North Fork Box Creek shows as a
perenniai stream on the Highland Flats, Wyoming:USGS quadrangle,

as shbwn on Plate 6.

- It should also be emphasized that the veryflimited data from
whiéh the pre-mining regional gradients wefe eétimated put
limitations on their accuracy. Contour intervals are presented
in 100-foot increments and it is intended that this contour
interval reflect the accuracy with which ground:water levels can

be determined from Plate 6.
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Horizontal gradients interpreted frém.?late 6 indicate
a range of 0.01 to 0.006 which are some&haﬁ ﬁigher than the
genéral regional gradients cited by Hagmaier (ié?lj. The higher
gradienfs are likely due to the local influenéefof the Highland
Flats recharge area. Pre-mining ground water flow directions in

the vicinity of the existing pit are southeasterly to easterly.

GROUND WATER HYDRAULIC PARAMETERS

In order to model flow patterns quant}tatively in the

vicinity of Pit 5 it is necessary to estimate the following

hydraulic parameters:

1. Horizontal hydraulic conductivity.
2. Estimated thicknesses of aquifer matefials.

3. Porosity.

The1ab0ve parameters are required for steady-state analysis.
Transient analyses réquire, in addition to the above parameters,

an evaluation of the storage coefficient and/or specific yield.

The thickness of aquifer materials haﬁ.been discussed
previously and is presented on Plate 5, along with the finite
difference grid used in the model. The hydraulic conductivity
values.have been reported in several studiés for Exxon and

neighboring United Nuclear Corporation operations.
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The specific sources of data are:

: o Average
Type of - Permeability
Investigation Location By : ' ‘Date (£t/yr)
Dewatering Pit 1 -  Dames & Moore 1971 2230
Dewatering Pit 3 Golder & Assoc. 1979 560
Dewatering North Morton Dames & Moore 11975 1060
: Undexground _ _
Dewatering South Morton Dames & Moore 1977 4600
: Mine : _
Solution Mine Pit 5 Exxon - 1978 1030
Pilot _ '
Seepage from Morton Battelle - S
Buried Tailings Ranch Pacific NW Labs 1980 7760
Water Balance Exxon Dames & Moore . 1978 1680
: Highland Mill : B
Average for all studies. o 2700

A summary listing of the previously obtained data»is presented in

Table 1.

- It is our opinion that the average hydraulic conductivity
obtéinediby averaging the results presented in:thé above listed
studies is most likely on the low end of the range of values.
The aVerage contains values obtained from testé designed to give
order of magnitude estimates of permeability{sﬁch as air=-lift
capacity.‘ In addition, coarse sand seams wiﬁhin'the geologic
section transmit a majority of the flow and may not have been

intercepted in many of the tests.

' We have selected a value of 1,000 feet per yéar (approxi-.
mately 1 x 10_3 cm/sec) as a conservative eétimate ocf sand
permeability for our modeling purposes. ‘This value should

represént "worst case" conditions in the prediction of Pit 5 lake

-10~



TABLE 1

SUMMARY OF HYDRAULIC CONDUCTIVITY VALUES

Hydraulic’
Conductivity

Area Type Test (cm/sec) Source of Information
Pit 1~ - Pumping Tests ~ Dames & Moore (1971)
DEM T.W. | 3.1 x 1073
DEM 3A 5.2 x 1073
DeM SA 6.6 x 1075
Dewatering'#h 3.5 x 10-4
Dewatering #10 3.1 x 107%
™ #1 2.9 x 107"
v #2 9.0 x 107" |
Pit3 Pumping Tests Golder & Assoc. (1979)
well #1 hox 107t
Well #2 6.8 x 1074 .
Solution Mine Pilot Lab Permeability Exxoh Minerals (1977)
""""""""""" on Core - :
| 9.7 x 10™%
2 7.5 x 107"
3 1.2 x 1073
4 7. x 107%
5 6.8 x 107
6 1.2 x 1073
In] Well 1.2 x 1073
A 5.3 x 107
B 9.8 x 1072
¢ 1.1 x 1073
D 8.7 x 107°
£ 8.0 x 1074
F 1.1 x 1073

-11-



TABLE 1}

(Cont inued)
SUMMARY OF HYDRAULIC CONDUCTIVITY VALUES ,

Hydraulic

Conductivity

Area . Type Test (em/sec) Sourcé of Information
Solution Mine Pilot Well Injection Tests Exxon Minerals (1977)
-1 8.7 x 107" o
Inj-2 1.1 x 1073
Inj=3 8.7 x 107"

Inj=-k 1.2 x 1073
Inj-5 1.5 x 1073
Inj-6 1.2 x 1073 :
North Morton Mine Air Lift Pumping Dames & Moore (1975)
""""" wmmssess Tests : - . h
DM=1 b6 x 107 -

1.6 x 10-3
DM=4 5.4 x lojg

9.4 x 10
D=5 6.7 x 10:2 -

4.3 x 10
DM-6 2.7 x lojg

3.4 x 10
DM-8 5.0 x 10

1.6 x 1073
DM-1A 1.9 x 1073
DM=4A 2.3 x 107
DM=5A -
DM-8A 1.8 x 107"
MX 2684A -
MX 2685A -
MX 2686A -
MX 2687A -
DM~18 3.7 x o7
DM=-4B 6.5 x 107>
DM=58 .4 x 107"
DM-6B 8.9 x 1072

~-12-
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© TABLE 1 (Continued)

SUMMARY OF HYDRAULIC CONDUCTIVITY VALUES

Hydraulic
Conductivity

Area Type Test (cm/sec) Source of Information
MX 26848 -
MX 26858 -
MX 26868 -
MX 26878 -
DM-SP1 | 1.0 x 1073
DM-SP2 -
DM-1P 1.0 x 1073
DM-2P 9.1 x 1077
OM-3P 7.8 x 10'“_
DM-4P 1.0 x 1073
DM-5P 1.6 x 1073
DM~5P2. 1.6 x 1073
DM-6P 7.6 x 1070
DM-7P 9.5 x 107
DM-8P 9.1 x 107
DM-9P 4.2 x 107
MX 2684 -
MX 2685 -
MX 2686 -
MX 2687 -
South Morton Mine_  Pumping Test Dames & Moore (1977)
Water Well 2.8 x 10:2 R
6.1 x 10 .
South Morton Mine_  Lab Permeability Battelle (1980)
Teitines £rom Soon 22 x 107
gg??ik;:e;mgzzggment 2.5 x ]0-8
Overburden‘Mdrton 1.3 x 10-6
Ranch Area-
sindatone poreon 7.5 x 107
-13-
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elevations. Estimates of the lake surface-eievation have also

3

been made using a value of 2,000 feet per_yeér'(leo_ cm/sec)

for comparison purposes.

Porosity of the sands was estimated at 0.3 .on the basis of

test data from core samples (Exxon Minerals,Co{ U.S.A., 1977).

Although the storage coefficient is required only for
transient analyses, the value is indicative of ‘confined or uncon-
fined conditions. Only one value of sﬁorégé éoefficient was
feported from field testing data presented in Tabie-l. A storage
coefficient value of 1 x 10-5 was obtainedAftom-pump test data
during the 1971 dewatering investigation by Dames & Moore. This

is representative of confined conditions.

Because of the large drawdowns in thefyicinity of the
current mining operations, unconfined conditions are present in
many of the sand seams near the pit. For tﬁe-purposes of steady
state modeling, we have assumed that confinédicbnditions are
present in the aguifer. This does not resuitLih significant
error.pfovided drawdown is small in comparisoﬁ to the agquifer's

saturéted thickness.

GROUND WATER QUALITY

The quality of ground water in the vicinity of Pit 5 is
generally good and of the calcium bicarbonaﬁe type. Table 2
presents water quality data for several seleétéd wells in the

area. Wells at sample locations #1 and #2 are iocated four miles

-14~



TABLE 2

GROUND WATER QUALITY DATA

Average Measured Concentratlon and Variation *

_g‘[—

Total

Sample Location U-Natural Ra-226 Th-230 Na Ca 504 ch Hco3 Dgzi?;:ed

And_Name (pCi/1) (pci/1) {pti/1) (na/1) (Mg/1)  _{no/1) (Mg/1) (Hg/1) {Mg/1)

# ¥ol;m::illianch- 19.1£20.4/37 1.5 +1.9/37 2.813.7/36 53:19/10  7016/10  113318/10 13:13/10  225216/10 436164710
ar

n &oY:er Ranch 9.0321.4/24  .75t.91/23  1.00:1.05/24 . 14031710 kh£13/10 | 270:48/10 91710  191119/10 Sozisello
€ ° .

#9 zu?liA {West) 19 $31/23 1.16£1.38/23  1.7512.08/23  109:24/9  1518/9 114212/9  18:20/9 14127179 387179/9
{]

£l sgfllls 3042795/12 901176 /12 4.217.9/7 s4/1 53N san hl! 207/t 297/1

#19 ggtl;‘iu 9.1211.8/714 2.4 £1.2/15 1.142.93/5 74%2/3 37273 118£11/3 5¢1/3 179£18/3 359t15/3

#51 ggflnl 2h.0426.5/16  3.4711.70/16 .8411.03/7 474373 5842/3 10741873 612/3 212¢14/3 ?8|:37/3

#52 3n?|#zz ||.21|B.7/|h 1.2611.37/14 | .811.88/5 8319/3 29+9/3 |27¢i3/3. 51173 116516)3 36!135/3
ell : . - . . o s

* Keyﬁ

19.1 £ 20,4737

Mean concentratlon ¢ standard deviation/number of measurements

Source

of data: Exxon Minerals Co., U.S.A.
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west and two miles northeast, respectively,'éffPitvS on Highland
Flats;  The remaining wells are located arduﬁd the pit area
as shown on Plate 6. In general, total diésdlvéd solids range
from 300 to 400 mg/l; chlorides range from 5 to 18 mg/l; and
sulfates range from 80 to 270 mg/l. Radionuclidés}are generally
below MPC and meet EPA drinking water standards except for
radium -226 from the mine dewatering well UDG #15 (sample
location $#44). This well is probably drawing from -a mineralized
zoné.v* Little information 1is available for traée constituents’

Ground water quality standards are sumarized on Table 3.

SURFACE WATER

GENERAL

This section describes the surface water conditions appli-
cable to the water balance for the Pit 5 lake at the Highland
Miné. The undisturbed natural drainage area northwest of Pit 5
and the disturbed area to the south of the. lake that would
contribute runoff to the lake are considered. The undisturbed
natural area consists of about 0.76 square miles, while the
disturbed area consists of about 1.37 square miles, making a

total drainage area of about 2.13 square_milés (see Plate 7)

at a lake elevation of 5,180 feet.

PRECIPITATION ESTIMATES

The average annual precipitation at Casper, Wyoming is

11.4 inches based on 36 years of records. The average snowfall

-16-



TABLE 3

WATER QUALITY STANDARDS
{1n Hg/L Except as Noted)

U.S. NRC

: . HPC

EPA Drinking Water Standards WY DEQ PROPOSED GROUND WATER STANDARDS {Unrestricted)

Specles Primary Secondary Livestock Domestic Agricultural Livestock { Areas )
Aluminum (A1) - - 5.0 - 5.0 5.0 -
Amvonia (NH3) - - - 0.5 - - -
Arsenic (Asi 0.05 - 0.2 0.05 0.1 0.2 -
Barium (Ba) 1.0 - - 1.0 - - -
Beryllium (Be) - - - - 0.1 - -
Boron (B) - 1.0 5.0 0.75 0.75 5.0 -
Cadmium (Cd) 0.0l - 0.05 0.01 0.01 0.05 -
Chromium (Cr) 0.05 - 1.0 0.05 0.10 0.05 -
Cobalt (Co) - - - - 0.05 1.0 -
Copper (Cu) - 1.0 0.5 1.0 0.20 0.50 -
Cyanide (CN) 0.05 - - 0.2 - - -
Fluoride (F) 1.4-2.4 - 2.0 1.4-2.4 - -
Hydrogen Sulfide (HyS - - - 0.05 - -
Lithium (Li) - - - - 2.5 - -
Lead (Pb) 0.05 - o.t 0.05 5.0 0.10 -
Mercury (Hg) 0.002 - 0.01 0.002 - - -
Holybdenum (Mo) - - - - - - -
Nickel (NI) ) - - - - 0.2 -
Nitrate {as N) to.0 - - 10.1 - - -
Nitrate (as N) - - - 1.0 10.1 -
Selenium (Se) 0.01 - 0.05 0.0) 0.02 . 0.05 -
silver (Ag) 0.05 - - 0.05 - - -
. Vanadium (V) L= - . e PR 0.1 C 0. -
2inc (zn) - 5.0 ' 25.0 5.0 2.0 25.0 -
"~ Chloride (C1) - 250.0 2000.0 250.0 100.0 2000.0 -
_iron (Fe) - 0.3 - 0.3 5.0 = -
Manganese (Mn) - 0.05 - 0.05 0.2 - -
Ph - 6.5-8.5 - 6.5-8.5 4.5-9.0 6.5-8.5 -
Sulfate '(SOI,) - 250.0 3000.0 250.0 200.0 3000.0 -
TDS - 500.0 ~ 500.0 2000.0 5000.0 -

uranium (U) - - - 5.0 mg/1 5.0 mg/} 5.0 mg/! 30,000

Ra-226, 228 5.0 pCi/) - - 5.0 pCi/N 5.0 pCi/l 5.0 pCi/l 30.0 pCi/V
Gross a 15.0 pCi/l - - 15.0 pCi/1 15.0 pCi/l 15.0 pCi/l -

Thorlum-230 - - - - - - 2000.0 pCi/1
Gross @8 30.0 pCi/l - - - - - -
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contributing to precipitation is about 50'to 55 inches. It is
assuméd that the average annual precipitétion:at the Exxon
Highland site is the same as at Casper, WyOming; The records
indicate a variation in rainfall at Casper.ffom 7.3 inches to
16.2 inches per year with a standard devia;ion-of about 2.4
inches. This represents a variation from the aQeFaQe of about 64
perceht:to_l42 percent. For this area, the National Climatic
Atlas'(U.S. Geological Survey, 1970) indiéatesna variation in
runoff from snowmelt and rainfall of about Zolpércent to 210
peréent.with a coefficient of variation of 48-pér§ent. There~
fore, for a préliminary estimate, it is assumédrthat the total
yearly precipitation could vary from.about 2.3 inbhes to about

23.9 inches with a mean of 11;4.inches.

RUNOFF ESTIMATES

Several methods have been used to evalqafe-average annual
runéff for the site. The runoff records of‘vafious small (i.e.,
less than 50 square miles) drainage basins'on the plains of
eastern'Wyoming (from U.S. Geological Surveyistream gaging
statidns) indicated mean annual flows varying from about 15 to
about 450 acre-feet per square mile. In some mountainous areas,

mean aﬁnual flows exceeded 1,000 acre—féet.per:square mile.

The paper "Techniques for Estimating Flow Characteristics of
Wyoming Streams" (U.S. Geological Survey, 1976) was also con-

sulted.: According to this publication, the Exxon Highland site
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lies in Region 3 of eastern Wyoming which includes plains areas
especially prone to intense thunderstorm acti&ity, An equation

developed for mean annual flows for this region is:

o = 0.518 a0-33
a
where | Qa = mean annual flow in cfs
A = drainage area in square miles

Using this equation, mean annual flows for various.size drainage

basins were estimated. Table 4 indicates the results of this

estimate.

TABLE 4

RUNOFF ESTIMATE USING USGS 1976 PAPER

Drainage Area Mean Annual Runoff Unit Runoff

"l sg mi 375 ac-ft/yr 375.0 ac—ft/miz/yr
10 sg mi 1,270 ac-ft/yr 127.0 ac-£t/mi2/yr
100 sq mi 4,305 ac-ft/yr 43,1 ac-ft/mi’/yr
1,000_ éq mi 14,590 ac-ft/yr o '14.6 ac-ft/miz/yr

This analysis indicates that the unit runoff*décreases with
increasing drainage area. For the drainage area of 2.13 square
miles contributing to the Pi£ 5. lake, this would indicate a mean
annual runoff of about 560 acre-feet with a corresponding unit

runoff of about 260 acre-feet per square mile per year.

. Another source of information investigatéd'wés "Hydrologic
Effects of Water Spreading in Box Creek Basin, Wyoming" (U.S.

Geological Survey, 1961). This report gave'storm runoff values
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for_lS small drainage basins of less than 3 sqhere;miles in the
Box Creek Basin during the years of 1956 and-l§57.' The average
runoff for these basins based on 2 to 5 sterﬁ events per year
during the months of May through September was abeut 22 acre-feet
pervsquare mile ber year., Assuming that aboutfso percent of the
runoff results from these storms, while the.cther 50 percent
occure ﬁrom snowmelt, a mean runoff of abouti45‘acre-feet per

square mile per year from these basins is indicated;

Potential flood runoff (peak flow and volume) estimates for
the area in question were also estimated using "Analysis of Small
Drainage Basins in Wyoming" (USGS, 1978). The following data
were used in the analysis:

Natural Drainage: Area = 0.76 sq mi

Basin Slope = 118 ft per mi (2.2%)
Max. Relief = 145 ft

Disturbed Drainage: Area = 1.37 sqg mi :
' Basin Slope varies from . 39 ft per
mi (0.74%) to 264 ft per mi (5%)
Max. Relief - 150 ft

Table 5 gives the results of these estimates.

A methodology is presented in Water Supbiy Paper 1531-B
which relates drainage‘density to annual reneff. Drainage
density is defined by the length of channel.divided by the area
of the basin. During a previous study (Dames & Moore, 1978), an
average density of 5.4 miles per square mlle was used and an

annual runoff of about 11.5 acre-~feet per:square mile was
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TABLE 5

POTENTIAL FLOOD RUNQFF

Flood Recurrence Estimated Peak Flow Estimétéd Flood Volume
2 yrs 150 cfs © 20 ac-ft
5 yrs 310 cfs ’ .i . 38 ac-ft
10 yrs 400 cfs 47 ac-ft
25 yrs . 580 cfs "[_'64 ac-ft
50 yrs 1,000 cfs | 90 ac-ft
100 yrs 1,200 cfs 105 ac-ft

deterﬁined using the methodology presented inVWSP:lSBl-B. The
drainage density was ébtained by evaluatihgiUSGS topographic
ma§s dufing our érevious study. However, thé_natural drainage
northwest of Pit 5 has a density of about 1.6 miles per square
mile,-while the disturbed area does not héve;é defined channel.
A lower drainage density would indicate an'éven:lower runof £

guantity.

Storm.runoff estimates were also maée{ﬁéing the curve
numbers developed by the U.S. Soil Conservatibﬁ'Se:Vice from soil
and groﬁnd cover data (U.S. Dept. of Agricqltufe; 1974). For the
high plains rangeland type of soil and ground:cover encounteréd
at the Highland site, the curve numbers woﬁld:fange from 50 to
75, depending on the antecedent moisture conditions and percent-
age of gropnd cover. It is assumed that aboutf5;7 inches of the

yearly precipitation of 11l.4 inches falls during storms., This
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would be about 1.0 to 3.0 inches, or 53 té 160 acre-feet/square
mile of runoff from these storms and does not include annual

runoff from snowmelt.

The low, mean and high annual runoff pér square mile of
drainage area at the Highland site estimated.by the methods

described on the previous page are abstracted in Table 6.

Thé following values of unit runoff havefbéen selected for
use in this study: Average annual = 50 acre%feeﬁ/square mile;
low annﬁal = 10 gcfe-feet/square mile; high_annﬁai = 105 acre-
feet/square mile. These values have been selecﬁed by our hydrol-
ogists as their best estimates based upon review of their runoff
evaluations described previously and their engineering judgment

and experience.

EVAPORATION ESTIMATES

: Lake evaporation is generally the reéuit‘of a number of
factors including solar radiation, cloud covér,_humidity, wind
speed-aﬁd duration, elevation and surrounding Qrduhd cover. The
estimatéd mean annual lake evaporation for'the Highland site, as
given in the U.S. Water Atlas (Water Reso@rCeé Information
Cenﬁer, 1573) is 43.5 inches. The mean annuai evéporation from
water bodies varies from year to year; however;'it.does not vary
as widely as does precipitation. Based on information obtained

from the National Climatic Atlas, it is aséumed'that the low and
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TABLE 6

SUMMARY OF RUNOFF ESTIMATES

Low Mean High Parameter ~ Method
123.0 608.0 1,214.0 Annual Precipitation }‘National Climatic
(ac-ft/sq mi) © - Atlas, 1970
15.0° 214.0*  450.0 Annual Runoff  Analysis of
' (ac~ft/sqg mi) - Available Records
9.0*  45.0 94.0* Annual Runoff UsGs, 19s61
(ac-ft/sq mi) "Box Creek Basin"
25.0% 124.0%  260.0 Annual Runoff ~ UsGs, 1961
{ac-ft/sq mi) "Techniques"
2.4% 11.5 24.2 Annual Runoff , USGS, 1961
(ac-ft/sq mi) ~ «"Cheyenne R. Basin"
53.0  76.0*  160.0 Annual Runoff

*Extrapolated in the ratio of low, mean and h

tation

(ac=ft/sq mi)

-23-
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high evéporation years vary approximately 8 peréent»from the mean
year.' Therefore, the range of probable evaporation from the

Pit 5 lake will be 40 to 47 inches per year.

SURFACE WATER QUALITY

Surface water guality appears to vary c¢onsiderably from
natural areas and areas disturbed by the mihihg‘operation. In
the long term, runoff water quality from distdrbed areas should
approach that of the undisturbed-areas. 'Table_7 summarizes watér
quality_data for selected sampling sites in the vicinity. Sample
locations #33 and #35, which represent undisﬁufbéd conditions,
show concentrations of uranium and major disSolvéd;species which
are three to ten times lower than for the di}turbed areas. In
evaluétion of the quality of runoff watérsitd 9it 5, it has
been assumed that these differences in watet duality by area

will occur.

EVALUATIONS AND DISCUSSIONS

METHODOLOGY AND APPROACH

This section discusses the approach to Our¥evaiuation of - the
hydrologic conditions which will result at thé ?it 5 lake. In
6rdér_to evaluate the physical and chemicai qhéracteristics of
the proposed lake, it was necessary to quéntitatively evaluate
the discharge of surface water and ground watef ﬁo?the lake from
both unéisturbed and mined areas as well as #hevquality of the

various inflow components.
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TABLE 7

SURFACE WATER QUALITY DATA

Average Measured Concentration and Varlation *

Total
S0 Dissolveﬁ
sample Location U-Natural Ra-226 Th-230 Na ca 4 cl HCOy Salids
And Name ~ (pciz1) (pci/1) {pCi/1) (Mg/1) (Hg/1) {Mg/1) (Mg/1) (Mg/1) (Hg/1)
£33 Fowler Draw 11£26/11 .861.68/11 50456/6 18£23/8 24h211/8 384578 6+2/8 82+45/8 149£100/8
. Stock Pond
#35 Antelope 16216/10 1.83:2.10/10 513/2 20+23/9 28220/9 54189/9 612/9 92+75/9 188£177/9
" Reservoir . .
N N
o
! #5 Creek SE of 1442312/25  6.0649.27/25  b.126.5/25  176x78/11  B2x37/11 284+148/)1 15:5/11  4762190/11  927:383/1)
Highland ;
Fenced Area
#36 Reservoir 2A 731£90/12 1.321.0/11 3.1.60/5 139193/9 49:31/9  324+100/9 15:14/9  220+121/9 749£h43/9

#38 Buck Reservoir  BOS4B/11  5.5:8.3/10  6.0:6.9/3  129¢54/9  33317/9 203:95/9  19¢7/9  205477/9  5BA2267/9

#7) Oxbow Below  h0B:280/6  6.137.5/6  25:34/2  253£110/8  69130/8  326£183/8  21£10/7  S172234/7  1151:571/7
Dump. 2A » o ) e ) : ) . ) ) . IR . b "

* Key:
11 £ 26/1)

Hean concentration t standard deviation/number of measurements

Source of data: Exxon Minerals Co,, U.S.A.



HYDROLOGIC BALANCE

A hydrograph for ground water inflow as a function of lake
elevation was developed through the use of_an;ihtegrated finite
difference mathematical model. Details of the model are de-

scribed in Appendix A.

Surface water inflows were compared to evaporation at

several hypothetical lake elevations ¢to develop' a net surface

water discharge hydrograph as a function'of lake elevation.

Equilibrium between the net surface water discharge and ground.
water inflow is based upon satisfying the folioWiﬁg simple mass

balancefequation:

RO+ P-E+GI =0

where
v RO = Runoff
P = Direct precipitation
E = Evaporation
GI = Ground water inflow

Lake elevations for average hydrologic conditions, a sus-
tainedvdry cycle and a sustained wet cycle Qefe estimated on
the: basis of the above equation, assuming that} éach condition
would last for a time sufficient to reach steédy Etate. These
analyseg, therefore, truly represent the éxtremés:which can be

anticipated for the Pit 5 lake.
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WATER QUALITY ESTIMATES

After calculation of the surface and §rbuﬁd water flow
coﬁtributions were completed, an evaluation of water quality was
pefformed. Several water quality monitoring Stations maintained
by Exxoﬁ around the existing mine weré selecté& asirepresentative
of eéch of the water gquality "types." .SUrfaée,water runoff
from uhdisturbed areas, surface water fromﬂfeciaimed areas,
ground water from undisturbed areas and:diréct-precipitatioh
valuesufor various water guality parameters Were”developed. The
results of our ground water model indicate that:ground water
contributions from mined areas will be negiigibié, Water quality
in the lake was estimated by volumetrically averaging the contri-
butions of the four inflow "types" assuming éomplete mixing of

the inflows.

GROUND WATER FLOW MODEL

GE&ERAL

This section of the report describes the éféund‘water models
used toipredict the effects of the Pit 5 lake bp the ground water
system. Of particular interest in the moaeling effort are
identification of fegions from which flow will enter the pit,
quahtity of seepage entering the pit, expected éfeas of influence

and an estimate of time required after mining operations cease to

reach an equilibrium condition.
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A mathematical model developed by Dames & Moore (Sharma,

1979} which 1is of the integrated.finite différehde variety was

used to predict steady-state effects of the Pit 5 lake on the
ground Qater system. The model, which is‘caéablé of analyzing
heat énd mass transpbrt in conjuction with fluid_flow in porous
media; was used solely for determining ground'water flow direc-
tions and quantities. The model was utilized in-two-dimensional
élan view, which allows for variations 1in material properties
areally but not vertically. The two dimensionél plan view model
also necessarily assumes no vertical coméoﬁent‘of flow. A

detailed description of the model is presentéd in Appendix A.

Initially, t@e model was calibrated to the_éstimated pre-
mining conditions. Plate 6 shows the estimateﬁ pre-miming water
levels in comparison with the water levels obtainéd;from the cal-
ibratioh. After calibration was achieved the ﬁoaei was modified
to represent post-mining conditions by introdudiné the backfilled

portibns of the previously mined areas and the Pit 5 lake.

iNPUT PARAMETERS FOR THE STEADY STATE MODEL

Input parameters required for the model are the finite
difference mesh, aquifer transmissivity and boundary conditions.
Since this model was used to approximate steady;state conditions,

the'storage coefficient was not a necessaryﬂihput parameter.

Plate 5 displays the finite difference mesh, and correspond-

ing aquifer thickness used for this investigation. The mesh
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was ﬁade.finér in th¢ vicinity of the Pit'S:lake and backfill
areas where it was anticipated that the largest head differen-
tials would occur. The mesh outer bouhdaries were assigned
constaht head values obtained from the eétimated pre=-mining

ground water levels.

Transmissivity values were input on the basis of sand
thickness as determined from Plate 5 and aSsﬁming a uniform
permeability of 1 x lO-3 cm/sec for the sands..vRecharge rates
to‘the‘aquifér were finally estimated at'an éﬁerage rate of
0.4 inch/year below elevation 5,400 feet and‘d}s ihch/year above
elevation.5,400 feet. These values were seiéctéd based upon
infbrmation presented in U.S. Department of Iﬁterior (1974) and
highér’than average recharge expected in the Highland Flats

area.’

CALIBRATION

Calibration was achieved by adjusting ﬁhe. recharge rate,
the hydraulic conductivity of the sand ahd thickness of the
saﬁas within reasonable limits to values whiCH'WOuld permit a
reasonably close match to the estimated pre-mining ground water
levels. It must be re-emphasized at thisgpoint, that the
estimates of pre-mining ground water elevatiohélare probably only
accuraté at best to within 25 feet. The caliBréticn, therefore,

is also an approximation to actual pre-mining conditions.
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Pléte 6 displays the results of the simuiatiOn of the pre-
mining éround water levels. The best calibratibnjwés achieved by
assumihg an infiltration rate of 0.8 inches per year in the
Highland Flats afealabove elevation 5,400 feet.and 0.4 inches per
year in‘the remaining area, a hydrauiic conducﬁiQiﬁy of 1 X lO_3
cm/sec, énd sand thicknesses estimated from geol¢gic information
as shown on Plate 5. Calculation of £flow pésSiﬂg through the
area'which is currently being mined indicates a flow rate of

approximately 500 gpm. This is in good agreemeént with Exxon's

current estimated dewatering rate from the pit foSCO to 800 gpm.

SIMULATION OF PIT 5 LAKE

Afﬁer calibration had been achieved, input;parameters to the
mesh were modified to model the effects of areaé disturbed from
the:mining operation and the Pit 5 lake. Parameters outside of
these areas were maintained identical to the pafameters used

during the calibration run.

Recent studies performed for the United Nﬁcieér Corporation
Morton Ranch property immediately to the south of the Exxon site
(Nelson and others, 1980): estimated the permeability of over-

6

burden backfill materials at 10~° cm/sec. For the purposes of

our investigation, we have conservatively éssumed that the

backfill has a permeability of 1072 cm/sec.
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The rectangular grid was segmented td’épproximate the
out;ine of the Pit 5 lake and was assigned COhstaht head values
for the simulation. .Several constant head vaiues.wére assigned
to the‘Pit 5 lake to simulate different lékeﬂelévétions and the
resulting ground water inflows calculated as an example. Plate 8
shows ground water contours resulting from agsteédy-state lake
level of 5,175 feet. These calculations allowed the development
of a hydrograph for ground water inflow versus lake elevation as

presented on Plate 9.

SURFACE WATER MODEL
GENERAL

This section discusses the sufface water balance for the
Pit 5 lake. It is based on surface water runoff[ direct precipi-
tation or snowfall and evaporation estimates fromzthe lake during
high, average and low precipitation years.  The-water balance
estimates have been broken down into monthly incfements based on

available information on the runoff distribution for the area.

No difference in runoff quantities from the reclaimed disturbed

area and the undisturbed area were believed appropriate. Total
tributary area to the lake at elevation 5,180 feet is 2.13

square miles.

YEARLY SURFACE WATER BALANCE

The net water balance for the Pit 5'lakefwas determined

for several potential lake elevations. Thfeé water balance
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situétions were evaluated for each elevationf :l) average pre-
cipitation, runoff and evaporation; 2) low ptecipitation and
runoff with high evaporation; and, 3) highfprecipitation and
runoff with low evaporation. High evaporationIWas used conjunc-
tively_with low precipitation/runcff becauSé;low.precipitatioﬁ
years would be expected to have the least nﬁmﬁer of days with
cloué cover resulting in higher evaporatioh.i'Likewise, low

evaporation was used with high precipitatidn/runoff years.,

The following relationship was used to determine the net

surface water bhalance of the lake: |
direct precipitation + runoff - evaporationf=.nét balance
(on lake) {from lake);

Plate 9 summarizes the results of the annﬁal surfade water
balance as well as ground water inflow. Asjmay be seen from
Plate 9 and Tables 8A, 8B, and 8C, a netfeVéporative loss
of 328 gpm (530 acre-feet per year) occurs-af é lake elevation of
5,180 for the low precipitation, high evapdfétion year. A net
surface water gain of 15 gpm (25 acre-feet per year) is estimated
for the lake at elevation 5,180 during the high;precipitation,
low évaporation year. During low and avéfégejprecipitation
years, the lake at elevation 5,180 would.ténd to have a net
yearly water loss; during the high precipitatién; low evaporation

yeér,.there would be a small yearly water gain{
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TABLE 8A

SURFACE WATER BALANCE IN ACRE—FEET{ :
AVERAGE PRECIPITATION AND EVAPORATION YEAR*

ggggg Runoff + Direct Precipitation - EQaporation = Net
January 4.7 6.2 o32.2 -21.3
February 4.7 6.2 - 32,2 -21.3
March - 7.6 10.0 { 37.6 -20.0
April 15.0 19.8 © 4209 - 8.1
May 18.7 24.7 -v: 42.9 + .5
June 12.1 16.0 . 53.7 -25.6
July . 9.4, 12.4 - 75.1 -53.3
August 6.1 8.0  59.0 -44.9
September 7.6 10.0 48.3 ~30.7
October 9.4 12.4 42,9 -21.1
November 6.6 8.7 3. ~22.3
December 4.7 6.2 | 32,2 ~21.3
Yearly B

Totals  106.5  + 140.6 - . 536.5 =  -289.4 ac-f

*For lake elevation of 5,180 feet
148 ac
2.13 mi

lake area

2

tributary area
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Month -

January
Februafy
March
April
May

June
July
August
September
October
November
December

Yearly.
Totals

*For lake

TABLE 8B

SURFACE WATER BALANCE IN ACRE-FEET 

LOW PRECIPITATION AND HIGH EVAPORATION YEAR*

Runoff + Direct Precipitation - Eﬁapofation
0.9 1.3 . 34.8
0.9 1.3 34.8
1.5 2.0 ‘." 40.6
3.0 4.0 46.4
3.7 5.0 . 4644
2.4 3.2 |  ; 58.0
1.9 2.5 531_..2
1.2 1.6 63.8
1.5 2.0 52.2
1.9 2.5 a6.4
1.3 1.8 40.{6
0.9 1.3 . 34.8

21.1  + 28.5 - 530 =

at elevation 5,180 feet
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~32.6
-32.6
-37.1
-39.4

-3707

- -52.4

-76.8
-61.0
-48.7
-42.0
~37.5

_32‘6

~-530.4 ac~-f
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TABLE 8C

SURFACE WATER BALANCE IN ACRE-FEET

HIGH PRECIPITATION AND LOW EVAPORATION YEAR*

Month.

January

' February

Maféh
April

May

~June

July'
August
September
October
November
December
Yearly -
Totals

*Por lake at elevation's,leoifeet

Runoff

9.8

9.8
15.9
31.5
39.4
25.5

19.7

12.7
15.9
19.7
13.9

o -
.
[0 03

223.6

<+

+

Direct Precipitation

13.0
13.0
20.9
41.6
51.9
33.6

©25.9
16.8
20.9
25.9
18.3

13.0

294.8
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 29.6
29,6
34.5
39.5
39-5
49.3
69.1
54.3
44.4
39.5
34.5

= Net
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MONTHLY DISTRIBUTION OF YEARLY SURFACE.WATERiBALANCE

Mohthly distributions for the average, low and high precipi-
tation years were determined for the higher iéké elevation of
5,180 feet MSL. The monﬁhly precipitatibﬂ distribution as
determined from Water Supply Paper 1531-B'(ﬁ.$. Geological
Su:vey; l§6l) was used. Although the runoff w§uld not have
exactiy the same monthly distribution as the précipitation due to
winter ‘snowpack that would.not create difeCt'runoff,-it is
assumed that the monthly distributions are approximately the same
forbboth precipitation and runoff. The monthly distributions of

total yearly precipitation, runoff and evaporation are given on

Table 9 as percentages of the yearly total,aﬁdfas.unit value for

an average year. In general, the highest précipitation and
runoff occur in the spring while the highest evaporation occurs

during the summer months.

Tables 8A, 8B, and 8C display the monﬁhly aiétributions of
surface:water balance for the lake at elevation 5;l80 feet. As
may be éeen, the highest monthly net water losslis 76.8 acre-feet
and occurs during Juiy of the'low precipitation, high evaporation
year.: The highest net monthly gain of 51.8 acre-feet occurs
during May of the high precipitation, loQ evapdration year, . The
highest seasonal variations occur from May thréuéh'July. During
theseimonths the net surface water balance?hasAthe greatest

change. This occurs because the late spring'month of May

36~



(;; (i) o ' L v
a . _ ; | L_)
TABLE 9
MONTHLY DISTRIBUTION OF PRECIPITATION AND RUNOFF
| Rﬁnoff‘ .é o inecipifatibn 2 Evapqréfion 2
Month (% of annual) (ac-ft/mi”)* (% of annual) (ac-ft/mi”)* (%8 of annual) (ac-ft/mi")*
January 4.43% 2.2 4.4% ] ©26.8 6% | 139.2
February  4.4% 2.2 4.4% 26.8 6% 139.2
March 7.1% 3.6 7.1% ~43.2 7% 162.4
April 14.1% 7.1 14.1% 85.7 8% 185.6
& May 17.6% 8.8 ‘ 17.6% 107.0 8% 185.6
b June 11.4% 5.7 11.4% 69.3 10% 232.0
July 8.8% 4.4 8.8% 53.5 14% : 324.8
August 5.7% 2.9 5.7% 34.7 11% 255.2
September  7.1% 3.6 7.1% 43.2 9% 208.8
october 8.8% 4.4 8.8% '_53.’5 8 185.6
 NbVémbéf‘_' 6-2%". .n:  .3;1  : |   6{2%:  :_  | >'3777“”:> .. ‘ 7% .'1: _‘162;4711
- December - 4.4% ' 2.2 - o 4.4%  ° 26.8 6% - 139.2
100% 50. 100% 608. 100% 2320.

*For average year and lake elevation of 5,180



generally has high precipitation and runoffgcbubled with low
evaporation, while the summer month of Jﬁly geherally has low
precipitation and runoff coupled with high evaporation. The
winter months have net water losses forvall the three cases

analyzed.

ESTIMATED SEASONAL LAKE LEVEL FLUCTUATIONS

Anvarea—capacity curve of the proposed ﬁit S lake at the .
Highlénd Mine was developed for the purposes of ﬁhis study, as
shown on Piate 10. As may be seen from this ¢utvé, the area of
the lake would.vary from about 58 acres at elevation 5,000 feet
to about 148 acres at elevation 5,180 feét( while the total
volume would vary from about 4,000 acre-feet at‘eievation 5,000

feet to about 21,500 acre—~feet at elevation 5,180 feet.

At a lake elevation of 5,180 feet and co@sidering both the
surfacé water balance and ground water'ihﬁlqw, the maximum
volume fluctuations occur in May and Septembéf'during an aver-
age-yeér. The maximum fluctuation is 58 acte;feet and would

correspond to a lake level fluctuation of 0.4 feetr

At lake elevation 5,180 feet, a high precipitation-low
evaporation year would produce an excess water volume of 314
acre~feet when combined with ground water inflow. This would

cause a.lake level rise of 2.1 feet.
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Therefore, the maximum anticipated fluCtﬁatiOns in yearly

lake water balance would have a small effect cnlléke elevation.

LAKE SEDIMENTATION

The sediment yield of a watershed 1is determined from several

factors, among which are the following:

i._ Rainfall - amount and intensity

'é;"Ground cover

3. Soil type and geologic formation

4. Land use

5. Topography

6.: Density, slope, shape, size and élignment of drainage

channels. - '

For the purpcses of this study, an average rainfall and runoff
year was assumed. Years with extremely heavy rainfall and
snowmelt runoff would be expected to producé.méré sediment yield
than dry years; however, over the long period éoﬁsidered here,

average values are believed appropriate.

Esfimates for the transport of sediments.ihﬁo the Pit 5 lake
were developed by the Universal Soil Loss Eqpétion (USLE) for
both the undisturbed area north of the laké,-as well as the
disturbed area south of the lake. Details of this method are
preéeﬁted‘in the joint publication by the SCS and EPA entitled

"Preliminary Guidance of Estimating Erosion on Areas Disturbed by
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Surface Mining Activities in the Interior WeSteﬁn_United States"
(Envirqnmental Protection Agency, 1977). As;sﬁated in this
publication: "The Universal Soil Loss équatibn (USLE) is an
empirically developed formula historically used to estimate soil

loss on agricultural lands.”
The soil loss equation is A = R K L § C P, where:

A = The computed soil loss expressedfih tons/acre/year.

R = The rainfall factor, is the numbergof erosion index
units in a normal year's rain. The erosion index is a
measure of the erosive force of specific rainfall.

K = The soil erodibility factor, is the. erosion rate per
"~ unit of erosion index for a specific scil in cultivated
continuous fallow, on a 9 percent slope, 72,6 feet
long. : o
L. = The slope length factor, is the ratio of soil loss from
. the field slope length to that from a 72 6- foot length
on the same soil type and gradient.

S = The slope gradient factor, is the ratio of soil loss
- from the field gradient to that from a 9 percent slope.

C = The cover or cropping management factor, is the ratio of
soil loss from a field with specified cropping and
management to that from the fallow condition on which
the factor K is evaluated.

P = The erosion control practice factor, is the ratio of

' soil loss under specified soil maangement practices, to
that with straight rows, up and down the slope.

Soil loss, as determined by the basic USLE, is only a

measure of the qguantity of soil eroded from the ground; it
is not the quantity of soil delivered beyond the watershed

boundaries. Eroded soil may be deposited before leaving the

drainagé basin and entering the lake. Thus, aﬁ,additional factor
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based - on the basin size, the delivery ratio (ﬁR),'is applied to
the basic equation to determine. the actual éediment delivery.
Thé bR values listed as follows were estimated~ff6m the relation-
ship expressed in the Sedimentation Engineeriné Technical Manual

(Vaoni 1975):

PARAMETERS
Basin R K L8 C B DR
Undisturbed Area C
North of Lake 40 .21 7.4 175 - 1 .335
Disturbed Area :

The total sediment delivery values were CélCulated to be as
follows: :

Scil Loss ‘ Sediméht Delivery
Unit Total — i
Basin (tons/Ac/Yr) (tons/yr) 3(tons/zr)
Undisturbed Area o 3 ‘
.North -of Lake 10.88 5287 : : 1771
Disturbed Areé S
South of Lake 10.03 . 8785 ' 2372

4143 tons/yr

As indicated above, the area south of the Pit 5 lake disturbed by
mining bperations would produce about 34 percent more sediment

than the undisturbed area northwest of Pit 5.
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Thé toﬁal of 4,143 tonsrper year sediment'delivery corre-
sponds>to about 2.6 acre-feet per year. Over:a140-year period,
this wo@ld produce only 104 acre-feet. Approximately 90 percent
of the surface soils of the basins draining inﬁo the lake are
eithef:of the Bowbac or Decolney series. Laborétory analysis
show them to be clay-loams of very fine particié size suggesting

slow settling rates.

Thé USLE was developed over several decades using observa-
tional data from a limited number of specific,géging locations.
It is a generalized equation used to qualiﬁativély indicate the
erosién»potentiél of a watershed and not to esﬁiméte numerically-

accurate sediment volumes.

Comparing the value determined by the USﬁE?with results of
reservoir sediment surveys compiled by the Water and Power
Resoutcés Services (formerly USBR), one findsfthaﬁ the expected.
sedimént yield for an undisturbed drainage aréa‘of this size
would bé in the range of about 2.0 acre-feet per square mile per
year,or about 3,180 tons per square mile per yeér’(USDI, 1974).
Assuming this more conservative value, the total estimated
sediment yield would be about 6,770 tons per year, or about 4.3
acre-feet per year. Over a 40-year period, this would mean about

172 acre-feet.

The sediment values estimated here would probably decrease
with time as the disturbed area regains natural vegetation.

Therefore, whichever estimate is chosen, the long-term sedimenta-

tion of the Pit 5 lake appears to be a minor'consideration.
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FINDINGS

OVERALLiWATER BALANCE FOR LAKE SYSTEM

The overall water balance for tﬁe lake Systém is summarized
on Plate 9. It shows the net surface water discharée to the lake
as a function of elevation for dry yearé (léw.precipitation—
high evaporation), normal years (average precipitation and
evaporation), and wet years (high precipitationélow evaporation).
Net surface water discharge is lake evaporatidﬁlminus direct
precipitation minus runoff. During wet yeafslthere is a net
surface water inflow (or negative discharge). 'Aiso shown are
ground water inflows as a function of elevatioh'fbfAthe estimated
range of perméability (lxlO-3 cm/sec) and 2x1073,cﬁ/sec) for the
aguifer. The intersection of the surface watér discharge curve
and  the ground water inflow curve yields'thefelévation of the

lake for equilibrium conditions.

Ground water inflow during average climapic'conditions is
expected to range from 180 to 195 gpm. This woﬁld be balanced by
a netfsurface water discharge: a 180 gpm discharée, for example,
consists of 332 gpm evaporation, 66 gpm runoff,;and-86 gpm direct
precipitation. During dry years the equilibrium‘ground water
inflow is estimated to range from 300 to 330 gpm;-:During a long
series of wet years the lake level would return fo-approximately
the pre-mining elevation, resulting in nearlygzeré ground water

inflow. 

—43-



;g

i

)
NI

EXPECTED SHORELINE ELEVATION

The expected shoreline elevation for the iake is also shown
on Plate 9 for the various ranges in climatic.conditions and
assumedfrange in aquifer permeability. Under average climatic
condi#ibns, the lake elevation is expected: to range from 5,180
to 5,195 feet under equilibrium conditions. _Plate 9 also shows
the equilibrium lake levels for Qet and dfy;ciimatic cycles.
Lake elevations are expected to be .15 to 30 feet-higher for a
sustained wet cycle compared to an average yeaf end are 10 to 20
feet lower for the dry cycle. The lake will generélly vary less

than one foot seasonally throughout an average year.

ESTIMATED TIME TO EQUILIBRIUM

The time required for the lake to fill andlreach an approxi-
mate equilibrium level is controlled by the'raﬁevef ground water
inflow, runoff, direct precipitation and evaporation, all of
which:are a function of lake elevation. ?bf the purposes of

making a preliminary estimate of time to reach equilibrium the

‘following assumptions were made:

1. Average ground water inflow is epproximately 800 gpm
from the time dewatering ceases untll elevatlon 5,080
- feet is reached.

2. Changes in lake level are sufficiently slow to use the
previously developed ground water 1nflow hydrograph
above elevation 5,080 feet. :

3. Average hydrologic conditions exist during lake filling.

4.  The stage-volume relationship for the lake is approxi-
" mately that shown on Plate 10.
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Using the above assumptions, the rate of ,filling is cal-~
culated interaétively on an average. annual baéis by solving the

following equation:
RO+ P-E+ GI = 8§

where the parameters on the right hand sidé of the equation
have been defined previously (p 27) and . S is the storage

volume change.

The results of the calculations are presented graphically on
Plate 11. The'lake will rise approximately 190 feet during
the‘fi:st 10 years of filling but will takeiovér 30 years to
rise the remaining 80 feet to equilibrium'lévél,at elevation

5,180 feet.

LAKE WATER QUALITY

The Pit 5 lake will have no surface outlef and will dis-
cha;ge‘by evaporation only. Therefore, in the ldhg}term the lake
will éssume a character similar to other inﬁernéliy'drained lakes
in the region, such as Soda Lake, Pratts Sodé Lakevand Nine=Mile
Lake. Existing internally drained lakes on'Highland Flats are
expected to have higher water quality sinéefthese lakes are
perched above the ground water table and are drained to some

degreé by seepage.
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Estimates of water quality have been made using a mass

. balance approach and assuming that there is no precipitation'of

diésol&ed constituents. The water quality data presented in
Tables 2 and 7 were used to obtain typical.ﬁafer‘Quality values
for runoff from disturbed and undisturbed afeasy from ground
water inflow and from direct precipitaﬁion. Watet quality values
for rain were taken from Lerﬁan (1878). Grbundlwater inflow from
the backfill area will be about 3 peréent of ﬁhé total ground
wéter»inflow due to-its much lowef permeability..Therefore,the
effects of disturbance of the backfill materiél upon water
qualiﬁy have been assumed negligibie. Values uséd to estimate
the future lake water quality are shown'on;Table 10. These
values are the weighted averages of the avefage values shown
previously on Tables 2 and 7, except that medién values were used
for radionuclide values for Sample Locations;#44 and #5. The
radionuclide data for these sites contain several spurious values
which grossly bias the avefage values, as .indicated by the
stahdard deviation values which are twice tﬁe vaVerage, values.
Median values for uranium, radium, and thé:ium for Sample
Locatioh #44 were 15, 22 and 0.5 pCi/l, respécﬁiéely; and were

55, 3.3, and 2.0, respectively, for Sample Location'#s.

A mass balance approach was used to estimate the concentra-
tions with time in the lake. This was done by calculating the -
inflow rates for ground water for direct precipitation, for

disturbed area runoff, and for undisturbed:area runoff for
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TABLE 10

~ WATER QUALITY VALUES USED TO ESTIMATE LAKE'NATER_QUALITY

UndisthrBed Area

Direct Disturbed Area Ground
Constituent Precipitation Runoff Runoff Water
‘Chloride 0.3 20. 6. . 11.
Sulfate 2.4 283, 46, 114,
TS 10. 840. 170. 448,
Uranium-Nat 0. 103. AL 15.
Radium-226 0. 3.6 1.h 6.5
Thorium-230 0. 3.8 - 30, .79
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iij) increments of time during the initial lake filling periocd of 42

years. Expressed in mathematical form:

((P)(Cp) + (GI){Cg) + (DRO)(Cd) + (URO)(Cu)) (T)/V = C

where

Cp
S
Cg
DRQ
Cd
URO

cu

1

-

Rate of precipitation inflow

Constituent concentration in precipitation

Rate of ground water inflow .

Constituent concentration in groundzﬁaiet

Disturbed area runoff inflow rate |

Constituent concentration in disturﬁéd area runoff
Undisturbed area runoff inflow rate

Constituent concentration in undistﬁrbed'area runoff
Time | |

Volume of lake water

Constituent concentration in lake

After the lake comes to equilibrium, the relative proportions

of flow from the three sources remaln constant. Table 11

summarizes flow rates and calculated constituent concentrations

using'the strict mass balance method.

Constituent concentrations are relatively cohstant through

the first 30 years when evaporation is relatively small in com-

parison with inflows and the increasing volume of water in

the lake. The water guality during this period}strbngly reflects

ft) that of:ground water which represents 60 to Qo'percent of the
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TABLE 11

FLOW RATES INTO LAKE AND LAXE WATER QUALITY

Time From Disturbed Undisturbed Total
Start OFf Direct Ground Area Area : Dissolved Uranlum-
Filling Preciplitation Vater Runoff . Runoff Chlorlde  Sulfate sol ids Natural Radium-226  Thorlum-230
{Years) (Ac-fefyr) = (Ac-ftiyr)  (Ac-ft/yr)  (Ac-ft/yr) {ppm) {ppm) _{ppm) {pcisn) (pci/1) {pCi/)
3.6 27.5 1,290 o 77.5 38.0 4 154 585 25 7.8 2.2
6.4 62.5 1,290 74.5 38.0 13 140 533 23 7.2 2.0
8.3 75. 1,290 73.5 38.0 13 141 538 23 7.2 2.0
10 86.5 1,153 72.5 38.0 3 143 546 23 ) 7.3 2.1
L 13 102 887 71.0 38.0 th 146 555 24 7.4 2.2
b 17 16 677 70.0 38.0 14 148 560 25 7.4 2.3
22 1245 520 69.5 38.0 14 " 153 s ' 26 7.6 2.5
28 131 395 69.0 38.0 A5 162 6lo 28 7.9 . 2.9
h2 137 318 68.5 38.0 7 187 703 34 8.8 3.8
100 : Y - 28y 68.0 30 3. . 33 1,227 - 65 w8 8.1
0 WL . 283 B0 30 - w2 ke LB 9 198 wE
200 14 .. 289 ' 68.0° T 380 T 58 é;l32 » 122 ">  ' z#;sv ‘ i5.7
300 0w 289 80 -~ 3o 715 840 3,03 177 35.0 23.3

500 4 289 68.0 38.0 120 1,345 4,845 287 55.3 38.4
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inflow. Chloride, sulfate, and.total-diséoivéd solids are
approxiﬁately 14, 150 and 600 ppm, reSpectivély,:at the end of
this initial period. These concentrations are similar to those
of thevNorth Plate River and fresh water reservoirs in the
region. With time these concentrations will;increase and are
estimated fo reach 120, 1,345 and 4,845'm§/i_for chloride,
sulfate and total dissolved solids, respecﬁively, after 500
years. Chloride concentration would be withinfsecondary drinking

water standards. Sulfates would exceed secondéry'drinking water

~ standards (250 ppm) after 70 years, but would be similar to other

internally drained lakes in the region. The lake would reach a
level defined as slightly saline, as defined_iﬁ ﬁeﬁ (1970) (1,000
to 3,000 ppm) after 100 years and would reach;a‘lével defined as
moderatély saline (3,000 to 10,000 ppm) after'300fyears. Total
dissolved solids will undoubtedly be lower than the levels

estimated from the mass balance, since a number .of precipitation

-reactions will affect concentration such as gypsum and carbonate

precipitation. In addition, utilization of diésolved minerals by
photosynthesis will also reduce concentragions below those

calculated.

Nétural-uranium concentrations duringfthe'lake filling
period are expected to be on the order of 233pCi/l which 1is
equijalent ot 0.034 mg/l based upon an actibity of 6.77xJ.0_7
Ci/gm.- After 500 years the uranium is estimaﬁed'to concentrate

to 287 pCi/l (0.42 mg/l). These levels are well below MPC and

DEQ'sfandards.

-50-



’ sﬂ'

N ]

""" E E EE"E " m m N = N BB BN B

Radium -226 is expected to be on the order of 7 pCi/l during
the iniﬁial filling period and to increase tb $S-pCi/l after 500
years assuming no precipitation of radiﬁm.,'in actuality, the
radium concentration may be controlled by ion éxéhénge-upon clay
particles which settle out of suspension. Radium,rhowever, will

likely exceed the EPA drinking water standard of 5 pCi/l.

Thorium -230 is expected to range from 2 pCi/l initially to

38 pCi/l after 500 years. This will be well below MPC.

Trace metals are expected to be low due to ion exchange
reactions and the unfavorable pH environment ‘for solubility

which will be slightly alkaline.

The lake will be relatively deep, and stratification within
the lake will likely result in higher quality water at the
surface where direct precipitation will have. a significant

influence,

Sedimetation in the 'lake is expected to be on the order of
2.5 acre-feet/year. About 6 percent of the lake's original

volume would be filled by sediment after 500 years.

RECOMMENDED END USE OF THE LAKE

End uses of the lake are dependent upon many factors includ-
ing location, probable future activities in the general area,
water levels and water quality. Due to itsffemote location,

potential recreational use of the lake would likely be minimal.
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No significant areas of tillage have or likély will occur in the
Pit- 5 vicinity. Long-term potential for industrial water use

appears small for the area.

Stockwatering and wildlife watering appear’to be the main
potential uses for the lake. -From a salinity and sulfate stand-
point; the lake should be of acceptable guality for livestock.
However, radium is estimated to exceed the 5 ﬁci/l standard for
livestock and other consumptive uses by_plants and'aniﬁals.
Therefore,bradium removal treatmernt will probably be necessary

for stockwatering use.
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3011 L weathered lone

Siltstone and claystone {shale}: Color varies from olive orange to gray green.

Sanestone:  Thichness vartes ¢rom 0-35; colar varies from shades Of gray to yellow.ol{ve
10 red: gratn size vares fram eediun-grained sand to gresel, sost commonly
medium to very coarse-gratned seng; scattered conglomerate ang siltstone beds
Tess than 2 fret thick: sandstone.containy warying smaunts of shale and s1lt.
1tone clests; beds vary from loose frisdle 3and to well cemented (carbonate)
1anditone; do¢s Aot contale uranium mineralization,

S11tstone and claystone {snade}: Generally gray gruea, may contain thin interdedded sandstone

and I|gnlu deds, thickness varier from localfty o locality.

e

Sandstome: Same 53 above.

$11tstone and claystone (shale). Generally gray green. aay contatn thin interbedded 1anastone

ang 1tgn1tic bedy. thichness varfes from locadity Lo Jocality.

Sendsrone. Seme a3 ebove.

Siitatone and tloyrtone (1hale}: Same a3 above.

Sencitonr:  Jnacaness weries from 0-50 feel. Color varies: from shades of gray tp yellow-olive
to rec, 9rain yize varier from medium.grained 3and 2o gravel, motl commonly
nediun o very COaf)e-gralned sand: 1cattered conglomerste and siltstone beds
JES3 than 2 feet IASCA: S4A23L0ne €OATIIRS varying smounts af shale 4ng 31dt.
1300 clasts; beds vary froe 1oose friable 34nd to well cementes [corbonate)
sandstone. does nat contain uranium mineralization 1n Kighlsnd ares,

- Tnickness varses from 5-40 feet Chick; generally

$13t3c0ne ond claysione (taflings dam 1hale):
Gray-green with thin beds of sindstone.

o # 0 vocoaron o vnnd

e =t - on s Ao o4

Ssndstone (vpoer Nignland sandstone): Talckness ranges from 0-50 feet; color varies from
shates of gray to yellow-olive to red. qratn 3tze
veries (rom medium-gratned sand to gravel, rost
comwonly medium to very cosrse-graines sand;
s¢attered conglomerate and siltigone beds less than
2 feet khick: sandstone contsing varying amounts of
shale and siltstone clagts, beos y from Ypose
frisble tand to vell crwented (carbonate} sandstone;
no ecaromic uranium (n 10lution mine eres.

Stltatone & claystone:  Tnigraesy varies from $.30 feet; gencrally gray green.

Thictness virles from 3-50 feet thick.color varies
fron shades of gray ta yellow-olive 10 red; grain
31re varies from medium.grained sand to grave!,

moyt commnly medium to very cosrie«grained sand;
scattered conglomerste and siltstone Deds less than
2 fret thigh: sancstone contains varyiag amounts of
shale and siltitone clasts: beds vary from loose
friadle sand to well crwented [corbonite) sandrtone;
major ore beartng unit ia Kighland ares

$andstone {mioqle Nighland sandatone);

$1itstone and claystone: Thickness waries from 0-50 'nl. qenecally gray green, may contain
thinbedded sandstore vnlu. .

Inichness varies from 0-%0 feet thick, color
varicy from shades of gray to yellow-olive
.10 red; grain size veries from wedium-grained
380¢ Lo gravel, most comonly mediun to very
ccarye-qrained sand; scattered conglomerate
4ng s1ltstone beds less than 2 feet thICK;
sandstone contafns varying amounts of shate

- and siltstone clasts; beds vary from loote
friable sand Lo well cemented (corbonste!
sindstone; mejor cre bearing unit {n Migule ¢
ares.

Sandstone {lower Highland sandstone):

Siltstone and claystone: Thictnass verfes from 5.80 feel: color generslly gray green,

Sandstone: 3Ihickness varies from 0-50 feet;.color varins from shadetr of gray to yellow-olive
to red; grain 31ze varfes from mediumgrained sand Lo gravel, o3t commonly medfum
to ver) coarse-grained 3and: scaltered conglomerste and siltstone beds less than
2 feel thick; sanditone Contiing varying asounts of shale and siltstone clasts;
beds vary from 1oose friable sand to well cemented (carbonate} sanditone;
does not contain pconomic ampunts of uranium (n Righland ares,

Stitstone & claystone (shale}:  Same o3 sbove.

WOTE: The stratigraphic tection adovr orv sands varfes
fn thichners reletive to the elevation of L
wurface, As the surface elevation rises, the
thickness of the sequence of bedy tncres
The Tithological watts are sfaflar to those
described 1a this columaar section. howerver, the
nusder of imils and their lhl:lmu .nn wry’
fros locadtty te Vocaltiy,

STRATIGRAPHIC COLUMN

DAMES 2 MOORE
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APPENDIX A

GROUND WATER MATHEMATICAL MODEL DOCUMENTATIQN



1.0 INTRODUCTION

" In this appendix, prior to the description of ﬁhe1present mathemati-
cal model recent published literature con;erningtprediction procedures
for flows in porous media coupled with heat and/ér}mdss transfers, is
first reviewed. Underground porous media are thg primary subjects of .
cdncern, and the review is intended to provide an 6veryiew of the state~

of~the—-art. For this reason, it is necessarily brief.

The prediction procedures considered here include both amalytical
solution techniques for simplified governing equatiods and mathematical
nodels based upon aumerical solution techniques for sets of coupled and
uncoupled governing differential equatious. _Atteﬁpts have not been made
to prepare here a detailed classification of thesejbrdcedures based upon
vigorods mathematical criteria. The intention'raéher is to present a

coherent summary which highlights the salient»feétgtes and recent

advances.

It is recognized that in preparing this teviéwfcdmplete attention
may no§ have been paid to the degree of validation, in:respect of reli-
able field and labaratory data, that each available procedure may have
been subjected to. The degree of sophisticatiom énd‘flexibility buile
into‘the procedures which permit them to accept such data in some con-
venient form, will be comnsidered sufficient for purpbses of review. This
is>largely due to the paucity of data, in sufficient quantity and of
suitable quality, available for purposes of validatibn.

In the following sub-sections, reviews are :separately presented
for hydrodynamic aspects, aspects of chemical—spéciES' transport, and
heat~transfer aspects rTespectively. This loose sub-division is main~

tained purely for reasons of convenience in presentation.

1.1 HYDRODYNAMICS

Analytical techniques for solving simplified équations of ground-

water mass balance have been employed now for a number of vears. The



techhiques involve basic assumptions about the geoﬁétric configuracion of
the‘flow domain and the uniformity of material properties. The employ-
ment of these techniques usually results in cloSe&-fbrm expressious for
hjdtaulic head as a function of space and time. The velocity fields are

then extracted by the approximate use of Darcy's law. .

‘vThe deployment of such techniques for the ;flbw' distribution in '
multiple inter-comnected aquifers has been reported. by Bredehoeft and
Pinder:(1970). A recent and elegant treatment of?leakage flow between
aquifers is presented by Dever and Cleary (1979). A prihcipal assumption
involved in the above procedures is that the flow field is entirely
saturated. The analysis of the more difficult pfoblem of unsaturated
flows has received relatively little quantitative attention. Braester et
al. (1971) have prepared a comprehensive survey of governing equations
for unsaturated flows. Gambolati (i973)vhas preséntéd a discussion of
vertical unsaturated flow analysis. It may be conélﬁdéd, however, that
versatile analytical procedures for saturaced—uﬁséturﬁ:ed flow predic-
tions do not, in general, exist. A simple one—diménsiohal procedure for

predicting purely unsaturated flows has, howevef, recently been reported

.by McWhorter and Nelson (1979) who applied it to‘the prediction of

seepage beneath tallings ponds.

Recent years have seen the proliferatioﬁ of ma:hematical models
based upon nuﬁerical schemes for solving the non-iinéar form of the
mass—conservation equation. Narasimhan and WithérSpoon (1977) review
muChiof the current literature on the subject and indicate that both
finite—difference and finite—element techniques have been employed with
varying degrees of success. The premier omes of the former variety are
those developed by Bredehoeft and Pinder (1970), Ptickett and Lounquist
(1971), Cooley (1874), Trescott et al. (1976), and Sharma (1979). Of the

" latter variety, the works by Narasimhan et al. (1976), Neuman (1973) and

Pinder (1973) represent the principal ones. Trescott and larsom (1977)
compare the efficacy of iterative methods used to»solve sets of algebraic

equations resulting from any form of numerical discretizatiom.



‘Numerical procedures particularly suited ﬁo the prediction of
saturated/unsaturated flows have also been deveidped (see for example
Freeze, 1971; Narasimhan et al., 1977; Sharma and_ﬁaﬁiitoﬁ, 1678; etc).
The numerical formulation of leakage interactions between elements of a
multiple aquifer system are extensively discussed by Frind (1979).. The
simulation of individual wells as well as the intéra§tions amongst them

have been reported by Prickett and Lounquist (1971) and Akbar et al.
(1974).

An assessment of these and other similar procedures, in formulationm.
and éspecially in implementation, has been preparéd recently by Weston
(1978); In agreement with this assessment, i:ﬂ;s’agrued here that
numerical procedures, of sufficient degrees of §omp:ehensiveness are
presently available for applicatiomn to the range 6f problems currently
encountered. The major area of weakness in this iszthe prediction of
flows in porous media with superposed fracture dist:ibutions. The
state?of—the—ptediction art for such flows hasbbeen ﬁhqroughly reviewed

recently by Gringarten (1979).

1.2  MASS TRANSFER ,

The use of the term mass transfer here is intended to signify
the ﬁransport of reacting chemical species within,pcroﬁs media by the
complex interaction of several physical and chemical;mechanisms. The set
of such mechanisms considered here as a basis for review is:

e convection: | '

e diffusion and dispersion;

e buffering of pH; o

e chemical precipitation by reactions with theisolid matrix as well

"as the interstitial water; o

e hydrolysis and precipitation;

s oxidation-reduction reactions;

e radiocactive decay;

e volatilizationm;

¢ mechanical filtration;



~,
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~eo biological degradation; and,

e cation-exchange reactioms.

It must be emphasized that specialized kﬁoéledgé of the in—-situ
effects of individual mechanisms are understood only to a limited extent.
The set of sophisticated measurements necessary éo,quantify these in-
fluences are currently being made in a variety of{concexts. It is thus
reasonable to suppose that socn the data obtainéd from these measurements
will be available for purpeses of refining the available mathematical

wodels.

.Analytical solutions to the convective disﬁersioﬁvequation have been
developed by a number of authors, each of whom has been interested in
sPecific geometric configurations and specific chémical species. The
deployment of these sclutions has been governed tota large extent by the
requirements of the technical discipline encompaésiﬁg:each problem. For
instﬁnce, a one-dimensional solution including adgotpﬁion. effects has
been'developed by Gupta and Greenkorn (1973) as a tdol in soil=-chemistry.
The wofk by Aikemns et al. (1979) presents a varigtf of useful analytical
solutions which take radioactive decay into account. Such solutions are
indeed simple to use, and provide order-of—magnituae results in respect
of cqnéentration digstributions with a modicum of ;_'effort. However, as
geometries, material properties or the reactive heghgnisms themselves
become more complex, it is more convenient to empldy mathematical models

based upon numerical solution techniques.

‘One-dimensional models of this type abound in the’literature. An
interesting work by Selim et al. (1977) 1is coﬁﬁérned with finite-
differénce simulations of reactive sclute transporﬁ'thrdugh multilayered
soils. Davidson et al. (1978) report the exténsion of this work to the
finite~difference treatment of coupled adsorption,‘convéctive dispersion
as weli as biological degradation. This work represents an excellent
study of the effects of pesticides in soils. The feceht publication by
Kohikow:and Bredehoeft (1978) describes a comprehensive finite-difference

procedure for solving the coupled flow and chemical-species ~tranSport



equations. A similar procedure, employing a'sdphis:icated hybrid dif-
ferenéing scheme, has also been developed.by SEarmé (1979). These
prbcédﬁres are typical of economical schemeé being.éufrently reported,
and to be entirely valid must be supplied with reli#ble physical and
chemical data. L

In like fashicn, finite-element based numefigai methods have been
developed by researchers for predicting chemical%sﬁecies traansport in
porous media. Rubin and James (1973) present one such ﬁethod which uses
the Galerkin approach; Gray and Pinder (1976) discuss the efficacy of
this ‘and other finite-element approaches, and in éddition compare thelir
reiative accuracies. The application of one such approach by Pinder
(1973) .to groundwater contamination in Long Islandbis a meticulously-
documented study augmented by field measurements. The application of
finite-element méchods to other types of problems_involving transport of
chemica; species has also been achieved. One-suCh;application by Kealy
et al. (1974) involves the analysis of seepage_frdm tailings ponds. In
this - connection the work by Duguid and Reeves (1976)- is well knowz.
Weston (1978) presents a combrehensive review of{major models of the
above types and commends some for routine applicétipn; .In short, a wide
range of models covering a range of applicabilityvis éresently available
for ﬁse in predicting the transport of reacting chemical séecies. The

data requirements for these models are not available in the same level of

quality.

1.3  HEAT TRANSFER

The analysis of heat transfer coupled with fluidb flow in porous
mediﬁ, has also been conducted using both analytical and numerical
techni@ues. The analytical solutions have, depeﬁding on specific
bdundary conditions, have much in common with thqée'for transport of
chemical species. However, the range of application of both analytical

and numerical solutions for heat transfer is limitgﬁ Qhén compared with

transport of chemical species.



The work by Harlan (1973) on the predictiqniof freezing in soils
is- an excellent early example of the use of a numerical procedure for the
analysis of freezing fronts in porous media. Likéwise; Holst and Aziz
(1972) as well as Rubin and Roth (1979) examine ésﬁects of thermall;-
induéed convection in porous media and the stability. of such flows.
Special attention has been paid by Runchal et al. (1978) to the
problem of heat-transfer effects, resulting from thé disposal of high-
level radiocactive waste, upon groundwater motion.j All such procedures
depend, of course, on the supply of adequate field data, of sufficient
quantities and of sufficient quality for purposes of input and valida-
tion.  Such data, in respect of heat transfer, Jisl extremely sparse,
and hence most heat transfer models must be'consideredito be in a state
oftdevélopment. A recent example of field wmeasurements of temperature
effects in porous-media flows 1s that by Molz et al (1978). These
measurements were specifically wmade in counection  with thermal energy
storage. in aquifers. The problems involved in such storage have been
discussed by Wernmer and Kley (1977). Theoretical studies of this prob-
lem, using both finite-~difference and finite—elemépt'méthods have been
reported. Amongst the former is the work by INTERCOHP:(1976); examples

of the latter are: Mercer et al (1975); and, Papadopulos and Larson
(1978). ’

2.0 MATHEMATICAL FOUNDATIONS

2.1 PREAMBLE ‘

In what follows, a mathematical description'iéiprovided of. a math-
ematically general version of the model. Two‘diignéiqnal versions of
the model have been sucessfully employed in a‘véfigty of engineering
applications. A simple three~dimensional version of the model has been
developed, tested and applied recently by Dames & Moore (Sharma, 1979;
and Hamiltomn and Sharma, 1979%). It is economié§l¥o£ computational
effort,'whilst retaining the sophistry of physicallaﬁd:chemical formu~

lations embedded other models mentioned above.
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2.2 GOVERNING EQUATIONS

T

clatur

a

he symbols in the following equations are described in the Nomen-

e list.
. Piezometric head,/?:

it éan be shown (Narasimhan, 1975) that'thé partial differential

equation governing the distribution of piezometric head is:

¥ 0 [A" 2 : [ b
B o- AT - HPE

b. Fluid velocity components, /,V, W :

Ca

The well known Darey Hypothesis is used_t6 relate the velocity

components to the distribution of piezometric head thus:

7 = - /"U..@. -+ ,‘AU
¥ dx o
v v
vV = ¥ -g-g— * % {2)
4 = - J;V JQéL -+ ‘J’v
. oz .

Concentration of chemical species s, (;:

It has been shown (Sharma, 1979) that:the;conﬁective transport

equation for the concentration of species is:.

g05) » L[ f;/dvcf); . 2 (anc)

= %{595%%}_.“ By/ &c, | a)/,-,lacjg

+
[\

(3)



d. Thermal energy, / :

The equation governing the conservation of thermal energy may be

expressed as follows.

2 (F B (UET 2 IVET) » L (WeT
3t(CyT) ? az(UP} * 5!// p-)-'*'_c?z( »7)

T :
g (2] e . 2/
ox ox ay , aZ Z pz
+ s7 SR «)
.2.3 INITIAL AND BOUNDARY CONDITIONS o _
" Initial and boundary conditions, respectively within and om the
boundary of the solution dowain, for each of the dependen: variables

Tust be supplied in order to complete the ma;hematicél‘specification of -
the problem.

Inltial conditions designate the distributionm of/ﬁ C and 7, over
the entire solution domain of interest, at the commencement of the
solution. Such conditions may be obtained from the :eﬁults of a field~-
measurémenc pfogram , as for example would be ﬁhe.fegional piezo-
metric head distribution. Alternatively, they may be obtained from
laboratory-scale experiments, as for example the ambientfconcentration of

chemical species in ground water. They may also be supplied f;om the

results of previous calculations of a similar nature.

Bohndary conditions represent variatijons of the dependent variables,
their fluxes or combimations thereof, at the boundaries df the solution
domazn._ Such conditions may also be obtalned from the results of a
field-measurement program, as would be the case with recharge bound~
aries. It is important to note that boundary.éonditions may vary
with time, and as a result, influence the accuraCy of results obtained

with computational solution procedures.

In addition to the above it must be noted that certain man-made as

well as natural influences affect the distributioﬂ’of.h, Cj and 7



within the solution domain. Such influences include'discharging (and
‘recharging) wells; artifical and natural barriers oc:urmg locally to

flow (and, heat and mass transfer) within the domaln. .

3.0 NUMERICAL SOLUTION PROCEDURE

3.1 GENERAL |

The numerical procedure adopted in the present model is of the
integrated finite-difference (IFD) variety with o_'rigihs in an earlier
work on computational fluid mechanics and heat transfer (Sharma, 1974).
Details of the present procedure are available in Sﬁama (1979). A bdbrief
description is provided in this section. R

3. 2 NUMERICAL GRID AND VARIABLE LOCATIONS
‘An illustration of the numerical grid adopted in the Z~Y plane is

‘illustrated in Figure (1). 1In this figure the faces of control volumes,

used in deriving the discretised equatioms, are"indicateci as dashed
lines. . The in:ersections of grid lines, termed grid nodes, are chosen to
lie in the geometric center of the associated control volumes. An

exceptzon is made at the boundaries of the domain vehre the -“odes lie on

the boundaries themselves.

_ All problem variables, with thAe exception of th‘:e velocity components
vV ‘and W , are presumed to be located at grid nodes. The < -direction
velocity components {/ are presumed to lie on the intersections of the
control-volume faces in the Y-Z plane with the X direcnon grid limes.
Likewise, the Y-direction velocity compoments }/ are presumed to lie on

the intersections of the control-volume faces in the X' - Z planes with

y—direction'grid lines. In general, with the possibility of using vari-

able grid spacings in any given direction, it is important to note that
velocity components in any given direction do not lie exactly wmidway

between grid nodes in that direction.
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3.3  THE DISCRETISED EQUATIONS

Discretised forms of the partial-differeﬁtial équations L, 3,
and (4) are obtained by integrating them over the'aﬁovg-mentioned control
volumes. It is presumed for purposes of integration that the dependent
variables vary linearly between successive grid noéés. Furthermore, one
such discretised algebraic equation per dependgnt variable, may be
derived thus for each control volume withiﬁ the{solution domain.
Such an algebraic equation represents, in finite‘diffefence form, the
conservation of mass or of chemical species. The préservatiou of these
consérvation principles in the simultaneous solutioﬁ of the algebraic
quations permits an exact accounting of mass‘and”mémentum to be made.
It is of great importance to note that such precise'aCCOunting of chem~
ical spgcies is vital in problems-concerning,thé lipited disposal of

waste at a given site. Many, otherwise praiseworthy mathematical
models, do not ensure that this is the case. o

The discretised equations, at an arbitrary grid node , have the
following forms: ’

a. piezometric head:
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b. Species concentration:
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c. Temperature:

| E 4 s, Ly o so.
Z/' ) /ZP 2 AT T % o

EWNS,F8,0

'Iﬁ the above, 4's denote coefficients 'comp'ut'ed from known (or
sometimes presumed known temporarily) values of hydraulie conductivity,
dispersion coefficients etc.; and SO, SN are components of a line-
arised source term;/ denote respectively the neighbouring grid nodes in
space; O denotes the coefficient associated with the previous—-time value
of the appropriate dependent variable; and F, B denote the forward or
backﬁard application of the block correction procédure.. Various forums

which the source terms may take are shown in Table 1, presented overleaf.

3.4 'THE SOLUTION ALGORITHM ‘

The sets of simultaneous algebraic equatiomns noted above are solved
by the. effic;.ient application ¢f an alternati.ng,-direction, heavily=-
implicit, line-by-line solution algorithm coupled to a plane-by-plame
block correction proecedure. Details are provided by Sharma‘(1979).
This algorithm applied iteratively 1leads to relat;‘i.vély' monotonic solu=-

tions for most prablems with commonly—encouncered_:bouﬁdary conditions.

4.0 COMPUTER-PROGRAM DETAILS

The algorithm mentioned above has been iricorpora.ted into a set of
computer programs written for one-, two— and three-= diﬁensional problems.
These programs, called TARGET (for Transient énalysér 'of Reacting Ground
Water Effluent Tramsport), are written in stand_ard ?ORTRAN—IV. They are
thus cépable of being run on most available compu’_‘t:e_rs.: On a CDC-96600
machine a typical computer run for an unsteady cwé—d,iniensional problem

requires approximately 60 seconds of central processor time.



5.0 SOME PREDICTED RESULTS

For purposes of testing the computer program TARGET and to demon-
strate the accuracy of results predicted thereby, a féw test runs were

made of a selected problem. The problem posed is that of unsteady

couvective dispersion in one space dimension,

Grid-dependency tests were first conducted to determine the effect
of grid-size upon numerical accuracy. It was observed in that suffic
iently accurate results may be obtained with a rgasbnable number of grid
nodes. ~ Further tests investigating-the dependencefof accuracy upon the
chosen time-step were conducted. These are illuétratéd in Figures 2
and 3, which indicate that for accuracy a sufficien’tly small timestep
must be chosen. Subsequently predictions of a moving solute front were
made. For a given set of parameters, the predicted results for this case
may be observed in Figure 3 to compare very favburabiy with the corres-
poﬁding'analytical solutions.

TARGET has undergone numerous other tests, not'reported here, to
ensure that the program is essentially correct and ;hat the results

predicted with it are both plausible and valid. The validation tests are
being continued in parallel efforts. '
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7.0 NOMENCLATURE

coefficients representing hydraulic conductivity.or dispersion
.coefficients ete., for variable 9 at position i;

chemiéal speciles concgntration of species 33
concentration, of species j, of discharge; .

average specific beé: capacity at comstant éressﬁre;
specific heat capacity.at constant pressuré:of discharge;
average specific heat cap#city at constant volume;

hydraulic head;

~ vertical hydraulic permeability;

flow rate;

storage coefficient;

source £erm for #ariable O;

component éf linearized source term for.vafiable @ at node p;
component of linearized source term for variablé 9 at node p;
temperature; .

temperdatue of discharge;.

time;

x-direction velocity;

y=direction vélocity;

z~-direction velocity;

horizontal cartesian coor&inate direction; -

horizontal cartesian coordinate directiom; -

" vertical cartesian coordinate direction;

. effective hydraulic conductivity or dispersion coefficient

for variable, in direction x;

density;

reference density.
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© SCHEMATIC ILLUSTRATION OF NUMERICAL GRID
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Source Term Description

Piezometric heat distribution

Injection or extraction flow rate

» Budyancy

Temperature distribution

Injection or extraction rate

Concentration distribution

Injection or extraction rate

Algebtaic Form

«
e

-2 [f-g;]/

TABLE 1

DESCRIPTION OF SOURCE TERMS
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