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HYDROGEOCHEMISTRY AND SIMULATED SOLUTE TRANSPORT, 
PICEANCE BASIN, ~: ORTHWESTERN COLORADO 

By STANLEY G. ROBSON and GEORGE J. SAULNIER, JR. 

ABSTRACT 

The Piceance baein of northweetem Colorado containe rich 
depoeit. of oil ehale in eedimentary rocke of the Parachute Creel 
Member of the Green River Formation. Plane for mining theae 
depoeit. in Federal prototype leu~ tracte C-a and C-b require 
ground water to be pumped to allow the conetruction of 
unclerground retollta for uee in extracting the ehale oil. The 
pollible adveree effectl of mine pumping and reeaturation ofepent 
ehale in an abandoned mine were inveatigat.ed by atudying the 
geochemietry of the aquifere and by uee of ground-water quality 
modeling techniquee. 

The aquifere in the buin crop out along the eut, north, and weat 
margine olthe buin and attain a aaturated thickneae of2,OOOfeet 
in the northeut part of the buin. Faulte, joint., collapee breccia, 
and eolution cavitiH are the primary lource of permeability in the 
otherwiae impermeable sandstone and marletone sedimentary 
rocke. Eatimate. of the lateral hydraulic conductivity of the 
aquifere range from 0.1 to 2.0 feet per day and of the vertical 
hydraulic conductivity from 7XI0" to 1.0 foot per day, 
respectively. 

Ground-water recharge occurs from infiltration of precipitation 
in the upland arCM along the eut, south, and weet margins of the 
buin. From the recharge areae, ground water moves vertically 
into deeper zonel in the aquifers and laterally toward the 
diecharge areu along Piceance and YelJow Creeke and their 
tributaries. The dtelldy·etate recharge dischargf: rate of 32 cubic 
feet per second result. in hydraulic gradient. in the aquifen of u 
much u 130 feet per mile in eome parts of the buin. 

The saline zone, locatod at the bue of the Parachute Cre-. It 
Member. contains t he soluble minerals naholite and halite and is 
the primary source of the dissolved solids in the ground water. 
Dissolution of minerals in the unsatursted zone and in the aquifera 
aleo contribute disso! 1ed eolids to the water. Additional chemical 
reactione occurring in the aquifers include precip,tation, ion· 
excha~ge, and oxidation·reduction reactions. The product of the 
principal chemical reactions ia II sodium bicarbonate water with 
oxidized sulfur species in the Uinta Formation and reduced sulfur 
apecies in the Parachute Creek Member. Carbonate species are 
produced primarily by reduction .,f sulfur species and di8ll0lution 
of the carbonate minerals calcite, dolomite, and nahcolite. 
Carbonate species are removed from the system in the northern 
part of the buln by calcite precipitation. Relativ'!ly large sodium 
concentrations are produced by ion exchange and nahcolite and 
halite dissolution. Local brines are produc.!d where faults expoeed 
saline m~nerale to circulating ground water. 

A mathemati..:aI model wu used to simulate the ground·water 
quality changes that would occur u a re .. ult of mine dewutering 'lr 
leaching of saline minerals frO .. l an abandoned mine. The model 
simulates confined ~en8ity·dependent flow and solute transport in 

three dimen.ions with dispereion in nonhomotreneou., anisotropic 
aquifere under steady or tranaient ground-water flow condition • . 
An acceptable model calibration wu achieved for ateady-atat. 
flow conditiona. 

Simulationa of pumping mines in tracte C-a and C-b indicate 
that the altered direction of ground·water movement near the 
pumped minee will decreue dil801ved-solida concentrationa in 
ground water near the min'" Iilld increue dil801ved-aolida 
concentration.. in aome areu downgradient from the minee. 
SimulRted long-term pumping from tract C-a at a rate of 5 cubic 
fNt per aecond indicate. that ground-water dilCharge to Yellow 
Creek will be reduced by u much u 2 cubic feet rer 3£cond and to 
Piceance Creek by u much as 3 cubic feet per aecond. Simu ateel 
long-term pumping from tract C-b at 15 cubic feet per HCOnd 
indicate. that ground-water discharge to Piceance Creek will be 
reduced by u much u 15 cu bic feet per aeconc:l and diaaolved-solida 
concentration in the creek will be increued by as much u 300 
milligrama per liter. 

Leaching of saline minerals contained in spent shale in an 
abandoned and flooded mine could have an adveree affect on the 
surface- and ground-water quality in the bRain. Modelaimulationa 
of mine leaching in tract C-a indicate that tho '1AItllved-.olida 
concentration of ground water in a 14(}.squ,,· .. .'"1\ AI area down­
gradient from the tract would be increued by more than 10 
milligrams per liter after 60 yean of leachlng. Dil801ved-solida 
concentrations u much u 40,000 milligrama per liter were 
produced adjacent to the aimulated mine. After 60 yean of 
leaching, the water quality in Yellow Creek had not yet been 
adveraely affected by the degraded quality of the glound water. 
Simulations of mine leaching at tract C-b indicate that the 
diasolved-solids concentration in a 4(}.aquare-mile area near the 
tract would be increued by more than 10 milligrams per liter after 
60 years ofleaching. The estimated dissolved-solide concentraticn 
in Piceance Creek increased from 750 to 1,750 milligrama per liter 
in a reach of the creel!: near tract C-b. Modeling thu. indicate. that 
equal rate.! o~ mine lee.ching from tract. C-a and C-~ will produce 
much different effectl on the water quality in the Piceance baain. 
Tract C-a, by virtue of its remote location from perennial IIfnam8, 
wiJl primarily degrade the ground-water quality over a large area 
to the northeut olthe tract_ Tract C-b, by contrut, will primarily 
degrade the 8urface-water quality in Piceance Creek with only 
localized effectl on the ground-water quality. 

INTRODUCTION 

The Piceance basin of north we stem Colorado (fig. 
1) contains rich deposits of kerogen-bearing dolo­
mitic marlstone (oil shale) and saline minerals in 
lacustrine sediments of the Eocene GrE'e'" River For-
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mation. The estimated total re'terves of the Picp.ance 
structural basin amount to 1.2X 1012 barrels of shale 
oil (Culbertson and Pitman, 1973)-more than the 
total oil consumption of the United States to date 
(1979). The magnitude of these oil-shale deposits has 
resulted in intense exploration by energy companies 
and the leasing by the Federal ~overnment of two 
5,()()O.acre prototype mining tracts, C-a and C-b. 
Present mining plans for tracts C-a and C-b includil 
the use of a modified in-situ recovery process that 
will require dewatering of the mining zone as a 
prerequisite to shale-oil extraction. Mine dewatering 
and related mining activities could have a signifi­
cant offect on the quantity and chemical quality of 
the ground and surface water in the basin. Les.chate 
produced by ground-water dissolution of saline min­
erals in spent shale in an abandoned and flooded 
mine also could degrade the ground· and surface­
water quality on and near the tracts. 

The purpose of this study was to investigate the 
hydrogeochemistry of the aquifers in the Piceance 
basin and to evaluate the potential effects of mining 
activities on the chemical quality of the water re­
sources of the basin. 

To meet this objective, the ext-'mt, depth, thickness, 
and hydrologic characteristics of the aquifers in the 
~"ljceance basin were estimated. In addition, areal 
variations in dissolved-solids concentrations and the 
occurrence and distribution of major ions and trace 
constituents were described. Mineral reactions, such 
as dissolution of the saline minerals nahcolite (NaCOa) 
and halite (NaC)), and precipitation of other min­
erals were studied, as were variations in oxidation 
and reduction conditions and ion-exchange reactions 
in the aquifers. Some of these data were used to 
develop and calibrate a three-dimensional mathe­
matical model that is capable of simulating the spa­
tial and temporal changes in potentiometric heads 
and dissolved-solids concentrations in five layers 
representing different depth intervals in the aqui­
fers. By modeling ground-water movement and qual­
ity, it is possible to estimate the changes in the 
ground- and surface-water quality in the basin that 
may result from mine dewatering or leaching of 
spent shale in an abandoned and flooded mine. 

Primary funding for this work was provided by the 
U.S. Geological Survey through energy research and 
development funds, and Federal program funds. Ad­
ditional support was provided by the U.S. Environ­
mental Protection Agency through energy research 
and development funds . 

THE NATURAL HYDROLOGIC SYSTEM 

STRATIGRAPHY 

The stratigraphy of the Piceance basin has been 
described previously by Donnell (1961), Coffin, WeI· 
der,and Glanzman (1971), Dyni (1914), and Cashion 
and Donnell (1974). Descriptions of the various stra­
tigr&phic units are given in table 1. Generalized 
geologic sections showing the vertical relationships 
ofthese units are shown in figure 2. 

The Green River Formation conformably overlies 
the Wasatch Formation in Piceance basin. The Green 
River Formation is composed of a basal sandstone 
unit (Douglas Creek Member) containing some lice­
stone and t1 hale that is overlain by a finely laminated 
shale and b.llTen marlstone (Garden Gulch Member) 
containing some sandstone and limestone. The Gar­
den Gulch Member is overlain by a large amount of 
kerogen-rich dolomitic marlstone (Parachute Creek 
Member). The Douglas Creek and Garden Gulch 
Members undergo a facies change near the northern 
and eastern edge of the baain where the un;ts occur 
as heterogeneous layers of shale, sandstone, and 
barren marlstor..e and are mapped ft8 the Anvil Points 
Member by vonnell (1961). The Anvil Points, Garden 
Gulch, and Douglas Creek Members yield little or no 
water to wells and, in this study, are considered to be 
an impermeable base to the overlying aquifer sys­
tem. 

The Parachute Creek Member of the Green River 
Formation contains economically valuable oil shale, 
large volumes of ground water, and soluble saline 
minerals. The most common saline mineral in the 
Parachute Creek Member is nahcolite, with halite 
occurring in lesser concentr-ations. Nahcolite pre­
dominately occurs as large crystal rosettes and no­
dules as much as 3 ft in diameter (Dyni, 1974). Nah­
colite also occurs in relatively thin beds of almost 
pure nahcolite and as disseminated crystals in zones 
of varying thickness. The sedimer,ts containing the 
majority of the saline minerals are located near the 
center ofthe basin at the base of the Parachute Creek 
Member. This saline zone is relatively impermeable 
except in areas where fract.tres have allowed ground 
water access to the solu~le minerals. A stratigraphic 
horizon containing numerous vugs, cavities, and 
collapse breccia occurs in areas where nahcolite has 
been dissolved from the formation. This horizon, 
referred to as the leached zone (Hite and Dyni, 1967), 
extends from either the base of the Parachute Creek 
Member or the top of the saline zone to, and in some 
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TABLE 1.- Strati6ro[J1aU: llnit. in PicNnce h-uin 
rModifIed (rom Collin. WoI ..... aDd G1 .... man. 1971) 

GeuIoci<_ GeoIogk unit 
Uthologic .nd bydnullc chanoc:\A'ristico and thiclme60 

Hoi_land Alluvium, Heterotr8llClOUII clay, land, and lTavll. 
PleWocenl 0-140 ft 

Uinta eoar- to ftne-lTained, poorly IOrted, Iilty lancietonl, Iiltetone with lOme barren mart.tone. 
Formation, Little or no primary poroeity remainl due to caldum carbonate and eiliea cementation. Some 
0-1,400 ft eecondary poroeity due to fracturee. Hydraulic conductivity ie relatively Imall. 

Parachute Kerotrenaceoue dolomitic mart.tone with lOme thin u}, beda. The unit ie lacuetrine, with a 
Creek varved appearance and can be divided into four paN. The lower, relatively impomneable 

Member, part of the unit containl ea1ine minera1e and ie referred to .. the ea1ine wne. The leached 
500- wne overli .. the laline lone and 'hu a relatively l.,.e hydraulic conductivity due to voida 

1,400 ft produced by diuolution and fracturee. The Maholany zone, the richeet oil .. hale interval in 
c the eection, overli .. the leached zone and haa a relatively lmall hydraulic conductivity 
0 throqhout moet of the buin. The Maholany wne ie overlain by the upper part of the memo '.Q • ber, which ie fractured and water·bearinl. 
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0 G .. tden Gulch Shale and barren marlltone with local thin bed. of eancietone and lim .. tone. A baein-ecile 
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0-00 .' ft 
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0-800 h 

places into, the lower part of the Mahogany zone. 
Alternating layers of marh1tone containing more 
than 30 gal/ton on shale oil (rich) and less than 15 
gal/ton (lean) have been identified and sequentially 
numbered by Donnell and Blair (1970) and Cashion 
and Donnell (1972). These alternating rich and lean 
layers occur in the leached and saline zones and are 
used as stratigraphic markers throughout much of 
the basin. 

The Mohogany zone is the most consistently rich 
and areally extensive interval of oil shale in the 
Piceance basin, being correlated in outcrops and 
electric logs throughout the basin. The Mahogany 
~one is located in the upper one-third of the Para· 
chute Creek Member and is considered the principal 
mining zone in lease tracts C-a and C-b. The Mahog· 
any zone appears to have fewer fractures than the 
overlying and underlying units. As a consequence, 
the hydraulic conductivity of the zone is generally 
smaller than in the adjacent units. Because of this, 
Coffin, Welder, and Glanzman (1971) and Weeks, 
Leavesley, Welder, and Saulnier (1974), considered 
the ground·water system in the basin to be a two-

aquifer system with the Mahogany zone being a 
leaky confining layer between the upper and lower 
aquifers. The part of the Parachute Creek Membe!' 
above the Mahogany zone consists of p.lternating 
rich and lean layers of oil shale that are overlain by 
the Uinta Formation. 

The Uinta Formation consists of discontinuous 
layers of silty sandstone, siltstone, and barren marl­
stone, and is exposed at the surface throughout much 
of the Piceance basin. The Uinta Formation is about 
1,400 ft thick near the northern end ofthe study area 
(fig. 2) but the thickness varies considerably due to 
the steep, dissected topography in the basin. The 
Uinta Formation is hydrologically connected to the 
upper part ofthe Parachute Creek Member but is less 
permeable except where fractures locally enhance 
water movement (Saulnier and Ford, 1977). 

Alluvial sediments that occur in the major stream 
valleys in the basin are derived locally from the 
Green River and Uinta Formations. The width of the 
alluvium generally is less than 0.5 mi and the thick­
ness ranges from 0 to about 140 ft. Where saturated, 
the alluvium can serve as a source of recharge to the 



AQUIFER CHARACTERISTICS 7 

bedrock aquifers or a sink for discharge from the 
bedrock aquifers depending on local differences in 
potentiometric heads between the alluvial aquifers 
and the bedrock aquifers. 

AQUIFER CHARACTElusncs 

The basic aquifer terminology for the Piceance 
basin was proposed initially by Coffin, Welder, and 
Glanzman (I 971). The hydrologic system, as pro­
posed, consist., of two aquifers separated by a con­
fining layer. 

The upper aquifer consists of the saturated rocks 
above the Mahogany zone, and the lower aquifer 
consists of the permeable, saturated rocks below the 
Mahogany zone. The lower aquifer is considered to 
~ confined by the Mahogany zone, which acts as a 
leaky confining layer. The Douglas Creek and Garden 
Gulch Members and the saline zone are relatively 
imperm~able and fo:nn the base of this hydrologic 
system. 

FRACTURING 

The marls tones in the Parachute Creek Member of 
the Green River Formation have little or no primary 
porosity. Wide variations in hydraulic properties exist 
over short distances because fractures, solution cavi­
ties, and collapse breccia are the main source of 
secondary porosity and permeability (Weeks and 
others, 1974). The lean marlstones are mc. ., hrittle 
than the rich marlstones and, thus, tend to be more 
fractured and more permeable than the rich units. 
Onsite observations indicate that vertical fractures 
may be confined to particular beds or layers, or may 
pass vertically through many beds or layers. The 
primary direction of fracturing is approximately west 
northwest as indicated by the mapped surficial fractur­
ing in the area (fig. 3) and by the work of Wolff, 
Bredehoeft, Keys, ar.d Shuter (1974). e nsite obser-
vations by G. J . Saulnier, Jr., and the work of Welder 
(1971) indicate the existence of an extensive network 
of surficial joints and minor faults subordinate to the 
major faults in the area. The alinement of individual 
fractures varii!S from normal to subparallel to the 
strike of the major faults (fig. 3). The fracture perme­
ability that occurs in wells located away fr.om the 
major fault zones indicates that joints and minor 
faults may o(!cur at depth in a patt.ern analogous to 
that indicated at the 8uriace. 

The alinement of the major fracture systems is 
similar to the alinement of the structural trough at 
the base of the l~ached zone and the alinement of the 
surface-water drainage system. The tectonic activity 
that shaped th~ Piceance basin may have affected 
the distribution of fracture perm~ability in the bed-

rock aquifers and predisposed the surface-water drain­
age system to erode channels either along or per­
pendicular to the structure and major fracture aline­
ment. 

AQUIFER LIMITS 

The aquifer system is truncated by topogl'aphy on 
the eastern, northern, and western margins of the 
basin where the water-bearing '..anits crop out. The 
southern boundary of the study area coincides with a 
ground-water divide extending along the Roan Plateau 
to Cathedral Bluffs (Coffin and others, 1971). South 
of this divide, ground water flows toward the Colo­
rado River. North of this divide, ground water flows 
toward Piceance and Yellow Creeks, the two major 
streams draining the study area. The lateral extent 
of the aquifers considered in this study coincides 
with the area studied by Weeks, J..eavesley, Welder, 
end Saulnier (1974). 

ELEVATION A D T HICKNES OF BEDDING I AQUIFERS 

The vertical variations in potentiometric head and 
ground-water quality that occur in Piceance basin 
prompted the authors to use a five-layer system to 
describe the hydrology and geochemistry (fig. ?). 
Each of the layers was subsequently represented as a 
layer in a mathematical model of the ground-water 
system. 

Layer 1 consists of the saturated part of the Uinta 
Formation. The base of layer 1 slopes toward the 
northwestern part of the basin and ranges h. elf " 
vation from about 5,500 toabout 8,000 ft (fig. 4). Tt.e 
saturated thickness of layer 1 exceeds 800 ft in he 
northwestern part of the basin Bnd diminishes to 
zero around a structural high between Piceance Creek 
and Dry Fork, and around the basin margins (fig. 5). 

Layer 2 consists of the saturated part of the Para­
chute Creek Member above the Mahogany zone. The 
bl. "Je of layer 2 (top of the Mahogany zone) slopes 
toward two structural lows in the northwestern and 
central parttl of the basin and ranges in elevation 
from abollt 5,000 to about 8,000 ft (fig. 6). The satur­
ated thickness of layer 2 varies from zero to more 
than 400 ft in the southern and central parts of the 
basin (fig. 7). 

Layer 3 consists of the saturated part of the Mahog­
any zone. The saturated thickness of layer 3 varies 
from less than lUO to more than 225 ft and is the most 
uniformly thin layer considered in this study (fig. 8). 

Layer 4 extends from the base of the Mahogany 
zone to the base of a rich oil-shale unit designated 
R-6 by Cashion and Donnell (1972) and Dyni (1974). 
The saturated thickness of layer 4 varies from less 
than 125 ft in the southwestern part of the basin to 
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FIGURE 3.-1 ixte.nt of lurficial fracturing. 

more than 250 ft in the northwestern part of the 
basin (fig. 9). 

Layer 5 extends from the base of the R-6 ZOile to the 
base of the water-bearing materials in the basin. The 
base of layer 5 ranges in elevation from about 4,250 

to .-.bout 7,500 ft (fig. 10). Thus, a difference of about 
3,250 ft exists between the structural high at the 
western margin of the basin and the slructurallow in 
the north-central part of the basin. The asymmetry 
of the ground-water bMin is apparent as is the extent 
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FIGURE 4.-Structure contoun on the base of the Uinta Formation. 

of the 8tructural high located in the east·( entral part 
of the basin. The 8aline zone i8 found in a 34(}.mi2 

area in the centrel part of the basin (fig. 10). The 
saturated thickness of layer 5 varies !rom zero near 
the outcrops to more than 1,000 it in the northeastern 
part of the basin (fig. 11). 

The total 8aturated thicknes8 of the l1ve layers 
exceeds 2,000 ft in the northeastern part of th4: basi~ 
and generally exceed8 1,500 ft throughout most of thq 
central part of the buin. Saturated thickne88 in· 

creases rapidly from zero d the outcrops to more 
than 1,000 ft near the eaten!, northern, and western 
margino of the ba8in. 

The aquifer terminology used by Coffin, Welder, 
and Glanzman (1971) and Weeks, Leavesley, Welder, 
and Saulnier (1974) correlates with the layers de­
scribed above. Layers 1 and 2 represent the upper 
aquifer, layer 3 repre8ents the leaky confining laY2r, 

I and layers 4 and 5 repre8ent the lower aquifer. 
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nGURE 5.·-Saturated thicltnea of the Uinta Formation. 

HYDRA LlC COND CTIVITY 

The mathematical model chosen to simulate the 
hydrology and water quality in the Piceance baaill 
required a more detailed areal and vertical distri. 
bution of hydraulic conductivity than had been pre­
sented in reportfl of earlier studies. New estimates or' 
lateral and vertical hydraulic conductivity were made 
using data presented by Ficke, Weeks, and Welder 
(1974); Week!; and Welder (1974); Weeks, Leavesley, 

Welder, and Saulnier (1974); Wright Water Engineers, 
Inc. (1975); Ashland Oil, Inc., and SheD Oil Co., 
Operator (1976); Campbell (1977); and Dale and W,,>eb 
(1978); aa weD aa unpublished data on aQuifer teata 
performed by F. A. Welder, J. B. Weeks, and G. J. 
Saulnier, Jr. Data from these sources and other in. 
formation on the structure, stratigraphy, and fau,,," 
ing in the baain were ueed by th authors to constr1lct 
maps of the horizontal and vertical hydraulic cun. 
ductivity of each J&ya-. Whe::e aquifer teata or other 
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FIGURE 6.-Structure contoura on the k'p oC the Mahocany zone. 

data were of 8ufficient den8ity, hydraulic conductiv­
ity was estimated on a node by node basi8. In less 
well-defined areas, only general estimates of the hy­
draulic conductivity over large areas were justified. 

The nonhomogeneou8 character of the fractured 
aquifer maJEe. determination of average aquifer char­
acteriatica b..ued on lICattered data points extremely 
difficult. AI. a result, the initial estimates of hy­
draulic conductivity were modified IOmewhat baaed 

on re8ults of the model calibration. Although the 
re8ulting hydraulic conductivity di8tribution8 pro­
duce reasonable model results, it must be empha-
8ized that the di8tribution8 are only estimates and, 
due to the complexity of the fractured aquifers, may 
not be unique jn that a different di8tribution of hy­
draulic conductivity might be found that also pro­
duces reasonable model results and agrees with the 
hydrologic data. The lateral and vertical hydraulic 
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FIGURE 7.-Saturated thickne88 of the Parachute Creek Member above the Mahogany zone. 

conductivities estimated for each of the five layers 
are show;l in figures 12-17. The figures indicate 
lateral hydraulic conductivities of as much as 2.0 
ft/d along Piceance Creek and in the north-central 
part of the basin. Lateral hydraulic conductivities 
around the margins of the basin range from 0.1 to 0.6 
ftl d. Vertical hydraulic conductivities as small as 7X 
10-4 ft/d occur in the Mahogany zone (layer 3) with 
values as much as 1.0 ft/d in layers 2, 4, and 5. 

Aquifer-test data (Ashland Oil, Inc., and Shell Oil 
Co., Operator, 1976, and Sokol, 1976) and work by 
Campbell (1977) indicate that the aquifers are non· 

homogeneous and anisotropic as is ShOVlD in figures 
12-17. This is due to the differences in the reeponM of 
the rocks to fracturing and is relaW to the distri· 
bution of rich and lean zones and the presence or 
absence of solution cavities and collapse breccia. 
Insufficient data. exist to estimate the later~ aniso­
tropy in layers 1, 3, 4, and 5; as a result, these layers 
were 888umed to be isotropic [hydraulic conductivity 
in the x-direction (K % )::hydraulic conductivity in the 
y·direction (If)]. A ratio of K % to K. of 1.1 was 
estimated for all of layer 2 based on the work of 
Campbell (1977). The ratio of lateral (K % ) to vertical 
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EXPLANATION 

-150 - LINE OF EQUAL SATURATED 
THICKNESS - Interval 25 
feet. Modified from Donnell 
and Slair (\970) 

Base from U. S. Geological Surve y 
State bale map. 1969 

• WELL 

lOS· 

o 5 10 MILES 
I 
o 5 10 KILOMETERS 

FiGURE S.-Saturated thickneu of the Mahogany zone. 

(K.) hydraulic conductivity varies from 2 in layer8 1 
and 2 to 88 much 88 100 in layer 3, and 500 in layers 4 
and 5. 

POROSITY AND COM PRE SIBILITY 

Few data have been collected to determine the 
poro8ity and compressibility of the rocks in F"~"aance 
buin. Aquifer testa of unfractured section8 lD the 
gline zone performed in 1973 (Wolff and others, 
1974) and 1976 (Dale and Weeks, 1978) indicate that 
these sections are virtually impermeable and likely 
have little effective porosity. By contrast, relatively 

large poro8ities occur as a result of voids in collapse 
breccia and solution cavities. 

Poro8ity estimate8 by the authors and by Banks 
and Franci8cotti (1976) have been made by solving 
an equation (Lohman, 1972, p. 9) relating poro8ity to 
the 8torage-coefficient data obtained from aquifer 
tests in Piceance basin. This technique resulted in 
varied porosity estimates. Fr<>m 8uch results, Banks 
and hi8 coworkers estimated the porosity in the Par­
achute Creek Member of the Green River Formation 
to be between 2 and 4 percent. A porosity of 1.6 
perce!lt was obtained from an analyaia of a core 
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FiGURE 9.-Saturated thickneu of the interval from the hue of the Mahogany zone 
to the hue of the R-6 zone. 

8ample collected by Campbell and Olhoeft (1977). In 
an effort to use a reasonable yet con8ervative e8ti­
mate of basinwide poro8ity, the authors chose a 
value of 1 percent. A small value of poro8ity was 
chosen so the rate of ground-water movement shown 
by subsequent modeling would not be too con8er­
vative and, thus, cause the potential for degradation 
of ground-water quality around the 8imulated mine 
tracts to be underestimated. About 6.7 million acre-ft 
of ground water are in storage in the Green River and 

Uinta Formation aquifers in the basin if the average 
porosity of the formations is 1 percent. I:the average 
porosity is 4 percent, the volume of water in storage 
would be about 27 million acre-ft. Better data on the 
porosity of the aquifers'are nHded before a more 
accurate estimate of the volume of ground water in 
storage can be made. 

Podio (1968) determined that the compressibility of 
water-8aturated oil shale from the Green River For­
mation ranged from 2.6XlO'7 to · 2.85XlO'7 inllllb 
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under confining preS8ures ranging from 0 to :0,000 
Ib/in2• Using these formation compre8sibilities, a 
porosity of 1 percent and water compressibility of 
3.1XI0-' in2/lb, the specific storage of the oil-shale 
aquifers· was calculated to be :i..3XlO-7 per foot using 
equations of DeWiest (1969, p. 15). This compares 
favorabJy with the mean specific sto!'age of 5XI0-7 

per foot calculated from the storage-coefficient data 
presented by Weeks, Leavesley, Welder, and Saulnier 
(1974, p. 28). 

The part of the Piceance structural basin con­
sidered in this investigation is a closed ivouod-water 
basin in which no cross-boundary flow of ground 
water occurs. Infiltrating precipitation is the princi­
pal source of ground-water recharge. This recharge 
C8uaes both downward and lateral ground-water mov&­
ment toward the north-central part of the basin. In 
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FIGURE ll.-Saturated thickne88 of the Parachute Creek Member below the base of the R-6 zone. 

the central part of the basin, potentiometric-head 
gradients are opposite those near the basin margins 
and ground water moves upward from deeper to 
shallower strata, ultimately discharging into Pice­
ance and Yellow Creeks and their tributaries. Some 
ground water also is discharged by evapotranspir­
ation from Vf~getation and wetlands in the stream 

valleys. Comprehensive descriptions and estimates 
of the sources and rates of recharge to and discharge 
from the aquifers in Piceance basin have been re­
ported (Weeks and others, 1974). The reported esti­
mates generally were used in this investigation and 
are reviewed briefly to provide continuity in this 
report. 
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GROUND-WATER RECHARGE Allm DISCHARGE 

Weeb, Leavealey, Welder,andSaulnier(l974)eati­
mated that the principal aource of ground-water r~ 
charge w .. anowpack melt water in areaa with el~ 

vation~ greater than 7,000 ft. An eetimated 33 to 36 
ft3/a of aggregate recharge 0CCUJ'8 either .. direct 
infiltration into the bedrock aquifers or by recharge 
to amall alluvial aquifere in the upper reachea of 
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FiGURE 14.-Lateral hydraulic conductivity (or layer 3. 
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numerous creeks, which, in tum, recharge the bed­
rock aquifers. The distribution of recharge is con­
trolled by topography. Areaa of higher elevation 
generally receive more precipitation than lower areaa. 
A. a result, the principal areaa of ground-water ~ 
charge probabl~' occur near the topographically high 
regions along the eastern, southern, and western 
margins of the baain. 

Ground water discharges from the bedrock aqui­
fera by means of: (I)Direct discharge to sllrlace flow 
in Piceance and Yellow Creeks and their tributaries; 
(2) discharge to alluvial aquifers in the major stream 
valleys; and (3) by evapotranspiration from vege­
tation and wet soils located primarily in the stream 
valleys. Weeks, Leaveeley, Welder, and Saulnier (1974) 
estimated that the aggregate discharge is between 
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33 and 36 fts/s, with 18 percent of the total discharge 
occurring in the Yellow Creek drainage basin and 82 
percent occurring in the Piceance Creek drainage 
buin. About 80 percent of the surface runoff in the 
buin is supplied by ground-water discharge. 

POTENTIOMETRIC SURFACES 

Measurements of the elevation of the static water 
level in wells wen used to construct the potentio­
metric-surface maps shown in figu!oes 18 and 19. 
Because of only minimal ground-water development 



GROUND-WATER RECHARGE, DISCHARGE, AND POTENTIOMETRIC HEADS 

EXPLANATION 
ESTIMATED HYDRAULIC 

CONDUCTIVITY, IN 
FEET PER DAY 

Bue from U. S. Geological Survey 
Slate baae map, 1969 

D Kx = Ky = O.1 

~ Kx= Ky= 0.3 

_ Kx= Ky = O.S 

_ Kx=K)' = 1.0 

~~ f---.£ MODEL GRID 

.Y 

• DATA POINT 

o 5 10 MILES 
I I I I I 

o 5 10 KILOMETERS 

FIGURE 16.-Lateral hydraulic conductivity f~r layen 4 and 5. 

lOS" 

\ 

21 

u of 1977, the potentiometric surfaces are repr&-I face in the aquifer above the Mahogany zone (fig. 18) 
aentative of long-term ground-water conditione in (layen 1 and 2) ranges from about 5,800 ft near the 
the buin. The elevation of the potentiometric 8ur- mouths of Piceance and Yellow Creeb at the north-
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FIGURE 17.-Vertical hychauJic conductivity for layen .. and 5. 

em margin of the buin, to about 7,400 ft in the 
lOuthem part of the buin. Ground-water gradients 
range from 20 to u much u 120 ft/mi, and lateral 
ground-water pore velocitiea range from about 150 
ft/yr near the confluence of Ryan Gulch and Pice-

ance Creek to about 300 ft/yr in the area IOUth of 
Piceance Creek. Theae velocities are baaed on an 
average porosity of 1 percent and are thought by the 
authors to be a reSlOnable upper estimate of the rate 
of ground-water movement. 
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B_ from U. S. Geolo:.Jical Survey 
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FIGURE lIl.-Potentiometric IUrfSce of the upper aquifer. 

The potentiometric surface in the aquifer below the 
Mahogany zone (fig. 19) (layers 4 and 5) is similar to 
that in the upper aquifer. Elevations range from 
about 5,800 to about 7,400 ft. Ground-water gradients 
range from 20 to 88 much as 130 ft/mi, and lateral 
ground-water pore velocities range from about 00 
ft/yr near the confluence of Ryan Gulch and Pice­
ance Creek to about 140 ft/yr near the confluence of 
Stewart Gulch and Piceance Creek. 

Water moves through isotropic aquifers in a di­
rection perpendicular to the potentiometric contour.: 
Because the aquifers in the Piceance basin apparent­
ly are not significantly anisotropic, the direction of 
water movement is approximately perpendicular to 
the contours. On the basis of the configurations of 
the potentiometric surfaces, water moves from re­
charge areas near the basin margins toward dis­
charge areas along Piceance Creek and the lower 
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FIGURE I9.-Potentiometric urfaee of the lower aquifer. 

reaches of Yellow Creek. The configuration of the 
potentiometric surfac-.!s also indicates that water 
discharges along Dry Fork Creek and the down­
stream reaches of the creeks located between Black 
Sulphur and Willow Creeks. 

The differences in the potentiometric heads in wells 
completed above and below the Mahogany zone are 
shown in figure 20. Potentiometric-head difference8 
aa large as 240 ft have been measured in adjacent 

we1l8 completed in the two aquifers. The pattern of 
potentiometric-head differences indicates that the 
potential for downward movement of water exists 
along the eastern, 8outhern, and western margins of 
the basin, along the drainage divide between Pice­
ance and Yellow Creeks, and in the area between 
Piceance Creek and Dry Fork. Potential for upward 
movement of water primarily elrists along Piceance 
Creek and the down8tream reaches of its tributaries. 
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FiGURE 2O.-Difference in potentiometrie head. between the upper Rnd lower aquifen. 
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GEOCHEMICAL SYSTEM 

The concentration of dissolved solids in ground 
water in the Piceance basin ranges from 400 mgiL 
(milligrams per liter) near the margins of the basin to 
40,000 mg/L in the north-central part of the basin. In 
addition to these lateral changes in quality, large 
increases in dissolved-solids concentration8 also oc­
cur with depth in the aquifers. These spatial dif-

ference8 in concentration are due to changes in water 
quality along the ground-·,/at.er flow paths between 
the points of recharge and th€ points of discharge. 
These changes include an increas.'!! in dissolved-solids 
concentration, and a change in water type from a 
mixed cation bicarbonate water to a 80dium bicar­
bonate water, oxidation and reduction of sulfur 
species, and relatively large increases in certain trace 
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constituents such as strontium and fluoride. The 
changes reflect the geochemical environment through 
which the ground water flows. The magnitude of the 
changes is affected by the type and concentration of 
soluble minerals present in the aquifers, the type of 
clay minerals and amount of organic material pre­
sent in the aquifers, and the flow path the water 
follows through the aquifers. 

In the highland recharge areas, both sandstones 
and siltstones of the Uinta Formation and marl­
stones of the Parachute Creek Member crop out. The 
soil cover is relatively thin in these areas and snow­
melt often infiltrates directly into ~ eathered bedrock 
before moving down into unweath'~red· bedrock. The 
infiltrating water carries dissolved atmospheric gases 
and soluble minerals from the weathered and un­
weathered surfaces into the upper aquifer. Dissolved­
solids concentrations in the recharge have not been 
directly measured but are indicated by the chemical 
quality of water in springs and shallow wells in the 
upper aquifer. These data indicate that the dissolved­
solids concentrations in the recharge may range 
from 450 to 800 mgl L, as shown in figure 21. Dis­
solved carbon dioxide in the form of carbonic acid 
increases the solubility of the carbonate cements 
present in the sandstones and the carbonate min­
erals present in the marlstones. AB a result, water 
samples from springe and surface water in the re­
charge areas indicate that the ground water varies 
from a calcium magnesium bicarbonate type to a 
mixed cation bicarbonate type. Although ground 
water in the recharge areas is generally in an oxi­
dized state, reducing conditions exist at depth as 
indicated by the presence of hydrogen sulfide gas in 
water from springs from deep sources. and wells 
producing water from the upper part of the Para­
chute Creek Member. 

As the ground water in the upper aquifer flows 
away from the recharge areas, dissolved-solids con­
centrations increase and the water changes to a 
sodium bicarbonate type. Large dissolved-solids­
concentration increases occur in the Uinta Forma­
tion (layer 1) where concentrations are two to three 
times as great as in the recharging water, and near 
the base of the upper part of the Parachute Creek 
Member (layer 2) where concentrations are 10 or more 
times as great as in the recharging water. The princi­
pal source of this increase appears to be the upward 
flow of water with large dissolved-solids concen­
trations from the lower aquifer into the upper aqui­
fer. Upward flow probably accounts for the larger 
di88olved-solids concentrations near tract C-b and 
in the north-central discharge areas of the basin 
(figs. 20 and 24). 

Increases in the dissolved-solids concentrations in 
the lower aquifer probably occur in three ways. First, 
the dissolved solids increase by dissolution of the 
host marlstones 88 water moves through the aquifer. 
Second, permeable zones produced by fracturing Ilnd 
dissolution of saline miuerals near the basin mar­
gins laterally abut impermeable sections of the sa­
line zone toward the central part of the basin. The 
configuration of the edges of the salin., zone is highly 
irregular, resulting in local restrictions to horizontal 
and vertical flow. This restriction to flow appears to 
create zones of almost stagnant ground water that 
slowly dissolves saline minerals from the host rock. 
Third, water moving through fractures and solution 
openings in the lower part of the Parachute Creek 
Member can come in contact with sodium chloride 
and sodium bicarbonate salts in the aquifer. Thaae 
soluble minerals dissolve to produce water with dis­
solved-solids concentrations in excess of 30,000 mgIL. 
Over geologic time, these processes of di880lution 
have produced the leached zone. 

Saulnier (1978) found that the dissolution is pre­
sently most active along the edges ofthe mai'l body 
of the saline zone. Fur-her, dissolution in the saline 
zone is aided by major fractures that penetrate this 
section and allow circulatini ground water to con­
tact the soluble salts. 1'his phenomenon is well dis­
played in a west-northwest-trending zone offractur­
ing along the northern margin ofthe basin (fig. 22). 
Here fractures allow saline wa~r to move from the 
lower to the upper aquifer, thereby increasing the 
dissolved-solids concentrations in the upper aquifer. 
This fracture-associated dissolution is reponsible for 
the saline springs in Alkali Flat adjacent to the lower 
reach of Piceance Creek and Stinking Spring along 
the lower reach of Yellow Creek. An anal.>gous situ­
ation is the probable cause of the saline water pumped 
from wells that have been drilled through and left 
open to the saline zone. Saline water moving up the 
well bores locally contaminates water in the upper 
aquifer and in the alluvium. In the past, this local 
cont amination has given an erroneous indication of 
the extent of saline water in the UpJ)'el aquifer (Wel­
der and Saulnier, 1978, p. 14). 

CHEMICAL REACTIONS 

The principal chemical reactions observed in the 
Piceance basin are dissolution, precipitation, ion ex­
change, and oxidation reduction. These reactions 
primarily are responsible for the chemical compo­
sition of the ground water in the basin. The reactions 
are best described in reference to position in the 
ground-water flow system. 
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FIOURE 21.-Eetimated diuolved-eolida concentrationa in water rechargin, the aquifer ayatem. 

D1SS0L TION 

Various dissolution reactiona occur throughout the 
basin but specific reactions predominate at different 
pcints along the ground-water flow paths. Miner- 1 

alogic analyses of samples of oil shale from the Green 
River Formation indicate that about 43 percent of the 
marlstone is composed of calcite and dolomite (yen 
and Chulingarian, 1976). In the Uinta Formation, 
calcite and dolomite are present as cements in the 
sandstones and siltstonea of the unit. Although th~ 
minerals do not dissolve rapidly. the chemical com­
position of ground water in rechaqe areas where 
marlatones are exposed indicates calcite and dolo­
mite are going into solution. Calcium concentrations 

u8uC'lly range from 50 to 100 mg/L and are almost 
double the magnesium concentrations. 

Farther down the ground-water flow path (toward 
the center of the basin), other disaolution reactions 
predominate. These reactions involve the evapora­
tivP. salts, nahcolite and halite, found in the saline 
zone. The minerals are so soluble that they can be 
detected during drilling by measuring the specific 
conductance of water produced during drilling and 
comparing these data to core samples. Cores con­
tainin({ the 3alts are often of nonuniform diameter 
due to the differing rates of dissolution of adjacent 
segments of the core. Because of the small perme­
ability of this zone (Dale and Weeks, 1978), the min­
erm ran be dissolved only when fractures, wells, or 
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FIGURE 22.-Major fault. and joint. in the northern part of the Piceance buin (modified from 
Saulnier, 1978). 

adjacent diaaolution have exposed the minerals to 
water. Welder and Saulnier (1978) and Dale and 
Weeks (1978) report that water from the leached 
zone in the central part of the baain, where the aaline 
zone is thickeat, haa a apecific ~onductance that 
rangea from 1,100 to 1,600 "mboA:m (micrornhoa,per 
centimeter at 25°C). Theae relatively amall values 

of apecific conductance indicate that only limited 
di.aolution is occurring at the top of the present 
aaline zone. However, the apecific conductance of 
~ater from wella near the perimeter of the aaline 

zone indicatea that large-acale diaaolution OCCUh 

near the northern margin of the baain and along the 
edges of the aaline zone. Diaaolution of theM aodium 
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ea1te i. a contributing factor in the change of water 
from a mixed cation bicarbonate type water to a 
sodium bicarbonate type water. Other factors affed· 
ing this change in water type are calcits preci'~i· 
t4tjon and ion exchange, aa explained in the foll'Jw· 
iog Hetione. 

PR ECIPITATIO 

Examination of drill coree and unweathered out­
crope reveals calcite depoeite in fracturee and vuge in 
the Parachute Creek Member. A fault zone in Ryan 
Gulch containe a 2- to 5-ft wide filling of laminated 
and cryetalline calcite. Springe in the northern part 
of me baain IOmetimee iaeue from travertine mounde, 
and &eepe on cliff facee may flow down "drapings" of 
calcite and travertine. Theee occurrencee are indirect 
evidence that calcite is at or near saturation in most 
ground water in Piceance baain even though mui· 
mum calcium concentrations are about 100 mglL 
and may be aa small aa 10 mglL in water from the 
Parachute Creek Member. 

A computer program entitled WATEQ (Truesdell 
and Jones, 1974) was used to analyze water-quality 
data for the different aquifer unite in the baain to 
determine the stability of various minerai phaaes in 
the ground·water environment. The calculations 
showed that calcite is at or near saturation in the 
majority of samplee and in nearly all samples collect­
ed away from the recharge areaa. The precipitation 
of calcite is probably determined by the generalized 
reaction: 

Neighborite is a rare mineral and waa found only 
in a few eamples from the northern part of the baain. 
The mineral coneieta of eoft, yellow to white, tran. 
lucent cryetals found in vugs in the Parachute Creek 
Member. Very little is known about the etability of 
neighborite, but water in the northern parte of Pi­
ceance baain locally containe relatively large con­
centrations of sodium and fluoride. Plote of water 
typee and ionic ratios calculated for this part of the 
baein indicate a alight enrichment in magnesium 
due to calcite precipitation. Larger fluoride concen­
tratione may combine with magnesium to form the 
ion pair, MgF.-, prior to neighborite precipitation. 

ION EXCHA GE 

Although the changing of water from a mixed 
cation bicarbonate type in the recharge &real to a 
eodium bicarbonate type in the central diacharge 
parte of the baain occurs in both the upper and lower 
aquifers, the change is more pronounced and occure 
in shorter lateral and vertical dietancee in the Para­
chute Creek Member. For example, water from a 
spring iseuing from the upper aquifer along upper 
Black Sulfur Creek has a calcium concentration of61 
mglL and a sodium concentration of 45 mglL. A 
sample collected from the lower aquifer at Ryan 
Ridge in the central part of the baain hae a calcium 
concentration of 4.2 mglL and a sodium concen­
tration of 550 mgl L. Dissolution of nahcolite is a 
significant factor in thie change in ionic propor­
tions in areaa where brines emt, but in other areaa 
and in the Uinta Formation, another mechaniem 

(1) must account for this change in ionic proportiona. 

In Piceance baain, the driving mechanism for such a 
reaction is the bicarbonate concentrations (usually 
greater than 300 mg/L) in the water. The bicar· 
bonate is eupplied by dissolution of carbonate min· 
erals and nahcolite, by the sulfate-reduction reaction 
diecussed below, and possibly by silicate hydrolysis. 

Other minerals that have been observed to be pre­
cipitated secondarily are pyrite, FeSt, and neigh­
borite, NaMgF •. Pyrite is commonly found lining 
vugs, filling fractures, and replacing fossil remains 
in rocks from the Parachute Creek Member, especial­
ly below the Mahogany zone. Hydrogen sulfide gaa 
often is detected in wells penetrating the Parachute 
Creek Member, indicating that reducing conditions 
are present. At the levels of pH (Ho 8.8) generally 
meaaured in the Piceance besin, pyrite is stable in 
reduced waters. Pyrite also is found aa a primary 
precipitate in th0 marlatones, indicating that the 
secondary minerals may represent recycled pyrite 
produced by paat changes in alkalinity and forma­
tion temperature. 

The dolomitic marlstones of the Parachute Creek 
Member (.'ontain significant amount. of clay min­
erals. Dyni (1976) determined that emectite, illite, 
chlorite, and kaolinite occur in these rocks and that a 
progression of clay types occurs from the baain mar­
gins to the baain center. Dlite is the most common 
clay mineral in the Piceance basin, especially away 
from the saline-mineral depocenter. Ground water 
near the margins of the baain may have calcium 
~oncentrations of about 100 mglL aa the reeult of 
dis801ution of the dolomitic marlstones. If ion ex­
change were taking place according to the following 
reaction (X indicates an exchange site) : 

Ca2++Na,X-CaX+2Na-, (2) 

the calcium would be removed from solution and 
sodium would become the dominant cation in solu­
tion. Although the calcium concentration is not ex-
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ceuive, I '3liminary g\lOChemical modelstudiee indi­
cate tha" .ion eschange may be actively altering the 
water compoeitiou in the central part of the baein. 

Another ion eschange mechanism involving dolo­
mite could potentially contribute to the obeerved 
magneeium enrichment according to the following 
generalized reactions (X indicatee an eschange site): 

CaMg(COa)s+CaX-MgX+2CaCOa, (3) 

MgX+2Na+-N8JX+Mr-. (4) 

This eeriee of reactions could lead to the obeerved 
precipitation of low magnesium calcite (Deeborough 
and others, 1974) and relative magneeium enrich­
ment in the water. Sodium concentrations in the 
water could remain relatively large due to nahcolite 
diuolution and the calcium-~um eschange illu. 
trated by reaction 2. 

OXIDATION 

Sulfur is present in ground water in Piceance basin 
8S both ozidiZf.d and reduced species. Sulfur in the 
Uinta Formation is present as the osidized sulphate 
ion in concentrations exceeding 500 mg/L. Oltidiz­
ing conditions exist in the Uinta Formation dut'! to 
the availability of ozidized water, which occurs as 
precipitation recharge. In areas of upward water 
movement, sulfide specit!s that mi.grate upward into 
the Uinta Formation from underlying formations 
are oxidized to sulfate. In other areas where upward 
movement of sulfur is not possible, the source of the 
sulfate in the Uinta Formation is unknown. Gypsum 
has been recorded only in discharge areas in the 
Uinta Formation, not in recharge areas or near the 
water table. In the upper parts of the Willow Creek 
drainage basin, springs bring water containing hy­
drogen sulfide gas to the surface from below the 
Uinta Formation. In this part of the recharge area, 
such upward leakage along fractures may provide 
the source of sulfate for the Uinta Formation. 

In the Parachute Creek Member, primary and 
secondary pyrite minerals in the organic-rich marl­
stones probably provide a sulfur source when ex­
posed to oxidized water in the recharge areas. 

REDUCTIO 

Water from the organic-rich marlstonee of the Para­
chute Creek Member often contains hydrogen sulfide 
gas and smaller sulfate concentrations than found in 
the Uinta Formation. Sulfate concentrations less 
than 10 mg IL are common in samples from the lower 

aquifer. During the drilling of 24 teet holee in 1975-
76, hydrogen sulfide gae commonly W88 released ae 
the drill penetrated the Parachute Creek Member. 

The IOUrce of sulfur in the Parachute Creek Mem­
ber is not certain but the larls amounts of organic 
material preeent in this unit probably help to main­
tain a reducing condition throughout much of Pi­
ceance buin. The most probable mechanism for 
sulfide production is throulh th. generalized re­
action: 

Ol'lanic material+SO.I
-­

HaS+carbonate speciee. (5) 

Whether biogenic processee are involved in the re­
duction of sulfate is not clear, but the coincidence of 
aqueous sulfide speciee and organic material in the 
bedrock occurs throughout the basin. This reaction 
also would act as another contributor to the large 
concentrations of bicarbonate found in water from 
this stratigraphic unit. 

Pyrite is commonly found in small quantitiee as a 
primary and secondary mineral in the Parachute 
Creek Member (Desborough and Pitman, 1974). This 
mineral is slightly soluble in warm water and may 
contribute small amounts of hydrogen sulfide to the 
water through the following reaction in a reducing 
environment: 

The Fe2
+ ion that would reeult from reaction in 

equation 6 may be reprecipitated as the black precipi­
tate often observed during the pumping of wells 
producing water from the Parachute Creek Member. 
The Fe2+ ion probably combines with the HS - to 
precipitate FeS, which is unstable in the oxidizing 
environment that occurs when the water reaches the 
surface. This instability causes the precipitate to 
oxidize in the presence of air to form an iron oxide. 
Iron oxide coatings are commonly found on rocks 
that are exposed to the "black water" discharged 
from wells tapping the Parachute Creek Member. 

Secondary pyrite is formed where the dissolved 
iron, which went into solution in the recharge areas, 
precipitates out of solution in the discharge areas. 
Drill cores from the Naval Oil Shale Reserve, im­
mediately to the south of the study area, have ex­
tensive pyrite coatings in vugs and on fractures. 
These secondary pyrite minerals occur where ground 
water is close to a discharge area. 

The product of the principal chemical reactions is a 
BOdium bicarbonate water with ozidized sulfur species 



DISTRIBUTION OF TRACE CONSTITUENTS 31 

in the Uinta Formation and reduced sulfur species in 
the Parachute Creek Member. Carbonate species and, 
therefore, total carbon dioxide in the sytem are pro­
duced by atmospheric introduction via recharge, r.J­
duction of sulfur species, and diaaolution of the car­
bonate minerals, calcite, dolomite, and nahcolite. 
Carbonate species are removed from the system in 
the northern part of the buin by calcite precipi­
tation. Large sodium eoncentrations are produced by 
ion exchange and nahcolite and halite diaaolution. 

D.STa.aUTlON Of TRACE CONSTITUENTS 

Certain trace constituenta OCCl1r in ground water in 
the buin in larger than normal concentrations. The 
relative concentrations of these constituents can be 
Ufted u an aid in identifying the source of the water 
in IIprings and wells. Deaborough, Pitman, and Huff­
man (1974) ~'8ported on the mineral residence of 
many of the trace constituents, and Dyni (1976) specu­
lated that smectites and illites served as traps for 
trace constituents soon after the lake sediments were 
deposited. Other sources of trace constituents are in 
primary 8ulfide, halide, carbonate, and silicate min­
erals that occur in the buin sediments. The follow­
ing data on the occurrence and distribution of trace 
constituents in ground water in the Piceance basin is 
excerpted from Saulnier (1978). 

Trace constituents that were analyzed for but found 
in less than significant concentrations were beryl­
lium, copper, cadmium, lead, mercury, manganese, 
molybdenum, selenium, and zinc. Trace constituents 
found in significant concentrations to warrant fur­
ther discu8sion were arsenic, barium, boron, fluoride, 
iron, lithium, and 8trontium. 

AR ENIC 

Concentrations of dissolved arsenic in ground water 
in Piceance ba8in generally do not exceed 50 Ilg/L 
(microgram8 per liter). However, concentration8 
of dis80lved arsenic between 10 and 50 Ilg/L are 
common in water from wells tapping the Parachute 
Creek Member in the area between Piceance Creek 
and Dry Fork. Arsenic concentrations of 80 and 95 
Ilg/L.were found in water from two wells located in 
this area. The mineral residence of arsenic i8 pro~ 
ably authigenic 8ulfides in the Parachute Creek Mem­
ber (Des borough and others, 1974). 

BARI UM I 
Dissolved-barium concentration8 greater than 500 

Ilg/L occurred in water from about one-third of the I 
sampled wells completed in the lower aquifer. The 

largest concentrations occurred in the brines found 
in the northern pert of the buin. Barium concen­
trations generally are I .... than 5OOllg/L in the upper 
aquifer. Hem (1970) suggests that barium concen­
trations generally are contl'Olled by the solubility of 
barite (SaSO.). The occurrence of barite u a secon­
dary mineral in the northern part of Piceance buin 
hu been reported (G. A. Deaborough, written com­
mun., 1975). Calculations using the WA TEQ compu­
ter program indicate that the rines in the buin are 
slightly saturated with res to barite and are 
saturated with reapect to witherite (BaCOs), which 
also occurs in the area (Milton, 1971). Barium can 
poaaibly be complexed with chloride in reduced waters 
(Holland, 1967), a distinct possibility in the high 
chloride, reducing waters of the north-central Pi­
ceance basin. Upon entering oxidized waters, the 
relatively insoluble barite would then precipitate as 
a secondary mineral, the mode of occurrence o~ 
served for barite in this study (Plummer, 1971). 

BORON 

Concentre.tions of boron greater than 5,000 Ilg/L 
are common in water samples from the lower aquifer 
and less common in the upper aquifer. Concentra­
tions of this magnitude occur in water throughout 
the basin but are most common in the northern part 
of the basin where the brines occur. 

Boron is commonly concentrated in evaporites, but 
no borate mineral8 have been reported in the Pi­
ceance basin. Shepard and Gude (1973) found that 
boron can occur in potassium feldspars of saline, 
alkaline, lacustrine depo8its. Boron has not been 
identified in the feldspars of the Piceance basin, but 
aearl8itP- (Na3Si20 6·H20). reedmergnerite(NaBSbOs), 
garrelsite [(Ba,Ca,Mg)B2Si06(OHh J. and leucosphenite 
(CaBaN3BTbSi90 29 ) have been reported in the Green 
River Fonnation (Milton, 1971). Little is known of the 
solubility of these minf!rals. As a result , the mineral 
source of the boron in solution in the Piceance basin is 
unknown at present. 

FLUORIDE 

The distribution of di8&0lved fluoride in the upper 
and lower aquifers can he described in relation to the 
abundance of dissolved calcium a8 well as the pre­
sence of fluoride minerals. The amount of fluoride 
jon theoretically in 80lution at equilibrium can be 
determined by the solubility product (K.p) of fluorite 
(CaF2): 

(7) 
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Becauee the fluoride activity is 8quared, sm.all cal­
cium concentrations would allow large fluoride con­
centrations to be present in the water. Th~ equilibri· 
um concentration of diuolved calcium fluoride is 15 
mg/L at 18°C. ThO!! average concentrations 8~e 38 
mg/L for calcium and 1.1 mg/L for fluoride in water 
from the Uinta Formation, 18 mg/L for calcium and 
7.1 mg/L for fluoride in water from the upper part of 
the Parachute Creek Member, and 10 mg/L for cal­
cium and 22 mg/L for fluoride in water from the 
lower part of the Parachute Creek Member. Larger 
concentrations of calcium in water from the Para­
chute Creek Member would result in the precipitation 
of fluorite. The reduction of calcium concentrations 
due to ion exchange and calcite precipitation are 
thus important facton in maintaining the observed 
large concentrations of fluoride. 

Authigenic cryolite (NaaAlF.), fluorite (CaF2), fluo­
rapatite [Caa(PO.)aF], and neighborite (NaMgFa) 
are present in the Parachute Creek Member (Charles 
Milton, written commun., 1974). Calculations using 
the W A TEQ computer program indicate that the 
water is undenaturated with respect to both fluorite 
and cryolite; thus, these minerals probably are dis­
solving rather than precipitating. As a result, the 
large proportion of fluoride in cryolite could add 
significantly to the dissolved-fluoride concentrations 
found in the ground water. Little is known about the 
kinetics of dissolution of these minerals in the pre­
sence of water containing relatively small concen­
trations of calcium and relatively large concentra­
tions of sodium. 

The original source of the fluoride is uncertain. The 
fluoride may have been added to Lake Uintah by hot 
springs or volcanic ash. Devitrified tuffaceous lenses 
are common in the Green River Formation. Evapo­
ration from the lake could have concentrated the 
fluoride sufficil(.'ntly to form authigenic fluoride min­
erals and allow the inclusion of the fluor.de ion in 
clay minerals. After induration and basin deforma­
tion, circulating ground water reversed the process, 
allowing relatively large concentrations of fluoride 
to be present in the water. At some time fifter reso­
lution of the fluoride, neighborite (NaMgFa) pre­
cipitated in vugs. It appean likely that the formation 
of MgFi complexes precedes neighborite precipi­
tation. As in the calcium fluoride example above, the 
solubility product indicates that relatively small 
magnesium concentrations would be required to main­
tain the relatively large fluoride concentrations. In 
the lower aquifer, the smallest concentrations of 
dissolved magnesium are found to coincide with the 
largest concentrations of dissolved fluoride as re­
quired by the solubility product calculations. 

The absence of significant concentrations of dis­
solved fluoride in the Uinta Formation is due to the 
combination of relatively larger calcium concentra­
tions than in the Parachute Creek Member and the 
absence of a source of fluoride in the sediments or in 
authigenic minerals. Near some fractures, faults, 
and improperly constructed wells, water in the al­
luvial aquifer and the Uinta Formation has un1isual­
ly high concentrations of fluoride for this formation. 
These relatively larger concentrations occur in the 
northern part of the basin where the potentiometric 
head allows upward movement of water from the 
Parachute Creek Member. 

IRON 

Water with more than 300 "giL of dissolved iron is 
common in the upper aquifer. The sandstones and 
siltstones of the Uinta Formation have ironstone 
concretions throughout. These concretions probably 
are the major source for much of the dissolved iron. 

The Parachute Creek Member contains variable 
amounts of authigenic pyrite (Trudell and othen, 
1970). In the recharge areas and in the warm bi­
-.8~bonate water found in the lower aquifer where the 
pH normally ranges from 7.5 to 8.5, pyrite either can 
be dissociated to form ferrous ions in solution or the 
ferrous ion can combine with carbonate to form si­
derite and ferro an [(Mg,Fe)·COa1. The presence of 
siderite and ferroan are commonly reported in the 
Parachute Creek Member (Desborough and othen, 
1974; Robb and Smith, 1974). Relatively small con­
centrations of iron occur in water in the Parachute 
Creek Member, indicating that most dissolved iron 
may be reprecipitated as carbonate. As noted above, 
the "black water" produced from many wells in the 
Parachute Creek Member indicates that some fer­
rous iron remains in sol ution and is carried into wells 
and subsequently precipitated as FeS. 

LITHIUM 

Concentrations of dissolved lithium are greater 
than 100 "gi L in water samples from wells that 
contain brines. Relatively large concentrations of 
lithium also are associated with water that has rela­
ti vely small dissolved-solids concentrations but rela­
tively large concentrations of other trace constitu­
ents. The largest concentrations of lithium occur in 
samples from wells in the central part of the basin. 
Dissolved lithium concentrations as much as 39 and 
42 mg/ L have been reported in water from these 
wells. Desborough and others (1974) did not find a 
likely mineral residence for lithium but indicated 
that fluoride and lithium show a positive correlation 
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in water samplea from the Piceance basin reported in 
Ficke, Weeks, and Welder (1974). Relatively large 
lithium concentrations also are auociated with rela­
tively large concentrations of bicarbonate. The lithi­
um may occur in the evaporite minerals of the Par­
achute Creek Member either as a carbonate or a 
chloride. In addition, lithium may be ,adsorbed on 
clays. It is possible that in predominantly sodium 
waters, sodium could exchange for adsorbed lithium 
in smectites and illites. Because these same waters 
also have relatively small calcium concentrations 
and consequently relatively large fluoride concen­
trations, the result would be a positive lithium-fluor­
ide correlation. 

STRONTIUM 

Strontium is a significant trace constituent in the 
upper aquifer system, especially in the Uinta For­
mation and its associated marlstone tongues. In 
samples from springs in drainage basins tributary to 
Piceance Creek, strontium concentrations increase 
downgradient in a distance of 10 to 15 mi. Thus, 
minerals containing strontium probably are being 
dissolved by the circulating ground water. Calcu­
lations using the WATEQ computer program indi­
cate the water generally is supersaturated with re­
spect to strontianite (srC03) but not with respect to 
celestite (SrS04). However, celestite is rarely reported 
in mineral analyses in Piceance basin. 

The strontianite supersaturation indicates a pre­
cipitation reaction that is very slow. Thus, the stron­
tium in solution could be dissolved from carbonates 
or sulfates in the first few miles of the flow system 
and remain dissolved in the water, accumulating due 
to a Hlow rate on mineral precipitation. The original 
source of the strontium in the Uinta Formation is 
unknown, but it is possible that strontium occurs in 
the carbonate cements or as accessory sulfate in the 
Uinta Formation. 

THE SIMULATED HYDROLOGIC SYSTEM 

Mining of oil shale from tracts C-a and C-b will 
require water to be pumped from the mines in order to 
prevent flooding. The pumping could cause water­
level declines in the aquifers and reduce the rate of 
ground-water discharge to streams near the mines. 
In addition, the pumping could alter the location of 
ground-water flow paths, thereby producing changes 
in the chemical quality of the water in the aquifers 
and in local streams. Spent shale also could become a 
source of ground-water quality degradation once the 
mining intervals have been exhausted and the mine 

retorts containing the s.,ent shale become flooded. 
Studiea by Ward, Margheim, and Lof (1971) and 
Schmidt-Collerus (1974) indicate that between 1 and 
5 percent of the spent shale may be water-soluble 
saline minerals. On abandoning tract C-b, for ex­
ample, the volume of saline minerals in the spt:nt 
shale might range from 30 to 150 million tons and 
could thus have a serious long-term impact on the 
water quality near the abandoned mine. Mathemati­
cal-modeling techniques may be used to evaluate the 
possible effects of various mine-pumping practic..~ 
and subsequent mine flooding. Weeks, Leavesley, 
Welder, and Saulnier (1974) and 8oltol (1976) deter­
mined some of the possible effects of mine dewater­
ing on the water levels in the upper and lower 
aquifers in Piceance basin; however, they did not 
study the water-quality changes that may accom­
pany the mining activities. 

MODEL DESCRIPTION 

In order to simulate the possible effects of the 
mines on ground-water quality, a three-dimensional 
mathematical model that simulates solute transport 
through the ground-water system was constructed. 
The model is based on a finite-difference solution 
technique developed for the U. S. Geological Survey 
by INTERCOMP, Inc. (1976). The model simulates 
confined, density-dependent flow and solute transport 
with dispersion in nonhomogeneous, anisotropic aqui­
fers with irregular geometry under steady- or transi­
ent-flow conditions. The model simulate. movement 
of a conservative solute (dissolved-solids concentra­
tions) with dissolution as the only chemical reaction 
term. As a result, the complex geochemical system in 
the basin can o~"lly be simulated to the extent that the 
geochemistry affects the dissolved-solids concentra­
tions in the aquifer. This is not a severe restriction, 
however, because dissolution of evaporite minerals 
in the saline zone and dissolution in the unsaturated 
zone are the predominant chemical reactions occur­
ring in the basin, and these reactions dominate the 
effects of the other geochemical reactions. The basic 
equations that describe t.he ground-water flow and 
material balance of the solute have pressure and 
concentration as the I'rimary dependent variables. 
The independent variables include: (1) Time; (2) aqui­
fer characteristics, such as hydraulic conductivity, 
aquifer extent and thickness, porosity, compressi­
bility, solubility, and dispersivity; (3) fluid charac­
teristics, such as concentration, density, compressi­
bility, viscosity, and flux rate; and (4) related initial 
and boundary conditions. 

The node network used in the Piceano bask. model 
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consists ('If a 9- by 14·cell 'UTay for each of the five 
layers considered in the mode~ . The lat~ral model 
boundary for any individual layer may vary from the 
bounC:ary of an adjacent layer due to the differences 
in the lateral extent of the layer in each :iepth in· 
terval. 

The hydrologic-model parameters are dei:/crit'ed at 
each node in the model area. The thickness or each 
model layer corresponds to the saturated thickness 
shown in figures 5, 7, 8, 9, and 11. The hydraulic· 
conductivity values assigned to the x, y, and z com· 
ponents for ef&ch model layer are shown in figures I:': 
to 17. The porosity, potentiometric·head, ground· 
water quality, and specific·storage data discnssed 
previ.Jusiy also were used to defin~ the independent I 
variables (If the model. 

Didsolution was simulated by ~sing the ground. 
water recharge sources in the model program to 
supply mass to the aquifer. The rate at which the 
mass was supplie<l corresponds to the rate of dis· 
801ut.on. 

MODEL ALI.RATION 

In order to as'lurc that the model cakllations are 
con'ect, a calibration procedure was used ~o check the 
model-calculated potehtiometric heads and dissolved· 
solids concentrations againBt the correspontling mea· 
sured values. The present potentiometric heads and 
djssolv .. d·soJids concentrations are representative of 
the 10f\g·term ground·water conditions in the basin 
because only minimal ground·water development 
has occurred a.s of 1977. Because ofthe lack oftransi· 
ent·flow conditionE in the basin, a steady· flow cali· 
bration of the model was the o'lly calibration c!teck 
possible. In this type of cali bration, the model is used 
to cimulate the long·term water·level and water­
quality conditions that would result from an un­
disturbed natural environment. These model results 
are then compared to the measured data as a check of 
the simulation capability of the model. A disadvan­
tage of thi type of c'llibration is that the specific 
storage of the aquifers cannot be tested in the model. 
However, if subsequent model simulations represent 
long-term equilibrium conditions, the specific storaga 
will not affect the model results. 

Model simula~ions made using different values of 
dispersi"lity indicated that the best mode! results 
were obtained when the simulated dispersion equaled 
the numerical dispersion due to space- and time­
truncation errors. Subsequent modelsimwations 'vere 
made using zero-longitudinal and transversMisper­
~ivity factors with dispersion due Galy to truncl'tion 

error in the backward finite-difference approxima' 
tion in space and time. This apptoach appears to be 
re&8onable for two re'lsons. First, as the node size 
and scale of a solute-transport model increases, the 
model results becowe lesl' sensitive to Jispersivity 
(Rob8on, 1974). Because of this, 8imilar model· 
concentration distributiond can be obtained u8ing 
very diff'1rent values of model dispersivity. Second, 
teat aimulati.lD8 were made uaing a centered·in-apace­
and-tiLOe finite-difference approximation (which pro­
duces no numerical di8peraion) and the backward-in-
8pti.ce-an1·tim~ approximation (which produce8 nu· 
merical dispersion). Comp&ri8on of these two simu­
lation8 indicated that, at the node 8ne8 u8ed in the 
Piceance bft8in model, the effecta of numerical dis­
persion wou!d not adver8ely affect the concentration 
distribution. The centered-in-apace-and·time approxi­
mation could not be U8ed in thePiceance ba8in model 
due to problems of solution stability inherent in thi8 
techniqu). 

The equilibrium potentiometric head8 calculated 
ry the model for layers 1 and 5 are corr.pared in figure 
23 to the measured potentiometric head8 in the upper 
nnd low-er aquifers (figs . .i8 and 19). The be8t agree­
ment betweer. calculated and mea8ured potentio­
metric heads occurs in model layer 1 where calcu­
lak.>d heads are within 10 it of measured heads at 77 
of the 86 model node8 in this l£yer. The :iegree of 
agreement is due partly to the effec:. of the stream 
valleys of Picea.nce and Yellow Creeks that tend to 
control the water levels in thl! upper aquifer nea!' the 
valleys. The deeper the model layer i8 below the 
stream alleY8, the les8 effect the valleY8 have on the 
potentiometric hea(l in the layer. As a ret'ult, the 
caJ-::ulated potentiometric heads in layer 5 are within 
10 ft oUhe measured potentiometric heads at only 39 
of the 104 nodes in this layer (fig. 23). 'Fale model­
calculated potentiometric· surface maps for layera 2 
and 4 are nearly identical to the pot'!ntiometric-
8urface mapa based on measured data shown on figures 
18 and 19, indicating that the modells able to produce 
a reaE.Onable simulation of equilbrium potentiometric­
head conditions. Thi8 agreement is further indicated 
by the (;omparison of mea8ured and calculated 
potentiometric-head differences "crOS8 the Mahog· 
any zone shown in figure 20. In the areu of greate8t 
potentiometric-head difference, away from Piceance 
Creek and Yellow Creek valleys, the agreement be­
tween measured and calculated data i8 good. There is 
less agreement near the stream8 where only .. ~ight 
potentiometric· head difference8 occur aerOS8 the 
M.lhogany zone. 
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Because the model calculates dissolved-solids con­
centrntions in addition to potentiometric heads, the 
calibration procedure aloo compared measured and 
calculated concentration data. The measured &lld 
TDodel ... ;alculated dissolved-solids concentrations for 
each of the five model layers are shown in figures 24 
to 28. Attempts to manually draw lines of equal 
concentration based on the measured data shown on 
the left of figures 24 to 28 have met with only limited 
success. The data points, although fairly numerous, 
apparently are not adequate to properly define the 
extent of areas of equal concentration. The rea'JOn for 
this difficulty became apparent when the model re­
sults were mapped. Aa shown on the right side of the 
figures, the calculated dissolved-solids distribution 
is multimodal, 'showing many areas of high and low 
concentration in the basin. This complex distribu­
tion is difficult to define based only on the measured 
data available. When a comparison is made between 
the measured and calculated dissolved-solids con­
centrations, a reasonable degree of agreement is 
evident. The best agreement between the measured 
and calculated values occurs in layer 5. This is signi­
ficant because the rate of di8801ution at the saline 
zone ;3as a controlling effect on the concentration 
distribution in layer 5. Thus, the dissolution rate 
simulated in the model mUalt be reasonably correct in 
order for the calculated dissolved-solids concentra­
tions in layer 5 to agree with the measured data. 

A third calibration check on the simulation ability 
of the model involved a comparison of the meuured 
and calculated quantity and chemical quality of water 
recharging to or ~.scharging from the aquifer sys­
tem. These data are shown in table 2 with dissolved-

solids concentrations expressed in tP-rms of pounds 
of salt per day. 

The estimated-flow data are based ot,1 the work of 
Weeks, Leavesley, Welder, and Saulnier (1974) and 
represent hydrologic conditions in the basin prior to 
the Rio Blanco subsurface nuclear detonation which 
altered the streamflow characteristics in Piceance 
Creek after April 1973. Estimated salt-load values 
were computed from water-quality and streamflow 
records for the Piceance and Yellow Creeks gaging 
stations near the White River (U. S. Geological Sur· 
vey, 1961-75). Since the ground-water basin is in 
equilibrium, the salt load eaving the basin must 
equal the salt load entering the ba&in. The total salt 
load for the recharge terms was, therefore, estimated 
to be equal to the t"tal salt load for the discharge 
terms. Aquifer dissolution is the rate of dissolution of 
soluble minerals in the aquifer and the saline zone. 
In using the model to calculate the rate of aquifer 
dissolution, it was nece88ary to simulate a very small 
flow rate (0.2 ft3/S), although ground·water flow does 
not actually originate from aquifer dissolution. 

Significant agreement exists between the artimated 
and calculated flow and salt-load data shown in 
table 2. The discharge to Yellow Creek shows the 
greatest difference; however, 3.5 ft~ / s may be a better 
estimate of the ground-water discharge to the Yellow 
Creek drainage area than the 4.5 to 5.9 ft'/ s previous­
ly estimated. The lower estimate is baaed on the physi· 
cal setting of lower Yellow Creek, the surface-water 
discharge and salt load in the creek, and sensitivity 
evaluations made using this mcldel. 

When the model-calculated ground-water discharge 
and dissolved·solids concentrations to Piceance 

TABLE 2.-Groun4·waur man IxJlance 

tAtimaleci val ... CaJcuJa\ecl valu .. 

Flow Salt load .10w Salt l ... d 

(ft'/ I) (IbI d) (ft'/I ) Obldl 

Rec:h&11fe term.: 
Precipitation recharge .... 33.4-36.1 (I> 32.4 0.9X1OS 
Aquiffll' diuolution .......... 0.0 (I> 0.2 1.1XI0' 

Total rech&11fe term • ... ... 33.4-36.1 2.0XIOS 32.6 2.0XIOS 

Diechar,e terme: 
Piceance Cnek _ ................ 27.3-31.6 1.8XIOS 29.0 1.8Xlo' 
Yellow Cnek ...................... 5.9- 4.5 0.2XI OS 3.5 0.2Xlo' 

Total diech&11fe term • ... ··. 33.4- 36.1 2.0XlO' 32.5 2.0Xlo' 

INo data available. 
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and Yellow Creek valleys are corrected for evapo­
transpiration losses and surface runoff, the dis­
solved-solids concentrations of the mean-annual 
streamflow may be estimated. The model-calculated 
estimates for these values were 1,600 mg/ L for Pice­
ance Creek and 2,400 mg/ L for Yellow Creek. Using 
streamflow records for Piceance Creek and Yellow 
Creek at the near White River gaging stations (U.S. 
Geological Survey, 1961-75), the dissolved-solids 
concentrations of mean-annual streamflow in Pice­
ance Creek was calculated to be 1,620 mg/ L and in 
Yellow Creek to be 2,450 mg/L. The close agreement 
between the estimates indicates that the model cor­
rectly calculates tile dissolved-solids concentration 
in ground-water discharge to streams in the basin &8 

measuHd at the basin boundary. Baaed on thia mod­
el study, about 90 percent of the ground water and 
dissolved solids in the basin is discharged in Pice­
ance Creek drainage, and the remaining 10 percent is 
discharged ill. Yellow Creek drainage. 

HYDROLOGIC KNOWLEDGE GAINED THROUGH MODEUNG 

The successful calibration of the model has demon­
strated that the model is a reasonably valid tool for 
evaluating the hydrogeochemistry of the Piceance 
basin. Such an evaluation commonly involves model 
calculations of the effects of varioub ~tresses on the 
aquifers and strean.s, but of equal imr;ortance is the 
added hydrologic knowledge gained '.Jy constructing 
and calibrating the model. 

Different rates and distributiclls of precipitation 
recharge were tried during model calibration until a 
configuration was found that produced a good match 
between the measured and calculated potentiometric 
surfaces. The resulting recharge configuration is 
shown in figure 29 and, in most areas, is similar to 
the distribution of October to April precipitation in 
the area (U.S. Weather Bureau, 1960) and the re­
charge rates and distribution calculated by Weeks, 
Leavesley, Welder, and Saulnier (1974). The recharge 
rate in the area between Dry Fork and Piceance 
Creek is larger than that previously estimated 
(Weeks and others, 1974), due in part to a. lack of 
potentiometric-head data in this erea at the time of 
the earlier work. 

Prior to the construction of this model, few data 
were available on the fAte and distribution of dis· 
solution of the saline minerals occurring in the aq­
uifers or in the saline zone. By using the model to 
evaluate various dissolution rates, it was possible to 
determine rates that appear reaso able and produce 

the proper dissolved-solids concentration in the aq­
uifers. It was found that the a~as of greatest dia­
solution occur (fig. 30) either near the margins of the 
saline zone or along a northwest-trending fracture 
system near the northern part of the basin (fig. 22). 
These findings were reached indepenrlently of simi­
lar findings discussed previously (see discussion in 
"Geochemical System section") and support the pre­
vious conclusions. These results suggest that the 
relatively small permeability of the horizontal bed­
ding in the sediments limits rapid dissolution to 
areas where (1) fracturing allows additional ground­
water movement through the soluble minerals, or (2) 
ground water is able to contact the soluble minerals 
by lateral movement into the margins of the saline 
zone. 

The rate of dissolution occurring 'n the aquifeTs 
was found to be much less than the dissolution rate 
at the saline zone (t~ble 3). This is consistent with 
core-drilling results that commonly show negligible 
saline-mineral content above the saline zone (Dyni, 
1974). Model results indicate thataoout lxl<flb/d of 
dissolution occurs at the saline zone while about 
7XIOS Ibid of diuolution occurs in the aquifers. 
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As precipitation recharge percolates through the 
unsaturated sediments of the Uinta Formation over­
lying the aquifer, soluble minerals are dissolved and 
ultimately carried into the aquifer. This form of dis­
solution is the second largest source of dissolved 
solids in the Piceance basin aquifers, totaling about 
9><10· Ibid. The distribution of this source is indi­
cated on figure 21. The areas with recharge concen­
trations of 450 and BOO mg/ L contribute an average 
salt loa-l of 240 (lb/ d)/mi2 to the aquifers and the 
area with t'echarge concentration3 of 500 mg/ L con­
tributes an average of 150 (lb/d)/mi2• 

The model-calculated ~,."und-water discharge to 
the streams and alluvjal aquifers in Piceance and 
Yellow Creek valleys is plotted in figure 31 to show 
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F,GURE 29.-Precipitation recharge distribution. 

the cumulative distribution from upstream to down­
stream reaches of the valleys. The rate of ground­
water discharge in the Piceance Creek valley is rela­
tively steady in a reach extending from 4 to 31 mi 
upstream from the White River. The dissolved-solit!..i 
distribution, by contrast, shows markedly larger 
concentrations of dissolved solids in the ground­
water di8charp in two reach. 0 to 9 mi and 24 to 28 mi I 
upstream from the White River. These two reaches 

overlie two areas with relatively large rates of saline­
mineral dissolution in the saline zone (fig. 30). A 
8imilar increase in the dissolved-solids concentra­
tion of ground-water discharge to Yellow Creek oc­
CU1'8 10 to 14 mi upstream from the White River, and 
this reach also overlies an area of rapid dissolution 
ill the saline zone. These model results indicate that, 
if evapotranspiration and underflow in the alluvium 
can be accounted for, it might be possible to make an 
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FIGURE 30.-Rate of dissolution of saline minerals at the base of the aquifer By.tem. 

onsite determination of the relative rate of saline­
mineral dissolution in the saline zone simply by 
monitoring changes in the quality of surface water 
during relatively low flows along Piceance or Yellow 
Creeks. 

MODEL SIMULATIONS 

The ground-water model developed as part of this 
investigation is capable of calculating the potentio­
metric head and dissolved-solids concentrations that 
result from a given set of ground-water recharge and 
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FIGURE 31.-Cumulative lfI'ound·water discharge distribution Ilnd diuolved·aolid8 concentratiOJl8 along Piceance and Yellow 
Creeka. 

discharge conditions. If the recharge and discharge 
conditions include ground-water pumping near an 
oil-shale mine, the model results will show the effects 
of this pumping on the potentiometric surface and 
diasolved-solids concentration in the aquifers. The 

model thus provides a means of estimating the ef­
fects of various hypothetical mining practices and 
subsequent mine flooding on the water resources of 
the basin. 

The scope of these model simulations is limited by 
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the structure of the model and the availability of 
detailed information about the various mining prac­
tices and subsequent mine flooding to be evaluated. 
The model cannot simulate both confined and water­
table storage coefficients; as a result, it will not 
simulate transient water-table conditions as might 
occur near a mine being actively dewatered or flood­
ed. Because ofthislimitation'lsubeequent model sim­
ulations represent equilibrium flow conditions and 
th us are not affected by the difference between water­
table and confined storage coefficients. 

In the ground-water model described by Weeks, 
Leavesley, Welder, and Saulnier (1974), the confined 
and water-table storage coefficients were taken into 
consideration, allowing the model to simulate the 
transient changes in potentiometric heads produced 
by mine dewatering in tracts C-a and C-b. These 
model results adequately describe transient condi­
tions during mine dewatering and no attempt was 
made to duplicate these results using the three­
dimensional model. Their results indicate that al­
though complete equilibrium conditions may not oc­
cur for several centuries after pumping begins, the 
major change in head occurs within 20 to 30 years 
after a pumping stress is imposed. Therefore, the 
equilibrium conditions simulated in the present 
model probably are reasonable approximations of 
conditions that would exist in the aquifer at least 
30 years after a steady pumping stress commences. 

Insufficient data exist to completely describe the 
future operations of the two mines to be developed in 
tracts C-a and C-b. As a result, the model simula­
tions are not intended to predict the future hydro­
logic conditions in the Piceance basin but rather are 
intended to show the hydrologic conditions that 
would result if a hypothetical stress were placed on 
the aquifers n~ J.r the mining tracts. The simulated 
mines near tracts C-a and C- b are both 2.2 mi2 in 
area and are located as shown in figures 32 and 39. 

The choice of an aquifer porosity of 1 percent. also 
affects the model-simulation results . This conserva­
tive value was used in the model so the rate of 
ground-water movement calculated by the model 
would tend to be too rapid rather than too slow. The 
model results, thus, tend to depict a more rapid move­
ment of zones of differing chemical quality than 
would occur if the effective porosity of the aquifer is 
larger than 1 percent. In this respect, the model will 
simulate conditions closer to a "worst case" situation 
rather than a "best case" situation of contaminant 
movement. 

TRACTC-8 

Current (1978) plans for mining oil shale in tract 
C-a involve the use of modi5ed in-situ retorting pro­
cedure in which rubble columns of oil shale are 
created and retorted in situ. Only a small part of 
raw shale is removed to provide void space for the 
rubble and the spent shale is left in place in rubble 
column. after retorting is completed. Mining 
activities are to begin with a 10-year moiular d. 
velopment phase followed by about 30 years of com­
mercial mining. The interval to be mined is contained 
in a 3.4 mi2 area in the northern part of the tract and 
extends from near the top of the Mahogany zone 
(model layer 3) to the base of the R-4 zone (Gulf Oil 
Corp.-Standard Oil Co., 1977). The R-4 zone is a kero­
gen-rich oil-shale zone located near the middle of the 
geologic strata included in model layer 5. Ground 
water will be pumped to prevent flooding of the mine 
workings. Mining will occur when the water level 
near the mine is maintained at a level about 1,000 ft 
below the initial water level in the tract. The rate of 
ground-water pumping will increase as the size of the 
mine expands from the sm&ll-scale modular phase to 
full-scale production. Plans for the modular-develo~ 
ment phase indicate that water pumped from the 
mine will be injected into the bedrock aquifel's 
around the mine to prevent adverse water-level 
changes away from the tract. Plans for injection 
during the commercial development phase are not 
well defined at this time (1978). 

M INE DEWATERI NG 

The model was first used to evaluate the long-term 
effects of pumping a simulated mine near tract C-a. 
It was assumed that water would be pumped from the 
mine (or wells adjacent to the mine) at a rate which 
would produce about 1,000 ft of potentiometric-head 
change in the mine and that no pumped water would 
be returned to the aquifer. It also was assumed that 
the water pumped from the mine would be entirely 
removed from the hydrologic system in the Piceance 
basin and, thus, have no further effects on the basin. 
Although this assumption may not be realistic in 
terms of the actual operational procedure to be used 
at the mines, it allows the model to simulate the 
hydrologic impacts of various dewatering practices 
and subsequent mine flooding without the results 
being masked by effects of mine-water disposal in 
the basin. An initial model simulation indicated 
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that, when only layer 5 is pumped, vertical (down­
ward) leakage of water through tl-•• ..edimenta nrar 
tract C-a would adequately low jf the heads in model 
layen 2, 3, and 4 without the nt~ for pumping from 
these laYdn. The Uinta Format.;on near tract C-a is 
not considered to be a significant aquifer; as a re8ult, 
layer 1 is not conaidered in the model at tract C-a. 

The model results indicate that a long-term pump­
ing rate of about 5 ft3/S would be required to produce 
1,000 ft of potentiometric-head change in a mine near 
tract C-a with a 2.2 mi2 area. The area affected by 
water-level declines in excess of 1 ft increases from 
about 370 mi2 in layer 2 to 480 mi2 in layer 5 (fig. 32). 
Because these changes represent equilibrium condi­
tions in the basin, the rate of pumping from the mine 
would be bcllanced by an equal reduction in ground­
water discharge to Yellow Creek and Piceance Creek 
valleys of about 2 and 3 ft3/s, respectively. 

Simulations of various mine-pumping rates indi­
cate that (1) pumping the mine will decrease dis­
solved-solids concentrations in the water near the 
,mine, and (2) the greater the pumping rate the great­
er the decrease in dissolved-solids concentrations. 
Pumping the mine will increase the vertical (down­
ward) and lateral rates of ground-water movement 
toward the mine. Because the dissolved-solids con­
centrations in water in the shallow aquifers is less 
than the concentrations in water in the deeper aqui­
fers, increased downward movement would bring 
more water with fewer dissolved solids into the deeper 
part of the aquifer, thereby reducing the dissolved­
solids concentrations in the deeper aquifers. A sec­
ond factor contributing to these model results is the 
rate of disaolution of the saline minerals, which is 
specified in the model as a function of time. The 
longer ground water remains in contact with a 
source of dissolution, the greater the dis801ved-solids 
concentrations will become. The increased rate of 
water movement near the mine would reduce the 
contact time with local sources of dissolution and 
thereby would contribute to the reduced dissolved­
solids concentrations. The successful calibration of 
the model supports the assumption that the rate of 
Saline-mineral dissolution is a function of time. How­
ever, dissolution as a function of water velocity or 
dissolved .. solids concentration can occur, but data 
are not available to determine if these factors have a 
significant effect on the rate of dissolution in the 
Piceance basin. 

The areal distributions of changes in dissolved-

solids concentrations that would be produced by 
pumping the mine near tract C-a at a rate of 5 ft 3/ a 
are shown in figures 33 and 34. The effects of the 
mine pumpage on the dissolved-solids concentra­
tions would vary considerably depending on the 
depth of the aquifer. In layer 2, for example, a de­
crease in dissolved-solids concentrations would oc­
cur in a 24()..mi2 area around the simulated mine (fig. 
03). In layer 5, the altered rates of ground-water flow 
would produce a decrease in dissolved-solids concen­
trations in a 14()..m;2 area extending from the mine to 
Piceance Creek. A small area of increase in dis­
solved-solids concentrations of less than 50 mg/L 
would occur to the east of the mine, and a large area 
of increase of more than 400 mg/ L would occur 
downgradient (northeast) from the mine. The chang­
es in dissolved-solids concentrations for layers 3 and 
4 would be of intermediate values between those 
shown for layers 2 and 5. Model results based on 
other pumping rates indicate that as the mine pump­
ing rate increases or decreases, the magnitude of 
change in dissolved-solids concentrations will in­
crease or decrease, and the size of the area affected by 
these changes also will increase or decrease. 

Under equilibrium conditions, the volume of water 
pumped from the mine would be exactly balanced 
by a reduction in the rate of natural discharge from 
the basin. If the mine were pumped at 5 ft3/ s, ground­
water discharge in Yellow Creek drainage would be 
reduced from 3.5 to 1.4 fP/ s and the ground-water 
discharge in Piceance Creek drainage would be re­
duced from 29 to 26 ft3/s. The distribution and chem­
ical quality of cumulative ground-water discharge in 
Yellow Creek valley before and after the mine is 
pumped are shown in figure 35. The model does not 
separate the baseflow, underflow, or evapotranspi­
ration components of ground-water discharge. As a 
result, the surface flow in Yellow Creek is not directly 
calculated by the model. However, the model-calcu­
lated cumulative ground-water discharge figures 
give an approximation of surface-water flow and 
chemical quality without taking into consideration 
the effects of precipitation runoff, evapotranspira­
tion, or ground-water underflow in the valley allu­
vium. 

The most upgradient area of ground-water dis­
charge to Yellow Creek v.:..lley occurs 20 to 23 mi up­
stream from the confluence with the White River 
under the initial or present-day conditions. After the 
basin reaches equilibrium with the pumping from the 
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FIGURE 32.-Model·calculated drawdown in layer 5 produced by pumping mine near tract C-a at 
5 cubic feeL per second. 

mine near tract C-a, the most upgradient area of 
ground-water discharge to Yellow Creek valley will 
be shifted down gradient, occurring 9 to 13 mi up­
stream from the White River. The dissolved-solids 
concentrations will increase from 1,100 to 1,900 
mgl L 8 mi upstream from the White River as a result 
of the los8 of the water that initially discharged into 
the upper reaches of the valley. 

The inability of the model to simulate transient-

flow conditions involving both confined and water­
table storage coefficients limits its use in evaluating 
the effects of injection of ground water pumped from 
a mine. Although the pumping-injection procedure is 
primarily a transient ground-water flow problem, a 
special case eldsts in which the injection rate is 
controlled so as to maintain equilibrium conditions 
in the remainder of the ground-water basin outside of 
the mine. The simulation ofthese large-scale equili-
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FIGURE 33.-Model-calcull .. ted decrea8e in di88olved·solids concentration8 in layer 2 produced by 
pumping mine near tract C-a at 5 cubic feet per lleCond. 

brium conditions would be within the capability of 
the model were it not for the importance of smaH­
scale conditions within the mine. The chemical quality 
of the injected water, for example, is determined by 
small-scale conditions that cannot be properly simu­
lated with this model. If the chemical quality of the 
injected water is predetermined, the model can be 
used to show the effects of injecting water of different 
chemical quality into the equilibrium ground-water 

flow field in the Piceance basin. Separate model 
simulations of this special case of the injection 
problem were not made because virtually identical 
model simulations are required to simulate the 
effects of spent oil-shale leaching in an abandoned 
and flooded mine. The mine-leaching simulations 
can be considered to l'epresent injection simulations 
in which the dissolved-solids concentrations of the in· 
jected water are greater than th&t of the ground water. 
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F'JOURE 34.-Model-calculated change in dissolved-solids concentration. in layer 5 pr.oduced by 
pumping mine near tract C-a at 5 cubic feet per lNICond_ 

MINE FLOOD! G 

The next group of model simulations were made to 
investigate the effects of flooding of an abandoned 
mine near tract C-a containing large quantities of 
spent shale in underground retorts. In these simula· 
tions, it was assumed that the radial flow of water 
toward the mine, during the time the cone of depress­
ion around the mine would be fiUing, will effectively 
halt any migration of ground water away from the 

saline minerals in the spent shale in the mine. In 
effect, it was assumed that no poor-quality ground 
water would move away from the abandoned mine 
until the aquifer returns to the equilibrium condi­
tions that occurred prior to pumping the mine. This is 
thought by the authors to be a reasonable 888um~ 
tion even though in actuality some movement might 
occur before complete equilibrium exists. For these 
simulations, lpaching is asaumed to begin when leach. 
ate mov~ into the aquifers outside of the mine. The 
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in Yellow Crf\e\t val1ey produced by pumpin, minI! near tract C-a at 5 cubic teet per eecond. 

simulat)ons differ from those simulating mine pump­
ing in t~lat the model calculates transient (time­
valjing) concentration conditions that would occur 
in an equilibrium or steady-state flow system. 

A. mentioned previoualy, spent oil.hale may con­
tain 80luble aaline minerala in concentrations rang­
ing from 1 to 5 percent by weight. The rate of dis­
solution of th98e minerals by ground water will 

be affected by indeterminate factors, such as retort­
ing temperstures, shale particle size, and permeabil­
ity oithe retorts. Management of the oil-a.hale mines 
during and after the retorting operations can drastic­
ally affect these factors and, thus, the rate of disso­
lution that will occur in the abandoned and flooded 
mine. 

The model was used to determine the effects of 
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various mine-leaching rates since the actual rate to 
be expected is not known. The change in di8801ved­
solids concentrations after 60 years of leal ;hing, shown 
in figure 36, i8 calculated from initial conditioll8 in 
the basin aquifers prior to the effects of mine pump­
ing. As shown, the mine leachate would have ~'te 
m08t pronounced effect on the water quality in the 
layer with the large8t hydraulic conductivity (layer 
2) and the least effect in the layer with the 8malle8t 
hydraulic conductivity (layer 3). Diuolved-80lids 
concentration8 as much a8 50,000 mglL would ~cur 
in layer 2 adjacent to the mine after 60 years ofleach­
ing at rates that are thought to be poaaible for an 
actual mine in tract C-a. 

The longer the mine leaching continues, the more 
pronounced the water-quality changes in the aquifer 
will become. The change in .ti8solved-solids concen­
tration8 10 each model layer for 60 years of con8Ut,nt 
mine leaching at a rate of 1.3XHf Ibid is 8hown in 
figure 37. The large volume of water initially in and 
near the simulated mine containing relatively 8mall 
concentrations of dissolved solids would mix with 
the influx of mine jeachate to produce the gradual 
change in water quality shown. Throughout the 6~ 
year simulation period. the layers with the largest 
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hydraulic conductivity show the large8t change in 
conc!'!ntration. 

The areal di8tribution of the water-quality change 
in layer 2 i8 8hown in figure 38. Di8801ved-solids 
concentration8 will increa8e by more than 1,000 
mglL in a 3O·mi2 area down gradient from the mine 
after 60 years of mine leachin,. Diuolved-.olids in­
crea8es in exce88 of 10 mgl L win occur in a 14~mi2 
area. As indicated by the changes shown in figure 37, 
the areas affected by water-quality changes in the 
other model layers would be smaller than the areas 
in layer 2. Only minor changes in water quality in 
Yellow Creek will result after 60 years of leaching, 
primarily becau8e water with relatively large 
di8s01ved-solids concentrations will not have 
reached the main areas of ground-water dia.:haqre 
along the creek. 

If the mine is managed so a8 to minimize the rate of 
di8s01ution of the saline minerals in the abandoned 
retorts, the effects on the ground-water quality could 
be much less 8ignificant than those shown by these 
model simulations. Conversely, disregard for spent­
shale leaching problems could lead to a seriou8 and 
long-term degradation in the ground-water quality 
in Piceance basin. 

0~~---------L------------·~1-----------~1~--__ ------7 
0 ,0 0 ,5 1,0 1,5 2,0 

MINE LEACH ING RATE. IN 100.000 POUN DS PER DAY 

FIGU RE 36,-Chan,e in diuolved·lIOlid. concentration. in aquifers adjacent to abandoned mine 
near tract C-a after 80 yeara of l .. c~. 
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FIGURE 37.-Chan,o! in diuolved·aolida concentrationa with time in aquifere adjacent to abandoned 

mine for leaching rate of l.3Xlo' pounu per day. 

TaACTC- II 

Plans for mining oil shale in tract C-b are similar 
to the planned mining m trad C-a in that a modified 
in-situ retorting procedure will be uaed. Mining oper­
ations are exrecte<l to continue for about 60 yeare 
with the size of the mine increasing about 0.12 
mi2/yean to an ultimate area of .. bout 7 mi2. The 
mining interval extends from jut above the Maho­
gany :rone, in model layer 2, to jut below the top of 
m.odel layer 5, a vertical diatance of about 500 ft 
(Aahland Oil, Inc., Occidental Oil Shale, Inc., 1977). 
Ground water will be pumped from the mine to lower 
the water level in the mine about 1,400 ft to prevent 
ll00dina of the mine workings. Plana for diapoaal of 
the pumped water are not definite at preeent (1978), 
but pouibilitiea include injection into the aquifers, 
diacharae to Piceance ere-,k, or other off-tract dis­
charae options. 

MINE DEWATERING 

The mo !iel was used to evaluate the effects of long­
term pumping from a simulated mine in tract C-b. It 
was 888umed that a 2.2-mi2 area mine would with-

draw water from model layers 2 through 5 and that 
the pumped water would not 00 returned to the aqui­
fer. The relative yield of each model layer to the 
simulated mine is shown in table 4. Aa shown, model 
layers 2 through 5would'contribute water directly to 
the mine, with layers 2 and 5 contributing the 
majority of the water due to the larger hydraulic 
conductivity of these two layers. This is in contrast to 
the model results for tract C-a which indicate that 
water would not 1l0w directly into the mine from 
layers 2 through 4 when layer 5 was pumped to 
maintain the required water level in that layer. 

TABLl4.-DUtriblltio" of ",till pUfIIPGlIe by WIO'Iellayer 
for tract C-b 

1 ...... _ ............................ _ ....................................... . 
2 _ .................... __ .... _ ...... _ ............ _ .......... _ .......... _ 
3 ........ ____ .... _ .... ___ ...... _ .............. __ ..... _ ..... _ ... _ 
4 .......... _ ................ _ ........ _ .............. _ ........... _ ....... . 
5 ........ __ .......... __ .. __ ._ ...... _. __ .... _ ............ _ .. _ ..... . 

0.0 
41.2 

3.4 
9.9 

45.5 
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fi GURE 38.-Model·calcula ted increase in dissolved·solids concentrations in layer 2 after 60 yean of 
leaching from abandoned mine at 1.3Xlo" pound. per day. 

It was determined that a long-term mine-pumping 
rate of about 15 fP / s will be needed to maintain the 
required 1,400-ft water-level decline in layer 5in tract 
C-b. The distribution of pumping shown in table 4 
produced about 800, 900, 1,100, 1,200, and 1,400 ft of 
water-level decline in tract C-b in model layers 1 
through 5, respectively. Water-level declines in layt:r 
5 in excess of 1 ft will occur in a 56O-mi2 area of the 
Piceance basin with declines in excess of 100 ft oc­
curring in a 240-mi 2 area in the southern part of the 

basin (fig. 39). Progressively smaller areas of equal 
water-level decline will occur in the layers above 
layer 5. In layer 1, for example, declines in excess of 1 
ft will occur in a 410-mi2 area. 

Simulation II were made using diffem . :· i.,l(~-pump­
ing rates to show the long-tenn effect& 01 ,he pump­
ing on the water quality in the aquifers. Results of 
these simulations indicate that, 8S the mine-pump­
ing rate increases, the dissolved-solids concentration 
near the mine in model layers 1, 2, and 3 will remain 
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FIGURE 39.-Model·calculated drawdown in layer 5 produced by pumping mine in tract C-b at 
15 cubic feet per IeCOnd. 

constant and Imly a small reduction in concentration 
will occur in layer 4. Concentrations near the mine in 
layer 5, however, show a marked decrease in response 
to increased rates of pumping. A decrease in dis­
aolved-solids concentrations of as much ,as 1,100 
mg/L will occur in layer 5 when the mine is pumped 
at a rate of 15 ft3/s. The decrease in dissolved-solids 
concentrations in layer 5 will occur in a 120-mi2 area 
(fig. 40) around the simulated mine and would be 
adjacent to a 9O-mi2 area in which the dissolved-

solids concentration will increase by as much as 50 
mgl L. As discussed previously with respect to tract 
C-a, the change in concentration calculated by the 
model is due primarily to the altered rate and direc­
tion of ground-water movement. 

Under the equilibrium conditions simulated in 
these model calculations, the volume of water pump­
ed from the mine would be exactly balanced by a 
reduction in the rate of ground-water discharge. The 
proximity of tract C-b to Piceance Creek will cause 
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FIGURE 40.-Model·calculated change in diuolved-solid8 concentrations in layel 5 produced by 
pumping mine in tract Cob at 15 cubic feet per HCOnd. 

the reduction in ground-water discharge to affect 
only Piceance Creek_ The model does not separate 
the baseflow, underflow, and evapotran~piration 
components of ground-water di8charge. A a result, 
the 8urface flow in Piceance Creek is not dir€ctly 
calculated by the model. Therefore, the cumulativ~ 
ground-water discharge figures represent the esti­
mated surface flow in Piceance Creek without con-

sideration for precipitation runoff, evapotranspira­
tion los8, or ground-water underflow in the valley 
alluvium. If the mine were pumped at 15 fi3/s, the 
cumulative ground-water discharge at the mouth of 
Piceance Creek would be reduced 15 fi3/S due to 1088 

l f ground-water discharge to the valley along a reach 
18 to 30 mi 1.Ip8tn!am fmn the White River (fig. 41). The 

I resulting concentration profile down the valley also 
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FiGURE 41.-Change in model-calculated ground-water discharge and dissolved-solids concentration8 in Piceance Creek valley 
produced by pumping mine in tract Cob at 15 cubic feet per second. 

is mown on fipre 41 and indica&. that the diaeolved­
eolida concentration of the cumulative pound-water 
di8charge will be increased from about 1,100 to 1,400 
mglL in the lower reach of the 8tream valley a8 a 
result of pumping the mine in tract C-b. Thia 
increase would be due to the 1088 of better quality 
ground-water diacharge to the 8tream valley near 

tract C-b, coupled with no change in the rate 
of poorer quality ground-water discharge to the 
lower reaches of the valley. The cumulative 
ground-water discharge and dissolved-solids con­
centrations presented in figure 41 were computed 
in the same manner as those shown in figure 35 for 
Yellow Creek. 
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MINE FLOODING 

Model simulations also were made to investigate 
the ground-water quality changes that could occur as 
a result of leaching of spent hale left in an abandon­
~ mine in tract C-b. As for tract C-a, these simula­
tIons were based on the assumption that insignifi­
cant movemen t of mine leachate would occur prior to 
the time the water levels around the mine returned to 
near equilibrium (prepumping) conditions. These 
model simulations depict transient concentration con­
ditions that would occur in an equilibrium ground­
water flow field. 

The rate of dissolution of saline minerals in the 
spent shale in tract C-b will be affected to a major 
extent by mining practices and subsequent steps 
taken . prior to the closure of the mine. Specific infor­
mation about these factors is tenuous at this time 
(1978) and an accurate estimate of the rate of mine 
leaching cannot be made. Consequently, the model 
was used to investigate the effects of various mine­
leaching rates on the ground-water quality near the 
mine. Model results shown in figure 42 indicate that, 
for a given leaching rate, the largest concentration 
changes will occur in layers 4 and 5. Layer 1, by 
contrast, would be little affected by the range of 
leaching rates considered. At a leaching rate of l.3X 
105 Ibi d, an increase in dissolved-solids concentra­
tions in excess of 20,000 mgl L would occur in some of 
the water near the mine after 60 years ofleaching. A 

comparison of the effects of leaching in tracts C-a 
(fig. 36) and C-b (fig. 42) shows that the water quality 
will be more readily degraded near tract C-a. For a 
given leaching rate, the same mass of salt will be 
introduced to the water in each tract, but the larger 
volume of water containing relatively small concen­
trations of dissolved solids that would move through 
the tract C-b area will produce more dilution. Thus, 
although the water near tract C-b will carry the 
same salt load as that in tract C-a (for identical 
leaching rates), the resultant dissolved-solids con­
centrations of the water near tract C-b will be less. 

The effect of a given mine-leaching rate on the 
dissolved-solida concentrations in an aquifer will 
become more pronounced the longer the leaching 
continues. This effect js shown for tract C-b in figure 
43. The concentration changes will occur more quick­
ly in the more permeable layers-layers 2, 4, and 5. 
After 60 years of leaching, the concentration. in 
layer. 1 and 2 would be at or near an equilibrium 
level, while the concentrations would Rtill increase 
steadily in layer. 3, 4, and 5. A comparison of data in 
figures 37 and 43 indicates that, for equal mine 
leaching rates, the changes in ground-water quality 
will occur more rapidly near the simulated mine if. 
tract C-a than near the simulated mine in tract C-b. 

The areal distribution of increased diasolvNl­
solids concentration in layers 4 and 5 after 60 years of 
mine leaching at a rate of l.3Xl(t Ibi d is shown in 
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FIGURE 43.-Chan,e in di •• olved·801ids concentration. with time in aquifers adjacent to abandoned 
mine in tract C-b for leachin"rate of 1.3Xlif pound. per day. 

figure 44. As indicated in figures 42 and 43, layers 4 
and 5 would be more severely affected by water­
quality changes than would the other layers. The 
concentration changes will be primarily localized 
near the mine and along the south side of Piceance 
Creek. The area subject to di88olved-solids 
increases greater than 10 mglL would be only about 
40 mil in size, in contrast to the I40-mi2 area that 
would be affected by identical concentration 
changes produced under a.imilar conditions in tract 
C-a (fig. 38). The reason for the smaller zone of 
influence near tract C-b is two-fold. Firat, as has 
already been discuued, the larger volume of water 
moving through the aquifers near tract C-b would 
produce more dilution of the mine leachate, thereby 
decreasing the size of the zone of degraded water. 
The second and more significant factor is the 
location of Piceance Creek with re8pect to tract C-b. 
Ground water moving near tract C-b i8 able to travel 
only a few milea. before being discharged to the 
alluvial aq uifer or 8url'ace flow in Piceance Creek. As 
a re8ult, the degraded water near the mine would 
affect the 8urrounding ground-water quality in only 
a limited area before being removed from the aquifer 
system by the 8urface drainage. 

Previous 8imulations have shown that pumping 
the mine in tract C-b would have a pronounced effect 
on the volume of ground-water discharge to Piceance 
Creek valley. In a like manner, leaching ofthe mine 
in tract C-b would have a pronounced effect on the 
water quality in the valley. The dissolved-solida con-

. centration profile (fig. 45) shows that an increase in 
dissolved-solids concentration from 750 to 1,750 mgl L 
would occur in the cumulative ground-water dis­
charge near tract C-b. The dissolved-solids concen­
trations in the cumulative discharge at the mouth of 
Pi.:eance Creek volley would be increased from 1,100 
to 1,450 mgl L as a result of mine leachate from tract 
C-b. The cumulative ground-water discharge calcu­
lated by the model would be representativeofstream­
flow if adjustments were made for surface runoff, 
evapotranspiration, and ground-water underflow in 
the valley alluvium as has been described previously 
with respect to tract C-a alnd Yellow Creek. 

If the mine in tract C-b is managed so as to mini­
mize the rate of dissolution of the saline minerals in 
the abandoned retorts, the effects on the ground­
water quality could be much less significant than 
those sh,own by the model simulations that used a 
1.3XI<f,lb/ d leaching rate. Conversely, disregard for 
spent-shale leaching problems could lead to a serious 
and long-term degradation of the ground- and surface­
water quality in the basin. 

Equal rates of leaching of abandoned mines in 
tracts C-a and C-b will likely produce much different 
effects on the water resources of Piceance basin. 
Tract C-a, by virtue of its remote location from per­
ennial streams, primarily will affect the ground-water 
quality in a large area to the northeast of the tract. 
Tract C-b, by contrast, primarily will affect the sur­
face-water quality in Piceance Creek with only local­
ized effects on the ground-water quality. When long-
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FIG URE 44.-Modekalculated increase in dissolved-solids concentrations in layer 5 after 60 years of 
leaching from abandoned mine at 1.3XIQ5 pounds per day. 

term conditions are considered, ground-water-quality 
degradation from tract C-a will ultimately adversely 
affect the surface-water quality in Yellow and Pice­
ance Creeks. This degradation will not occur soon 
after mine leaching begins but will begin only after 
large-scale and probably irreversibly ground-water­
quality degradation has occurred. In tract C-b, the 
surface-water-quality degradation will Occur more 
rapidly and may be reversible, to some extent, be­
cause large volumes of degraded ground water would 
not bE: involved. 

SUMMARY 

Rich oil-shale deposits occur in the Piceance basin 
of northwestern Colorado. The richest zones in the 
basin are contained in the Parachute Creek Member 
of the Green River Formation. Plans for mining 
these deposits include extensive ground-water pump­
ing to allow underground construction of in-situ re­
torts for extracting the shale oil. To investigate the 
possible impacts of mining on the chemical quality 
of the water resources in the basin, a study of the 
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FIGURE 45.-Model-calcula ted dis olved-solids concentrations in ground·waterdischarge to Piceance Creek valley produced after 
60 yean o!leachin, from abandoned mine in tract C-b at 1.3Xlo" pounda per day. 

geochemistry of the basin was conducted in conjunc­
tion with an evaluation ofthe planned mining activi­
ties using a three-dimensional mathematical model 
that simulates solute transport inthe ground-water 
system. 

The principal aquifers in the basin occur in the 
Uinta Formation. composed of sandstone and silt­
stone, and in the underlying Parachute Creek Mem­
ber of the Green River Formation. which consists of 
dolomitic mar1stone. These units are permeable as a 
result of secondary porosit.y produced by joints. 
faults, collapse breccia, and solution cavities. The 
combined saturated thickness of these units varies 
from zero near the outcrops on the eastern, northern. 
and western margins of the basin to as much as 2,000 
ft in the northeas~rn part of the basin. The hydrau­
lic conductivity of these units varies considerably 
depending on differences in the amount of secondary 
porosity found in t" '" area. Current estimates indi­
cate a range in lateral hydraulic conductivity of 
0.1 to 2.0 ftld. Vertical hydraulic conductivities ranp 
from a low of7XlO'" fVd in the Mahogany ZO'!le of the 

Parachute Creek Member to a maximum of 1.0 ft / d in 
some adjacent layers. 

Infiltration of precipitation, primal"ily in areas 
with elevations greater than 7,000 ft , provides re­
charge to the aquifers in this closed ground-water 
basin. Ground water moves from the recharge areas 
along the eastern. southern, and western margins of 
the basin to the central and northern parts of the 
basin whel'e it discharges by evapotranspiration a nd 
surface flow in Yellow and Piceance Creeks. Total 
recharge and discharge in the basin was estimated to 
be about 32 ft3 / s, with the Piceance Creek drainage 
area receiving about 90 percent of the ground-water 
dis\!harge and Yellow Creek drainage area receiving 
the remaining 10 percent. The flow of ground water 
through the basin is the result of a potentiometric 
gradient that is as steep as 130 ft / mi in some areas. 
The potentiometric head in the discharge area in the 
northern part of the basin is 1.600 ft lower than the 
potentiometric head in the recharge area 26 mi to the 
south. Potentiometric head differences as large as 
240 ft occur between different depth intervals in the 
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basin-aquifer system. In recharge areas away from 
major stream channels, the potential exists for down­
ward movement of ground water, while near the 
major stream channels, the potential commonly 
exists for upward movement of ground water. These 
vertical head differences allow water recharging the 
near-surface layers of the aquifer to move to depth in 
the aquifer system and ultimately back to the surfaC{) 
near the stream valleys. 

Marked differences in the dissolved-solids concen­
tration are found in the ground water. Near the 
recharge areas, ground water with 400 to 800 mg/L of 
dissolved solids is common. In areas subject to up­
ward movement of ground water from the northern 
part of the Parachute Creek Mtlmber, dissolved­
solids concentrations range from about 2,000 to 
45,000 mg/ L. The source of the dissolved constitu­
enbJ, the direction of ground-water movement, and 
differing rates of dissolution combine to produce a 
complex water-quality distribution in the aquifer. 

The two principal stratigraphic sources of dissolv­
ed solids found in ground water in Piceance basin are 
the saline zone Rnd the Uinta Formation. The saline 
zone is a 340-mi2 area located in the lower part of the 
Parachute Creek Member that contains nahcolite 
and halite. Ground water comes in contact with these 
soluble s~ line minerals primarily by moving through 
faults and joints penetrating this zone or by moving 
laterally between bedding layers into the edges of the 
saline zone. Through these two mechanisms, the 
saline zone contributes aboutlXI0&lb/d of dissolved 
solids to the ground water. Infiltrating precipitation 
leaches salts from the unsaturated zone overlying 
the upper aquifer. This source of dissolution intr~ 
du::es about 9XI0· Ibid of dissolved solids into the 
ground water of Piceance basin. The total salt load of 
the ground water is estimated to be 2XI05 Ibid, 
1.9XI05 Ibid of which is Bupplied by the above 
sources . The remaining dissolved solids are 
produced by dissolution of soluble minerals 
contained in the water-bearing sediments in the 
basin. 

Chemical reactions, in addition to dissolution, that 
are the Ight to be occurring in the basin aquifers 
include precipitation, ion exchange, and oxidation­
reduction reactions. The product of the principal 
chemical reactions is a sodium bicarbonate water 
with oxidized sulfur species in the Uinta Formation 
and reduced sulfur species in the Parachute Creek 
Member. Carbonate species are produced primarily 
by reduction of sulfur species and dissolution of the 
carbonate minerals, calcite, dolomite, and nahcolite. 
Carbonate species are removed from the system in the 
northern part of the basin by calcite precipitation. 

Relatively large sodium concentrations are produced 
by ion exchange and nllhcolite and halite diaaolution_ 

Trace constituents detected in ground water in sig­
nificant concentrations include areenic, barium, boron, 
fluoride, iron, lithium, and &trontium. Lesser concen­
trations of beryllium, copper, cadmium, lead, mer­
cury, manganese, molybdenum, selenium, and zinc 
were also detected. Primary evaporite minerals and 
primary and eecondary sulfide minerals are the likely 
sources of the trace constituents found in the ground 
water. 

A th~ensional mathematical model was uaed 
to simulate the effects of mining activities on the 
water resources of the basin_ The model simulates 
confined, df>.: '3ity-dependent flow and solute tran. 
port with dispersion in nonhomogeneous, anisotr~ 
pic aquifers under steady- or transient-flow condi­
tions. 

The model was calibrated by comparing the pre. 
ent-day potentiometric heads and dissolved-solids 
concentrations with model-calculated values. Model 
parameters, such as hydraulic conductivity, recharge 
rate, and di88olution rate were adjusted, within the 
constraints of the data, to improve the match between 
the measured a~d calculated values. An acceptable 
model calibration was achieved for steady-flow con­
ditions. Calibration of transient-flow conditions was 
not possible due to the lack of transient conditions in 
the basin. 

The calibrated model was used to investigate the 
possible effects of in-situ mining activities requiring 
largHCale dewatering U~ the two Federal prototype. 
min~lease tracts C-a :.md C-b. This dewatering could 
alter the direction of ground-water flow near the 
mines and consequently affect the chemical quality 
of the ground and surface water in the area. 

The simulated mine in tract C-a was pumped at 
various rates and the model results indicated that: (1) 
Pumping the mine will decrease the dissolved-solids 
concentrations in ground water '1ear the mine, and 
(2) increased pumping rates would further reduce the 
dissolved-solids concentrations in the lower aquifer. 
The water-quality improvement would occur because 
the pumping would inducp downward movement of 
better quality ground water into deeper zones con­
taining poorer quality water. Down gradient from th'l 
mine, the dissolved-solids concentrations would in­
crease due to the effects of the altered direction of 
ground-water movement near the mine. At a long­
term pumping rate of 5 ft3 /s, the ground-water ru. 
charge to Yellow Creek valley would ultimately be 
reduced by about 2 ft3/s, and discharge to Piceance 
Creek valley would be reduced by 3 ft3 / s. This reduc­
tion in flow would be accompanied by an 800-mg/ L 
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increue in diuolved-solida concentrations in part of 
Yellow Creek. 

The simulated mine in tract C-b W88 also pumped 
at various rates. Model neults iDdicate that 88 the 
min&pumping rate W88 increued, the diMolved-eolida 
concentrations near the mine would remain fairly 
constant in all but the deepest part of the lower 
aquifer. A decreaae in diaaolved-solids concentra­
tions of 88 much 88 1,100 mglL would occur in the 
deepeet part of the aquifer if the mine were pumped at 
a rate of 15 ft3/s. Downgradient from the mine, the 
dissolved-solids concentr ations would increaae by 88 
much 88 50 mglL in a OO-mi2 area. These concen­
tration changes also would be due to a change in the 
direction of ground-water movement near the mine 
which would allow ground water of tietter quality to 
migrate into zones containing water of a poorer qual­
ity. If the mine were pumped at a long-term rate of 15 
ft3 I s, the rate of ground-water discharge to Piceance 
Creek valley would be reduced by 15 ft3 I s. The result­
ing diuolvoo-solids concentration in the cumulative 
ground-water discharge would increase from 1,100 to 
1,400 mglL near the mouth of the creek. 

Spent oil shale in abancloned mine rp.torta could 
contain large volumes of soluble .saline minerals. 
From 30 to 150 million tons of saline minerals might 
be present in the spent shale remaining in a mine at 
the site proposed for tract C-b. Diuolution of these 
saline minerals through mine flooding could have a 
serious effect. on the chemical quality of the ground­
and surlace-water resources of the Piceance b88in. 

Various operational procedures used in retorting 
the oil llhale can affect the leaching rate of the 
minerals. The solut&transport model was used to 
simulate several mine-leaching rates in order to pre­
dict possible effects on the water quality in the basin. 
Model results for both tracts C-a and C-b indicate 
that the dissolved-solids concentrations in the aqui­
fers increase with the rate and the duration of the 
leaching. 

The aquifer zones with the largest hydraulic con­
ductivity would have the largest increases in 
di880lved-aolids concentrations, while the zones of 
smallest hydraulic conductivity • .. .'Quld have the 
smallest increase in dissolved-solids concentrati ons. 
In tract C-a, a leaching rate of 1.3XI06 lb/d would 
produce dissolved-solids concentrations near the 
mine in excess of 40,000 mglL after 60 years of mine 
leaching. After 60 years of leaching, a 30-mi2 area 
downgradient from the tract would have an increase 
in dissolved-solids concentrations in excess of 1,000 
mglL. Only minimal changes in water quality in 
Yellow Cl·eek would occur after 60 years of leaching, 
primarily because ground water with relatively large 

L 

dissolved-solids concentration3 would not have 
reached the main areas of ground-water discharge 
along the creek. 

Model simulations after 60 years of mine leaching in 
tract C-b indicate that diuolved-solids concentra­
tions in exCe88 of 20,000 mglL would occur near the 
mine with a leaching rate of 1.3Xl<f Ibid. Under the 
same conditions, concentrations near tract C-a would 
be in excess of 40,000 mglL. The discharge of ground 
water containing relatively large concentrations of 
dissolved solids into Piceance Creek near a leaching 
mine ·n tract C-b will adversely affect the water 
quality in the creek. Model results indicate that in a 
reach of Piceance Creek near tract C-b, dissolved­
solids concentrations in cumulative ground-water 
discharge wov.ld incre88e from 750 mglL to 1,750 
mglL after 60 yeara of leaching. 

The model indicates that the ground-water quality 
near tract C-a will be more readily degraded by mine 
leachate than that near tract C-b. The area that 
would be affected by concentration incre88e8 in excess 
of 10 mglL would be about 140 mi2 near tract C-a and 
about 40 mi2 near tract C-b. Equal rates ofleaching 
of abandoned mines in tracts C-a and C-b will likely 
produce much different effects on the water resources 
of Piceance basin. Tract C-a, located away from 
perennial streams, primarily will affect the ground­
water quality in a large area to the northeast of the 
tract. Tract C-b, in contrast, primarily will affect the 
surface-water quality in Piceance Creek, with only 
localized effects on the ground-water quality. 
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