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Preface 

The report is the result of a 2-year investigation of the hydrology 
of Piceance Creek basin conducted by the U.S. Geological Survey in 
cooperation with the Colorado Department of Natural Resources. This 
project was one of four concurrent projects contracted in 1972 by the 
State of Colorado to investigate the possible effects of oil-shale 
development on the environment of the Piceance basin. Thorne Ecological 
Institute was contracted to make an environmental inventory and impact 
study, Colorado State University was contracted to study revegetation 
and rehabilitation of disturbed land, and the Oil Shale Regional Plan-
ning Commission was contracted to study regional development and land-
use planning. The combined results of these studies should provide the 
base data necessary to monitor and evaluate the environmental effects of 
future oil-shale development. 

To coordinate the activities of the four concurrent oil-shale 
studies, the Oil Shale Coordinating Committee was established. Within 
this framework, a Water Resources Steering Committee was formed to 
monitor the conduct and progress of the hydrologic investigations. 
Steering Committee members contributed their time, advice, and assist-
ance to the completion of this project. These individuals were: Donald 
B. Tait (Chairman), Atlantic Richfield Co.; Thomas N. Beard, Shell Oil 
Co.; Carolyn Johnson, Colorado Open Space Council; Donald L. Libbey, 
U.S. Geological Survey; Charles Pollock, AMOCO Production Co.; John W. 
Rold, Colorado Geological Survey; Frank J. Rozich, Colorado Department 
of Public Health; Frank W. Stead, U.S. Geological Survey; and Ben Weichman, 
Superior Oil Co. 

Many government agencies and private companies have contributed 
information to these studies. In particular, the hydrologic investi-
gation by the U.S. Geological Survey was assisted by Atlantic-Richfield 
Co., Barodynamics, Inc., Cameron Engineers, CER Geonuclear, Colorado 
Division of Water Resources, Colorado Water Conservation Board, Equity 
Oil Co., Mobil Oil Corp., Occidental Petroleum Co., Snell Oil Co., 
Superior Oil Co., The Oil Shale Corp., Wolf Ridge Mineral Corp., and 
Wright Water Engineers. 

It is not possible to acknowledge all of those individuals who have 
contributed their time and efforts to the hydrologic investigation of 
the Piceance basin. However, particularly important contributions were 
made by Messrs. John D. Bredehoeft, Roger G. Wolff, and Eugene Shuter. 
They developed aquifer-testing equipment which was otherwise not avail-
able. In addition, they spent most of the summers of 1972 and 1973 in 
the Piceance basin conducting aquifer tests and developing the data 
needed to define the aquifer system in the basin. Mr. Bredchoeft also 
provided assistance in developing the ground-water digital model of the 
Piceance basin. 



The basic hydrologic data collected and compiled during the course 
of this study have been published in "Hydrologic Data from the Piceance 
Basin, Colorado," by John F. Ficke, John B. Weeks, and Frank A. Welder, 
Colorado Water Resources Basic-Data Release No. 31; and in "Hydrologic 
and Geophysical Data from the Piceance Basin, Colorado," by John B. 
Weeks and Frank A. Welder, Colorado Water Resources Basic-Data Release 
No. 35. Studies conducted during the hydrologic investigation in order 
to obtain supplemental information for this report have been published 
in "An Evaluation of Hillslope and Channel Erosion in the Piceance 
Basin, Colorado," by Donald G. Frickel, Lynn M. Shown, and Peter C. 
Patton, Colorado Water. Conservation Board Water-Resources Circular No. 
30; and in "Estimated Average Annual Water Balance for Piceance and 
Yellow Creek Watersheds," by Ivan F. Wymore, Environmental Resources 
Center, Technical Report No. 2, Colorado State University. 

The data and cooperation provided by the above companies, agencies, 
and individuals have made the following report possible. 
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System of measurement units 

The following report uses both the English and metric systems of 
units. In the text the English units are given first and the equivalent 
measurement in metric units is given in parentheses. The units are 
frequently abbreviated using the notations shown below. The English 
units can be converted to metric units by multiplying by the factors 
given in the following table. 

English unit 

To convert 

acre 

acre-foot 

acre-foot per square mile 

barrel 

cubic foot per second 

(ft3/s) 

foot 

foot per day (ft/day) 

square foot per day 

(ft2/day) 

gallon per minute (gpm) 

gallon per ton 

inch 

mile 

square mile 

short ton (ton) 

Multiply by 

0.4017 

4.047x10-3 

1.233x10-3 

4.761x102 

0.16 

2.832x10-2 

0.2832 

0.3048 

0.3048 

0.0929 

6.309x10-2 

4.17 

25.4 

1.609 

2.59 

0.9072 

Metric unit 

To obtain 

hectare (ha) 

square kilometre (km2) 

cubic hectometre (hm3) 

cubic metre per square 

kilometre (m3/km2) 

cubic metre (m3) 

cubic metre per second 

(m3/s) 

litre per second (l/s) 

metre (m) 

metre per day (m/day) 

square metre per day 

(m2/day) 

litre per second (l/s) 

litre per metric ton 

(1/tonne) 

millimetre (mm) 

kilometre (km) 

square kilometre (km2) 

metric ton (tonne) 

milligram per litre (mg/1) 

microgram per litre (pg/1) 

micromho per centimetre 

(pmhos/cm) 

ix 



SIMULATED EFFECTS OF OIL-SHALE DEVELOPMENT 

ON THE HYDROLOGY OF PICEANCE BASIN, COLORADO 

By John B. Weeks, George H. Leaves Zey, Frank A. Welder, 

and George J. Saulnier, Jr. 

Abstract 

The Piceance and Yellow Creeks drainage area is about 900 square miles 
(2,330 square kilometres) and is referred to as the Piceance basin, or 
simply as the basin. The surface-water and ground-water systems in the 
Piceance basin are intimately related. The annual volume of runoff from 
the basin (Piceance and Yellow Creeks) is estimated to be 15,650 acre-
feet (19.2 cubic hectometres). About 80 percent of the annual runoff is 
supplied by ground-water discharge. 

Runoff from the basin is affected by irrigation diversions and 
consumptive use by crops, native vegetation, and evporation. Streamflow 
depletions resulting from irrigation are estimated to be 4,800 acre-feet 
(5.9 cubic hectometres) per year. In the absence of irrigation, the 
mean annual runoff from the basin would be 20,450 acre-feet (25.2 cubic 
hectometres). The period of lowest flow normally occurs during spring 
and summer when irrigation diversions are greatest. Peak flows from 
snowmelt and thunderstorms also occur during this period. A regional 
analysis, using the index-flood method, was made to estimate flood 
frequencies in the absence of irrigation diversions for the gaging 
stations Piceance Creek at White River and Yellow Creek near White 
River. The estimated mean annual floods are 800 cubic feet per second 
(22.7 cubic metres per second) for Piceance Creek and 390 cubic feet per 
second (11.0 cubic metres per second) for Yellow Creek. The peak flow 
observed during the 5 years of record on Piceance Creek at White River 
was 407 cubic feet per second (11.5 cubic metres per second) or about 
one-half the estimated mean annual flood. Yellow Creek is only slightly 
affected by irrigation diversions and the peak flow for the single year 
of record was 468 cubic feet per second (13.3 cubic metres per second). 

Irrigation return flows and ground-water discharge affect the 
quality of surface water in the Piceance basin. The concentration of 
dissolved solids ranges from less than 500 milligrams per litre in the 
upper reaches to more than 5,000 milligrams per litre in the lower 
reaches of Piceance Creek and from about 700 to 3,000 milligrams per 
litre in Yellow Creek. Water quality decreases in the downstream 
direction due to ground-water discharge from the Green River and Uinta 
Formations. 
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•The ground-water system in the basin consists of two principal 
aquifers separated by the Mahogany zone in the Green River Formation. 
Recharge to the aquifers occurs mainly from snowmelt along the basin 
margins above 7,000 feet (2,130 metres) altitude. Ground water flows 
from the basin margins toward the north-central part of the basin where 
it is discharged in Piceance and Yellow Creek valleys as evapotranspi-
ration and streamflow. Recharge and discharge from the aquifer system 
are estimated to average 26,100 acre-feet (32.2 cubic hectometres) 
annually. About 20 percent of the recharge is discharged in Yellow 
Creek drainage. Estimates of the volume of water in storage in the 
aquifers range from 2.5 to 25 million acre-feet (3,100 to 31,000 cubic 
hectometres). 

Sodium minerals in the aquifer below the Mahogany zone are actively 
being dissolved by ground water. The Mahogany zone impedes the flow of 
water between the aquifers and large chemical differences have developed. 
Water in the upper aquifer generally has less than 2,000 millgrams per 
litre dissolved solids while that in the lower aquifer exceeds 30,000 
milligrams per litre dissolved solids in the northern part of the basin. 

Digital models were used to simulate the hydrologic system. A 
watershed model was adapted to the drainage above the gage on Piceance 
Creek below Ryan Gulch to evaluate the possible effects of precipitation 
changes on the hydrologic system due to the introduction of atmospheric 
pollutants from oil-shale development or cloud seeding. A 10-percent 
decrease and 10- and 20-percent increases in the October to May precip-
itation were examined. It was found that each 10-percent change in 
precipitation results in a 40-percent change in ground-water recharge. 
The model study indicates that a 10-percent decrease in October-May 
precipitation results in a 30-percent decrease in mean annual runoff 
while 10-and 20-percent increases in precipitation result in 40- and 85-
percent increases in mean annual runoff. 

A digital model of the ground-water system was used to evaluate the 
effects of mine dewatering on the hydrologic system. Hypothetical mines 
in oil-shale lease tracts C-a and C-b were considered. Both mines were 
assumed to be in the Mahogany zone and to be 4 square miles (5.2 square 
kilometres) in area. Dewatering of the mines was assumed to occur 
simultaneously for a period of 30 years. For the hypothetical dewater-
ing scheme simulated, the model study indicates that the mine in tract 
C-a will not produce enough water to meet the demand for processing and 
disposal of oil shale while the mine in tn.:a C-b will produce water in 
excess of the demand. The concentration of dissolved solids of the 
water discharged from the mines may not exceed 5,000 milligrams per 
litre for the hypothetical dewatering scheme considered. 

Dewatering the hypothetical mines will only slightly affect ground-
water discharge in the Yellow Creek drainage. However, after 30 years 
of dewatering, the model indicates that ground-water discharge will 
cease in a 10-mile (16-kilometre) reach of Piceance Creek near tract C-h. 
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The decrease in ground-water discharge in this reach could cause an 
increase in the concentration of dissolved solids in the downstream 
reach of Piceance Creek. After 30 years of dewatering, the hydraulic 
head in the aquifers is decreased in 75 percent of the basin area and 
about 500,000 acre-feet (620 cubic hectometres) of water are removed 
from storage in the aquifers. 

It is concluded that oil-shale development will have significant 
effects on the surface- and ground-waters systems in the Piceance basin. 

INTRODUCTION 

The Piceance Creek structural basin is in northwestern Colorado 
southwest of the City of Meeker. This report describes the hydrology of 
that part of the structural basin drained by Yellow and Piceance Creeks, 
an area of about 900 square miles (2,330 km2). The study area is shown 
in figure 1 and will be referred to as the Piceance basin or simply as 
the basin. 

Background 

Previous Investigations 

The geology and oil-shale resources of the Piceance basin have been 
investigated by the U.S. Geological Survey since the Green River Forma-
tion was recognized in the basin in 1874. Donnell (1961) has summarized 
these investigations. However, the water resources were not investi-
gated until 1964 when the Survey, in cooperation with the Colorado Water 
Conservation Board, began a reconnaissance study. Coffin, Welder, 
Glanzman, and Dutton (1968) and Coffin, Welder, and Glanzman (1971) 
reported on the study and laid the ground work for the current inves-
tigation which was initiated in 1972 by the U.S. Geological Survey in 
cooperation with the Colorado Department of Natural Resources. 

• Oil-Shale Resources 

The largest known oil resource in the world occurs in the oil-shale 
deposits of the Green River Formation in Colorado, Wyoming, and Utah. 
The known deposits of oil shale in the Green River Formation include 
about 600 billion barrels (96 billion m3) of oil in deposits at least 10 
feet (3 m) thick and averaging 25 gallons per ton (105 1/tonne). An 
estimated 1,800 billion barrels of oil are contained in oil-shale 
deposits more than 10 feet (3 m) thick and averaging more than 15 
gallons per ton (63 1/tonne). These oil-shale deposits represent a 
potential energy resource which could supply the Nation's oil demand for 
many decades. The potential of oil shale to alleviate the Nation's 
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Table 10.--Characteristics of the hydrologic response units 
used in the digital watershed model 

Median Available 
Area HRU Area Slope altitude soil-water 
No.1 No. (acres) Aspect (percent) (feet above Vegetation2 capacity 

mean sea level) (inches) 

1--- 1 8,860 NW. 10 6,600 SAGE 5.4 
2 21,730 NW. 10 6,600 P-J 3.0 
3 8,860 SE. 10 6,600 SAGE 5.4 
4 21,730 SE. 10 6,600 P-J 3.0 

2- 5 10,685 NW. 10 7,500 SAGE-MB 4.5 
6 11,690 NW. 20 7,500 P-J 3.5 
7 10,685 SE. 20 7,500 SAGE-NB 4.5 
8 11,690 SE. 20 7,500 P-J 3.5 

3- 9 32,800 EW. 10 7,500 SAGE-MB 4.5 
10 34,800 F.W. 20 7,500 P-J 3.5 

4- 11 20,240 NW. 30 8,200 MB-SAGE 4.5 
12 20,240 SW. 30 8,200 MB-SAGE 4.5 

5- 13 12,800 NW. 20 8,200 MB-SAGE 4.5 
14 6,900 NW. 30 8,200 FOREST 4.5 
15 12,800 SE. 20 8,200 MB-SAGE 4.5 

6- 16 9,550 SE. 20 7,400 SAGE 4.5 
17 4,770 SE. 20 7,400 P-J 3.5 
18 7,800 NW. 20 7,400 SAGE 4.5 
19 3,910 NW. 20 7,400 P-J 3.5 

7--- 20 5,570 SE. 10 7,000 SAGE 5.4 
21 22,290 SE. 10 7,000 P-J 3.0 

1-7-- 22 10,000 HORS 0 6,800 SAGE 7.0 

1Numbers refer to major subdivisions shown in figure 37. 
2SAGE = sagebrush, P-J = Pinon-Juniper, MB = mountain browse. 
3Horizontal surface with bottomlands in areas 1 through 7. 



lower aquifers are all sources of ground-water discharge. However, 
sufficient data are not available to permit the simulation of each of 
these ground-water zones as distinct discharge sources. 

Model parameters and parameter fitting 

A total of 10 parameters are available for fitting the model to 
historic streamflow records. Because the model is designed to simulate 
regions where snowmelt is of prime importance, the 10 parameters arc the 
factors most significantly affecting snow accumulation and melt and the 
resultant volume and timing of basin runoff. Each parameter is associ-
ated with a physical hydrologic property of the watershed and has some 
physical significance in the hydrologic system. 

The model is normally fitted using an objective parameter fitting 
procedure developed by Rosenbrock (1960). The procedure is a direct-
search algorithm which permits the constraining of all parameters to a 
range of realistic values. The objective function used for parameter 
optimization is 

MIN E. IP. - 0.1,
1 1 1 (2) 

where 
i. the ith day, 

ithP. = predicted mean daily streamflow on the i day, and 
th

O. = observed mean daily streamflow on the i day. 

Equation 2 is the minimization of the sum of the absolute differences 
between the predicted mean daily flow and the observed mean daily flow. 

Application of this procedure to the Piceance basin, however, is 
impossible with the data currently available on streamflow and irriga-
tion diversions. Streamflow data for the snowmelt p...riod does not 
reflect "natural" basin response because of diversions, and the records 
on irrigation diversions are not adequate to permit the estimation of 
"natural" basin response on a daily basis. Therefore, to accommodate 
available data, a change was made in both the fitting procedure and the 
fitting criterion. 

The fitting procedure was changed to a manual method, thus adding 
some subjectivity to the procedure, so that known data shortcomings 
could be taken into account in the "best fit" determination. In addi-
tion, the number of parameters used to fit the model was limited to 
three--two which influence snowpack accumulation and melt and one which 
affects snowmelt routing to ground-water recharge. Two of the remaining 
seven parameters are subsurface reservoir routing parameters which 
affect only the shape of the runoff hydrograph during the snowmelt 
period. These two parameters were estimated using hydrographs from the 
streamflow records of the U.S. Geological Survey gaging station Willow 
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Creek above diversions, near Ouray-, Utah. The Willow Creek drainage 
basin is about 60 miles (77 km) west of the Piceance basin and is hydro-
logically similar. The remaining five parameters were estimated from 
basin characteristics. Initial application of the model to a forested 
mountain watershed indicates that these five parameters can be reason-
ably estimated from basin characteristics (Leavesley, 1973). 

The fitting criterion was changed and expanded to the following: 

1. The minimization of the difference between predicted and 
observed mean daily flows for the period November through February. 

2. The minimization of the difference between the predicted and 
estimated annual volume of discharge. Estimated annual discharge is 
considered to he the "natural" basin discharge and is computed as the 
sum of the annual measured discharge, irrigation diversion bypassing the 
gage, and streamflow depletions due to irrigation above the gage. 

3. The proper timing of runoff during the spring snowinelt period. 

Criterion 1 was used to fit the ground-water recharge parameter and 
criteria 2 and 3 were used to fit the snowpack accumulation and melt 
parameters. The application of these criteria will be discussed further 
in the model calibration section of this report. 

Data Requirements 

Model data requirements are the basin descriptive, climatic, and 
hydrologic information necessary to define the physical characteristics, 
daily inputs, and hydrologic response of each HRU. Most of the cur-
rently available data is point-source data defining a few specific areas 
of the basin. To define the total basin system, these data were extrap-
olated to undefined areas using general soils, vegetation, and altitude 
relationships. The extrapolation procedure provides the total basin 
description necessary for initial model application. However, it also 
provides an additional source of data error to be accounted for in model 
calibration. Hydrologic and environmental data to be collected during 
preliminary oil-shale development will provide additional information 
necessary to better define the basin and improve its simulation. 

Basin descriptive data 

The basin descriptive data requirements are the physiographic, 
soil, vegetative, and hydrologic characteristics of each HRU. Several 
of these characteristics are listed in table 10. The physiographic data 
are area, slope, aspect, and altitude obtained from topographic maps. 
These play a primary role in basin subdivision. The soils data describe 
the physical properties of the soil mantle and consist of soil type, 
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water-storage capacity, and infiltration characteristics. Information 
on soils was obtained from a description of the soils of the Piceance 
Creek and Yellow Creek drainage basins by Campbell, Berg, and Heil 
(1974) and from a water-balance study for the same region by Wymore 
(1974). Vegetation data required are type, density, interception 
storage, and transpiration characteristics. These data were obtained 
from a vegetation analysis of the Piceance and Yellow Creek basins by 
Ward, Slauson, and Dix (1974), from a vegetation map prepared by Ter-
williger and Threlkeld (1974), from available aerial photographic 
coverage, from field observations, and from pertinent literature on the 
characteristics of the vegetation communities found in the region. 

Climatic data 

The climatic data required are daily precipitation, maximum and 
minimum air temperature, and solar radiation. In addition, estimates of 
the variation of these variables with changes in slope, aspect, and 
altitude are also needed. Daily precipitation and air-temperature data 
are available from Little Hills climatic station whcih is located on Dry 
Fork of Piceance Creek at an altitude of 6,148 feet (1,874 m) (fig. 37). 
These climatic data were corrected for differences in slope, aspect, and 
altitude between Little Hills and each HRU, using correction factors 
derived in a regional climate analysis by Wymore, Striffler, and Berg 
(1972). 

Solar radiation data are collected at Grand Junction, Colo., 
located about 60 miles (97 km) south of Little Hills. Grand Junction is 
the nearest solar radiation station with records concurrent with dis-
charge records at Piceance Creek below Ryan Gulch. Examination of these 
data indicated that they were not representative of solar radiation 
received on concurrent days at Little Hills. Therefore, daily solar 
radiation received at Little Hills was estimated from daily potential 
solar radiation and daily maximum air temperature, using a technique 
reported by Leaf and Brink (1973). A monthly linear relationship was 
developed relating daily maximum air temperature at Little Hills and 
perc:mt potential solar radiation estimated to be received at Little 
Hills. Daily potential solar radiation is primarily a function of 
latitude, time of year, slope, and aspect and is easily computed for the 
basin, using data reported by Frank and Lee (1966). Multiplying this 
potential value by the percent correction factor obtained from the 
appropriate monthly temperature-radiation relationship, an estimate of 
the actual solar radiation received at Little Hills is obtained. This 
estimate is for a day with no precipitation. For days with precipita-
tion the estimate is further reduced by a straight percentage which is 
also a function of the month of the year. Comparing computed estimates 
with daily solar radiation measurements, collected by Colony Development 
Operation at Grand Valley, Colo., (approximately 15 miles (24 km) south 
of the basin) for the period February through April 1973, showed that 
the empirical technique described above gives reasonable daily solar 
radiation estimates. 
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An optional feature of the model provides for the adjustment of 
snowpack depths on each HRU based on snow distribution relationships 
between each HRU and an available index snow course. Precipitation gage 
catch of snowfall is strongly affected by wind. Cage catch deficiency 
can range from 0 to 73 percent depending on the wind velocity associated 
with a given storm (U.S. Army, 1956). Therefore, snow-course data may 
provide a better estimate of precipitation received during the winter 
than the gage at Little Hills. Snow distribution on the Piceance Creek 
drainage basin was determined by the U.S. Geological Survey for the 1974 
water year. This distribution was related to the Burro Mountain snow 
course located approximately 32 miles (51 km) east of Little Hills in 
the White River basin at an altitude of 9,000 feet (2,743 m). The Burro 
Mountain snow course is measured monthly and reported annually by the 
U.S. Soil Conservation Service. Using the data from Burro Mountain and 
the snow distribution relationships for the 1974 water year, the snow-
pack on each HRU was adjusted on the first day of February of each year 
simulated. 

Hydrologic data 

Hydrologic data required for the model are primarily streamflow 
records from which snowmelt-runoff and rainfall-runoff relationships can 
be derived. These data were obtained from streamflow data reported 
annually by the U.S. Geological Survey (1961-73) and streamflow and 
springflow data reported by Ficke, Weeks, and Welder (1974). 

The November through February streamflow records provide the data 
from which the ground-water storage reservoir volume and routing coeffi-
cients were determined. The March through October streamflow records 
should provide the data from which the snowmelt and subsurface-reservoir 
routing coefficients can be determined. However, the effects of irriga-
tion diversions from March through October mask the snowmelt-and rainfall-
runoff relationships for the basin. To estimate the irrigation effects, 
additional data on divarsions and irrigated acreage in the basin were 
obtained from the Colorado Division of Water Resources. 

Streamflow depletion resulting from irrigation was computed as the 
sum of the daily differences between evapotranspiration from irrigated 
areas and evapotranspiration from the same acreage under natural condi-
tions. Evapotranspiration from irrigated lands was computed daily as a 
function of the number of acres irrigated, an average monthly crop 
coefficient, seasonal water availability, and a constant 20-percent 
increase for incidental losses. The daily irrigated acreage was com-
puted from the Colorado Division of Water Resources data. The crop 
coefficients and seasonal water availability were taken from Wymore 
(1974). Evapotranspiration under natural conditions is computed by the 
evapotranspiration component of the model. Although the depletion 
estimates are computed daily, they cannot be used to reconstruct "natural" 
basin daily discharge. The loss computed for a specific day is not 



necessarily the result of water applied on that day. However, the sum 
of these depletions is a reasonable estimate of the annual strcamflow 
loss. 

Calibration 

Calibration of the watershed model involves the fitting of predicted 
discharge to recorded discharge and irrigation data. The measures of 
the goodness of fit are the three criteria discussed in the previous 
section on model parameters and parameter fitting. The use of these 
specific criteria was necessitated by the effects of irrigation on the 
"natural" basin discharge. 

The effects of irrigation diversions can be seen in the measured 
dischare records. Figure 38 shows the measured daily discharge 
hydrographs for the 9 years of record at the Piceance Creek below Ryan 
Gulch gage. The decline in daily discharge, usually in March, indicates 
the start of irrigation diversions and the rise in the hydrograph in -
late October or early November indicates the end of diversions. The 
only part of the measured hydrograph that is representative of "natural" 
basin discharge is the winter period of mid-November through February. 
Also shown in figure 38 are the predicted daily discharge hydrographs 
for the corresponding water years of record. These hydrographs are the 
predicted "natural" basin discharges for the entire period of simulation. 

Figure 38 is used in the examination of each of the three fitting 
criteria. When using this figure for comparing measured and predicted 
discharges, the only part of the two hydrographs directly comparable is 
the winter period of mid-November through February. During the remain-
der of the year, irrigation reduces measured discharge below "natural" 
basin discharge. Therefore, predicted discharge over this period should 
be somewhat larger. This is an important distinction between the two 
hydrographs which must be remembered when using figure 38 as a measure 
of model fit. 

Model fit 

Criterion 1.--The first criterion is the minimization of the 
differences between predicted and observed daily discharge for the 
winter period of mid-November through February. During this period, 
there are normally no irrigation diversions and measured discharge 
records reflect "natural" basin response. Simulation of the winter 
period discharge from the Piceance basin requires a correct simulation 
of the volume of ground-water recharge during the previous snowmel.t 
season. The volume of ground-water recharge is a function of the 
complex association among water availability, antecedent soil-water 
conditions, and the physically limiting percolation rate to ground 
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water. Under dry antecedent conditions, ground-water recharge will he 
limited by water availability. With moist antecedent conditions or high 
precipitation, the percolation rate will limit recharge. Because the 
water available for recharge is stored as a snowpack, the rate of snow-
melt will also affect the volume of recharge. The minimization of the 
differences between predicted and observed daily discharge during the 
winter is a measure of the fit of the ground-water recharge parameter. 

Figure 38 shows the measured and predicted daily discharge hydro-
graphs for the period of record. With the exception of the 1970 and 
1971 water years, the model predicted the winter period discharges 
reasonably well. Daily differences between predicted and measured 
discharges generally range from 0 to 3 ft3/s (85 1/s) with a few periods 
having differences as large as 10 ft3/s (283 1/s). The underestimate of 
the winter period discharges for the 1970 and 1971 water years is the 
result of inadequate ground-water recharge during the 1969-70 water 
years. An overestimate of ground-water recharge for the 1971 water year 
produces a compensating error and brings the ground-water system back to 
a good fit for 1972 and 1973. 

As stated above, ground-water recharge is a function of the total 
volume of water available for recharge and the soil-water storage 
deficit which must be satisfied before rt rge can occur. In the 
Piceance basin the summer evapotranspir far exceeds summer preci-
pitation and the available soil-water st capacity of the basin. 
Consequently, the soil-water storage def is normally at a maximum at 
the beginning of each fall. Evapotranspiration demands for the fall and 
winter drop far below those of the summer and, thus, fall precipitation 
plus some winter snowmelt become the controlling factors in determining 
antecedent soil-water conditions for the spring snowmelt period. The 
prediction of October through May precipitation volume and distribution 
are one of the primary sources of error in the simulation of ground-
water recharge. 

Extended periods of extremely cold weather are sources of errors in 
the measured discharge record during the winter. These periods produce 
an ice-affected discharge record and the total loss of intermittent 
periods of record. Periods of estimated daily discharge due to ice 
effect appear in the measured daily discharge hydrographs of figure 38. 
For example, the daily discharges from December 11 to January 5 and 
January 17 to January 29 for the 1973 water year, and from December 13 
to January 15 for the 1972 water year, were estimated using available 
hydrologic and climatic information. The model does not simulate ice 
effects and, therefore, this possible source of error in predicted 
winter discharge must be considered when examining the winter period 
fit. 

The average measured discharges for the winter periods of record 
ranged from approximately 10 ft3/s (283 1/s) for the 1968 water year to 
approximately 22 ft3/s (620 1/s) for the 1970 water year. The accuracy 
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Land-surface modification 

The effects of changes in infiltration and evapotranspiration 
characteristics will be a function of the type of land-surface modifica-
tion and the location and size of the area modified. Based on data in 
the Preliminary Development Plans for tracts C-a and C-b, land-surface 
modifications will entail the development of mine and plant sites, the 
establishment of spent-shale disposal piles, upgrading of existing 
roads, construction of new roads, and the construction of a service 
corridor for transporting power, water, and petroleum products. With 
the exception of the service corridor and the upgrading of existing 
roads, all changes having hydrologic significance will he limited to the 
lease tracts and areas immediately adjacent to the tracts. The service 
corridor may pose some erosional problems until vegetation is reestab-
lished on it but should have minimal effects on runoff. The upgrading 
of existing roads will also have little effect on the hydrology of the 
basin. 

The area of land influenced by the development of tract C-a is 
about 15 square miles (39 km2). This includes an open-pit and under-
ground mine on the tract and proposed spent-shale disposal areas off 
tract. The area that will be influenced by the development of tract C-b 
is about 10 square miles (26 km2). This includes an underground mine 
and proposed spent-shale disposal areas on the tract. The total area of 
possible disturbance for both tracts is about 25 square miles (65 km2) 
or about 3 percent of the total basin area of 887 square miles (2,297 
km2). Both areas are located outside the regions of significant ground-
water recharge and, therefore, will have little effect on this part of 
the basin water balance. 

The major effect of tract development will be an increase in sur-
face runoff resulting from mine and plant-site development and the 
establishment of spent-shale disposal areas. Summer thunderstorms on 
the tract will produce increased peak flows and larger runoff volumes 
than under natural conditions. The effects of develipment on snowmelt 
will be less significant and will vary primarily as a function of 
accumulated snowpack water-equivalent and daily snowmclt rates. 

The major source of increased surface runoff will be from the 
spent-shale disposal areas. The physical and hydrologic properties of 
the disposal piles are a function of the oil-shale retorting process 
used, the degree of vegetative cover established on the piles, and the 
degree of pile compaction (Stri.ffler and others, 1974). J. R. Meiman 
(written commun., 1974) reported that the infiltration rates for spent-
shale piles were a function of both the type of retorting process used 
and the condition of the spent-shale pile surface. Meiman reported that 
the average 1-hour infiltration rate for TOSCO II processed spent shale 
ranged from 2.5 cm/hr for moist or mulched surface to zero cm/hr for 
surface which had been allowed to dry and become powdery and salty. 
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The lessees of tract C-b have proposed the use of the TOSCO IT 
process for shale retorting while the lessees of tract C-a have not 
specified a process. However, irregardlcss of the process used, the 
compaction of the disposal piles will significantly affect their infil-
tration and percolation characteristics. During development, compaction 
and wetting and drying may produce an essentially impermeable surface. 
Consequently, until vegetation is established on the disposal piles most 
of the precipitation on the piles could run off. If impermeability is 
assumed, the estimated average annual precipitation for the tracts of 
about 17 inches (430 111111) would produce an annual runoff of about 1.4 
acre-feet per acre (7 m3/km2) of disposal-pile surface. This unit 
runoff is the maximum average annual yield possible and is an overesti-
mate of actual yield. 

Land-surface modifications on tracts C-a and C-b will have signifi-
cant hydrologic effects and could increase both peak flows and total 
annual flow from the basin. However, to meet the lease stipulations of 
avoidance or minimization of damage to the environment, water-control 
structures for both tracts are proposed. The Preliminary Development 
Plans for both tracts state that diversion and control structures will 
be used to handle runoff and store it for use in either shale processing 
or disposal. These storage facilities will also prevent the pollution 
of surface waters resulting from surface runoff from the disposal areas. 
The intention of the lease stipulations is to limit the effects of 
development to the tracts and prevent significant impacts on the envi-
roment of the Piceance basin. 

With respect to the area simulated by the watershed model (fig. 37), 
changes in the infiltration and evapotranspiration characteristics of 
tract C-b will have signficant hydrologic effects only within the tract. 
Therefore, the effects of these changes will not be considered in this 
study. 

Weather and climate modification 

Weather and climate modifications may result from the introduction 
of industrial pollutants into the atmosphere (Hobbs and others, 1974). 
The oil-shale industry will be a source of atmospheric pollutants and, 
therefore, the potential exists for changes in the climatic variables of 
temperature, solar radiation, and precipitation over the basin. In 
addition, consideration may be given to intentional attempts at cloud 
seeding to increase basin precipitation. Changes in the climate would 
affect the total basin water balance and influence the hydrologic 
response of the basin. The possibility of modifying basin precipitation 
is an important consequence of weather modification because of the water 
requirements for industrial processing of oil-shale and the rovegetation 
of spent-shale waste. Therefore, the watershed model was used to 
simulate the effect of precipitation modification on the hydrology of 
the Piceance basin. 

97 



•Precipitation modification can Occur with both winter and sumer 
storms. Changes in precipitation from winter orographic and frontal 
storms will affect the entire basin. However, modification of summer 
thunderstorms which are limited in areal extent may have only local 
effects. Also, the large evapotranspiration demands during the summer 
period would consume any additional water which did not immediately run 
off. Therefore, only changes in precipitation for winter storms were 
simulated. Summer precipitation was simulated without change. 

Hobbs, Harrison, and Robinson (1974) have reported that the intro-
duction of ice nuclei from industrial pollution sources into cold clouds 
may either cause an increase or a decrease in precipitation. The 
magnitude and sign of the change in precipitation was stated to be a 
function of the number of nuclei introduced. In a discussion on the 
intentional seeding of winter storms, Kahan (1972) also noted precipita-
tion increases and decreases. He states that a key factor in determining 
the effects of seeding is cloud-top temperatures. 

The magnitude and sign of changes in natural precipitation resulting 
from oil-shale development is unknown. However, for discriminate 
seeding of winter storms, Kahan (1972) states that the potential increase 
for mountain areas is about 10 to 20 percent. To cover all reasonable 
estimates of changes in precipitation, the watershed model was used to 
simulate the effects of a 0, 10, and 20 percent increase and a 10 percent 
decrease in natural precipitation occurring from October through May. 
These changes in precipitation were simulated by changing, by the 
appropriate percentage, the 9 years of precipitation data used in the 
model calibration. The 0 percent increase represents the natural 
precipitation conditions for the months October through May. 

The effects of precipitation modification on ground-water recharge 
are shown in table 12. Listed are the natural precipitation for the 
period October through May for each 1, r year simulated and the pre-
dicted annual ground-water recharge 'ting from the precipitation 
modifications. The table shows that :Id-water recharge under natural 
precipitation conditions ranged frm .D about 2 inches (51 mm) for the 
9 years simulated. Variations in rec; :rge reflect the effects of 
antecedent soil-water conditions and the percolation rate to ground 
water. The lack of recharge for the 1967 water year until a 20 percent 
increase was applied reflects the strong influence of antecedent soil-
water conditions resulting from 2 consecutive years of low winter 
precipitation. 

Comparison of the average recharge os shown in table 12 indi-
cates that there is about a 0.25-inch ( change in recharge for each 
10-percent change in precipitation. Re 'e to the average ground-
water recharge from natural precipitatio. the average increase or 
decrease in recharge represents about a 40-percent change in recharge 
for each 10-percent change in precipitation. 
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Table 12.--Computed ground-water recharge resulting 

from simulated changes in precipitation 

Ground-water recharge (inches)2 

Water 
year 

Natural 
precipitation 
(inches)1 

Percent change in precipitation 
-10 0 10 20 

1965 13.50 0.27 0.50 0.78 1.14 

1966 10.37 .14 .26 .41 .59 

1967 10.49 0 0 0 .03 

1968 14.18 .58 .93 1.39 1.83 

1969 10.81 .30 .45 .59 .82 

1970 10.95 .12 .21 .29 .50 

1971 14.14 .61 .95 1.23 1.56 

1972 13.14 .41 .68 .97 1.31 

1973 16.80 1.41 1.96 2.51 3.05 

Average recharge 0.43 0.66 0.91 1.20 

Change in average3-- -.23 0 .25 .54 

lOctober to May for drainage above gage on Piceance Creek below 
Ryan Gulch. 

2Annual recharge for drainage above gage on Piceance Creek below 
Ryan Gulch. 

3With respect to zero precipitation change. 

The effects of precipitation modification on ground-water recharge 
are a function of both antecedent soil-water conditions and the limiting 
percolation rate to the ground-water reservoir. Figure 39 shows the 
relationship between predicted ground-water recharge and precipitation 
received for the period October through May for the four precipitation 
changes simulated. The large variation in recharge associated with the 
lower precipitation amounts reflects the effects of antecedent soil-
water conditions on total recharge. However, as precipitation increases, 
antecedent soil-water storage increases and the rate of percolation to 
ground water controls recharge. This reduces the variation in ground-
water recharge as precipitation increases. The envelope line drawn 
through the largest recharge values is an estimate of the maximum 
recharge obtainable for a given precipitation input. This maximum is 
based on the assumptions that little or no soil-water storage deficits 
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exist prior to recharge and that the percolation rate for the basin is 
reasonably well defined. The slope of this line indicates that under 
the above assumptions the maximum ground-water recharge obtainable is 
about 0.3 inch (7.6 mm) over the basin from each 1-inch (25-mm) increase 
in precipitation. 

The effects of precipitation modification on annual basin discharge 
are shown in table 13. Listed are the natural precipitation for the 
period October through May for each water year simulated and the pre-
dicted annual discharges resulting from precipitation modifications. 
Variations in annual discharge reflect the effects of antecedent soil-
water conditions and total water input during the October through May 
period. 

Table 13. --Computed discharge at Piceance Creek below Ryan Gulch 
resulting from simulated changes in precipitation 

Annual discharge (inches) 

Water 
YUIr 

Natural 
precipitation 
(inches)1 

Percent change in precipitation 
-10 0 10 20 

1965 13.50 0.47 0.54 0.70 0.94 

1966- 10.37 .38 .49 .67 .85 

1967 10.49 .22 .31 .41 .54 

1968 14.18 .49 .75 1.04 1.35 

1969 10.81 .38 .59 .88 1.21 

1.970 10.95 .28 .47 .68 .92 

1971 14.14 .39 .61 .90 1.19 

1972 13.14 .47 .74 1.03 1.40 

1973- 16.80 .75 1.16 1.62 2.10 

Average discharge 0.43 0.63 0.88 1.17 

Change in avcrage2 -.20 0 .25 .54 

Percentage of average 
occurring as ground-
water discharge 83 82 79 78 

10ctober to May. 
2With respect to zero precipitation change. 
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Comparison of the annual discharges and their changes with respect 
to the 0-percent precipitation increase (table 13) indicates that 
discharge increases associated with precipitation increases arc larger 
than the discharge decrease occurring with decreased precipitation. 
Relative to the average 0-percent increase, the 10-percent decrease i.n 
precipitation resulted in a 30-percent decrease in annual discharge. 
However, the 10- and 20-percent increase in precipitation resulted i.n a 
40- and 8S-percent increase in annual discharge. One of the reasons for 
this variation is shown in table 13 by the percentage of average dis-
charge occurring as ground-water discharge. As precipitation and 
annual discharge increase, the percentage of the total discharge con-
tributed by ground water decreases. The percent change is small but it 
does reflect the increased contributions from surface and subsurface 
runoff during the spring snowmelt period. In the model, the rate at 
which snot•.melt recharges ground water is limited by the percolation 
rate. Therefore, estimated additional water in excess of the daily 
ground-water recharge will appear as surface or subsurface discharge. 
The small change in the ground-water contributions for the 10-percent 
decrease i.n precipitation indicates that even though annual discharge is 
reduced the ratio of surface and subsurface discharge to ground-water 
discharge remains the same. 

Discussion 

Simulation results indicate that precipitation modification of 
winter storms can have a significant effect on the ground-water system 
and the annual discharge from the Piceance basin. Changes in ground-
water recharge resulting from precipitation modification were directly 
proportional to the precipitation change. However, changes in annual 
discharge depend on the magnitude and sign of the precipitation change. 
For all precipitation modification simulated, ground-water discharge 
remained the major source of annual discharge; consequently, the result-
ing change in discharge was distributed over the entire year. 

The simulation produces a reasonable estimate of relative size 
changes and trends in basin recharge and discharge as the result of 
precipitation modification. However, the specific recharge and discharge 
values predicted must be qualified with respect to the period of record 
used and the procedure used to generate precipitation changes. The 9 
years of record used may not be representative of either the long-term 
climate of the basin or the shorter term climate that will exist during 
oil-shale development and operation. Therefore, the average basin 
response predicted from the 9-year record may not be representative of 
future periods. In addition, the computation of a specific percent 
change in annual precipitation by assuming a constant percent change in 
all precipitation events is not realistic. As reported by Kahan (1972), 
the seeding of all winter storms produces an increase in some and a 
decrease in others. Therefore, it is the percentage of seeded storms 
which produces increases and the size of these increases in relation to 
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the'size of the decreases that deterMines the annual change in precipi-
tation. Consequently, the basin response will be affected by the pattern 
of occurrence of precipitation changes throughout the year. 

The use of a stochastic approach to the simulation of storms over 
a much longer period of time is not possible at this time. Adequate 
precipitation data are not available to determine the statistical 
distributions or distribution parameters for storm occurrence, magnitude, 
and scedability. Therefore, the procedure used to simulate precipita-
tion modification in this report is limited by the existing data 
constraints. 

The results presented in this section are for the drainage area 
above the gage on Piceance Creek below Ryan Gulch. They cannot be 
directly extrapolated to the entire Piceance basin because the runoff 
character i stics of the area not simulated are difficult to define from 
available data. The area that has been modeled, however, is the major 
source of total basin discharge, producing about 80 percent of the 
estimated "natural" basin discharge. 

The simulated effects of precipitation modification on the hydrology 
of Piceance Creek are initial estimates based on several broad assump-
tions. Improvement of these estimates will depend not only on a better 
definition of basin precipitation and hydrologic characteristics but 
will also require an analysis of the weather modification potential of 
the basin. Information on the physical characteristics of basin storms 
and the weather-modification potential of air pollutants by oil-shale 
development is required. Data from which this information can be 
obtained will be available from the basin data network being established 
by the Department of the Interior and the developers of the lease tracts. 
These data will permit improved model prediction capabilities and the 
expanded application of the model to the entire Piceance basin. 

Ground-Water Hydraulics Model 

Description 

The digital model of ground-water hydraulics used in this study was 
developed by Bredehoeft and Pinder (1970). The model is quasi three-
dimensional in that it models a three-dimensional, multiaquifer system 
by assuming horizontal flow in the aquifers and vertical flow through 
the confining layers which separate the aquifers. These assumptions 
reduce the mathematical problem to one of solving coupled two-dimen-
sional equations for each aquifer in the system. An iterative, 
alternating-direction-implicit scheme is used to solve the system of 
simultaneous, finite-difference equations which describe the response of 
the aquifer system to applied stresses. 
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The quasi three-dimensional model has been developed by Bredehoeft 
and Pinder to simulate a groundwater system having any number of aqui-
fers. The aquifers may have confined or unconfined (water table) 
hydraulic conditions. The aquifers are assumed to be horizontal, non-
homogeneous, and isotropic (or anisotropic under special conditions). 
The confining layers separating the aquifers are assumed to permit one-
dimensional, vertical flow with or without storage in the confining 
layers. 

The general equation which governs the flow of water in a two-
dimensional, isotropic, confined aquifer is 

at (x,y,t), (3)ax Tax Dy DyLE1 4- P-12] sP11. Iv 

where T is the transmissivity of the aquifer, h is the hydraulic head in 
the aquifer, S is the storage coefficient of the aquifer, and W(x,y,t) 
is the flux of a source or sink. The transmissivity and storage coeffi-
cient are both functions of the space variables x and y. The source 
term is a function of the space variables and may also be a function of 
time, t. 

The source term, W, incorporates the effects of natural recharge, 
disch:n'ge or recharge from wells, and leakage from adjacent aquifers. 
For th(2 case of leakage without storage in the confining bed, the verti-
cal flow through the confining bed from an adjacent aquifer is given by 

(4) 

whore q is the flow rate per unit area, ha is the hydraulic head in the 
adjacent aquifer, and K' and L are the vertical hydraulic-conductivity 
and the thickness of the confining layer, respectively. Substitution of 
q for W in equation 3 couples the equations describing the head distri-
bution in adjacent aquifers. The finite-difference approximation to 
equation 3 and the resultant iterative, alternating-direction-implicit, 
computational algorithm are given by Bredehoeft and Pinder (1970). 

The digital model was used to simulate the existing geohydrologic 
conditions in the Piceance basin. As shown by equations 3 and 4, the 
transmissivity, storage coefficient, and leakance (K'/L) functions must 
be defined. The solution of the equations yields the distribution of 
hydraulic head (potentiomotric surface) in the aquifers. The computed 
potentiometric surface will be compared to head measurements from wells 
in the field. The comparison will provide a measure of the accuracy of 
the concepts used to derive the model. The comparison will also provide 
the only measure of the accuracy of model response to hypothetical 
changes in the system. Finally, the model will, be used to predict the 
effects of mine-dewatering operations on the hydrologic system. 
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Conc6pts 

The ground-water system in the Piceance basin is well suited to be 
modeled by the quasi three-dimensional model of Bredchoelt and Pinder 
(1970). As previously described, the ground-water system in the Piccance 
basin consists of two confined aquifers separated by the Mahogany zone 
confining layer. The upper and lower aquifers are assumed to be hori-
zontal and isotropic. The Mahogany confining layer is assumed to permit 
vertical connection between the aquifers without storage in the con-
fining layer. Figure 40 illustrates the flow model assumed for the 
Piceance basin aquifer system. The figure shows a generalized cast-west 
cross section through the model aquifer system. In the model, water 
enters the aquifer system by recharge from precipitation in the recharge 
areas at a specified rate. Ground water circulates through the upper 
and lower aquifers in response to differences in potentiometric heads. 
The ground water is finally discharged to the stream valley as baseflow 
and evapotranspiration. The lateral and lower boundaries of the aquifer 
model are impermeable so that no water can enter or leave the system by 
crossing the boundary. Thus, under steady-state conditions, the rate of 
recharge must equal the rate of ground-water discharge to the stream 
valleys. 

The lateral boundaries of the aquifer model are shown in figure 41. 
The lateral boundaries of the model arc assumed to be impermeable 
(fig. 41) and coincide with the outcrop of the Green River on the north, 
east, and west (plate 1). To the south, the model boundary is assumed 
to be impermeable and coincide with the ground-water divide on the Roan 
Plateau. The modeled area of about 900 square miles (2,330 km2) was 
discretized by dividing the area into a rectangular grid of about 800 
nodes. The spacing between grid points is variable and represents a 
minimum of 1 mile (1.6 km). The stream valleys of Piccance Creek, 
Yellow Creek, Dry Fork Piccance Creek, and Black Sulphur Creek (fig. 41) 
are assumed to be constant head boundaries in the upper aquifer. The 
altitudes of the streams were assigned to the nodes in the upper aquifer 
which represent points on the streams. These altitudes become constant 
potentiometric heads in the model and represent points where ground 
water is discharged to the stream valleys from the upper aquifer. 

Components 

A simplified flow chart for the digital, ground-water model is 
shown in figure 42. The input data consist of control parameters, 
hydraulic parameters, and initial conditions. The number of time steps 
and the head-change tolerance arc the two principal control parameters. 
The number of time steps is used to control the duration of the modeled 
time period and the head-change tolerance is used to test for the 
convergence of the iterative solution. A tolerance value of 0.1 foot 
(0.03 m) was used for steady-state solutions and 1 foot (0.3 m) was used 
for transient solutions. Thus, when the potentiometric heads calculated 
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by the digital model between two sudcessive iterations do not change at 
any node in the system by an amount greater than the tolerance, the 
computation is terminated and the head values are assumed to be the 
solution for that time step. When the solution has been achieved for 
the last time step to be modeled, a mass balance is calculated and 
printed out along with the potentiometric maps (fig. 42) representing 
the solution at specific times. The mass balanace computation pl.( 'des 
a check on the validity of the computations by checking that inflo 
minus outflow is equal to the change in storage in the model. 

Data Requirements 

The data requirements for the ground-water model are the hydraulic 
parameters and the initial conditions listed in figure 42. The 
transmissivity, storage coefficient, and initial potentiometric head at 
each node in the upper and lower aquifer must be specified. The leak-
ance (ratio of vertical permeability to thickness) of the Mahogany zone 
confining layer must be specified at each node. The rate of recharge to 
the upper aquifer must be specified at each node. In total, about 6,400 
items of input data must be supplied. 

Hydraulic parameters 

Maps of the transmissivity data used in the model for the upper and 
lower aquifers arc shown in figure 43 and 44. The control points are 
the data given in figures 20 and 21. The data have been extrapolated to 
cover the entire study region. The regionalization is based on the 
geologic structure of the aquifers, correlations between geophysical 
logs, data trends, and data averages. The areal coverage of the data is 
poor and the variability is large and, as previously discussed, the 
point values may not be representative of the regional transmissivity. 
Consequently, the accuracy of the transmissivity distribution shown in 
figures 43 and 44 is highly uncertain. 

Storage coefficients determined by aquifer tests were presented in 
table S. The data are not adequate to determine the variation of the 
storage coefficient in each aquifer. Consequently, a uniform value was 
assigned to each aquifer based on the data in table S. Storage coeffi-
cients of 10-3 and 10-4 were used in the model for the upper and lower 
aquifers, respectively. 

The areal distribution of vertical hydraulic-conductivity in the 
Mahogany zone confining layer has not been adequately defined to permit 
its description. Consequently, the l.eakance of the confining layer used 
in the digital model was assumed, based on the available data presented 
by Weeks and Weldor (1974). The assumption was tested by simulating the 
natural, steady-state conditions of the basin. It was determined that 
the head differences between the upper and lower aquifers were extremely 
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sensitive to the assumed value of the leakance. It was found that a 
leakance value equal to 1.35X10-5- day-1 resulted in head differences 
between the aquifers comparable to those measured in the field which arc 
generally less than 50 feet (15 m) (fig. 23). If the Mahogany zone is 
100 feet (30 m) thick, the vertical hydraulic conductivity of the con-
fining layer is 1.35x10-3 ft/day (4x10-4 m/day). This is small and 
comparable to the hydraulic conductivity of silty clay which is a very 
poor aquifer. 

Recharge to the aquifer system was estimated to be 36 ft3/s (1.0 m3/s). 
As previously discussed, the recharge rate was estimated on the basis of 
a water-budget analysis. The recharge was distributed over the area of 
the model above 7,000 feet (2,134 m) altitude to be consistent with the 
geohydrologic description of the basin. Preliminary modeling results 
indicated that the rate of recharge required to simulate the steady-
state potentiometric surface was slightly less than that estimated. The 
recharge rate required for the digital model to simulate the steady-
state potentiometric surface was 33.4 ft3/s (0.95 m3/s) or 24,100 acre-
feet (29.7 hm3) per year. Initially, the recharge was distributed 
uniformly over the recharge area, but it was found that the simulation 
was improved by varying the recharge rate based on the distribution of 
winter precipitation. The distribution of recharge to the upper aquifer 
was based on the variation in the normal winter (October to April) 
precipitation map published by the U.S. Weather Bureau (1960). Figure 45 
shows the distribution of recharge used in the ground-water digital 
model. Both recharge and precipitation are less in the southern than in 
the western and eastern parts of the basin. 

Initial conditions 

The initial potentiometric head must be assigned to each node in 
each aquifer in the digital model. The initial head distribution can be 
arbitrary when modeling a steady-state solution. The steady-state 
solution is independent of initial conditions. However, transient 
solutions depend on the initial conditions and an accurate, initial head 
distribution must be specified. 

The ground-water system in the Piceance basin is in a steady-state 
condition and an arbitrary head distribution was assigned to each 
aquifer. As discussed in the following section, the digital model 
generates the steady-state head distribution in both the upper and lowel 
aquifers. The steady-state solution then becomes the initial conditions 
required for the solution of transient, mine-dewatcring problems. 

Calibration 

The only method of measuring the accuracy of a digital model is to 
simulate historical conditions and compare the response of the model to 
that measured in the field. This process is known as calibration. 
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Virtually no ground-water development has taken place in the 
Piceance basin and the geohydrologic system is in a steady-state con-
dition. This implies that recharge is equal to discharge and that the 
hydraulic head is not a function of time. Mathematically, the time 
derivative of the hydraulic head in equation 3 is equal to zero. 
Consequently, the term involving the storage coefficient is zero and the 
solution of equation 3 does not depend on the storage coefficient. The 
steady-state solution depends only on the transmissivity of the aqui-
fers, the leakance of the confining layer, the source function, and 
boundary conditions. Furthermore, because the solution is independent 
of time, it is also independent of the initial conditions. Thus, the 
model will reproduce the steady-state potentiometric map if the trans-
missivity of the aquifers, leakance of the confining layer, boundary 
conditions, and water budget have been adequately described. 

Steady-State Solution 

The steady-state conditions existing in the Piceance basin were • 
simulated using the transmissivity distributions shown in figures 43 
and 44. As previously discussed, a uniform leakance value of 1.35x10-5 
day-1 was used for the confining layer. Recharge to the upper aquifer 
was United to the area of the model above 7,000 feet (2,134 m) alti-
tude. A total recharge rate of 33.4 ft /s (1.0 m3/s) was applied and 
distributed over the recharge area as shown in figure 45. The resulting 
steady-state solutions for the upper and lower aquifers are shown in 
figures 46 and 47, respectively. For the contour interval shown, 
the potentkhietric maps for the two aquifers are nearly the same. 
However, differences ranging up to 70 feet (21 m), but generally less 
than 50 feet (15 m), exist between the computed heads in the two aqui-
fers. This result compares favorably with the head differences measured 
in the field and discussed in relation to figure 22. 

Figures 46 and 47 also show the altitudes of water levels in wells 
which are open only to the respective aquifer. Although the data are 
sparse, the computed potentiometric maps compare fairly well with the 
field data. 

Accurate potentiometric maps of the upper and lower aquifers cannot 
be constructed from the field data. Coffin, Welder, and Glanzman (1971.) 
published a potentiometric map for the Piceance Creek basin. lbey 
relied heavily on spring and stream altitudes to fill in the areas where 
observation well data were lacking. Most of the observation wells in 
the basin are open to both aquifers and heads measured in the wells are 
not necessarily representative of either aquifer. The springs are 
generally upper aquifer phenomena, many of which may be perched and not 
representative of the head in the upper aquifer. Consequently, the 
potentiometric map given by Coffin, Welder, and Glanzman (1971) does not 
accurately represent the steady-state head distribution in either aquifer 
nor does it represent a map of the composite heads in wells which arc 
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Figure 46.--Potentiometric map of the upper aquifer computed by the digital model. 
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Figure 47.--Potentiometric map of the lower aquifer computed by the digital model. 
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open to both aquifers. Rather, it represents the first attempt to show. 
the configuration of the potentiometric surface and the general direc-
tion of ground-water flow in the Piceance basin. It should be noted 
that the concept of the hydrologic system in the basin put forth by 
Coffin, Welder, and Glanzman (1971), as shown earlier in figure 2, has 
proven to be correct. The present investigation has refined and quan-
tified the hydrologic description presented by Coffin, Welder, and 
Glanzman (1971). 

A potentiometric map based on the water levels in wells that are 
open to both aquifers was shown in figure 22. The data used to construct 
figure 22 can be used to calibrate the ground-water digital model. 
Under steady-state conditions, the hydraulic head, h, in a well that is 
open to both aquifers is given by Sokol (1963) as 

+ T2H2 
h - T (5)1 + T2 ' 

where T1 and h1 are the transmissivity and head in the upper aquifer and 
T2 and h2 arc the transmissivity and head in the lower aquifer. Using 
equation 5, a potentiometric map of composite heads can be calculated 
from the digital model solution for the upper and lower aquifers shown 
in figures 46 and 47. The composite head map can then be compared with 
the observation well data used to construct figure 22. 

The resulting composite-head map is compared to field data in 
figure 48. The data points shown in figure 48 arc those used to construct 
the potentiometric map shown in figure 22. The shape of the computed 
solution compares well with the potentiometric map shown in figure 22. 
This indicates that the conceptual model (fig. 40) adequately describes 
the geohydrologic system. Water flows from the margins toward the 
north-central part of the basin where it is discharged principally to 
Piceance and Yellow Creek valleys. The computed composite-head map fits 
the field data shown in figure 48 very well. In general, the computed 
heads are within SO feet (15 m) of the observed water levels which is 
about the accuracy to be expected considering that the variation in head 
is over 1,200 feet (365 m), the head gradient averages about 50 feet per 
mile (9.5 m/km), and the modeled area is about 900 square miles (2,330 
km2). Only 6 water levels out of the 47 shown in figures 46, 47, and 48 
differ from the computed heads by more than 100 feet (30 m) and only 1 
water level differs by more than 200 feet (60 m). 

Together, figures 46, 47, and 48 present the calibra )f the 
ground-water digital model. Field data arc particularly : .1g cast of. 
Piceancc Creek. Water levels from two wells arc the only u(i,N available 
from the area; however, the computed heads match these two data points 
extremely well (figs. 46 and 47). 
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Ground-water budget 

Under steady-state conditions the ground-water discharge rate is 
equal to the recharge rate. The recharge rate used to simulate the 
steady-state conditions in the Piceance basin was 33.4 ft3/s or 24,100 
acre-feet per year (29.7 hm3/year). Annual recharge is 8,200 acre-feet 
(10.1 hm3) in the Yellow Creek drainage area and 15,900 acre-feet (19.6 
hm3) in the Piceance Creek drainage area. The digital model computes 
ground-water discharge to the constant head boundaries shown in figure 41. 
The model estimates that 4,300 acre-feet (5.3 hm3) arc discharged in 
Yellow Creek drainage area and 19,800 acre-feet (24.4 hm 3) arc dis-
charged in Piceance Creek drainage area, annually. Thus, 18 percent of 
the total recharge is discharged in Yellow Creek drainage area and 82 
percent is discharged in Piceance Creek drainage area. As discussed in 
relation to figure 22, Piceance Creek valley is the main ground-water 
discharge area in the basin which is evident from the potentiometric 
maps (figs. 46 and 47) and the ground-water discharged computed by the 
mode]. The above discharge estimates include both ground-water discharge 
to streams and evapotranspiration because the digital model does not 
distinguish between the two. 

Discussion 

The recharge rate required by the model to simulate steady-state 
conditions was 33.4 ft3/s (0.95 m3/s) which is within 10 percent of the 
water:budget estimate of 36 ft3/s (1.0 m3/s). This estimate was based 
on the assumption that 80 percent of the average annual discharge from 
the basin was ground-water discharge. As discussed in relation to table 
13, the watershed model estimates that about 80 percent of the average 
annual discharge is from ground water. Furthermore, nearly all of the 
recharge in Piceance Creek drainage occurs in the area above the gage 
below Ryan Gulch. The ground-water model estimates that recharge to 
this area is 0.61 inch (15.5 mm) and, as shown in table 12, the water-
shed model estimates that recharge is 0.66 inch (16.:-: mm). Thus, the 
two models are in very good agreement. 

The agreement between the models, the water budgets, and the 
computed and measured potentiometric levels indicates that the ground-
water model satisfactorily simulates the existing steady-state condi-
tions in the Piceance basin. However, the model calibration and relia-
bility would be improved if potentiometric maps of each aquifer could be 
constructed from field data. This would require water-level, data from 
wells completed in either the upper or lower aquifer. About 50 obser-
vations of head in each aquifer, uniformly distributed over the basin, 
would be needed to accurately map the potentiometric surface in each 
aquifer. Furthermore, as previously discussed, the steady-state solution 
does not depend on the value of the storage coefficients of the aquifers. 
Consequently, the accuracy of the storage coefficients used in the 
digital model have not been tested and cannot he adequately tested in 
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the absence of measured regional changes in the potentiometric surface 
of each aquifer. Thus, the only measure of reliability for simulated 
transient problems is the accuracy and adequacy of the field data from 
which the storage coefficients were determined. As shown in table 5, 
the storage coefficients are few. The model reliability would be further 
improved if additional data on the storage properties of the aquifers 
were available. 

The proposed, prototype oil-shale development may provide some of 
the needed data to improve the calibration of the digital model. 
Hydrologic monitoring programs conducted by the lessees will provide 
additional aquifer test data from the vicinity of the development tracts. 
Mine dewatering during development will provide the stress and measured 
transient response of the hydrologic system needed to verify the model 
for unsteady flow conditions. In the meantime, simulated steady-state 
response of the model should be fairly reliable and transient response 
is uncertain. 

Simulated Effects of Dewatering 
on the Hydrologic System 

Dewatering operations associated with prototype oil-shale develop-
ment will cause significant changes in the hydrologic system in the 
Piceance basin. The digital model of ground-water flow, described in 
the previous section, was used to simulate the effects of dewatering 
operations. The Preliminary Development Plans for Colorado tracts C-a 
and C-b were described in the introduction to this report. The devel-
opment plans do not present detailed mine-dewatering plans, and hypo-
thetical dewatering schemes were used to simulate the effects of mine 
dewatering on the hydrologic system. When development plans are known 
in detail, the proposed dewatering schemes can be simulated. 

Hypothetical dewatering scheme 

The hypothetical mines in tracts C-a and C-b are 4 square miles 
(5.2 km2) in area, as shown in figure 49. Both mines are assumed to be 
in the Mahogany zone which is the richest oil-shale interval in the 
Green River Formation. Mining of the Mahogany zone will remove the 
confining la er which separates the upper and lower aquifers (fig. 18) 
and it is assumed that complete hydraulic connection between the aqui-
fers occurs at both mines. This implies that the confining layer is 
removed and does not impede the flow of water into the mines. Under 
these conditions, the upper aquifer is completely dewatered in the area 
of the mines to the mine floor and the flowrate into the mines does not 
depend on the type of mine (underground or open-pit). 

The hypothetical dewatering plan is illustrated in figure SO. 
It is assumed that the potentiometric surface of each aquifer is 
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instantaneously drawn down to a specified altitude and maintained at 
that level throughout the life of the mine, which is assumed to be 30 
years. At both mines, the potentiometric surface of the upper aquifer 
is drawn down to the top of the Mahogany zone (the base of the upper 
aquifer) and that of the lower aquifer is drawn down to the bottom of 
the Mahogany zone (the top of the lower aquifer) as shown in figure 50. 
Under these conditions, water will flow into the mines from each aquifer 
at a rate that decreases as the hydraulic head i.n each aquifer adjacent 
to the mine decreases with time. In the vicinity of the mines, the 
upper aquifer will become unconfined. The development of a seepage face 
at the mine-aquifer interface is ignored. However, the storage coeffi-
cient of the upper aquifer is increased from 10-3 to 10-1 wherever the 
hydraulic head declines by more than 100 feet (30 m). 

At the mine in tract C-a, the altitude of the top of the Mahogany 
zone averages about 6,500 feet (1,980 m) and the bottom of the Mahogany 
zone is about 6,300 feet (1,920 m) above mean sea level. At the mine in 
tract C-b, the top of the Mahogany zone is about 5,600 feet (1,710 m) 
and the bottom of the Mahogany zone is about 5,400 feet (1,650 m) above 
mean sea level. These altitudes are assumed to be the dewatering levels 
in the respective aquifers at each of the mines. 

Simulation results 

The hypothetical mine-dewatering schemes were simulated using the 
digital model of ground-water hydraulics. Dewatering operations i.n 
tracts C-a and C-b were simulated simultaneously so that the combined 
effects on the ground-water system could be estimated. Figures 51 and 
52 show the discharge from each mine computed by the model. 

Mine discharge.--In figure 51, the total discharge from the mine in 
tract C-a ranges from about 9 ft3/s (0.25 m3/s) at the end of 1 year to 
7 ft3/s (0.20 m3/s) the end of 30 years. Most of the discharge is 
supplied by the lower aquifer. Discharge from the upper aquifer is 
small because the thickness and transmissivity of the upper aquifer arc 
small near tract C-a. The preliminary development plan for tract C-a 
estimated the water demand for oil-shale processing and disposal at 16 
ft3/s (0.45 m3/s). Only one-half of the estimated demand can be sup-
plied by the hypothetical mine-dewatering scheme. However, additional 
water could be obtained from the lower aquifer by increasing the draw-
down at the mine. 

Figure 52 presents a completely different situation at tract C-b. 
The total discharge from the mine ranges from 28 ft3/s (0.80 m3/s) at 
the end of 1 year to 20 ft3/s (0.57 10/s) at 30 years. About two-thirds 
of the discharge is supplied by the upper aquifer. The discharge 
required to dewater the hypothetical mine exceeds the 14 ft3/s (0.40 
m3/s) water demand estimated in the Preliminary Development Plan. 
Consequently, the hypothetical mine in tract C-b will have to dispose of 
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excess water produced during dewatering operations. Several methods for 
disposal of the excess water have been proposed, ,;lich as evaporation, 
reinjection into aquifers, and discharge to st s following any 
required upgrading of the water quality. The c tal-model solution 
indicates that another alternative exists; name the excess water 
produced at tract C-b could be used to increase the supply at tract C-a. 

The water discharged from the mines is supplied by water from 
storage in the aquifers and recharge to the ground-water system. The 
recharge captured by the mines would have been discharged to the valleys 
as evapotranspiration and strcamflow; thus, ground-water discharge to 
the valleys is reduced. The components of the total discharge from both 
mines are shown in figure 53. After 30 years, the mine discharge is 
still mostly supplied by water from storage. Ground-water discharge to 
streams and evapotranspiration has been reduced by 8 ft3/s (0.23 m3/s) 
and 19 ft3/s (0.54 m3/s) is supplied by water from storage. If mine 
dewatering continued indefinitely, a steady-state condition would 
eventually be reached. At that time, the discharge from storage would 
be zero and the mine discharge would be totally supplied by a reduction 
in discharge to streams and evapotranspiration. the digital-model 
solution at steady state resulted in a total discharge from both mines 
of 18 ft3/s (0.41 m3/s) which is achieved after several centuries of 
mine dewatering. However, this time period is considerably longer than 
the life of the mines. 

Water quality.--The quality of the water discharged by the mines 
can be qualitatively estimated. Potentiomctri.c maps of the upper and 
lower aquifers are shown in figures 54 and 55, respectively. The maps 
show the hydraulic head in the aquifers computed by the digital model 
after 30 years of mine dcwatering. Water flows along lines that are 
perpendicular to the lines of constance hydraulic head in the direction 
of decreasing head. The dashed lines in figures 54 and 55 outline the 
areas within which all recharge to the aquifers contributes to mine 
discharge. Only flowl ines originating within the area bounded by the 
dashed lines contribute to the discharge from the mines. Consequently, 
the quality of the water discharged from the mines depends only on the 
quality of the water in the areas shown by the dashed lines in figures 
54 and 56. The concentration of dissolved solids in the upper and lower 
aquifers was shown in figures 28 and 30, respectively. The concentra-
tion of dissolved solids in the upper aquifer (fig. 28) in the area 
tributary to tract C-a is less than 1,500 mg/1 and that for tract C-b is 
less than 1,000 mg/l. The concentration of dissolved solids in the 
lower aquifer (fig. 30) is less than 5,000 mg/1 in the area of the 
aquifer that is tributary to each mine. Assuming that changes in the 
flow direction and velocity caused by mine dewatering do not alter the 
water chemistry, the concentration of dissolved solids in the water 
discharged from the mines should not exceed 5,000 mg/1 for the hypo-
thetical dewatering scheme and flow model considered here. 
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The occurrence of sodium bicarbonate brines at the base of the 
Parachute Creek Member of the Green River Formation in tracts C-a and C-
b was discussed previously. The chemical analyses of the brines were 
presented in tables 8 and 9. The zone containing the brine is assumed 
to underlie the lower aquifer and have no significant permeability in 
the digital model. Consequently, there would be no significant effect 
of the saline zone on the quality of the mine discharge. However, 
additional data on the extent and permeability of the zone arc needed to 
substantiate the above assumptions. 

Effects on water resources.--Dewatering the hypothetical mines 
reduces ground-water discharge to the stream valleys. The ground-water 
discharge intercepted by the mines is shown in figure 53. At the end of 
30 years of dewatering, ground-water discharge is reduced by 8 ft3/s 
(0.23 m3/s). Nearly the entire reduction in discharge occurs in the 
Piceance Creek drainage area. There is very little reduction in dis-
charge in the Yellow Creek drainage area. Ground-water discharge consists 
of both evapotranspira' . and streamfiow. The digital model does not 
estimate which componc r the discharge is reduced. However, where 
the streams arc not incised in the alluvium, the evapotranspira-
tion demand will prolK, met, so long as there is baseflow to the 
streams. Thus, during growing season, baseflow to streams will 
probably be depleted before evapotranspiration losses are reduced. 

The effect of mine dewatering on Piceance Creek is apparent in 
figure 54. In the area of the upper aquifer which is tributary to the 
mine, at tract C-b (shown by the dashed lines in fig. 54), there is a 10-
mile (16-km) reach in which there is no discharge to Piceance Creek. 
The hydraulic head in the upper aquifer has been drawn down below the 
valley bottom so that no discharge can take place. In fact, water that 
is discharged to Piceance Creek upstream from this area probably 
flow into the area, infiltrate into the upper aquifer, and flow to the 
mine. Consequently, there will be little, if any, flow in this 10-mile 
(16-km) reach of Piceance Creek except during periods of surface runoff 
from snowmelt or rainfall. The upstream end of the reach has been 
observed to be dry in the past. However, this has been the result of 
irrigation diversions and evapotranspiration losses from irrigated land. 
As was shown in figure :1.4, the quality of the water in the upper reaches 
of Piceance Creek is considerably better than that in the lower reaches. 
Consequently, reducing the groundwater discharge to Piceance Creek in 
the vicinity of tract C-b will reduce streamflow in the downstream 
reach. The decrease in strcamflow will reduce the effects of dilution 
and increase the concentration of dissolved solids in the water. How-
ever, irrigation as well as ground-water discharge causes the dissolved-
solids concentration of Piceance Creek to increase in the downstream 
direction. A reduction in the irrigated acreage could offset some of 
the effects of reduced ground-water discharge on the water quality of 
Piceance Creek. 
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The change in hydraulic head fdrawdown) in the upper aquifer after 
30 years of mine dewatering is shown in figure 56. The drawdown is 
computed by the digital model as the difference between the initial, 
steady-state potentiometric surface (fig. 46) and the potentiometric 
surface after 30 years of dewateri.ng (fig. 54). At the end of 30 years, 
the hydraulic head in the upper aquifer has been affected by mine de-
watering in about 75 percent of the modeled area. A steep hydraulic 
gradient and well-developed cone of depression have formed around the 
mine in tract C-b where the maximum drawdown is 1,200 feet (365 m). At 
the mine in tract C-a, there is only 275 feet (84 m) of drawdown and the 
hydraulic gradient is relatively flat. This explains the difference in 
the components of the mine discharge received from the upper aquifer in 
figures 51 and 52. The larger hydraulic gradient (and larger transmis-
sivity) at tract C-b generates much more discharge from the upper aquifer 
than at tract C-a. The position of the zero drawdown line in figure 56 
indicates that there is no interference between the mines. That is, 
during the 30 years simulated, neither mine affects the discharge from 
the other. This conclusion was tested by simulating the dewatering 
operation at each mine separately. It was found that there was no 
significant effect on the hydraulic head in either aquifer at the loca-
tion of the other mine after 30 years of dewatering. 

The volume of water removed from the aquifers was compu; by the 
model to be about 500,000 acre-feet (620 hm3) during the 30 y.. of 
simulated dewatering. This is 2 to 20 percent of the estimated 2.5 to 
25 million acre-feet (3,100 tc 31,000 hm3) of water in storage. 

The effects of mine dewatering on the discharge from springs in the 
Uinta Formation can only be indirectly determined. Many springs occur 
in the valleys of Piceance Creek, Yellow Creek, and their tributaries. 
Several springs along Piceance Creek are used for irrigation. Adequate 
data are not available to determine which springs are hydraulically 
connected to the upper aquifer and which are the result of discharge 
from perched water-bearing zones. The springs that result from perched 
water bodies will not be affected by dcwatering. However, those that 
are the result of ground-water discharge from the upper aquifer may be 
significantly affected. The drawdown map shown in figure 56 shows the 
area within which ground-water discharge from the upper aquifer will be 
reduced. Wherever the drawdown is greater than zero, there will be a 
reduction in discharge from the upper aquifer. If the drawdown lowers 
the hydraulic head in the upper aquifer to an altitude below a discharge 
point, discharge will cease at that point. As pointed out previously, 
the digital-model solution indicates that there will be only a slight 
reduction in ground-water discharge in Yellow Creek drainage. The 
springs that will be most significantly affected arc those along the 10-
mile (16-km) reach of Pi.ccance Creek where ground-water discharge is 
reduced to zero after 30 years of &watering (fig. 54). Springs that 
are hydraulically connected to the upper aquifer in this reach will 
cease to flow. 
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Figure 56.--Drawdown in the upper aquifer computed by the digital model. 

after 30 years of mine dewatering. 

132 



Discussion 

The above analysis is based on a hypothetical dewatering scheme 
(instantaneous drawdown) that cannot and need not be achieved at a real 
mine. The water levels in the aquifers will actually be drawn down over 
a period of a few years while access to the mining interval :is being 
prepared. Consequently, the response of the hydrologic system during 
the first few years of dewatering may be much different from that 
simulated. The water demand at each tract will vary during development. 
Initially, the demand will he small until the retorting plant is in 
operation and excess water may be produced at both tracts during the 
initial phase of development. However, after 30 years of dewatering, 
the response of the digital model is essentially the same for any 
dewatering scheme that is accomplished within the first few years of 
operation, so long as all other assumptions (depth, area, location) 
remain the same. Additionally, as steady-state conditions are ap-
proached, the simulation results become less dependent on the storage 
properties of the aquifers and more reliable. For these reasons, most 
of the preceding analysis was limited to the effects on the hydrologic 
system after 30 years of dewatering. Within the limitations of the data 
available on the aquifer system and the calibration of the model, the 
simulated effects of mine dewatering on the hydrologic system are the 
best estimates that can he made until additional information becomes 
available during development of the prototype oil-shale lease tracts. 

SUMMARY AND CONCLUSIONS 

The Piceancc Creek basin has received much attention since 1971 
when the Department of the Interior announced plans for a prototype 
leasing program to develop the oil-shale resource in the Green River 
Formation. In 1972, the U.S. Geological Survey, in cooperation with the 
Colorado Department of Natural Resources, began a 2-year investigation 
designed to assess the potential impact of development on the water 
resources of Piceance Creek basin. The purpose of tnc investigation was 
to collect baseline hydrologic data, describe the hydrologic system, and 
predict the effects of development on the hydrologic system. Leases on 
Colorado tracts C-a and C-b in the Piccance basin were awarded to indus-
try in 1974 and preparations for development have already begun. 

To meet the objectives of the investig,ation, basic data were 
collected on the surface- and ground-water systems in the basin. Data 
on surface-water quantity and quality were collected at more than SO 
sites in the study area. Geophysical and hydrologic data were collected 
or compiled from over 100 wells in the basin. These data were used to 
describe the hydrologic system and develop digital models of the surface-
and ground-water systems. The models provided the analytic tools needed 
to predict the effects of oil-shale development on the hydrologic system. 
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The surface-water and ground-water systems in the Piceance basin 
(Piceance Creek and Yellow Creek drainage basin) are intimately related. 
The annual volume of runoff from the basin is estimated to be 15,650 
acre-feet (19.2 hm3). Ground-water discharge accounts for about 80 
percent of the annual volume of runoff. Ground-water discharge domi-
nates the water chemistry of the streams except during spring runoff 
from snowinelt. 

The runoff from Piceance Creek is greatly affected by irrigation. 
The mean annual volume of runoff to the White River is estimated to be 
14,520 acre-feet (17.9 hm3). Streainflow depletions resulting from 
irrigation arc estimated to be 4,740 acre-feet (5.8 hm3). Thus, in the 
absence of irrigation, the annual runoff from Piceance Creek drainage 
would be about 19,260 acre-feet (23.7 hm3). 

The runoff from Yellow Creek is slightly affected by irrigation. 
For the single year of record, the volume of runoff to the White River 
was measured to be 1,130 acre-feet (1.4 hm3). Streamflow depletions are 
estimated to be 60 acre-feet (0.07 hm3). In the absence of irrigation, 
runoff from Yellow Creek would be about 1,190 acre-feet (1.5 hm3) and 
the total runoff from the Piceance basin would be 20,450 acre-feet (25.2 
hm3). 

Low flows and peak flows in Piceance Creek are also influenced by 
irrigation diversions. The period of lowest flow normally occurs during 
the spring and summer when irrigation diversions are greatest. Peak 
flows from snowmelt and thunderstorms also occur during this period. 
The largest peak flow measured on Piceance Creek at White River is 407 
ft3/s (11.5 m3/s) for the 5 years of record. A regionalized flood-
frequency analysis using the index-flood method was made for Piceance 
and Yellow Crocks. The flood-frequency estimates exclude the effects of 
irrigation. The analysis estimated the mean annual flood in Piceance 
Creek at White River to be 800 ft3/s (22.7 m3/s) or about twice the 
highest flow observed. 

The peak flow on Yellow Creek for the single year of record was 468 
ft3/s (13.3 m3/s). The mean annual flood was estimated by the index-
flood method to be 390 ft3/s (11.0 m3/s). 

The quality of surface water in the Piceance basin is affected by 
irrigation practices and ground-i\ater. discharge.. The chemical composi-
tion of the water varies from a mixed bicarbonate type in the upper 
reaches of the streams to sodium bicarbonate in the lower reaches. The 
concentration of dissolved solids varies from less than 500 to more than 
5,000 mg/1 in Piceance Creek, and from about 700 to 3,000 mg/1 in Yellow 
Creek drainage. Surface water is generally not potable but acceptable 
for livestock watering. Surface water is widely used for irrigation 
although the salinity hazard and sodium hazard are high. 

The water quality decreases in the downstream direction due to 
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ground-water discharge and, to some extent, irrigation return flows, and 
evapotranspiration. This is particularly evident in the roach of 
Piceance Creek below Ryan Gulch during periods of low flow. Ground 
water from the Green River Formation moves upward, through the Uinta 
Formation, and is discharged to the valley alluvium. The dissolved-
solids concentration of springs found in this reach is as high as 22,000 
mg/l. 

The ground-water system in the Piceance basin consists of two 
principal aquifers that are separated by the Mahogany zone in the 
Parachute Creek Member of the Green River Formation. The Mahogany zone 
is less permeable than the aquifers it separates. Recharge to the 
aquifers mainly occurs from snowmelt above 7,000 feet (2,130 m) altitude 
along the basin margins. The recharge infiltrates to the upper aquifer 
and flows toward the north-central part of the basin. In the recharge 
area, the hydraulic head in the upper aquifer is higher than that in the 
lower aquifer and water moves down, through the ;`Mahogany zone, to the 
lower aquifer. In the north-central part of the basin and in the major 
stream valleys, the heads in the aquifers are reversed and water moves 
upward from the lower aquifer through the Mahogany zone. Water from the 
aquifers is eventually discharged as evapotranspiration and baseflow in 
the streams. Estimates of the volume of water stored in the aquifers 
range from 2.5 to 25 million acre-feet (3,100 to 31,000 hm3). The 
annual volume of ground-water recharge and discharge is estimated to be 
26,100 acre-feet (32.2 hm3). 

At the time of deposition, part of the lower aquifer contained 
soluble minerals by as much as 20 percent by volume. Percolating water 
is actively leaching these minerals and the lower aquifer is frequently 
referred to as the leached zone. The Mahogany zona impedes the movement 
of water between the aquifers and large chemical differences have 
developed. Water in the upper aquifer genera]ly has less than 2,000 
mg/1 dissolved solids except where discharge from the lower aquifer 
affects the water quality of the upper aquifer. The concentration of 
dissolved solids in lower aquifer exceeds 30,000 mg/1 in the north-
ern part of the basin. 

A digital watershed model used available descriptive, climatic, and 
hydrologic data to define the hydrologic characteristics of the basin. 
To account for temporal and spatial variations in these characteristics, 
the basin was partitioned into 22 subunits considered homogeneous with 
respect to their hydrologic response. Application of the model was 
limited to the drainage area above the gage on Piceance Creek below Ryan 
Gulch because of the limited data available. 

The model was calibrated using 9 years of available discharge data. 
Calibration entailed the comparison of simulated daily discharges with 
measured winter and spring discharges and the comparison of simulated 
and estimated annual "natural" basin discharges. The complexity of the 
fitting procedure was necessitated by the effects of irrigation diversions 
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on measured discharges. The model calibration was considered good, 
given current data constraints. 

The model was used to predict the effects of precipitation modifi-
cation on the hydrologic system. Precipitation modification could 
result from either the introduction of pollutants into the atmosphere as 
the result of oil-shale development or intentional attempts to augment 
natural precipitation over the basin. Consideration of precipitation 
changes was given only to winter storms because of the limited areal 
coverage of summer thunderstorms and the large evapotranspiration demands 
during the summicr. A 10-percent decrease and a 0-, 10-, and 20-percent 
increase in natural precipitation was examined. These changes were 
simulated by imposing a constant percentage change Oh all winter storms 
over the 9 years of record. 

Precipitation modification may have significant effect on the 
basin hydrologic system. For the area simulated, the predicted changes 
in average annual ground-water recharge were directly proportional to 
the precipitation modification simulated. Each 10-percent change in 
natural precipitation produced about a 40-percent change in ground-water 
recharge, which is equivalent to about 0.25 inch (63 mm) or about 6,500 
acre-feet (8.0 hm3). The predicted changes in average annual stream 
discharge were a function of the magnitude and sign of the precipitation 
change. A 10-percent decrease in precipitation produced a 30-percent 
decrease in stream discharge while a 10- and 20-percent increase in 
precipitation produced a 40- and 85-percent increase in discharge. 
Changes in stream discharge were distributed throughout the year because 
ground-water discharge remained the major source of annual discharge for 
all precipitation modifications simulated. 

A digital model of the ground-water flow system was developed, 
based on the description of the aquifer system. Aquifer test and 
geophysical data collected and compiled during the study were used to 
evaluate the hydraulic characteristics of the system. A water budget 
was developed to estimate the ground-water recharge .-ate. The ground-
water system was assumed to be in a steady-state condition. The digital 
model was calibrated by comparing the computed steady-state potentio-
metric surface with water-level measurements collected from wells in the 
basin. The annual volume of ground-water recharge used in the model to 
obtain the steady-state solution was found to be within 10 percent of 
that estimated by the water budget. 

The digital model of the aquifer system was used to predict the , 
effects of mine dewatering on the hydrologic system. Proposed mines in 
the prototype lease tracts C-a and C-b will remove the Mahogany zone 
which separates the aquifers and large pumping rates may be required to 
dewater the mines. The digital model was used to simulate dewatering 
operations at the two mines. It was assumed that the hydraulic head in 
the upper aquifer was drawn down to the top of the Mahogany zone and the 
head in the lower aquifer was drawn down to the bottom of the Mahogany 
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zone at each mine. Each of the hypothetical mines are 4 square miles 
(5.2 km2) in area and located in the lease tracts. Dewatering of the 
mines was assumed to occur simultaneously for a period of 30 years. 

The results of the mode] study indicate that, after the first few 
years of dewatering, discharge from the hypothetical mine in tract C-a 
will be about 7 ft /s (0.20 m3/s). This is only about one-half of the 
estimated water demand for processing and disposal of the oil shale. 
After 30 years, discharge from the hypothetica] mine in tract C-b will 
be 20 ft3/s (0.57 m3/s) which is larger than the estimated water demand. 
The excess water produced at tract C-b could be used to offset the 
deficiency at tract C-a. Analysis of the potcntiometric surfaces of the 
aquifers, computed by the model after 30 years of dewatering, indicate 
that the concentration of dissolved solids of the discharge from both 
mines might not exceed 5,000 mg/l. After 30 years of dewatering, the 
discharge from both mines is 27 ft3/s (0.76 m3/s) which is supplied by 
intercepted ground-water discharge and water from storage in the aqui-
fers. About 500,000 acre-feet (620 hm3) of water is removed from storage 
during the 30 years of simulated dewatering. 

Hypothetical dewatering operations will only slightly affect ground-
water discharge in the Yellow Creek drainage area. However, after 30 
years of dewatering, ground-water discharge in the Piceance Creek drainage 
area will be reduced by 8 ft3/s (0.23 m3/s). The reduction in discharge 
will reduce both evapotranspiration and streamflow. The study indicates 
that ground-water discharge will cease in a 10-mile (l6-km) reach of 
Piceance Creek near tract C-b during the 30 years of dewatering. The 
decrease in ground-water discharge in this reach could cause an increase 
in the concentration of dissolved solids in the downstream reach of 
Piceance Creek. 

Dewatering operations will decrease the hydraulic head in the 
aquifers in about 75 percent of the modeled area during the life of the 
mines. Ground-water discharge will be reduced from springs that arc 
hydraulically connected to the upper aquifer where significant drawdown 
occurs. The discharge from springs resulting from perched ground-
water zones will not be affected. 

The potential impact of oil-shale development on the hydrology of 
the Piceance basin was investigated using digital watershed and ground-
water models. The mode]s are based on data currently available which, 
in several cases, are severely lacking. However, the models were shown 
to reasonably simulate existing hydrologic conditions in the basin and, 
therefore, the simulated precipitation modifications and mine-dewatering 
operations are reasonable estimates of the potential effects of develop-
ment on the hydrologic system. It is evident from the study that the 
developing oil-shale industry will have significant effects on the 
hydrology of the Piceance basin. 
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Plate l.--Geologic map and section of the Piceance Creek basin between 
the Colorado and White Rivers, northwestern Colorado. 

[This plate by J. R. Donnell (1961) is published in U.S. 
Geological Survey Bulletin 1082-L, and is not available 
in this report.] 
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