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ABSTRACT

Regional overpressuring (fluid pressure gradients in

excess of .5 psi/ft (11.3 kPa/m); Spencer, 1987) exists in

uppermost Cretaceous and Lower Tertiary strata in deeper

areas of the uinta basin. The thesis is proposed that

regional overpressures are maintained by the generation of

hydrocarbons from petroleum source rocks. Geologic,

hydrologic, and geochemical evidence as well as the results

of permeability and pressure interpretation and flow

modeling undertaken in this study suggest that hydrocarbons

have also been expelled from the source rocks, and migrated

vertically, and as far as 50 miles (80 km) laterally, this

process redistributing hydrocarbons throughout the basin.

The purpose was to investigate the relationship of

hydrocarbon generation to overpressures and the groundwater

flow system in the uinta basin using geologic, hydrologic,

and petroleum-engineering methods. Synthesis of previous

work, stratigraphic interpretation and correlation, and

permeability and fluid pressure interpretation were the

methods used to construct a conceptual model, and numerical

flow modeling was used to simulate regional flow based upon
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the conceptual model. Numerical flow modeling of the uinta

basin uppermost Cretaceous-Tertiary section involved

simulating hydrocarbon generation and fracturing within an

existing steady state flow system. Evaluating

overpressures required a calibrated model of the flow

system driven by regional topography in which hydrocarbon

generation was activated, and the effects evaluated

forwards over time. Sensitivity studies were used to

evaluate the importance of several hydrogeologic parameters

(including permeability anisotropy, fluid generation rate,

addition of simulated fractures, and changes in the

critical northern boundary conditions). The vertical to

horizontal permeability anisotropy factor was varied to

control vertical fluid leakage. overpressure and head

distributions were quite sensitive to the geothermal

gradient driving hydrocarbon generation, as well as the

vertical permeability anisotropy.

Numerically-simulated hydrocarbon generation within a

steady flow system in the deep Uinta basin rapidly creates

and maintains overpressures. Hydrocarbon generation and
expulsion affects a regional flow system driven elsewhere

by topography. Groundwater derived from precipitation and
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irrigation enters the deep regional flow system in the

northern uinta basin mainly through leakage and confined

regional flow. Groundwater would generally flow eastward

in deeper confined aquifers of the Green River Formation,

and upward to discharge zones in major rivers, dominantly

return flows to the Green River, with a south-southeastward

component in the shallower northern basin alluvial

aquifers. Lateral and vertical flow paths are deflected

south and southeastward, generally out of the deep northern

uinta basin when hydrocarbon generation is active.

Migration of fluids away from deep northern basin source

rocks occurs along flow paths with very steep poteniometric

gradients.
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INTRODUCTION

Purpose and Scope

Change in fluid pore pressure with depth can be

expressed in terms of a pressure gradient in pounds per

square inch/foot (psi/ft or kPa/m; Appendix A). "Normal",

or hydrostatic fluid pressure gradient in freshwater

reservoirs is approximately .433 psi/ft (9.8 kPa/m),

whereas hydrostatic pressure gradients in very saline

reservoirs can approach .5 psi/ft (11.3 kPa/m). Abnormally

high fluid pore pressures (overpressures; pressure

gradients greater than .5 psi/ft or 11.3 kPa/m) are found

in the deeper parts of the Uinta basin (Figures 1 through

4). As mapped in cross-section, the overpressured zone

forms a "pod-shaped" body (Fouch, 1975; Meissner, 1988; and

this study). In the Shell Brotherson I-11B4 well in the

deep northern uinta basin, no water is recovered from drill

stem tests within the "pressure-pod", only hydrocarbons

(see Fig. 3). Fluid pressure gradients appear to return to

near hydrostatic below the zones of overpressure.

These abnormal pressures coincide with the area of

present-day maximum depth of burial of portions of the

Green River Formation, which contains petroleum source

rocks (Hunt et al., 1954; Tissot et al., 1978; Sweeneyet

al., 1987). This coincidence suggests a direct

relationship between hydrocarbon generation and
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Figure 2. Map of maximum fluid pressure gradients for
Tertiary strata of Greater Altamont oil field, northern
Uinta basin and adjacent area, Utah, based on mud weights,
hydrocarbon shows, and interpreted measured pressures.
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overpressure (Meissner, 1978a;

al., 1987).

This study is an attempt to determine the relationship

of present-day high fluid pore pressures to the deeper

regional fluid flow in the Uinta basin. Petroleum source

rocks appear to be in hydraulic communication with

surrounding rocks of higher permeability allowing the

fluids to drain outward both vertically and laterally.

Competition between the rate of fluid generation and the

rate at which fluids can flow outward results in steady

state flow in which the high pore pressure is being

maintained by the oil generation.

Overpressuring caused by the generation of hydrocarbons

Spencer, 1987; Sweeney et

involves a volume increase during conversion of kerogeneous
compounds to fluids (Meissner, 1978a). Non-fractured rocks

in overpressured strata generally have very low

permeability which aids in creation of overpressures, but

when overpressures reach least principal stress a fracture

network which increases permeability is opened. Pressure

is maintained if continuous generation of hydrocarbons

occurs at a rate equal to pressure dissipation (Meissner,

1978a; Law et aI, 1979, 1980.; Law, 1984a; Law and

Dickinson, 1985; Spencer, 1987). Providing the hydrocarbon

source is not depleted, a steady flow system is eventually

attained.
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It is hypothesized that, in the deeper parts of the

uinta basin, regional aquifers have the capability of

redistributing hydrocarbons through the basin. The

relationship of hydrocarbon generation and migration to the

overall groundwater flow regime within the basin is poorly

documented or understood. The relationship of hydrocarbon

generation to present-day overpressures and the regional

groundwater flow regime has been investigated using a

three-dimensional, finite difference, transient reservoir

simulation model (Belitz and Bredehoeft, 1987; Bredehoeft,

1989) .

Location and Climate

The Uinta basin is an intermontane basin (22,662 sq.

km.) in north-eastern Utah. structurally it consists of a

deep east-west-trending asymmetric syncline with a steeply

dipping north flank; a small anticlinal structure plunges

northwest into the deep basin from northwest of Red Wash

field (Fig. 1). The basin is bounded to the north by the

uinta Mountains (Fig. 1), to the south by a broad, gently

dipping south flank which ends at the Book Cliffs, to the

west by fold and thrust belts of the Wasatch Range, and to

the east by the Douglas Creek Arch, which separates the

uinta and Piceance basins (e.g. Meissner, 1988). This

study involves uppermost Cretaceous - Lower Tertiary

alluvial and lacustrine strata (Figures 5 and 6) which
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Figure 6. Stratigraphy, nomenclature, and environmental
relationships for northern Uinta basin. "Trans" refers to
depositional environments which are transitional between
lacustrine and alluvial. After Lucas and Drexler (1975).
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overlie the deeper Paleozoic-Mesozoic rocks. The

stratigraphic thickness varies from 7,000 feet (2,000m) on

southern flanks to 20,000 feet (6,000m) on the north flank.

Climate varies from arid to semi-arid in lower

elevations of the uinta basin to humid in the highest

elevations of the uinta Mountains. Precipitation ranges

from 8 inches in lower elevations to as much as 38 inches

in the Uinta Mountains (Holmes, 1985). Holmes (1985)

concluded water in the Uinta basin is consumed primarily

through evaporation of precipitation, surface water, and

soil moisture, and by evapotranspiration from vegetation.

Price and Miller (1975, Table 9) and Hood and Fields (1978,

Table 2) estimated total average precipitation falling

within the uinta basin to be 8 million acre-feet/year (9.86

billion m3/year).

Previous Work
Spencer (1987) proposed that overpressuring from clay

transformations (Powers, 1967; Schmidt, 1973; Magara,

1975), disequilibrium compaction (Dickinson, 1953; Magara,

1975; Sharp, 1976; Harrison and Bethke, 1986; Bethke,

1988), aquathermal pressuring (Barker, 1972; Bradley, 1975;

Plumley, 1980), artesian conditions (Bethke, 1988), lateral

compression (Berry, 1973), or chemical osmosis (Graf, 1982)

seems unlikely in reservoirs where the pressuring fluid is

dominantly hydrocarbons. Mudford and Best (1989) noted
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that in any given geologic setting several of these

mechanisms could act together to produce the observed

overpressuring. Many of the fractures in overpressured

zones in the deep northern Uinta basin are filled first by

cements and then by hydrocarbons (Lucas and Drexler, 1975).

Spencer (1987) noted the following characteristics of

regionally overpressured reservoirs in the Rocky Mountain

region which apply to the Uinta basin:

The hydrocarbon phase is responsible for fluid
pressuring. Hydrocarbons are the fluids initially produced
in overpressured areas (i.e. hydrocarbons are the
fluid-wetting phase in the source rocks). Overpressuring
is usually observed in strata with present day temperatures
of about 2000F ± 100 (930C ± 60) or greater.
Natural fracturing is an important factor for high
production rates, providing pathways for moving fluids to
the wellbore in otherwise low-permeability rocks.
Reservoirs rarely have discrete gas-water or oil-water
contacts. It is common for no water to be produced during
initial production from such a reservoir. Presently, the
organic-rich source beds are still capable of generating
hydrocarbons at rates that exceed (Spencer, 1987) or equal
(this study) loss by migration. This type of overpressure
seems to correlate with present-day temperature, because
most Rocky Mountain basins have been cooled below their
maximum burial temperature.

If the strata does not contain a substantial amount of
organic matter (which can be converted to kerogen and
generate hydrocarbons), no regional overpressuring is
present. Maximum fluid pressure gradients observed in
overpressured areas are about equal to the
"natural-fracture gradient" (Spencer, 1987) of the rocks.
This implies that the fluid pressure gradient is limited by
the existing least principal stress (Figs. 2, 3, and 4).
oil and gas in high-pressure strata will tend to migrate
from high pressure to lower pressure (Figs. 2 and 4).

The overpressured strata are commonly at the center of
the basin. This applies only to hydrocarbon-related
overpressuring in the Uinta Basin, as artesian groundwater
reservoirs should be overpressured near the major rivers
(Figure 1), or groundwater discharge areas (addressed
later). Artesian groundwater flow in the Uinta Basin (see
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Godfrey, 1985 and Holmes, 1985) is generally from
underpressured recharge areas (north, west, and south
flanks; Figure 1) to discharge areas at lower elevation in
the Green River (Figure 1). Water- bearing reservoirs with
normal to subnormal pressure are usually present updip from
the overpressuring.

Altamont oil field (see Figures 1 through 4) producing

zones were overpressured upon discovery, and fluid pressure

gradients were greater than .6 psi/ft (13.57 kPa/m).

Similar gradients probably exist throughout other parts of

the deep northern uinta basin, as inferred by Lucas and

Drexler (1975), Spencer (1987), and Meissner (1988). Clem
(1985) proposed that "infield drilling" resulting in field

extensions will probably enclose the northern basin in a

ring, with production essentially continuous from Greater

Altamont to Red Wash (see Figure 1).

Areas of apparent overpressuring exist around 5,000

feet (1,500 m) in the south central Uinta basin in portions

of Pariette Bench oil field (see Figures 1 and 4).

Interestingly, these same kerogeneous rocks at Pariette

Bench were assumed to be thermochemically immature and not

the source of the oil production there by Anders and

Gerrild (1982), pitman et al. (1982), and Sweeney et al.

(1987). The southeast Uinta basin has zones where

pressures range from 0.45 to 0.6 psi/ft (10-13.5 kPa) in

shallow alluvial "tight-gas" reservoirs (Tertiary Wasatch

Formation and Cretaceous Mesaverde Formation).

This study only integrated and further utilized the
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results of much previous work which has documented the

geology and complex stratigraphy of the uinta basin fairly

well (Dane, 1954; Osmond, 1964; Sales, 1969; Fouch, 1975;

Lucas and Drexler, 1975; Lucas and Drexler, 1976; Ryder et.

al., 1976; Fouch and Cashion, 1979; Fouch, 1981; pitman et.

al., 1982; Fouch et. al., 1983; pitman et. al., 1986). The

conceptual models of Meissner (1978a, 1988), as well as the

conceptual and geochemical data and models of Tissot et.

al. (1978), Spencer (1987), and Sweeney et. al. (1987) were

particularly instrumental in quantifying hydrocarbon

generation and its relation to deeper fluid flow in the

Uinta basin.

General Approach and Methods

Simulation of the complex uinta basin hydrogeology was

done by solving the quasi-three dimensional equation of

fluid flow (Bredehoeft, 1989) using a personal computer.

The uinta basin uppermost Cretaceous - Tertiary was divided

into large grid blocks (cells) of constant size and spacing

in which both steady-state and transient flow was simulated

in quasi-3D, where two-dimensional layers were connected

through leakance. Heads and resulting flows were computed

in each cell within the model domain, and no-flow cells

surrounded the problem domain, as required by the code of

Bredehoeft (1989). Flow was computed and occurred within

and between model cells representing the upper Cretaceous -
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Tertiary hydrogeologic system in the Uinta basin.

The finite difference model was used to perform

different simulations with varying aquifer and fluid source

scenarios in the uinta basin. Steady-state flow in the

uinta basin was first simulated without the presence of

hydrocarbon sources. After obtaining a reasonable

predevelopment (steady state) flow system in the basin

through different simulations and sensitivity analyses, the

effects of hydrocarbon generation were evaluated. Original

steady state simulations were calibrated to total flows

(discussed in detail later) and heads which would result

from a flow system driven by topography. This process

resulted in using final heads from steady-state simulation

as starting heads for transient simulation which included

the addition of sources which simulate hydrocarbon

generation and the simulation of fractures in the system.

Hydrocarbon generation was simulated using the kinetic

parameters of Burnham and Braun (1978) and Sweeney et. al.

(1987) derived for Green River Formation oil shales. This

exponential (five orders of magnitude), temperature-

dependent function was used in conjunction with an assumed

geothermal gradient to simulate hydrocarbon generation.

Hydrocarbons available to be generated and expelled were

calculated based upon an average organic richness of 25

gallons/ton (.228 m3/m3) of oil to dolomite ("oil
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shale"), a conservative value in comparison to most oil

shales in the uinta basin. Multi-phase fluid flow was

simulated at the regional scale by one phase, water.

Geology and complex regional stratigraphy were

incorporated into the model by assigning grid blocks to a

particular lithologic and assumed hydrostratigraphic

package, using interpreted hydrologic data from drill-stem

tests in conjuction with the geology and stratigraphy of

Fouch (1975), Fouch and Cashion (1979), and Fouch (1981).

Interpreted geology was honored quite closely, based

upon available data, and attempts were made to correlate

permeability with depth. However, permeability for certain

rock types is actually quite randomly distributed

throughout certain ranges with depth in the Uinta basin.

Finite-difference flow modeling usually involves

varying permeability as well as other parameters to obtain

calibration. In this study, horizontal permeability was

assigned to model cells according to a linear best-fit line

through actual permeability vs. depth data interpreted from

78 drill-stem tests throughout the uinta basin. Natural-

fracturing introduces significant difficulty into the

characterization of permeability in the uinta basin, and

attempts were made to account for the permeability increase

due to fracturing.



T-3826 16

Horizontal permeabilities were assigned a value based

upon observed data in the uinta basin, while the ratio of

vertical to horizontal permeability and fluid generation

rate were varied to obtain calibration. Hydrocarbon

generation rates (controlled by geothermal gradient) and

vertical fluid and pressure tranmission (controlled by

vertical to horzontal permeability ratio) were varied to

obtain reasonable head distributions in comparison to

observed heads at the regional scale.

HYDROGEOLOGIC SETTING OF THE UINTA BASIN

Structural and Tectonic Setting

Tectonism occurred in the Sevier orogenic belt in west

and central Utah during the Late Cretaceous Epoch (Fouch,

1975). This probably involved shallow crustal shortening

and eastward thrust faulting due to compressive forces to

the west. An eastward regression of the marine shoreline

occurred during this time. Latest Cretaceous and early

Tertiary tectonic uplift on the San Rafael, uinta Mountain,

and Uncompahgre structural elements resulted in the

construction of a basin of internal drainage (see Figures

1, 5, and Fouch, 1975). Uplift on the rising Uinta

Mountain block and simultaneous subsidence of the synclinal

axis of the basin were the dominant tectonic factors in the

development of the basin (Osmond, 1964). Origin of the
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Uinta Mountain uplift is beyond the scope of this study,

however it has been interpreted to be a result of

compressional forces and a space requirement of the

regional stress/strain patterns in the Rocky Mountain

region (Sales, 1969).

The basin subsided rapidly during early Tertiary time

(approximately 60-30 Ma), while surrounding structural

elements were in various stages of uplift and erosion. As

much as 20,000 feet (6,000 m) of lacustrine and alluvial

sediments were deposited during early Tertiary time in the

Uinta basin (see Fig. 5 and Sweeney et al., 1987). From

approximately 29 Ma to 10 Ma a period of relative tectonic

stability existed in the uinta basin. This was in turn

followed by recurrent periods of uplift and erosion

beginning approximately 10 Ma and lasting to the present.

Tectonic history of the basin has important

implications regarding the maximum burial depth that rocks

reached in the uinta basin. Maximum burial depth is

essential to most methods for quantifying when and where

oil generation could have occured over geologic time.

Varying amounts of overburden were removed from the basin

fill. Values of overburden removed can be used to estimate

the maximum past burial depths of rocks in the uinta basin

(Sweeney et al., 1987). These values are quite variable

across the basin. sweeney et al., (1987) cited values
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averaging 5,800 feet (1,800 m) in the northern uinta basin

to possibly as much as 10,000 feet (3,000 m) towards the
south flank.

The present structural configuration of the basin is an

symmetric syncline with an east-west trending axis near the

northern side (Figures 7 and 8). Folding can affect the

hydrogeology of sedimentary rocks, the most obvious way

being the creation of confined aquifers at the center of

synclines (Fetter, 1980, p. 212) such as the Uinta basin.

Also, formation of mountainous areas which receive most

precipitation may provide recharge areas (Fetter, 1980).

Uplift of Precambrian sedimentary rocks overlain by

Mississippian carbonate rocks has resulted in a similar

situation on the north-central flank of the uinta basin,

updip from, and perhaps above, the location of the

overpressuring in the deep basin. Precipitation recieved

by Precambrian sedimentary rocks and glacial outwash cover

at higher elevations of the uinta Mountains flows

southward, downdip to the basin mainly as surface streams

which eventually feed the Duchesne and Green Rivers, as

well as through the alluvial cover.

Previous hydrogeologic studies (Godfrey, 1985; Holmes,

1985) did not consider flow through underlying fractured

basement (Precambrian sedimentary rocks) as significant,

however these rocks could be fractured, and thus could
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o PRICE

APPflOXIMA TE OUTLINE
OF

UINTA BASIN TERTIARY

STRUCTURE CONTOUR MAP
o 20MI ,CJ.- 500 AND 1000 Mi

30 KM

Figure 7. Generalized structure contour map of the Uinta
basin, contoured on a horizon equivalent to the top of the
Wasatch Formation of Osmond (1964). Contour interval
equals 500 and 1,000 meters. More comprehensive and
accurate data to be pUblished with drill-stem test database
of this study (in press, DOE report).
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UINTA

Figure 8. Tectonic index map of uinta basin and adjacent
areas. Heavy solid arrows point to outline of Tertiary
outcrops. Numbered geologic features are shown on Table
1. From Osmond (1964).

Table 1. List of tectonic features shown on Figure 8
l . Uinta Mountain anticline. c -es r .
2. South Flank. f au l t .
J. Uinta Basin sync! ina l ads.
4 811.11" Bell antic1 ina l nose
5. Red IIdSh anticlinal no s e
6. Spl it Mountain antic! ine
7. Section Ridge antic1 me .
8. Blue foIountain anticline (Skull Creek).
9. R4ngely antic! ine
10. Douglas Creek arch.
11. Oouglas Creek a nttcli ne {ea s t-wes tl .
12. South Douglas Creek anticline.
13. Twin Buttes antic] ine.
14. RH Hole . Two va t er s . South Canyon,

Carbonera anticline.
15. Gannesa anticline
16. Prairie Canyon antic! tee .
17. ee r-x • Highline, Asbury anticline.
18. San Arroyo an ti c l tne .
19 Bitter Creek anticlinal nose.
20. Huley doae .
21. Cottonwood anticlinal nose
22. CIsco dome.

23 ThCJllpson anticl ina l nose.
24. Sal t Valley ant Ic Ltna l nc s e .
25. West eater ant tc ttne .
26 Hill Cree~ aet tc l tee .
27. Jac~ Cdnyon anticline.
28. s u sontte dikes (northwest trends).
29. Duchesne. Pleasant Valley fault system
30. Grey Head Peak ant tc l ina l nose.
31. Clear Creek anticlinal nose.
32. Currant Creek a nticltne .
33. Charleston. Strawberry. Hebo overthrust
34. Two TOlll anticlinal nc se .
35. Oiamond fork anticl ine .
35 Thistle dane.
37. fish Creek graben (northwest trend)
38. Huntington anticline.
39. farnham dane.
40. Woodside anticl tee.
41. Cle.lr Creek graben (north-south trend).
42. Asphalt Ridge • Raven Ridge.
43. fruita, Redlands monocline



T-3826 21

transmit some groundwater. In areas without glacial scour,

southward-dipping Mississippian limestone karst systems

transmit groundwater from streams in the overlying alluvium

to springs which discharge to alluvium, streams, and

Tertiary alluvial-lacustrine sediments and rocks of this

study (Godfrey, 1985). Uplifted caves, many high on

inaccessible cliff walls in the limestone are filled by

alluvial sediments, and streams downcut the younger

alluvial sediments and rocks, suggesting that this process

is a continuing one. Older, uplifted karst horizons were

observed in this study, as well as the contact with at

least 3,000 feet (900 m) of underlying Precambrian

red-colored sedimentary rocks in several canyons

(Whiterocks, Dry Fork, Brush Creek) along the south flank

of the uinta Mountains. The basic structural configuration

of the basin was apparently established during early

Tertiary time, with a period of relative stability followed

by renewed uplift to the present. During the last phase of

tectonic history in the Uinta basin, maximum uplift appears

to have occurred on the south flank.

Toth (1963) recognized that topography is the usual

driving force for regional fluid flow. He showed that the

water table is a subdued replica of the topography.

Tectonic evolution of the Uinta basin should affect the

regional fluid flow systems which must adjust to changing
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topography as well as changes in geometry of aquifers and

confining beds.

Extensive networks of large and small scale fractures,

most with a near vertical orientation, are present in rocks

of various lithology in the Greater Altamont field (Lucas

and Drexler, 1975; Lucas and Drexler, 1976; Torn Fouch,

1989, personal communication regarding core descriptions)

Although many fractures are open, mineralized, and

oil-stained, others are closed and mineralized. other

older reservoirs generally surrounding the main focus of

the study are fractured enough in some areas to allow fluid

production in rocks which are otherwise of very low

permeability. Some of this fracturing is probably

tectonically-related and some could possibly be related to

gas generation. The relationship of extensive fracture

networks in the deep basin and hydrocarbons dikes

throughout the basin to the tectonic forces remains

unclear. Tectonic history only provides generalizations

regarding the stress history within uinta basin. The

present and past stress fields in the uinta basin are

important in explaining the origin of the fractures and

lineaments.

Most linear features in the basin, including petroleum

compound dikes and other structural lineaments, have a

northwesterly trend (see Figure 8) and roughly vertical
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orientation, some are aligned east-west and inclined to the

north. The trends and orientations of the smaller scale

deep basin fractures are difficult to estimate from

subsurface geologic data. Most of these fractures are near

vertical. Bredehoeft et al. (1976) found that

hydraulically-induced fractures occur normal to the

horizontal least principal stress which they concluded was

about 80% of lithostatic in the neighboring Piceance basin.

Geo and Hydrostratiqraphic units

A lack of documentation of any aquifers or confining

beds exists for most of the deep basinal strata of this

study. No intent is made here to propose names or detailed

correlations of any aquifers or confining units. Gross

basinal hydrostratigraphic units were inferred from

permeability and pressure measurements were used to assign

hydrostratigraphic units in conjuction with the geologic

interpretations of Fouch (1975), Fouch and Cashion (1979),

and Fouch (1981), and this study. Model cells were

geologic units (used to assign the oil-generative capacity

to the flow model) as well as hydrostratigraphic units

based upon measured permeabilities. Three distinct

depositional environments can be used to characterize the

gross geologic nature of uppermost Cretaceous-Tertiary

rocks in the uinta basin. Open lacustrine rocks, where

present serve as a confining unit, and also are a source of
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deep basin fluids. Marginal lacustrine and alluvial

environment rocks serve as the permeable aquifers and

conventional oil and gas reservoirs in the basin. An

accurate stratigraphic model of the deep basin must reflect

the spatial distribution and variation of these three rock

units. Hydrostratigraphic variation, mainly the variance

of permeability with depth, and by depositional

environment, was incorporated using permeability with depth

equations based on lines drawn through observed data for

the different depositional environments. Natural fractures

also affect the hydrostratigraphy of the uinta Basin

Uppermost-Cretaceous and Tertiary strata at the large and

small scale. Hydrostratigraphic characterization of the

uinta basin must also include development of fracture

porosity and permeability.

Each depositional environment (alluvial, marginal

lacustrine, and open lacustrine) was considered a

geostratigraphic and hydrostratigraphic unit within larger

basinal-scale reference layers used for modeling a large

basin. These lithologic units were mapped in detail at the

basinal scale by Fouch (1975) and others in a manner which

allowed grouping of the smaller hydrostratigraphic units

into larger layers using Fouch's markers (Figure 9).

Permeability and pressure measurements (discussed later)

indicate the open lacustrine rocks should be a confining
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layer, and also a source of fluids in the deep basin.

Marginal lacustrine and alluvial rocks serve as the

dominant strata with an abundance of beds that contain

sufficient porosity and permeability to store and transmit

fluids (i.e. aquifers). Complex stratigraphic

interfingering and diagenetic alteration of these rocks

allows them to serve as confining units as well in places.

Uppermost Cretaceous and Lowermost Tertiary

(Lower Alluvial Aquifers and leaky Confining Unit)

Uppermost Cretaceous strata included in the

investigation are the Tuscher, Farrer, Price River, and

North Horn Formations, which were deposited during the

withdrawal of the Cretaceous sea. These formations are

composed of alluvial sediments thought to be derived mainly

from the Sevier orogenic belt to the west. The deposits

consist of alluvial fan and braided to meandering stream

sandstones' and conglomerates, with interfan and floodplain

derived finer-grained material, and terrestrial organic

matter. These rocks are part of the thick aquifer system

surrounding, beneath, and in hydraulic connection with the

Green River Formation aquifers and confining layers.

Paleocene Dark Canyon conglomerate beds and uppermost

Cretaceous through Paleocene aged North Horn Formation

alluvial rocks unconformably overlie older upper Cretaceous

rocks. Paleocene alluvial rocks are the lower portions of
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the Wasatch and Colton Formations and upper portions of the

North Horn Formation. By Late Paleocene time, the

Cretaceous sea had completely retreated from the area,

leaving a large lake associated with a sUbsiding basin of

interior drainage. The depositional environment around the

margins of the basin closely resembled the alluvial upper

Cretaceous environment. These Tertiary rocks are included

in the alluvial aquifer system surrounding and in hydraulic
connection with Green River formation aquifers. This

hydrostratigraphic unit is shown as layer 7 on Figure 9.

Green River Formation Hydrostratigraphy

Older alluvial deposits were grouped into a lowermost

aquifer system, however the complexity of reservoir

geometry that exists in the Green River Formation makes

direct extrapolation of continous hydrostratigraphic units

at the basinal scale difficult. Complex interfingering of

low permeability strata exists where natural fractures can

be the dominant permeability mechanism.

During the deposition of the Green River Formation in

the Uinta basin, large amounts of organic material were

preserved in rocks deposited in the open lacustrine

depositional environment. Some of the deposits have been

termed oil shales due to their high concentrations of

organic matter and kerogenous compounds which, upon

heating, convert to hydrocarbons. oil shale is an economic
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term, not a proper rock description, since most oil shales

are dolomites (dolomicrite of Folk, 1974) with an organic

matter content high enough to generate three gallons of

"retortable shale oil" per ton of rock (see Picard, 1985).

These deposits of the open lacustrine depositional

environment within the Green River Formation are

interpreted to be hydrocarbon source rocks when buried to

depths adequate to reach sUfficiently high temperatures

(Hunt et al., 1954; Tissot et al., 1978; Sweeney et al.,

1987). The Green River Formation is a central open

lacustrine deposit overlain and underlain by extensive

marginal lacustrine deposits. Marginal lacustrine deposits

both grade laterally outward and are interbedded with

surrounding alluvial deposits.

Eocene Green River Formation lacustrine marlstones,

chert, and finely-laminated, sometimes varved rocks of high

carbonate content both overly and interfinger with

Flagstaff Formation marginal lacustrine and Wasatch/Colton

alluvial strata. Most authors believe a chemically

stratified lake existed within this internal drainage
•basin, as it best explains the physical and chemical

properties of oil shale (see Picard, 1985). Lake Uinta

expanded and contracted rapidly; intermittently thin, but

widespread marker beds were deposited in association with

lake expansions. Marker beds or zones are strata which can
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be identified and correlated over much of the uinta basin,

both on outcrop and in the subsurface (see Figure 5 and

Fouch, 1975).

Several authors have used these markers to divide the

basin into reference layers (Fouch, 1975; Tissot et al.

1978; Sweeney et al., 1987; Willet and Chapman, 1987; and

Meissner, 1988). This study utilizes the marker horizons

of Fouch.(1975) to construct six of the seven stratigraphic

model layers for the purposes of hydrologic analysis

(Figure 9).
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Lower Marker of Green River Formation

(Hydrocarbon Source Rocks, Fractured Aquifers,

and Aquitards)

Marginal and open lacustrine deposits of the Late
Paleocene-Eocene Flagstaff Member (lake margin carbonate,

sandstone, and shale) interfinger with alluvial deposits of

the Lowermost Tertiary. Thin lacustrine limestone is

interbedded with terrestrial alluvial strata over wide

areas indicating that the size of this relatively shallow

lake fluctuated rapidly (Hunt et al., 1954).

This hydrostratigraphic unit corresponding to strata

adjacent to the Fouch (1975) Green River Formation lower

marker serves as the principal present-day source of

hydrocarbon fluids in the uinta basin. It also acts as a

deeply-buried, low-permeability aquitard and in places a

fractured aquifer as well, during the hydrocarbon

generation, overpressuring, and fluid-expulsion process

presently operating in the deep uinta basin. This
hydrostratigraphic unit is shown as layer 6 on Figure 9.

Paleocene-Eocene-associated strata

(Lacustrine and alluvial fractured Aquifers,

Confining Units, and Fluid Source Rocks)

This hydrostratigraphic unit correspongs to strata

adjacent to the Fouch (1975) Paleocene-Eocene boundary.

Central marginal and open lacustrine strata typical of the
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Green River Formation interfinger with surrounding alluvial

strata. Marginal lacustrine and alluvial strata serve as a

low-permeability, locally fractured aquifer at depth, while

central open lacustrine strata serve as a fluid source and

confining unit at depth. This hydrostratigraphic unit is

shown as layer 5 on Figure 9.

Carbonate marker of Green River Formation-

Associated strata

(Lacustrine and Alluvial Confining

and Leaky Confining Units)

strata adjacent to the Fouch (1975) carbonate marker of

the Green River Formation are associated with areally

extensive open and marginal lacustrine deposits. Open

lacustrine strata over much of the basin serve as a

low-permeability confining unit, while marginal lacustrine

and alluvial strata at depth within this hydrostratigraphic

unit are leaky confining units or aquifers. This

hydrostratigraphic unit is shown as layer 4 on Figure 9.

Middle Marker of Green River Formation-

Associated strata

(Lacustrine and Partly Alluvial Aquifers

and Confining Units)

strata adjacent to the Fouch (1975) middle marker of

the Green River Formation serve principally as an aquifer

system which transmits fluids from deeper, more
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overpressured areas. Some open lacustrine strata towards

the central basin areas are locally a confining unit. This

hydrostratigraphic unit is shown as layer 3 on Figure 9,

and this layer was the principal calibration layer for flow

modeling, as the best data on observed fluid potentiometric

surface were available here.

Mahogany oil Shale of Green River Formation-

Associated Strata

(Lacustrine Confining Unit)

Open lacustrine strata adjacent to the Fouch (1975)

Mahogany oil shale of the Green River Formation form an

areally extensive confining unit (mostly low-permeability

mudstones) associated with a major lake expansion phase.

The Mahogany oil shale is perhaps the most famous of Green

River strata, known for its exceptionally-high organic

richness. This hydrostratigraphic unit is shown as layer 2

on Figure 9.

Uppermost Green River Formation Strata

(Lacustrine and alluvial Aquifers and Confining Units)

Uppermost Green River Formation marginal lacustrine and

alluvial strata are principally areally extensive confined

aquifers and local confining units. Thishydro-

stratigraphic unit is shown as layer 1 on Figure 9.

The Eocene and Oliocene(?) uinta and Duchesne River

Formations cap the sequence of Tertiary basin fill. Most



T-3826 33

of the uinta and Duchesne River Formations consist of

conglomerate and sandstone with interbedded shale which are

thought to be alluvial deposits similar to the older

Wasatch Formation alluvial deposits. These

hydrostratigraphic units were treated as an overlying leaky

confining layer which connects the Green River strata with

the surface over much of the uinta basin. Some lacustrine

rocks are present at the base of this stratigraphic

interval in the Uinta Formation, but by the time of

deposition of the Duchesne River Formation the lake had

completely disappeared (Hunt et al., 1954).
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Overpressuring and Present-day Hydrogeologic

Conceptual Model of the uinta Basin

Shallow Flow System

Price and Miller (1975), Hood and Fields (1978), Holmes

(1985), and Goode (1985) studied the hydrology of the uinta

basin. Holmes (1985) concluded that water in the uinta

basin originates from precipiation within the basin and

from overland flow (Fetter, 1980) from outside the basin in

the Green and White Rivers. Furthermore, Holmes (1985)

proposed that no significant subsurface inflow or outflow

to areas adjoining the uinta basin occurs through the

groundwater flow system. He investigated "chiefly

Tertiary" rocks and concluded they contained the major flow

systems in the uinta basin. Price and Miller (1975), Hood
and Fields (1978), and Holmes (1985) appear to have

documented the shallow local and regional groundwater flow

systems in the uinta basin. Consolidated rocks of the

Tertiary basin fill generally do not yield large quantities

of water except where fractures, joints, or solution

openings enhance permeability (Holmes, 1985). Productive

water wells in the uinta basin are primarily in Tertiary

alluvial and Pennsylvanian-Permian (Weber Formation)

(Godfrey, 1985 and Goode, 1985) reservoirs near major

rivers. Other artesian flow systems are probably present

in Triassic - Lower Cretaceous rocks where they crop out at
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higher elevations.

Basin Margins and Recharge

The uppermost Cretaceous-Tertiary strata of the uinta

basin are outlined on Figure 1, and higher elevations which

recieve more precipitation are characteristic of the basin

margins. The north-central flank of the Uinta basin (Figs.

1 and 5) consists of a thick wedge of alluvium with upper

portions onlapping northward onto older sedimentary rocks

and possibly a buried up-to-north fault, (Fig. 5).

Precipitation, irrigation, streams, rivers at basin

margins, and associated karst systems provide recharge to

shallower aquifer systems. Much of the total groundwater

flow in the Uinta basin occurs in this shallower flow

system (approximately 0-3,000 feet; 0-900 m), particularly

in the alluvium (Holmes, 1985). Thus, water enters the

deep basinal flow regime as leakance through overlying

alluvial and partly lacustrine rocks, and confined artesian

flow and downward or upward leakance through confined

aquifers.

Rivers, Discharge. and Total Flow
Most floW eventually should be directed upwards and out

to the Green River as return flows (specific location and

relation to regional flow discussed later). U.S.G.S.

stream gauging station (Fig. 10) data indicates that the

Green River gains as much as 20,000 c.f.s. (ft3/sec;
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Figure 10. Estimated gain/loss in the Green River (c.f.s.)
as it traverses the northern Uinta basin between Jensen and
Ouray, Utah. Graph shows results of simple subtraction of
upper from lower gauge, minimum flows uncorrected for
possibly significant transit/diversion losses or return
flow gains, which could be significant.
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1,765,000 m3jsec) as it traverses the northern half of

the uinta basin (uncorrected for transit loss or diversions

losses, or wastewater discharge or irrigation and other

shallow return flow gains, all of which could introduce

major error). other smaller rivers (Duchesne and White

Rivers, location shown later) intercept shallow return

flows which eventually discharge downstream as surface flow

to the Green River. Holmes (1985) calculated total flow

(gross recharge in and discharge out of the uinta basin was

estimated to be on the order of 830 c.f.s (ft3jsec; 23.5

m3jsec), based on earlier work by Price and Miller (1975)

and Hood and Fields (1978). This is probably a reasonable

value for the shallow groundwater flow system in the uinta

basin, where most flow notably occurs in the shallow

alluvium (Holmes, 1985). Total flow decreases with depth,

along with permeability in the uinta basin, probably to a

value in the range of 90-300 c.f.s (ft3jsec; 2.55-8.5

m3jsec) , based on results of this study and other studies

of deep basinal regional flow (see Belitz and Bredehoeft,

1988). The relationship of the deep fluid flow regime to

the shallow flow regime is poorly documented.

Deep Basin Regional Flow System
Deeper regional flow appears to occur in fractured and

otherwise low-permeability strata at depths greater than

approximately 3,000 feet (900 m) in the Uinta Basin.
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Deepest hydrostratigraphic units of this study (uppermost

Cretaceous) reach depths of as much as 20,000 feet (6,100

m). Heterogeneous low-permeability aquifer and confining

unit geometries exist in the presence of natural fractures

which provide permeable conduits in the otherwise low

permeability strata. Present-day regional flow within this

deeper flow system is driven by both topography and the

hydrocarbon generation and expulsion process currently

operating within the deep uinta basin. Regional flow which

is driven by topography would generally be west to east

over much of the basin, locally from higher elevation

recharge areas (basin margins) to lower elevation return

flow discharge areas (partly as leakage into overlying

strata) near major rivers (Green, Duchesne, White Rivers) .

Hydrocarbon Fluid Generation, Discharge,

Overpressures, and Natural Fractures

Hydrocarbon generation and expulsion maintains very

high fluid potentiometric surfaces and gradients (Figs.

2-4) at depths ranging from approximately 8,000 feet (2400

m) to as deep as 15,000 feet (4500 m) in the northern Uinta

basin. This in turn perturbs deeper regional fluid flow in

the northern uinta basin, deflecting regional flow more

south and southeastward from what it would be in a regional

groundwater flow system driven by topography. Overall

low-permeability in deeper strata aids in maintaining high
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fluid potentiometric surfaces and low total flow within

this deeper regional flow system (relative to the shallow

flow system). However, as pressure and fluid

potentiometric surfaces reach the equivalent of least

principal stress, the more brittle rocks fracture, creating

a permeability network which aids in redistributing

hydrocarbons, eventually at the regional scale.

Abnormally-high fluid potentiometric surfaces and

pressures, as well as their gradients, are in turn

maintained by ongoing hydrocarbon generation and fluid

expulsion which eventually reaches steady-state flux.

Hydrocarbon generation and fluid expulsion eventually

equals the rate of pressure dissipation as fluids are

driven outwards from the deep northern uinta basin.

High Pressure and Potentiometric Surface

Gradient Flow System

Upward and downward leakance across strata as well as

regional horizontal flow result from the high pressure and

fluid potentiometric surface gradient flow system.

Generated and expelled hydrocarbons are migrated and

assembled into the regional flow system driven by

topography. The net effect of regional flow is to drive

the deeper fluids up and out of the deep northern uinta

basin, whereupon regional, topography-driven groundwater

flow assimilates migrated fluids into the general south and
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southeastward flow-paths towards the major rivers. It

appears actual fluid discharge zones are deflected somewhat

eastwards and south-southeastwards from expected return

flow discharge zones in a regional flow system driven only

by topography. Major hydrocarbon accumulations (i.e. the

large Red Wash accumulation) are generally found in the

vicinity of these discharge zones, as well as within the

original fractured hydrocarbon source strata (Greater

Altamont accumulation) in the deep northern uinta basin.

Analysis of Drill-stem Test Data

Interpretation of stratigraphy and Permeability

Interpreted drill-stem tests (DST's) provide 1)

permeability and 2) pressure for a variable depth of

investigation into a desired thickness of strata

surrounding a wellbore (see Appendix B for specific

industry-standard methods used in this thesis) Thus,

they record an estimate of pressure and permeability of

strata at a much larger scale than conventional

core-derived measurement. As the pressure transient moves

outwards, some buildups are affected by local scale (0-300

ft.; a-100m) heterogeneities in the tested reservoir.

Published cross-sections which extend from the deep

basin to the south flank (Fouch, 1975 (Fig. 5); Fouch and

Cashion, 1979; Fouch, 1981; pitman et al., 1882) provided

the regional stratigraphic architecture for the model, as
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well as a basis for drill-stem test (DST) interpretation.

The stratigraphic cross-sections had core intervals,

uninterpreted DST data posted (Fouch, 1975; Fouch and

Cashion, 1979; Fouch, 1981). Where possible, drill-stem

tests from wells used to construct these stratigraphic

cross-sections were analyzed. This methodology was an

attempt to interpret permeability and pressure data for the

three depositional environments in the model with respect

to depth and areal location. Fifty percent of the 78 DST's

interpreted in this study were on the referenced sections.

The remaining 50% were correlated stratigraphically to the

published sections and two stratigraphic sections

correlated in this study from existing USGS interpreted

well logs to the Fouch and Cashion (1979) and Fouch (1981)

stratigraphic sections. Various personnel (William

Cashion, Tom Fouch, Karen Franzyk, and others) of the U.S.

Geological Survey (USGS) interpreted and marked the marker

horizons of Fouch (1975) and other major formation and time

picks on several hundred correlation-scale geophysical

well-logs throughout the uinta Basin. After interpreting

and posting the reliable drill-stem test data from wells

which seemed. to have the best stratigraphic picks and

variety of drill-stem test data, marker horizons and

lithologic packages were correlated to the Fouch and

Cashion (1979) and Fouch (1981) regional stratigraphic
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sections. A definite sample bias towards the Green River

Formation was noticed, since this is the main hydrocarbon-

producing strata interval in the Uinta basin. other strata

were also sampled frequently to avoid this bias. This

methodology provided a somewhat accurate representation of
the pressure distributions within the basin, which was

important for calibration of the model to observed

conditions. However, basinal permeability distributions

were rather random, and fractures introduced a significant

overprint to the permeability distribution in the basin.

Also, permeability interpretations in "tight-gas" areas of

the southeastern uinta Basin showed that perhaps this data

population should have been treated separately.

Influence of Depth on Permeability

Drill-stem tests were interpreted for: reservoir and

tested interval permeability, formation pressure,

approximate radius of investigation, damage ratio, and

tested fluid flow rates and volumes. Petroleum Research

Corporation (PRC), under contract to USGS, has assembled a

microfiche database of 1040 DST's for the uinta basin.

These tests have been identified and rated A, B, C, etc.

according to the reliability of the test, with only A tests

considered to have the best valid data (Appendix B). A

total of 78 DST's were utilized in this investigation; this

represents approximately 25% of reliable DST's in the
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basin.

Permeability resulting from fractures was separated

from the data population as noted on the DST reports and

lithologic descriptions of core. Some fractured data was

separated by assuming that data points with anomalously-

high permeability in overpressure areas were fractured,

regardless of lithology. This was considered valid since

most non-fractured strata in the overpressured areas have

low permeabilities, until a fracture is crossed, and

permeability jumps upward from one to as much as three

orders of magnitude. This phenomenom is very apparent is

core-derived permeability data, which was also observed for

a well in Altamont Field (data property of U.S.G.S. DST

reports also sometimes comment on the fractured nature of

the tested reservoir. Many of these comments are based

upon the specific and local knowledge of the petroleum

engineers at the well site. Interpretations of these DST's

reveal an abrupt increase in permeability when fractures

are crossed, similar to the core permeability trends in

otherwise low-permeability strata. Best-fit lines were

attempted through plots of the log of permeability versus

the log of depth for rocks from the three environments of

deposition (Figs. lla, b, and c), fractured rocks (Fig.

lId), and the entire population (Fig. lIe). Note

permeability decreases rapidly with depth for strata
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interpreted to be unfractured in the uinta basin.

DIGITAL GROUNDWATER FLOW MODEL OF THE UINTA BASIN

Regional-scale fluid flow within oil-producing Tertiary

rocks of the uinta basin was studied utilizing a

three-dimensional, finite difference flow model (Belitz and

Bredehoeft, 1988; Bredehoeft, 1989). To clarify

terminology, a simulation usually refers to a model run

where some parameter is varied from the last simulation.

The model was used to simulate hydrocarbon generation in an

existing steady-state flow system. Thus, a steady-state or

"background" flow system was first calibrated to a flow

system based on topography (Holmes, 1985) , and reasonable

total flow in the range of other deep basin studies (Belitz

and Bredehoeft, 1989). Sensitivity to vertical

permeability between layers was evaluated for this

steady-state flow model.

The finite difference model was used to perform

different simulations with varying aquifer and fluid source

scenarios in the Uinta basin. As stated, an existing,

steady state groundwater flow system based upon the

topography and hydrogeology of the basin was desirable for

later simulations involving hydrocarbon generation. Thus,

steady-state flow in the uinta basin was first simulated

without the presence of hydrocarbon s·ources. After

obtaining a reasonable steady state flow system in the
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basin through different simulations and sensitivity

analyses, the effects of hydrocarbon generation were

evaluated. This process resulted in using final heads from

steady-state simulation as starting heads for transient

simulation which included the addition of sources which

simulate hydrocarbon generation and the simulation of

fractures in the system.

Sensitivity analyses were then performed in transient

simulations in which both reservoir characteristics and

hydrocarbon generation rates were varied. Computed heads

(terminology discussed later) were compared with observed

hydraulic heads until a satisfactory match was achieved

through different simulations. Only limited data on

observed fluid pressures were available for this

calibration, a good observed head map for strata

represented by model layer 3 (Fouch, 1975 middle marker of

Green River Formation), and point observations from valid

interpreted drill-stem tests within other strata.

To further clarify terminology, groundwater

potentiometric surface (referred to as head) can be

expressed as the height of fluid rise in a wellbore open to

the surface. oil potentiomeric surface was interpreted

from oil-bearing reservoirs and converted to groundwater

potentiometric surface (Hubbert, 1953). Groundwater

potentiometric surface was calculated from oil
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potentiometric surface using fluid densities and

viscosities, and oil potentiometric surface was calculated

from fluid pressure, fluid densities, and elevation

relative to sea-level (Hubbert, 1953). Groundwater

potentiometric surface (head) has two components:

elevation and pressure (Hubbert, 1940). Fluids flow from

areas of higher head to areas of lower head (Hubbert,

1940), not necessarily from high pressure to lower

pressure. As a consequence, subsurface fluids are usually

underpressured in recharge areas and overpressured in

discharge areas (Bethke, 1988).

For the actual modeling, it is assumed that the

three-phases (oil, gas, and water) present in the system

can be represented as a single fluid, water (Rostron and

Toth, 1989). A finite difference model (Belitz and

Bredehoeft, 1988 and Bredehoeft, 1989) which can be run on

a personal computer (IBM "286" PC or equivalent, trademark

of International Business Machines, Inc.) was developed by

John Bredehoeft (U.S.G.S.) and used for the analysis. The

numerical flow model allows analysis of a set of

three-dimensional model layers as a set of two-dimensional

transmissive horizons coupled by leakance layers, which is

the quasi-3D approximation.

This investigation required the following data:
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1) a geologic framework for the rock units of
interest including isopachs, lithofacies maps, and
geologic structure maps;

2) permeability for each of the major rock types;

3) a finite difference model grid and definition of
boundary conditions

4) an accurate relationship for rates and volumes of
oil generation from the petroleum source rocks,
which required assuming a geothermal gradient

The integration of stratigraphic information with

hydrologic data was begun in central-basin areas with the

best combination of available data and proceeded outward

areally, eventually allowing regional-scale correlation of

both stratigraphy and permeability for most of the Uinta

basin. Tertiary deposits within the basin were divided

into seven hydrostratigraphic model layers for the purposes

of analyzing the flow system. These arbitrary layers were

approximated by the markers of Fouch (1975), and within the

layers, more detailed model units were constructed which

corresponded to the different depositional environments.

In most layers rocks from all three depositional
environments were present as can be seen in Figure 9. The

facies maps of Fouch (1975) for zones 200 feet (60m) above

and below six separate marker horizons in the Tertiary

section were used to infer environments of deposition for

the seven model layers (Fig. 12). Permeability

relationships were developed for the rocks associated with
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Figure 12a). Fouch (1975) lithofacies map for a zone
consisting of beds adjacent and laterally equivalent to the
lower marker of the Flagstaff Member of the Green River
Formation. Reprinted by author's permission.
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Figure 12b) Model input of depositional environment for
model layer 6, as inferred from Figure 12a). Depostional
environments (geohydrostratigraphic units) for all model
layers inferred in this manner. "0" refers to inactive
model cells; "1" alluvial depositional environment; "2"
marginal lacustrine depositional environment; "3" open
lacustrine depositional environment.
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each depositional environment. Permeabilities were

assigned to stratigraphic model units according to their

environment of deposition and depth, thus this information

was required. As shown later, hydrocarbon generation was

also simulated using a knowledge of depositional

environment derived from Fouch's (1975) lithofacies/

depositional environment maps. In this study it is assumed

that model layers which closely correlate with the marker

horizons approximately corresponded to time-stratigraphic

horizons, or were of the same general age.

Finite Difference Model Grid

simulation of the complex uinta basin hydrogeology was

done by solving the quasi-three dimensional equation of

fluid flow (discussed in detail below). The uppermost

Cretaceous - Tertiary strata in the uinta basin were

divided into large grid blocks (cells) of constant size

(Fig. 13) and spacing in which both steady-state and

transient flow was simulated in quasi-3D, where seven

two-dimensional layers were connected through leakance. A

north-south and east-west rectangular grid, 40 by 28 (X 7

layers = 7,840 cells), was used to model the basin (Fig.

13). The grid blocks are squares three miles on a side.

The model grid is alligned to approximately coincide with

the township and range grid for the area. Hydrogeologic

parameters such as thickness, elevation, transmissivity,
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and fluid generation rates were averaged over the large
grid block volumes.

The grid was block centered, and provided the ability

to incorporate hydrogeologic variation and heterogeneity

both horizontally and vertically at the regional scale in

the Uinta basin.

Model Layers and stratigraphic units

Seven reference model layers were constructed (Fig. 9)

with most layers containing a Fouch (1975) marker horizon,

generally at the midplane, with interpreted basinal-scale

depositional environment maps (Fouch, 1975). Thickness of

model layers was explicitly input as estimated from

pUblished stratigraphic cross-sections (Fig. 5) and

observable field relations, both surface and sUbsurface.

These thickness values had to be adjusted on the south

flank of the basin along the Green River in the Book

Cliffs, due to the rapid thickness variations over large

grid blocks.

stratigraphic Model units

The Tertiary basin fill consists of rocks deposited in

three depositional environments, which are: 1) an alluvial

environment consisting of red-colored clay-rich sandstone,

siltstone, and shale with varying amounts of terrestrial

organic matter; 2) a lake margin environment consisting of

interbedded limestone, carbonate grainstone and wackestone,
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sandstone, and shale; and 3) an open lacustrine environment

consisting of bituminous shale (oil shale), kerogenous

dolomites, and other carbonates (Hunt et al., 1954; Fouch,

1975; Picard, 1985). Each environment is consistently

referred to by these numbers, which were used in modeling.

The markers (see Fig. 5) defined by Fouch (1975) were

used to define seven model layers (Fig. 9). Fouch (1975)

environments of deposition for the marker horizons were

then extrapolated into the seven reference layers (Fig.

12). This provided the most accurate stratigraphic

architecture within model reference layers based on

available data. Several model layers correspond to strata

which should function as separate hydrostratigraphic units

in the uinta basin. Separate cells corresponding to the

different depositional environments within model layers are

referred to as model units (discussed in detail later).

Transmissivities and vertical Leakance

A major problem in initial model construction was how

to assign hydraulic conductivity (permeability) to model

cells. Interpreted data did not provide a clear definition

of separate hydrostratigraphic units or layers within the

Uinta basin, although it did provide a much clearer picture

of observed pressures in the Uinta basin. However, it was

assumed gross basinal characteristics can be reasonably

inferred from the permeability and pressure interpretations
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in conjuction with the geologic interpretations of Fouch

(1975), Fouch and Cashion (1979), and Fouch (1981), and

this study. Hydraulic conductivity was derived from

interpreted permeability versus depth relationships for the

different depositional environments (Fig. 11). "Best-fit"

lines were drawn through the semi-random marginal

lacustrine and alluvial permeability vs. depth plots. The

equation of these lines was used to calculate permeability

(converted to hydraulic conductivity) at the depth of the

midpoint of model cells identified as marginal lacustrine

or alluvial. Marginal lacustrine and alluvial model cells

were assigned a horizontal permeability (hydraulic

conductivity) in this manner. Model cells identified as

open lacustrine (mostly mudstones) were assigned a constant

permeability value equivalent to .1 millidarcies, based

upon observed data (Fig. 11). Transmissivity was

calculated from conductivity times the thickness of that

model cell and used as an input value for computations (see

equation of flow). Transmissivity is a measure of the

capacity of a unit to permit fluid flow; transmissivity is

a function of the unit thickness and hydraulic conductivity

of the rocks and fluids within that unit. Cross-

formational flow between hydrostratigraphic units is

incorporated into the vertical leakance terms (see equation

of flow).
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Active model layers were represented by seven

transmissive horizons and seven leakance layers which were

assumed to exist from midplane to midplane of adjacent

model layers (see Fig. 9). Leakance was controlled through

an anisotropy ratio of vertical to horizontal

permeability. This ratio was calculated by assuming that

the vertical permeability in a leakance layer is equal to a

fraction of the horizontal permeability of the lower active

model layer (the lower 1/2 of the leakance layer). Ratios

of vertical to horizontal permeability used were 10-1,

10-2, 10-3, and 10-4.

Boundary Conditions

The model assumes "no-flow" conditions model cells

around the area of interest, which was within the uppermost
Cretaceous-Tertiary rocks. Price and Miller (1975), Hood

and Fields (1978), and Holmes (1985) concluded that

subsurface flow through groundwater reservoirs to areas

adjoining the Uinta basin is insignificant. Holmes (1985)

potentiometric surface map for chiefly Tertiary rocks

outlines the flow boundaries of the Uinta basin in roughly

the same manner as this study. Surface expression of outer

boundaries of the active model area was defined by the rims

of upper Cretaceous - lowermost Tertiary outcrops

surrounding younger strata in the basin.

The upper boundary condition in the model was the water
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table, which was approximated at the land surface

throughout the basin. Holding the water table at the land

surface had the effect of providing recharge to higher

elevations and discharge at lower (river) elevations.

Upper Cretaceous rocks underlying the active model area

were assumed to have permeabilities over much of the basin

which are too low to transmit significant quantities of

groundwater, thus a "no-flow" boundary underlies the model

domain.

The northern hydrogeologic boundary corresponds to

either the contact with basement against the uinta uplift,

or the steeply-dipping older sedimentary rocks. A buried

fault, upthrown to the north(?), has been observed on

seismic sections in the subsurface along this nothern

hydrogeologic boundary (Tom Fouch, 1989, personal

communication). The fault(s) probably placed upthrown

Precambrian rocks against the Tertiary basin fill (see Fig.

5). Drill-holes through the upthrown Precambrian rocks in

places yield inconclusive results as to what strata are

below the footwall of faults. Model layers along most of

this boundary are deep in the subsurface, overlain by a

thick wedge of alluvial rocks and sediments (see Fig. 9)

which was assumed to remain at hydrostatic conditions.

Leakance connects this overlying alluvium and the lower

model layers to the water table which generally slopes
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upwards out of the model boundaries to higher elevations,

providing recharge to the basin as Holmes (1985) and Goode

(1985) suggested.

A high permeability zone was inserted into all model

layers (thus affecting the uppermost leakance layer to high

water-table elevations) in 6 model cells within the basin

along the north-central portion of this northern boundary.

This was done to simulate/evaluate the effect of a

permeable connection to higher water table elevations along

the south flank of the uinta Mountains, namely the "South

flank" fault and associated alluvium. Transient model

results involving hydrocarbon generation and fracturing

seemed reasonable when the high permeability zone was

included. Holmes (1985) believed that most recharge to the

Uinta basin is from precipitation in the mountainous

areas. He concluded 80% of the recharge is in the northern

half of the Uinta basin, since more water is available from

the Uinta Mountains.

All other hydrologic boundaries surrounding the east,

south, and west portions of the problem domain within the

Uinta Basin were modelled as "no-flow" boundaries. The

western hydrogeologic boundary corresponds to faulted

contacts between crystalline basement of the Wasatch Range

or the contact with steeply-dipping older sedimentary

rocks. Recharge from higher mountainous elevations towards
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the Wasatch Range occurred in this area within the basin,

as well as along western portions of the northern basin.

Faulting occurs along both the northern and western

boundaries; observable faulting is rare over much of the

remainder of the uinta basin.

The southern hydrogeologic boundary of the model area

corresponds to the uplifted outcrops of the Taveats Plateau

and the Book Cliffs. Significant model recharge occurred

within the basin towards the southwestern portions of this

"no-flow" boundary, due to high elevation (assumed

water-table) .

The eastern hydrogeologic boundary of the model area is

the Douglas Creek arch, which separates the Uinta basin

from the Coyote basin segment of the Piceance basin (see

Fig. 8). The model was arbitrarily cut off at the

Utah-Colorado state line along the eastern edge of the

model not far from the Douglas Creek Arch, and a "no-flow"
hydrologic boundary was assumed, as with the southernmost

portions of the uinta basin.

The overlying Uinta-Duchesne River Formations within

the study area were assumed to remain at hydrostatic head

and are not included as one of the active model layers.

Most groundwater flow in the basin probably occurs in the

overlying alluvium (Holmes, 1985), however the focus of

this study was on the deeper regional flow system involving
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petroleum generation, expulsion, and migration in the uinta

basin. These younger and generally overlying formations,

where present, were treated as a relatively permeable

confining layer using the uppermost leakance term,

connecting lower model layers to the hydrostatic water

table at the surface. Lack of computational space required

that the overlying uinta and Duchesne River Formations and

alluvium be an "inactive" model layer in that they were at

hydrostatic conditions and horizontal flow or pressure was

not evaluated. Most of the northern basin shallow

groundwater flow probably occurs in this interval, and some

aquifers may be overpressured or underpressured due to

artesian conditions, so this perhaps is not the best

assumption for a standard groundwater flow model within the

shallow flow system.

Boundary conditions assumed in this study were

consistent with the interpretations of existing

hydrogeologic boundaries for the Uinta basin described by

Holmes (1985). These boundary condition assumptions seemed

reasonable (see Holmes, 1985) for modeling the Upper

Cretaceous-Tertiary strata, which appear to contain the

substantial portion of the extractable groundwater and

petroleum resources in the uinta basin (Clem, 1985 and

Holmes, 1985).
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Recharge and Discharge

In this analysis, the water table in the basin was

assumed to be a subdued replica of the topography (Figure

14) . Active model layers were assumed to be under

water-table conditions in outcrop zones, and were confined

and connected to the water table by leakage or artesian

flow in the subsurface. This assumption allows recharge to

occur in the higher elevations (basin margins) and

discharge to occur in the lower elevations (major rivers)

Steady-state Groundwater Flow Equation

Heads and resulting flows were computed in each cell

within the model domain, and no-flow cells surrounded the

problem domain, as required by the code of Bredehoeft

(1989) . Thus flow was computed and occurred within and

between model cells representing the upper Cretaceous -

Tertiary hydrogeologic system in the Uinta basin. The

basic flow equation solved (in two-dimensions for

simplicity) was:

~(T ah)+
ax ax

~(T ah)
ay ay

- s + IJ

where h is the hydraulic head (L)

T is the transmissivity (L/T2)
S is the storage coefficient (LO)

KC is the hydraulic conductivity of the confining

layer (LIT)
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Figure 14. Topography in the Uinta basin. Higher
elevations are generally towards the basin margins, and
lower elevations are near the rivers. Contour interval
250 meters.
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(Kc/lc) is confining layer leakance (liT)
hwt is overlying water table hydraulic head (L)

W is a source term (LIT)

Central finite difference approximations were:
hi+l - hi_lah

ax. =
~

2
a h

=
ax2

(h. - h. 1)~ ~-
1/2(~. + ~x. 1)~ L>

~x.~

or where ~x.1 - ~x.- ~x.1 this simplified to~- ~ ~+
2

a h h. 1 + hi+1 2h.
= ~- ~

Llx.was the
i,

2aXi
gridwhere

2
~x.~

spacing and the cells were of equal

dimensions (Bredehoeft, 1989).

steady-state Model Results

Steady-state solutions (involving no storage

coefficients in model cells) were computed for the uinta

Basin on a flow system in which there were no fractures and

no hydrocarbon-related fluid source, with permeabilities

estimated from non-fractured rocks. This was done to study

the groundwater flow system driven only by topography

without the presence of hydrocarbon generation. Estimated

geologic and hydrologic ranges of parameters were used

(Table 2) based upon existing raw and interpreted data

discussed previously.
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Table 2. Estimated ranges of some hydrogeologic

parameters used in numerical modeling - uinta basin

Permeability (md) Conductivity (m/s)Transmissivity(m~L§l

.001 - 2,000

Aguifer/confining layer thicknesses (m)

o - 1,500

Permeability anisotropy ratio
10-4 - 10-1

Water-table elevation (m)

1,480 - 2,500

Recharge/Discharge (cfs)

90 - 1,851
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Calibration and Sensitivity to

Permeability Anisotropy

Calibration of a steady-state model was attempted, with

calibration aimed at computing a reasonable potentiometric

surface in model layer 1, in comparison to the observed

potentiometric surface map of the shallow flow system

outlined by Holmes (1985). Calibration was also based upon

comparison of computed total flows with total flow results

from other similar studies (Belitz and Bredehoeft, 1988)

involving deep regional flow in other basins.

Once reasonable computed total flows were obtained, the

sensitivity of the solution was evaluated for changes in

the anisotropy of vertical to horizontal permeability. The

solution was sensitive to the anisotropy, which increased

or decreased the vertical permeability of a leakance layer,

and thus vertical flow and transmission of pressures as

well.

The ratio of 10-1 was used for initial simulations.

Recharge to the flow system dominantly occurred in the

areas of higher elevation to the northwest, west, and

southwest. As would be expected, regional flow in all

layers was generally west to east over much of the basin

with discharge into and near the Green River. A southward

component of flow resulted on the northwest flank. with an

anisotropy of 10-1 the total flow in the system was quite
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large, on the order of 1850 c.f.s (ft3/sec; 52.4

m3/sec). Holmes (1985) estimated recharge to and

discharge from the shallow flow system in the uinta basin

to be 830 c.f.s. (ft3/sec; 23.5 m3/sec). Holmes

analysis apparently did not considered the deeper flow

systems or petroleum generation, expulsion, and migration;

most flow was in the alluvial cover.

When the permeability anisotropy was reduced to a value

of 10-4, the total flow in the simulated deeper flow

system was reduced to a value of approximately 90 c.f.s.

(ft3/sec; 2.54 m3/sec), which is reasonable when

compared to values obtained in regional flow simulation of

larger basins by other investigators (Table 3). Later

transient simulations indicated a ratio of 10-3 provided

best results of regional flow modeling in the basin, based

on known fluid pressure patterns and computed total flows.

The slope of the line for permeability with depth for

marginal lacustrine deposits had to be revised downward by

one order of magnitude in order to obtain a convergent,

reasonable steady-state solution. Since several regression

lines could conceivably be drawn through the scattered

permeability with depth data, this adjustment was not

considered unreasonable. A model must first be able. to

converge upon a mathematical solution for the different

equations of flow throughout the model, within a reasonable
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Table J.Steady-State, Predevelopment, Regional Flow in
Large Aquifer Systems; Examples from Investigations Using

Numerical Simulation Models

Size of Regional Flow
Area Modelled Rate (calc.)

Rock Unit Location (mi2) (ftJ/sec) Comment

Carnbrian-
Ordovician
and Madison
aquifers

Williston
basin

300,000 77 Downey (1982)
large, deep sedirn.
basin (up to 14,000
ft deep)

Dakota SS
and

overlying
Cretaceous
Shales

South
Dakota

75,000 80 Bredehoeft et a1
(1983); relatively
shallow aquifer
system (0-3,600 ft)

Pre-Penn. I

Perm.-Penn"
Tri. -Perm.
Jur.-Perm.
Dakota and
basal Cret.
sandstone, and
Cret. shales

Denver
Basin and
adjacent
Mid-Continent

200,000 64 Bel i tz and
Bredehoeft (1988);
thickness of rock
ranges from 1,000
to 13,000 ft

Upperrnost- Uinta Basin 8,000 90 This study;
Cretaceous and rock thickness
Tertiary alluvial ranges from 0 -
and lacustrine 20,000 ft
rocks Perm. anis. ratio

10-4

" n " " u " 120 " "
Perm. anis. ratio
10-3

u " u n " " 1851 " "Perm. anis. ratio
10-1;
850 cfs == Holmes
(1985) shallow flow
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tolerance (convergence criteria). The mathematics of this

process is beyond the scope of this study, and the reader

is referred to Wang and Anderson (1989) for a detailed

explanation. Both this finite-difference model

(Bredehoeft, 1989) and the finite-difference model

"MODFLOW" had difficulty converging to a steady-state

solution when widely varying and/or very low permeabilities
were present in neighboring grid blocks. Litvak (1986)

noted that excessively long convergence times resulted in

reservoir simulations where large differences occured in

neighboring grid blocks. The more rapid decrease of

permeability with depth for the marginal lacustrine

depositional environment apparently produced this effect.

Grid blocks representing open lacustrine strata were

adjacent to grid blocks representing marginal lacustrine

strata at shallow depths, with respectively quite low

(open) and high (marginal) permeabilites. The marginal

lacustrine and alluvial deposits are the primary reservoir

rocks (aquifers) in the basin at shallow depths.

Simulated vs. Observed Potentiometric Surfaces

and vertical Head Distribution

A third and final steady-state solution was computed
with a ratio of 10-3 and computed heads for layers 1, 3,

4, and 5 are shown in Figure 15, for comparision to the

potentiometric surface map of the shallow groundwater flow



T-3826 72

10

20 -

,.~ ... ~ c: : ; : : '-,,..o 6.12 18'" . r-J::S
L-"L...!.I....J....l-.L-LJL1....J....l-.L-l.....JL1....J.....L.L.Ll'-l...L.L-l....l....J.....L.Ll.....J-L...L.LLJLl-L_'!.....lI-J28

Figure 15a). Steady-state simulated head contours (meters)
and interpreted flow in model layer 1. Contour interval =
100 m. Permeability anisotropy ratio was 10-3 Recharge
occured along the western uinta Mountains, Wasatch
Mountains, and Book Cliffs, while discharge was dominantly
to the Green River.
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Figure l5b). Steady-state simulated head contours (meters)
and interpreted flow in model layer 3. Contour interval =
100 m. Permeability anisotropy ratio was 10-3 Recharge
occured along the Wasatch Mountains and Book Cliffs, while
discharge was dominantly to the Green River.
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Figure 15c). Steady-state simulated head contours (meters)
and interpreted flow in model layer 4. Contour interval =
100 m. Permeability anisotropy ratio was 10-3 Recharge
occured along the Wasatch Mountains and Book Cliffs, while
discharge was dominantly to the Green River and areas to
the east.
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Figure 15d). Steady-state simulated head contours (meters)
and interpreted flow in model layer 5. Contour interval =
100 m. Permeability anisotropy ratio was 10.-3 Recharge
occured along the Wasatch Mountains and Book Cliffs, while
discharge was dominantly to the Green River and areas to
the east.
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system (Fig. 16; compare to layer 1 computed heads). A

computer surface-modeling program ("SURFER tm" Golden

Software, Inc.) was used to contour computed heads where

outputs were sometimes rounded to the nearest hundred

meters, which somewhat smoothed some of the head

distributions. The same contouring algorithm (default

setting-inverse distance grid interpolation) and settings

were used for mapping all computed heads. Grid size was

set at the size of the flow model grid (40 x 28). The

smoothing function was also used. No changes were made to

make head distributions appear to change. This method of

mapping computed heads was used because of the large number

of model cells (7,840; or 40 x 28 x 7) and computed heads

that existed for each simulation, which makes cell-by-cell

analysis or manual hand-mapping techniques virtually
impossible.

simulated regional flow in most layers remains

east-west throughout much of the basin with discharge into

the Green River (see Fig. 15). Shallow layers received

some Uinta Mountain recharge and slightly southeasterly

simulated flow developed from the northwest. In the deeper

layers, recharge occurred within higher elevation areas

towards the western (Wasatch Range) boundary and near

portions of the southern and eastern boundaries. Holding

the water table at the assumed level of topography within
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Figure 16. Shallow groundwater potentiometric surface in
the Uinta basin. This potentiometric surface generally
follows the topography in the uinta basin. Contour
interval = JOO m , Data from Holmes (1985) interpretations.
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the Uinta basin produced this effect; recharge was not

explicitly input at boundaries. Deeper simulated

groundwater flow was more west to east with discharge

mainly to the Green River area. Deeper layers along the

northern model boundary are generally buried beneath a

thick cover of alluvial sediments and rocks whose

permeability decreases rapidly with depth, thus recharge

occurred only through slow downward leakance from overlying

alluvium through model layers.

78
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Transient simulation Involving Hydrocarbon Generation

Justification for Transient simulations

Accounting for Hydrocarbon Generation

This study tested the hypothesis that hydrocarbon

generation, expulsion, and migration within the groundwater

system could account for the large discrepancies between

steady-state computed heads and observed heads in the deep

basin.

Head distributions and values computed in layer 1

closely resemble the observed heads of Holmes (1985) in

"chiefly Tertiary" rocks within the Uinta basin (Fig. 16).

This suggests that a steady-state simulation of a flow

system driven by topography applies to the shallow flow

system (0-3,000 ft; 0-900 m depth) in the uinta basin.

However, it is important to note that observed fluid

potentiometric surface values were higher, and gradients

steeper, along the horizon of Fouch's (1975) "middle

marker" in model layer 3 (data points from Tom Fouch, 1989,

written communication, and interpreted drill-stem test

data) in the north-central uinta basin (Fig. 17). Observed

heads were as much as 3,000 to 4,000 m (10,000 to 13,000

feet) higher than hydrostatic equivalents and observed

potentiometric surface gradients much steeper in Lower

Green River strata (layers 4, 5, and 6) in the uinta

basin. Observed fluid potentiometric surface gradients
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UINTA
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FOUCH (1975) MDDLE MARKER

Figure 17. Groundwater potentiometric surface in model
layer J, along Fouch (1975) middle marker of the Green
River Formation. Groundwater potentiometric surface was
calculated from oil potential data (property of Tom Fouch,
U.S.G.S.) derived from drill-stem tests run during
discovery and early development of the oil and gas fields
in the northern Uinta basin. Data in the southern 1/2 of
the basin is sparse with poor control as horizon begins to
crop out, while data in the northern portions of the basin
provided good control. Contour interval = 100 and 200 m.
Slight overpressures in northern basin at this horizon
result from upward transmission of fluids and pressures
from overpressures at depth below the horizon shown.
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decrease steeply upward, downward, and horizontally outward

to the south and southeast from lower portions of the Green

River Formation and upper North Horn Formation in the

deeper north-central uinta basin.

As can be seen, a very poor match between observed and

computed heads in the deeper flow systems resulted when

steady-state groundwater flow driven by topography was

simulated. Most importantly, a steady-state flow system

driven by topography did not accurately describe the deeper

regional flow system of interest in the uinta Basin, but

had similarities with the inferred shallow flow system of

Holmes (1985). Further simulations based upon a more

accurate conceptual model and more realistic deeper flow

system seemed warranted.

Calibrated steady-state Model as Starting Conditions
As stated previously, it was desirable to have a

calibrated steady-state flow model in which simulated

hydrocarbon generation could be activated, and the effects

evaluated over time. The heads from a steady state

simulation (Fig. 15) without hydrocarbon generation were

used as the starting heads for transient simulation of

regional groundwater flow with hydrocarbon generation. For

initial simulations, fractures were assumed to be absent.
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Simulation of Hydrocarbon Generation

Fluid Source Simulation Methods and Assumptions

Hydrocarbon generation is sensitive to temperature

(Tissot et al., 1987). Campbell (1978a) and sweeney et al.

(1987) found the rate constant (k) for generation of oil

from Green River oil shale (in units of seconds-l) to

be

where

dv/dt = kV,
k(sec-l) = 2.8 X lOlJe-26,J90/T,

T = temperature (absolute), V = a volume of ultimate

hydrocarbon yield assumed to exist in a volume of strata

(i.e. a model cell), and dv/dt represents a volume of oil

generation over time. The plot of hydrocarbon generation

versus temperature using this function is shown in the

semilog plot of Figure 18. This strongly temperature-

dependent, exponential function coupled with an elemental

volume of hydrocarbons calculated to exist in a lacustrine

grid block (Table 4) was used to simulate hydrocarbon

generation. Sweeney et al. (1987) verified the function

was not significantly affected by changes in the heating

rate. The rate constant "k" was calculated using an

assumed geothermal gradient (discussed later) and then

multiplied by an elemental volume of available fluid

calculated to exist in a model cell. This volume really

corresponds to a calculated volume of hydrocarbons
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Table 4. oil generation calculations and assumptions

VOLUME OIL

25 GALLONS OIL/TON DOLOMITE (ENGLISH)

GREEN RIVER DOLOMITE DENSITY

2.26

CUBIC METER OF ROCK

1000 LITERS X 2.26 DENSITY = 2260 KG

ENGLISH

2260 X 2.2 = 5000 LBS

therefore: approximately 60 gal/m3

GAL = 3785 CMl

VOLUME OIL in Ml

(60 GAL X 3785 CM3/GAL)/106 CM3/M3

6.0 X 10 X (3.79 X 103)/106 = 22.8 X 104/106

= 22.8 X 10-2

= .228 Ml OIL/Ml ROCK

KEROGEN DENSITY APPROXIMATELY 1.0
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generated and expelled from a Type I kerogen source rock,

using an organic ("assayed" retortable shale oil) richness

of around 25 gal/ton hydrocarbon volume which was

calculated to be present within a model cell (see Tab. 4

for details and metric equivalents). This discounted

organic richness value was fairly conservative in

comparison to values for most oil shales in the basin.

Lower overall organic richness values for lower Green River

Formation oil shales agreed well with the interpretations

of Tissot et al. (1978) and Sweeney et. al. (1987).

Meissner (1988) referred to an oil shale in this interval,

and it had a laboratory assay content of around 24 gal/ton.

It was assumed that rocks in the open lacustrine

depositional environment were approximately all oil shale,

and rocks of the marginal lacustrine environment 20% oil

shale. Thus, total thickness of open lacustrine cells, and

20% of the thickness of marginal lacustrine cells were used

in calculating the elemental rock-fluid volume which is

mUltiplied by the rate constant to get a volume/time fluid

discharge rate. Regional scale geologic heterogeneity was

incorporated into the geology of the model (discussed

earlier) based upon available data. Fouch (1975), Fouch

and Cashion (1979), and Fouch (1981) stratigraphic

interpretations (the most detailed available) were the

basis for assigning model cells to a particular
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lithologic package at the regional scale. Fouch (1975)

maps provide a method for placing oil shales and potential

hydrocarbon-generating strata at a particular depth and

areal location within the basin.

Geothermal Gradient

Chapman and his collegues have studied the geothermal

temperature distribution in the basin (Chapman et al.;

1984, Willet and Chapman; 1987, and Willet and Chapman;

1987); The geothermal gradient changes dramatically with

depth (Fig. 19). Willet and Chapman (1987) found a

temperature anomaly in the deep basin which they attributed

to groundwater circulation. However, they did not account

for hydrocarbon generation, overpressuring, or the movement

of hydrocarbons. These processes would also perturb the

temperature field.

simulation of Natural Fracturing

Core and drill-stem test data in the deeper areas of

the uinta basin indicate that a significant fracture

network exists. Core permeability generally increases one

or two orders of magnitude where open fractures are

sampled, as noted in the lithologic descriptions. The

drill-stem tests in deep Altamont Field within the Green

River Formation indicate a similar one or two order

magnitude increase when open fractures exist in the test

interval. Cores examined in the deep Uinta basin,
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Figure 19a). Geothermal gradient for the Uinta Formation
of the uinta basin. This is the gradient for shallow
strata (0-3,000 ft; 0-900 m depth). Contour interval =
50C/km. Values in °C/km.
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Figure 19b). Geothermal gradient for the Wasatch Formation
of the Uinta basin. This is the gradient ofr deeper,
hydrocarbon generation-related strata in the basin.
Contour interval = 50 C/km. Values in °C/km.



T-3826 88

including several fractured zones in the Shell 1-11B4 well,

indicate that fractures can be open, mineralized, and

oil-stained, or closed and mineralized. The maximum pore

pressure that a rock can sustain is limited by the least

principal stress. Bredehoeft et al. (1976) measured values

for the least principal stress in the Piceance basin.

Their data indicates that the least principal stress is

approximately .7 to .8 of lithostatic in the Piceance

Basin. It was assumed that fracturing occurs in the uinta

Basin when pore pressure exceeds the least principal stress

which was taken as .8 of lithostatic (lithostatic = 1.0

psi/ft). Maximum observed fluid pressure gradients in the

deep Uinta Basin were about 80 % of lithostatic. This

suggests that fractures or some mechanism of fluid and

pressure release provides an upper limit to the maximum

fluid pore pressure that a rock can sustain.

When pressures in any cell within the system exceeded

the least principal stress calculated at the midpoint of a

model layer the permeability within the cell was increased

by an order of magnitude, both horizontally and vertically,

in an attempt to simulate the effect of fracturing. Once a

cell was considered fractured, its permeability was

maintained at the higher value. This methodology does not

allow for simulated fractures to be present at the start of

simulations, but instead allows formation of simulated
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fractures once overpressures are built up to least

principal stress. Given computational space, this was

considered the most efficient and reasonable method for

simulating natural fracturing.

Transient Model Results

Calibration

Transient simulations which evaluated the effects of

simulating hydrocarbon generation, overpressures, and

introduction of simulated natural fractures were calibrated

by comparing computed fluid potentiomtric surfaces, and

their gradients, with observed potentimetric surfaces and

gradients in model layer 3 (Fouch, 1975 middle marker of

Green River Formation). The best available data on

observed fluid potentiometric surface was for model layer

3. within other model layers, point observations of fluid

potentiometric surface interpreted in this study from

drill-stem tests were available for calibration and

comparison of computed to observed fluid potentiometric

surface. Computed heads and gradients of final simulations

involving activating hydrocarbon generation and fractures

within and existing steady-state flow compared reasonably

well with observed potentiometric surfac in model layer 3,

and most points observed within model layers compared very

well with computed potentiometric surfaces.
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Transient Model Sensitivity to Geothermal

Gradient, Fractures, and Boundary Conditions
The transient model results were sensitive to the

vertical to horizontal permeablility anisotropy, as were

steady-state simulations, as changes in permeability

anisotropy affect the transmission of fluid pressures

upward or downwards. Results were also very sensitive to

the temperature gradient used in the simulation, as this

controlled the fluid generation rate using the oil

generation kinetics of Sweeney et. al. (1987) and others.

Several of Chapman's geothermal gradient maps were

extrapolated to model cells and used to produce temperature

distributions, but a uniform geothermal gradient was later

used for analysis. Reasonable results (in terms of

computed potentiometric surfaces and gradients, not time or

rates; see discussion) were achieved with a uniform

gradient of 28.50C/km, based on the computed vs. observed

heads in deeper model layers. This geothermal gradient

seems reasonable when one examines Willet and Chapman's map

for the Wasatch Formation (Fig. 19), which is the map

closest stratigraphic and structural interval to current

active hydrocarbon generation. Sweeney et al. (1987) chose

a uniform gradient of 250 C/km in their kinetic modeling

of hydrocarbon generation in the uinta basin.

Most simulations rapidly built heads in excess of
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hydrostatic in layers 3, 4, 5, 6, and 7. Results were

somewhat sensitive to the simulation of natural fractures

in the system, as an increase in permeability provided by

simulated fractures allowed increased fluid leakage and

pressure dissipation. Observed groundwater potentiometric

surface in the basin within model layer 3 were shown in

Figure 16. This map was used to compare to computed heads

in model layer 3 for initial simulations in which fractures

were assumed to be absent (Fig. 20). Computed fluid

potentiometric surface and gradient were much closer to

observed in the deep basin, however assuming fractures to

be absent did net seem to reproduce heads or head gradients

with the desired accuracy.

Computed head distributions and gradients in the

north-central deep uinta basin did not appear to provide a

good match, although the head values themselves appeared

fairly reasonable. simulation of deeper regional flow in

the Uinta basin using a rapid decrease of permeability with

depth, without simulating fractures, was interpreted to

indicate that an integral component of an accurate

hydrogeologic conceptual model was missing. Simulation of

fractures would improve the head gradients and

distributions, as well as more realistically simulate

regional fluid flow involving hydrocarbon generation in the

deep north-central Uinta basin.
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Figure 20). Computed head contours (meters) and
interpreted flow in model layer 3 for simulated hydrocarbon
generation using a permeability anisotropy ratio of 10-3
where fractures were assumed to be absent.
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Reasonable computed heads resulted when an anisotropy

ratio of 10-3, and a temperature gradient of 28.50Cjkm

were used in conjuction with the simulation of natural

fractures. Increases in the anisotropy ratio allowed more

vertical movement (both upward and downward) of the

generated fluids into the surrounding layers. Increases in

the geothermal gradient increased the fluid generation

rate. These two basic parameters were the main ones varied

to obtain reasonable head distributions. An anisotropic

ratio of 10-3 allowed the overpressure zone to penetrate

higher in the section, creating a better match with

observed head values, but not necessarily distributions,

and gradients. Most fluid generation occurred in the deep

basinal areas within model layer 6. This agreed with the

hypothesis that the active hydrocarbon generation is in the

Flagstaff Member of the Green River Formation (model layer

6 of this study) in the deep Uinta basin (Sweeney et al,

1987; Tissot et al 1978). A new steady state flow system

was reached in approximately 1000 years of simulated time,

when fractures were simulated, as the rate of fluid

pressure dissipation began to approach the rate of fluid
generation.

A geothermal gradient of 28.50Cjkm and an anisotropic

ratio of 10-3 were used for simulation; the critical

northern model boundary conditions were changed slightly.
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A zone of higher permeability was added to 5 cells in all 6

layers along the Uinta Mountain northern model boundary.

Permeability was increased by 2 and 3 orders of magnitude

in these northern boundary cells, thus increasing the

leakance all the way to the surface as well. This was done

to simulate the existence of permeable conduit to the

surface (alluvial fans (?), tectonic fracture zones), which

provided another mechanism for fluid movement and pressure

decay in the deep basin. No significant effect on results

occured with this change, although results seemed

reasonable when the high-permeability zone was included.

Evaluation of Results

Results of Final simulation

Best results were obtained in a final simulation using

a geothermal gradient of 28.50C/km, an anistropic ratio

of 10-3, and the simulation of natural fracturing as

described previously. The graph of head versus time for

the model cell in column 22, row 3 of layers 3-7 in the

north-central Uinta Basin is shown in Figure 21. A

computed fluid pressure gradient, north-south cross-section

through this model cell (22,3) is shown in Figure 22.

Rapid head buildup to least principal stress occured from

0-20 years simulation time in layer 6 (Flagstaff Member and

upper North Horn Formation) where most fluid was

generated. Fracturing began after 20 years simulation
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Figure 22. Cross-section of computed fluid pressure
gradients (contour interval = 0.1 psi/ft) along column 21,
rows 2 - 24 model cells. Right sided is north direction
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time, when heads exceeded the least principal stress for

layer 6 and a resultant permeability increase and head drop

occured. This process of rapid head buildup, fracturing,

and resultant head drop, cycled three times in layer 6

until 130 years simulation time, when final fracturing

occured in layer 6. Each successive cycle took longer to

build up heads to least principal stress at the new,

more-fractured conditions. Meanwhile, rapid buildup of

head occured in model layer 5 from 20 to 130 years

simulation time, mostly due to transmission of fluids and

their heads through fractures and leakance from underlying

layer 6. Fracturing and resultant head drops also occured

once in layer 5 at 130 years simulation time. Model cells

which fractured were confined to the deeper northern uinta

Basin as shown in Figure 23. The close association between

head buildup to least principal stress, outward fracturing,

resultant head drop, fluid and pressure transmission into

surrounding layers, and rapid buildup back to least

principle stress seems to negate the possibility of

numerical instability causing this "cycling." The program

was constructed to allow fracturing in any model cell when

heads reached the equivalent of least principal stress, the

cause for each successive head drop in layer 6 (see Fig.

21), and the single drop in layer 5. After 130 years

simulation time, the increase in permeability produced by
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simulated fracturing, coupled with leakance, allowed

transmission of generated fluids and their high heads

outwards into layers 3, 4, and 7. Heads began to rise

rapidly in layer 4 after 130 years simulation time, and

this correlated with the fracturing of layer 5 below at 130

years. Heads in layer 4 nearly reached least principal

stress, but it did not fracture. Heads also built rapidly

in layers 3 and 7 after 130 years simulation time. From

200 to 5,000 years simulation time, head rises occured in

layers 3, 4, 5, 6, and 7. After 1500 years simulation time

a new steady flow system was attained; heads no longer

changed significantly with time. Contoured final computed

heads and interpreted flow paths in layers 3, 4, 5, 6, and

7 for this simulation are shown in Figure 24, for

comparison to the observed heads in layer 3 (Fig. 17).

Point observations of head are posted on the computed head

maps for other layers where available, for comparison.

Heads and gradients were very high in deeper layers, with

head values approaching 6,000 m in layer 6 within the deep

north-central Uinta Basin. These head values represent an

excess of approximately 3,000 to 3,800 m over a normal

hydrostatic head in the area. Note that observed head

points within other layer are generally very close to

computed values, given the regional scale of flow

modeling. Heads and regional flow in layers 1 and 2
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Figure 24a). Computed head contours for final simulations
(contour interval = 100 m), and interpreted flow paths for
model layer 3 (Fouch's middle marker). Figure for
comparison with observed heads at this horizon in Figure
17. Flow lines are not velocity vectors.
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Figure 24b). Computed head contours for final simulations
(contour interval = 100 m and 500 m), and interpreted flow
paths for model layer 4. Limited observed head data was
available to compare against, so it was posted as points
(heavy, thick dark arrows). Flow lines are not velocity
vectors.
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Figure 24c). Computed head contours for final simulations
(contour interval = 100 m and 1000 m), and interpreted flow
paths for model layer 5. Limited observed head data was
available to compare against, so it was posted as points
(heavy, thick dark arrows). Flow lines are not velocity
vectors.
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Figure 24d). Computed head contours for final simulations
(contour interval = 100 m and 1000 m), and interpreted flow
paths for model layer 6. Limited observed head data was
available to compare against, so it was posted as points
(heavy, thick dark arrows). Flow lines are not velocity
vectors.



T-3826

10

20 -

104

110°1 10 30 401 , I I I
1110 MOUNTAINS+ "f rNAl.

30'

~400
I

Figure 24e). Computed head contours for final simulations
(contour interval ~ 100 m), and interpreted flow paths for
model layer 7. Limited observed head data was available to
compare against, so it was posted as points (heavy, thick
dark arrows). Flow lines are not velocity vectors.
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retained characteristics of the shallower flow system

addressed earlier. Heads in these shallower layers were

generally hydrostatic, and not affected by the deeper flow

system overpressures and fluid migration, except through

some leakance. Fluids eventually moved upward through

these layers to discharge areas.

As can be seen, the deeper flow system in the

north-central Uinta Basin was driven by simulated

hydrocarbon generation, expulsion, and migration. However,

the simulated regional groundwater flow system of the

entire uinta Basin appeared to drive flow eventually west

to east, towards the Green River area. High heads in the

deep north-central Uinta Basin flow system drove fluids

upwards, downwards, and horizontally in a general

south-southeastwards direction, or more simply, out of the

deep basin. simulated hydrocarbons were eventually

assimilated into the regional groundwater flow system,

which had a major eastward component. The net effect was

dominantly southeastwards migration. Major flow paths

extended south and southwest from the deeper north-central

Uinta Basin, but were eventually deflected eastwards toward

groundwater discharge regions, generally around the Green

River. Several dominant flow paths assimilate to feed the

Red Wash field area (see flow maps and compare to Figure

1), generally traveling along the north-east flank of the
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basin, near large "tar-sand" deposits (hydrocarbon-

impregnated outcrops of Upper Cretaceous and Lower Tertiary

rocks.

Thus, in the initial stages of simulation, hydrocarbon

generation exceeded rates comparable to loss by migration

through leakance. However, the increase in permeability

resulting from outward and upward fracture growth provided

a mechanism for redistributing hydrocarbons out of the

deeper flow system, which relieved fluid pressures in

excess of least principal stress. Eventually, a new

steady flow system was reached where hydrocarbon generation

rates were comparable to rates of loss by expulsion and

migration.

Pressure Decay

The results of stopping hydrocarbon generation were

also evaluated. The final heads from transient simulation

of hydrocarbon generation with fracturing were used as

starting heads for an additional simulation with no further

hydrocarbon generation. The anisotropy ratio used was

10-3, and the permeabilities were those of original,

unfractured simulations. Head vs. time for this simulation

is shown in Figure 25. Head decay occured rapidly (in

approximately 2000 years simulation time) in most layers,

after which steady flow prevailed. Given the accuracy of

the final simulations ability to reproduce observed
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conditions, this suggests that some form of currently

active fluid generation (ie. hydrocarbon generation and

fluid expulstion) is necessary to maintain the present-day
overpressuring.

Discussion

Active Hydrocarbon Generation and Overpressures

Results of initial regional flow modeling in the uinta

Basin indicate hydrocarbon generation can rapidly both

create and maintain overpressures in the lower portions of

the Green River Formation (Flagstaff Member) in the deep

north-central basin, opening fracture networks in the

process. Present-day temperatures in the Greater Altamont

oil field and surrounding northern deep basin are

apparently high enough for significant hydrocarbon

generation to occur. Active regional overpressuring

coincides with areas where hydrocarbon generation may be

occuring (Tissot et al., 1978; Meissner, 1978a, 1988;

Sweeney et al., 1987, Spencer, 1987). No other mechanism

seem plausible for redistribution of such a large quanitity

of petroleum compounds throughout the basin other than

petroleum generation from organically rich source rocks,

coupled with expulsion, and migration.

Source of Hydrocarbons

Hunt et al. (1954), Fouch (1975), Tissot et al. (1978),

Meissner (1978a), pitman et al. (1982), Picard (1985),
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Sweeney et al. (1987), and Meissner (1988) chose to

attribute the major source of the petroleum compounds to

the lacustrine-associated organically rich rocks of the

uppermost Cretaceous - Tertiary basin fill. The sound

geochemical work of many other authors (e.g. Pitman et

al.,1982) appears to negate any other source for high

generation volume and discharge rate. Many oils retained

geochemical characteristics of the original source material

(see Tissot et al., 1978).

Past Generation Events

Geological evidence such as the amount of overburden

interpreted to be removed and field relations in the Book

cliffs (reconstruction of original thicknesses in

subsurface; Sweeney et al., 1987) suggest deeper burial

than exists at present for most strata in the Uinta basin.
Naturally- fractured and overpressured lacustrine and

alluvial rocks in the deep basin which are at present

burial depths of greater than 11,500 feet (3,500 m) could

have been buried to depths of 17,000 feet or more. This

maximum depth of burial was probably reached early in

Tertiary time (40-30 Ma), with a period of relative

tectonic stability existing until approximately 10 Ma, when

renewed uplift began and continued intermittently to the

present.

A past hydrocarbon generation event (or several),
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perhaps much stronger than present generation, could have

been associated with deeper burial of the hydrocarbon

source rocks mainly in the Green River Formation. Rapid

and deeper burial of these organically-rich rocks probably

induced hydrocarbon generation at much shallower

stratigraphic levels, and possibly over much larger areas

of the Uinta basin than the current generation occupies in

the deep north-central Uinta basin. Chemical composition

and stratigraphic cross-cutting relationships of the

hydrocarbon dikes (Hunt et al., 1954) indicate the past

expulsion of hydrocarbon compounds at much shallower

stratigraphic levels than the present generation occupies.

Large volumes of heavy-oil or tar sands (hydrocarbon-

stained outcrops) in the Tertiary and upper Cretaceous

section rimming the Uinta basin (see Figure 1) suggest a

stronger past generational event than present generation

produced fluid pressures and head gradients high enough to

redistribute large quantities of hydrocarbons throughout

the basin. Hydrocarbons became water-washed and

biodegraded as they migrated down-gradient and buouyantly

upward through the shallower groundwater flow systems near

the water table in tar sand outcrop zones. Tar sand

deposits and the prevalence of oil-stained outcrops rimming

the basin indicate hydrocarbons migrated up and completely

out of the basin in response to high head gradients.
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However, the source of most of the oil and gas

accumulations in the Uinta Basin has been attributed to

hydrocarbons generated from the lower Green River Formation

and upper North Horn Formation (Tissot et al., 1978). The

distribution of oil and gas fields in the Uinta basin and

geochemical evidence (Tissot et al., 1978, pitman et. al.,

1982) supports this hypothesis.

Basin Hydrology and Petroleum Migration

Horizontal movement of hydrocarbons within strata has

been a transport mechanism as well as downward and upward

leakage through strata, both processes being aided by

fracture conduits. This fracture system provides the

permeability necessary to relieve overpressuring and a

mechanism to move fluids out of otherwise low permeability

rocks, redistributing hydrocarbons throughout the Uinta

basin. The groundwater flow system in the main hydrocarbon

producing provinces of the northern and central uinta

Basin, which is generally shallower than the deeper flow

system involving hydrocarbon generation, can be considered

the "background" regional flow system. This present flow

system has generally moved downward and southeast,

eventually turning eastwards and upwards towards the major

discharge areas along the Green River (see Fig. 1 and flow

patterns of Fig. 14). Many oil and gas fields are found in

shallower strata overlying and surrounding the
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deep basin, thus regional migration of hydrocarbons in the

groundwater system is indicated. Red Wash field (see Fig.

1) is an example of how these accumulations could be

related to regional flow in the Uinta Basin.

The large hydrocarbon accumulations around Red Wash

field in shallower Tertiary strata on the northeast flank

(see Fig. 1) appear to be a product of both the deeper flow

system and the. shallow groundwater flow system, combining

with the focusing effect of a slight anticlinal structure

in the area (see Figs. 7 and 8). The accumulation at Red

Wash could be the result of leakage (aided by fracture

conduits) out of southeast-driven, overpressured deeper

flow systems and buouyant upward migration within more

eastward-directed shallower flow systems to areas of

normal-pressure, and lower fluid potentiometric surface

associated with the small structure. The stratigraphy

proposed by Fouch (1975) for this portion of the basin

indicates reservoir-quality beds (alluvial and marginal

lacustrine) at shallower depths rimming this northern and

northeastern flank.

Hydrocarbons migrating down head gradient

(southeastward and generally upward) eventually entered the

shallower groundwater flow systems and traveled by buoyant

migration to areas of lower fluid head. Groundwater flow

in the area should have a significant upward and eastward



T-3826 113

component on its way to discharge areas of lower

topographic elevation along the Green River. In the deeper

flow systems, hydrocarbon generation-induced horizontal

regional flow appears to be driven more south and

southeastward, while vertical flow is driven mainly upward

and downward out of the northern basin regions of high head

gradient. Deep north-central basin areas are regions of

high fluid pressure as well as high h~ad and head gradient.

Problems with CUrrent Model

Model results indicate that overpressures in excess of

least principal stress, and therefore fractures, could be

generated in 20 years in model layer 6 (Flagstaff member)

of the deep uinta basin where most fluid generation

occurs. Generation rates used were most likely too fast; a

further calculation check has shown that all hydrocarbon

source potential is expended in approximately 100,000

years. Assuming one knows the volume of source accurately

among other things, this does not seem geologically

reasonable, as source potential has apparently not been

expended over million of years of geologic time in the

uinta Basin. A lower generation rate would be the obvious

first step to make the model more geologically reasonable

in terms of time. This would require detailed reevaluation

of the kinetics of oil generation, especially the rate

function borrowed from Sweeney et. al. (1978). Perhaps the
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rate function is too simplistic to account for the

multiple, parallel and/or dependent reactions which govern

the process of hydrocarbon generation and expulsion in a

deep-basinal setting. Accounting for decay of available,

oil-generative kerogen as well as gas generation and

thermal "cracking" of liquid hydrocarbons would also more

accurately represent the actual physical oil-generation

system operating in the deep uinta basin.

It does appear, however, that the flow model

constructed in this study is capable of reproducing

observed conditions in the Uinta basin, given an accurate

rate function for hydrocarbon generation from Green River

Formation oil shales. A user of the model should also have

the ability to use observed temperature distributions in
the Uinta basin instead of the linear geothermal gradient

used in this study. Using observed anomalous temperature

distributions in the deep Uinta basin to generate

hydrocarbons according to the kinetics of Sweeney et. al.

(1987) produced unrealistically high generation rates (and

thus pressures) .

More accurate rate functions would provide the ability

to incorporate the observed temperature distributions, and

more importantly, would hopefully slow the hydrocarbon

generation rate (and thus pressure buildup rates) down to

geologically reasonable value.
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Possible Pressure Anomalies

DST analysis during this investigation indicated that

pressure gradients at Pariette Bench oil field (see Figure

3) were also near lithostatic (>.8 psi/ft) at depths of

5000 feet (1524m). DST's indicated the rocks in those

portions of Pariette Bench analyzed have low permeablity «

1 md); the fluid production was drilling mud and oil.

Pressure buildups in low permeability formations are

difficult to extrapolate accurate fluid pressures if short

shut-in times do not allow stabilization of pressure

(Appendix B). These DST's at 5,000 (1524 m) in the Pan Am

Pariette Bench #6 (see Figs. 1 and 4 for location)

apparently had a long enough shut-in time, as noted by

Petroleum Research Corporation and the remarks of the

testing company at the well site.: "test conclusive". A

hydraulic fracture job was performed the next morning in

conjuction with a drill-stem test which, as expected,

indicated the fluid pressure gradient was above

lithostatic. The same Pariette Bench zones were studied by

pitman et al. (1982) and Sweeney et al. (1987), whose

interpretations and geochemical evidence suggested that the

oil at Pariette Bench was normally pressured and had

migrated into the reservoirs. Pitman et al. (1982) and

Sweeney et al. (1987) concluded that in this area the

potential source rocks are not buried deep enough or
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provided with enough heat to generate the oil found there.

Sweeney et al. (1982) applied the "TTl" method of Waples

(1980) for estimating the thermal maturity of Pariette

Bench zones at a depth 7,400 feet (2,250 m), the base of

the Eocene. They calculated a "TTl" of 211.3 (100%

maturity) at this level, whereas their kinetic modeling

indicated only 12% maturity. Sweeney et al. (1987)

concluded that the Waples method overestimates maturity for

this type of kerogen (Type I). Thus, the different methods

offer conflicting evidence on whether the Pariette Bench

oil field zones could have been buried to depths at which

high enough temperatures existed to generate a small amount

of hydrocarbons. It also suggests that the kinetics of

hydrocarbon generation are very complex, and at best,

poorly understood in terms of the ability to quantify the

process in a detailed, geologically reasonable manner.

Assuming that valid DST pressure data was correctly

interpreted, portions of Pariette Bench oil field appear to

be overpressured at a very shallow depth (5,000 ft; 1500

m). The interpreted permeabilities and available geologic

data suggest that the rocks in this overpressure zone were

not extensively naturally fractured. It is unclear: 1) why

the rocks at Pariette Bench appear to support pressures

near lithostatic and 2) whether the overpressures at

Pariette Bench are related to past hydrocarbon generation
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or another mechanism. Lack of data for a reliable

interpretation warrants future study in this area of the

Uinta basin.

Given the geologic and geochemical evidence (Tissot et

al., 1978; Pitman et al., 1982; Sweeney et al., 1987)

another mechanism besides hydrocarbon generation appears

desirable to create these overpressures. Actual pressure

values are not so high (4900 psi maximum), but they appear

to exist at a relatively shallow depth (around 5,000 feet

or 1500 m), and thus the fluid pressure gradient is near

lithostatic in this small zone. Previous authors (Tissot

et al., 1978, Pitman et al. 1982, and Sweeney et al., 1987)

concluded that the oil at Pariette Bench has migrated

there. Perhaps hydrocarbon generation volume and rate were

not maintained long enough to induce natural fractures to

expel fluids and relieve the overpressures. However, this

does not agree with the assumption that fracturing occurs

when pressures exceed 80% of lithostatic (0.8 psijft).

Interpreted pressures in one zone at 5,000 feet (1524 m) at

Pariette Bench to have a fluid pressure gradient of greater

than 0.8 psijft (approximately 80% of lithostatic). A

"fossil pressure" hypothesis also requires a perfect seal.

Model results (pressure decay analysis) suggest

overpressures are relieved in 1000 years without simulation

of fractures, just matrix conditions. Reservoir pressures
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were interpreted ln an additional well near Pariette Bench

(see Figs. 1 and 4) and fluid pressure gradients ranged

from hydrostatic to 0.5 or 0.6 psi/ft over large intervals

from depths as shallow as 2,300 feet (700 m) to as deep as

5,000 feet (1500 m).

Conclusions

This study (or any others) has not proved that

hydrocarbon generation specifically causes all

overpressures in the uinta basin. The hypothesis that

hydrocarbon generation is a significant mechanism in

maintaining overpressures and redistributing hydrocarbons

throughout the uinta basin is defended in this study.

Geologic and geochemical evidence as well as the results of

this study suggest that hydrocarbons have been

redistributed throughout the Uinta basin due to the high

heads and head gradients maintained in the deep

north-central basin by hydrocarbon generation. Fracture

networks opened (or re-opened) by high fluid pore pressures

have served as major conduits for fluid migration.

Migration paths of hydrocarbons appear to be controlled

more by fluid head distributions and high head gradients

than stratigrapic influence, although stratigraphy exerts a

dominant influence in terms of spatial variation of fluid

source strata.

Results of this study and Godfrey (1985) both indicate
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that lower elevation groundwater discharge regions in the

Uinta basin are the major rivers, dominantly the Green,

which runs northeast-southwest across the entire eastern

uinta basin (Fig. 1; other rivers shown later). Most

aquifers in the uinta basin get their groundwater recharge

from higher surrounding mountainous elevations and

discharge to the Green River, thus they should be

underpressured on the north and west-southwest flanks and

overpressured (due to artesian flow) near the Green or

other major rivers. Overpressuring in the uinta basin is

generally far-removed from the Green and other major

rivers, and furthermore, it is not associated with

significant water production (see Godfrey, 1985 for regions

of significant groundwater production near Duchesne,

Vernal, and Pariette Bench on Figure 1). Spencer (1987)

noted that artesian conditions are known to cause

overpressuring in porous and permeable, water-producing

reservoirs near the sight of topographically high outcrops,

and claimed that pressure gradients rarely exceed .6 psijft

(13.57 kPajm). The latter is not necessarily a proven

fact, but many water-producing reservoirs under artesian

conditions in fairly shallow rocks on the northeast rim of

the basin are slightly underpressured or at hydrostatic

pressure. These drill-stem tests within and north of Red

Wash field (see Fig. 1) indicated high permeability exists
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in shallow alluvial and marginal lacustrine Tertiary

rocks. Drill-stem tests near groundwater discharge regions

of the southeast Uinta basin indicated that dominantly gas

producing reservoirs were slightly overpressured (0.5 to

0.6 psi/ft; 11.3 to 13.6 kPa/m) at relatively shallow

depths. Core described and drill-stem test data in these

areas both rarely showed any evidence of fracturing. The

northeast flank underpressured reservoirs were relatively

permeable and water productive, while the southeast flank

slightly-overpressured reservoirs were very low-

permeability and gas-productive.

Topographically high outcrops on the south flank of the

Uinta Mountains could concievably cause artesian-related

overpressuring. However, core and drill-stem test data

indicate that non-fractured, or matrix, permeability

decreases rapidly with depth for all rocks in the Tertiary

basin fill. Consolidated rocks of the Tertiary basin fill

generally do not yield large quantities of water except

where fractures, joints, or solution openings enhance

permeability (Holmes, 1985). Groundwater could possibly be

the fluid source that generated the overpressures in the

deep basin, through some connection (fractured basement?)

with high water table elevations to the north of the study

area in the Uinta Mountains. If this were true, then

groundwater in consolidated rocks still could not maintain
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significant flow by leakage (Holmes, 1985) outward or

upward into the low-permeability basin fill. Fractures

exist in the Tertiary deep basin rocks adjacent to the

uinta Mountain uplift as well. However, drill-stem test

and core permeability data indicate the overall

permeability of these rocks is only increased one to three

orders of magnitude above an very low initial value

averaging about 0.01 to 0.1 millarcies (1 X 10-10 to 1 X

10-9 meters/sec) when fractures are encountered.

Other overpressuring mechanisms, such as disequilibrium

compaction (Dickinson, 1953; Magara, 1975; Sharp, 1976),

lateral tectonic compression (Berry, 1973) by uinta

Mountain upthrusting, aquathermal pressuring (Bradley,

1975; Plumley, 1980), chemical osmosis (Graf, 1982), and/or

clay diagenenis (Bradley, 1975; Magara, 1975; Plumley,

1980) were not studied, although they could have

contributed, in some conjunction, to the creation of

regional overpressures.

Maximum height that the groundwater potentiometric

surface could rise above the land surface due to

artesian-related overpressuring in the uinta basin must be

limited by the lower mountainous elevations where rocks

crop out on the south flank of the uinta Mountains.

Artesian-generated overpressuring (Bethke; 1988) should

also be concentrated near the groundwater discharge areas
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(major rivers), not the deep northern Uinta basin .

.Recharge elevations in the oldest documented underlying and

surrounding aquifers thus could concievably be as high as

10,000 feet on the south flank of the uinta Mountains.

High fluid pressures concievably could have resulted

marginal to the upthrusts in the basin from strong

compressional forces and uplift of the Precambrian

sedimentary core of the Uinta Mountains along the South

Flank fault. However, observed overpressures have a strong

correlation with PFesent-day maximum burial depth and

temperature of petroleum source rocks in the uinta basin

uppermost Cretaceous Tertiary. Furthermore, fluids in

rocks elsewhere along the fault and adjacent to the Uinta

Mountains appear normally pressured to slightly

underpressured presently, and significant recent uplift has

occurred in these areas. Higher pore fluid pressures

would serve to aid failure (Dr. Eric Nelson, 1988, written

communication) along the south flank of the uinta

Mountains. It is tempting to hypothesize they would be

created by initial tectonic compressional stresses marginal

to the uplift.

Overpressures have been shown to result from rapid

burial and lack of compaction as well. Interestingly,

Tissot et al. (1978) found that the depth to oil generation

in the Uinta basin was abnormally deep, which they
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attributed to a low geothermal gradient, which portions of

Willet and Chapman's (1987) work verifies. Sweeney et al.

(1987) attributed the great depth to thermal maturity

partly to the geochemical characteristics of lacustrine

source rocks in the uinta basin. Overpressures could have

been created in the past in the Uinta basin by other

mechanisms, and these existing overpressures could have

impeded the thermal maturation process, although

temperature is the most important parameter (Tissot et al.,

1987) .

It has been demonstrated that overpressures can be

created rapidly and maintained in the deep Uinta basin

through hydrocarbon generation in low permeability

lacustrine petroleum source rocks of the lower portions of

the Green River Formation. This hydrocarbon generation,

expulsion, and migration process creates a fracture network

and redistributes hydrocarbons throughout the Uinta basin

towards some of the larger documented hydrocarbon

accumulations. Producing reservoirs are in deeper,

fractured and overpressured source rocks as well as

shallower, more conventional reservoirs.
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APPENDIX A.
unit Conversion Chart

Length

1 meter (m) 3.281 feet (ft)

Volume

1 cu. m. (m3) = 35.315 cu. ft (ft3)

1 barrel (bbl) oil = 5.615 cu. ft. (ft3)

1 acre-foot (ac*ft) = 43,560 cu. ft. (ft3)

1 U.S. gallon (gal) = .1337 cu. ft. (ft3)

Pressure

1 Ib/in2 (psi)

1 atmosphere (atm)

1 Ib/in2 (psi)

= 6.895 kilopascals (kPa)

14.7 Ib/in2 (psi)

.0703 kg/cm2
=

Pressure Gradient

1 psi/ft = 22.621 kPa/m

Temperature Conversions

OF = l.8oC + 32

°c = 5/9(oF - 32)
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APPENDIX B.

uinta Basin Drill-stem Test Database
and Methods of Interpretation
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Drill stem test interpretation

Drill-stem tests were interpreted for:

1) reservoir/interval permeability, 2) formation pressure,

3) approximate radius of investigation, and 4) tested fluid

flow rates and volumes. These interpretations are

documented in a database (UBDST) on personal computer and

the DEC VAX at USGS, Lakewood, Colorado, with corresponding

documentation and floppy disk to be published as an

open-file report by DOE (Wesley et. al., 1991, attached).

Petroleum Research Corporation (PRC) , under contract to

USGS, has assembled a microfiche database of data on 1030

drill-stem tests (DST's) for the uinta Basin. These tests

have been identified and rated A, B, C, etc. according to

the reliability of the test. Only "A" tests were

interpreted in this study. A total of 78 DST's were

utilized in this investigation; this represents

aproximately 25% of the 350 or so of the reliable DST's in

the basin. Drill-stem test pressure guages record pressure

vs. time on a downhole rotating drum mechanism. The

measurement is etched into the surface of a removable outer

cover on the drum. A typical DST records several pressure

buildups and decays. The initial rise in pressure reflects

the increasing weight of the overlying mud column during

lowering of the pressure guage downhole. A packer with a

bypass port is set above the zone of interest. A short



T-3826 139

initial flow pressure buildup is recorded as fluids are

test chamber. The tool is closed ("shut-in") and a allowed

to flow into the subsequent initial pressure buildup is

recorded. This pressure is relieved, and the process is

repeated for a final flow buildup and subsequent final

pressure buildup during the last shut-in period. This

process can be cycled several times, but most drill-stem

tests record initial and final buildups. The recorded

measurements usually end with a decrease in pressure vs.

time as the tool is raised back out of the drill hole. The

accuracy and data provided by older DST's is usually poor

while DST's measured since the late 1950's have steadily

improved in quality. Accuracy in interpretation of DST's

is found to be very dependent on the amount and reliability

of the information provided by field personel at the well

site, as well as the proper functioning of the downhole

equipment.

Interpretation of DST's involves plotting a semilog

plot of pressure vs. "Horner time" and estimation of the

fluid flow rates recorded during the flow periods.

"Horner-time" time for a point on a pressure buildUp curve

is derived by adding the total flow time (T; in minutes) to

each time increment (theta, in minutes) of pressure buildUp

and dividing this sum by theta (minutes). The original

data from the recording instrument must be transposed to a
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larger scale and increments of pressure and time must be

correctly marked to get accurate data. The PRC database of

1030 DST's in the uinta Basin contains data which has been

carefully checked for reliability. Most DST's in the Uinta

Basin (60%) contain unreliable results due to: 1) equipment

failure and 2) shut-in times which were too short, where

pressure did not even approach static reservoir pressure.

The reliable DST data is in the form of microfiche charts

which usually contain the proper information to produce an

accurate "Horner plot." This analog information was

manually fed into spreadsheet programs (using Enable OA,

trademark of Borland International) which were written in

this study to aid in calculating "Horner-time" (Horner,

1951) and producing semilog "Horner plots." This method

was the fastest and most accurate for interpreting a large

numbers of DST's. A "Horner plot" for a DST run deep in

the Tertiary/Cretaceous of the Uinta Basin is shown in Fig.

B-1. For this study, the most valuable information on the

"Horner-plot" is the extrapolated, or "static" reservoir

*pressure (P ). *Correct extrapolation of P on most

DST's usually involves using only the last few data points

on the buildup curve, since pressure has hopefully begun to

approach "static" reservoir pressure. In many low

permeability rocks, the shut-in times are usually too short

to allow pressure to even approach static, and
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interpretation can be difficult or inaccurate. Slope of

the "Horner plot" (m) is used in calculating permeability

as discussed in the following paragraph.

Using the data on fluid recoveries and flow times

obtained from the actual DST charts, the next step in DST

interpretation involved calculating fluid flow rates to

interpret permeability, and radius of investigation. The

fluid flow rates were calculated from a volume of fluid(s)

which were measured as a height in the drill-pipe. Knowing

the inner diameter of the drill-pipe, one can calculate a

volume of fluid(s) produced over a given flow time. Fluids

produced were of various types: oil, gas, water, drilling

mud, and/or any combination of the above. A total flow

rate (Qt) at reservoir conditions ("sand-face") was

calculated for each test, along with the average viscosity

of the fluid at reservoir conditions (using DST data and

Hewlett-Packard HP-41C hand-held computer and "Petroleum

Fluids Pac" programs, trademark of Hewlett-Packard

Corporation). The final step before calculating

permeability is estimation of the "net pay" (feet) of the

producing zone. This is an oil industry terms for the

footage of the producing zone which actually contributes to

oil or gas production. Use of "net-pay" vs. the actual

footage of the tested zone is a method of weighting the

permeability towards that part of the tested zone (the
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reservoir) which contributes the most towards production.

I used net pay values which were: 1) provided by the field

personnel and 2) estimated from geophysical well logs. I

used values which gave an estimate of the reservoir footage

of the tested zone which would produce any fluids, not just

oil or gas.

Total flow rate (Qt, barrel per day), average fluid

viscosity (uavg' centipoise), Horner plot slope (m,

psi/log cycle), and net pay (h, feet) are used to calculate

reservoir permeability (k, millidarcies) according to the

following industry-standard equation:

k (md) = 162.6 x (Qt) (beta) (Uavg)/ (m)(h)

where (beta) = 1 at "sandface" (reservoir) conditions.

Usually a relatively permeable reservoir exhibits high flow

rates and low Horner plot slopes; low permeability

reservoirs usually have low flow rates and high Horner plot

slopes. An approximate radius of investigation of the DST

was calculated by mUltiplying the reservoir permeability

times the total flow time and taking the square root. Low

permeability formations thus have a small radius of

investigation with an short DST flow time in the uinta

Basin. Many tested zones in the deep basin at Altamont oil

field, however, were naturally fractured and recorded as

such on the DST header chart. The permeability and radius

of investigation in these rocks were relatively high, and

the Horner plot slope was low.
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