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Overpressures in the Uinta basin, Utah: 
Analysis using a three-dimensional basin evolution model
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Abstract. High pore fluid pressures, approaching lithostatic, are observed in the deepest 
sections of the Uinta basin, Utah. Geologic observations and previous modeling studies 
suggest that the most likely cause o f  observed overpressures is hydrocarbon generation. 
W e studied Uinta overpressures by developing and applying a three-dimensional, 
numerical model of the evolution o f the basin. The model was developed from a public 
domain computer code, with addition o f a new mesh generator that builds the basin 
through time, coupling the structural, thermal, and hydrodynamic evolution. Also included 
in the model are in situ hydrocarbon generation and multiphase migration. The modeling 
study affirmed oil generation as an overpressure mechanism, but also elucidated the 
relative roles o f multiphase fluid interaction, oil density and viscosity, and sedimentary 
compaction. An important result is that overpressures by oil generation create conditions 
for rock fracturing, and associated fracture permeability may regulate or control the 
propensity to maintain overpressures.

1. Introduction
The condition whereby pore fluid pressure greatly exceeds 

hydrostatic pressure is known as overpressure and is prevalent 
in the deeper, low-permeability sections of sedimentary basins 
throughout the world. Economic interest in sedimentary basin 
overpressures exists because zones of overpressure may indi
cate the presence of oil or gas [Timko and Fertl, 1971; Spencer, 
1987]. Another motivation for this study is that overpressures 
are often cited as a driving force for groundwater flow and are 
associated with many other hydrogeologic processes [Garven, 
1995; Neuzil, 1995],

Overpressures develop when fluids completely fill available 
pore space and fluid expulsion is not rapid enough to maintain 
normal or equilibrium pressure conditions. This situation may 
occur when pore space is compacted by sedimentary deposition 
[Bethke, 1986] or tectonic compression [McPherson and Gar
ven, 1999], Alternatively, pore fluid volume may increase if new 
fluid is generated in situ by geochemical processes such as 
hydrocarbon generation.

The case study area considered is the Uinta basin, Utah, a 
textbook example of an overpressured sedimentary basin [Do
menico and Schwartz, 1990]. Overpressures observed in the 
northern half of the Uinta basin approach lithostatic pressure 
[Fouch et al., 1992], and are thought to result from hydrocar
bon generation, based on geologic inference and modeling 
studies [Spencer, 1987; Sweeney et al., 1987; Bredehoeft et al., 
1994]. Bredehoeft et al. [1994] based such a conclusion on a 
three-dimensional (3-D) numerical model of the hydrodynam
ics of the present-day basin. The Bredehoeft et al. [1994] study 
considered only single phase (water) flow, and its conclusions 
were therefore limited. This study is intended to revisit the
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problem, but to evaluate the problem in much more detail 
including (1) explicit treatment of the geologic history, includ
ing sedimentation and compaction, uplift, subsidence and ero
sion, and changes in rock properties associated with these 
processes, (2) the 3-D thermal and hydrodynamic history pro
duced by such a model, and (3) in situ generation of hydro
carbons with multiphase flow of oil and water with appropriate 
relative permeability and capillarity effects. We evaluated the 
relative effects of these processes and associated parameters in 
creating and maintaining overpressures. In particular, we sim
ulated end-member possibilities of the geologic history, and 
conducted a sensitivity analysis to elucidate the roles of other 
processes.

2. Geologic Setting and History
The Uinta basin of northern Utah (Figure 1) lies along the 

northern edge of the Colorado Plateau. The basin developed 
during the Laramide orogeny of latest Cretaceous and early 
Tertiary age (75 to 50 Ma). It is structurally asymmetrical to 
the north (Figure 2a) and is elliptical with its major axis almost 
due east-west. The deepest sections are in the northern third of 
the basin, in the area of the Altamont oil field (Figure 1), This 
area is bounded by a large basement thrust fault that dips 
northward [Fouch et aL, 1992]. Higher topography surrounds 
the basin (Figure 1). These adjacent highlands are sources of 
Tertiary sediments [Hintze, 1980], which approach 6 km thick
ness in the northern part of the basin.

This study focuses primarily on the Tertiary Green River 
Formation. Figure 2b shows a generalized stratigraphic column 
of the Green River Formation, which is an Eocene lake deposit 
consisting of intercalated sandstones, shales, mudstones, and 
carbonates, especially dolomite. The Green River Formation is 
also common to many other Laramide basins in the region, 
including the Bridger basin, Washakie basin, and the Piceance 
Creek basin. Within the Uinta basin the Green River Forma-
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Figure 1. Location map of the Uinta basin, Utah. Location 
of profile N-S is indicated on the map, as are most oil and gas 
production fields.

tion consists of three primary depositional fades [Ryder et al., 
1976]: open lacustrine, marginal lacustrine, and alluvial. In this 
system the open lacustrine facies consists primarily of mud- 
supported carbonates and other organic-rich sediments, the

marginal lacustrine facies consists primarily of claystones, 
sandstones, and carbonates associated with lake-margin deltaic 
and interdeltaic environments, and the alluvial facies consists 
primarily of channel sandstones to veiy fine grained sandstones 
and claystones. Strata in both open lacustrine and marginal 
lacustrine facies are source rocks for oil and gas in the basin, 
especially oil shale. Above the Green River Formation are the 
Uinta and Duchesne River Formations (Figures 1 and 2), 
mixed fluvial and lacustrine units deposited during the final 
stages of subsidence [Johnson and Nuccio, 1993].

Fouch et al. [1992] provides updated maps of facies for 
several isochronous horizons in the Uinta basin. The cross 
section in Figure 2a shows only general stratigraphic bound
aries. The basin’s actual stratigraphy is fairly complex, how
ever. Our models of the basin include the complex stratigraphy 
described by Fouch et al. [1992], inasmuch as we digitized their 
facies mappings [McPherson, 1996].

Laramide tectonism dominated the region of the Uinta ba
sin from Late Cretaceous up to the Oligocene. Uplifts of the 
Uinta and Wasatch mountains (Figure 1) initiated by latest 
Cretaceous. Associated subsidence created shallow basins and 
lakes, with deposition occurring in alluvial/fluvial, wetland, and 
shallow lacustrine environments. The San Rafael swell south of 
the Uinta basin is also a Laramide structure. It is a large 
northeast trending anticline with gently dipping fans, but it is 
not and probably never was a major topographic high [Johnson 
and Nuccio, 1993]. This anticline and the Uncomphagre uplift 
are partially responsible for the gentle northern dip of the 
southern half of the basin. Uplift began during the late Cam-

UM = Upper Marker of Green River Formation 
MM -  Middle Marker of Green River Formation 
TCM = Carbonate Marker of Green River Fm. 
FS = Flagstaff Member, Green River Formation 
NH = North Horn Formation (Cretaceous)

Limestone fry#-] Sandstone 

HH Dolomite |-!I;jI;| Sandstone + Shale 
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Figure 2. Generalized stratigraphy and structure of the Uinta basin, (a) Structural cross section N-S 
(location of profile N-S shown on Figure 1), vertical exaggeration equal to 20. (b) Generalized stratigraphic 
column of the Tertiary formations. The lines on the cross section demarcate the hydrostratigraphic units used 
in the basin evolution model. See Ryder et al. [1976] and Fouch et al. [1992] for an explanation of stratigraphic 
terms and for detailed stratigraphic variations that are mapped into the numerical model but not shown on 
this cross section.
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panian [Franczyk et al., 1990] and continued until late Eocene. 
Between the San Rafael swell, the Uncomphagre uplift, and 
the contemporaneous subsidence adjacent to the Uinta and 
Wasatch uplifts, the basin’s ultimate bowl-like shape probably 
began to take form around this time.

In summary, the bowl-shaped Uinta basin formed during the 
Laramide orogeny, with timing of uplifts, subsidence, and dep
osition beginning in the early phases of orogenesis, and ending 
probably during the Oligocene or later. The geologic history 
and its effects on the fluid migration and thermal histories of 
the basin are discussed and explored in more detail by McPher
son [1996].

3. Observed Fluid Pressures
Among the most interesting aspects of the Uinta basin are 

the significant overpressures observed in northern areas. 
Mapped in Figure 3 is an isometric projection of observed 
hydraulic head at the stratigraphic equivalent to the Flagstaff 
member of the Green River Formation (Figure 2), illustrating 
the extremely high heads in the Altamont area compared to 
the surrounding ambient head distribution. Figure 4 is a pres- 
sure-depth profile in the Altamont oil field. Original data used 
to create this profile are published by Bredehoeft et al. [1994]. 
Maximum observed pressures in this particular area of the field 
are 65 MPa, or 27.5 MPa overpressure, where “overpressure” 
is explicitly defined as the amount of pressure above hydro
static fluid pressure. While this pressure is measured at ~ 4  km 
depth ('— 1.5 km below sea level), it is equivalent to —5.1 km 
hydraulic head. The maximum observed fluid pressure in the 
Altamont area, as well as the entire basin, is equivalent to 
6065 m head, about 3 km higher than the maximum topogra
phy, at ~4  km depth. Highest anomalous pressures are ob
served within the deepest sections of the Green River Forma
tion and are thought to be associated with oil generation 
[Spencer, 1987]. Fluid pressures decrease to normal in the 
North Horn Formation, below the oil production interval of 
the Green River Formation. Substantial overpressuring, 
caused by generation of natural gas, is speculated to be present

Figure 3. Isometric projection of observed hydraulic head in 
the Flagstaff member of the Green River Formation within the 
Uinta basin.

Pressure (MPa)

Figure 4. Observed fluid pressure-depth profile in Altamont 
field (adapted from Bredehoeft et al. [1994], Shown for refer
ence is a hydrostatic pressure profile (freshwater; dashed line).

in the Cretaceous Mesaverde Group below the Altamont field 
[Spencer, 1987; Fouch et al., 1992].

In the highly overpressured area of the Uinta basin (Figure 
3), oil source rocks are abundant, and more oil is produced 
than anywhere in the state of Utah. The oil production map for 
the state (Figure 1) shows geographic coincidence between the 
Altamont oil field and the primary area of observed overpres
sures (Figure 3). These facts suggest that oil generation is the 
primary overpressure mechanism.

Other common overpressure mechanisms include deposi- 
tional pore compaction, clay dewatering by diagenesis, 
aquathermal pressuring, and tectonic compression. However, 
with the exception of depositional compaction, each of these is 
easily ruled out as a possible mechanism. Our analysis indicates 
that depositional compaction can also be ruled out, as it can 
cause a nearly insignificant amount of overpressuring.

4. Numerical Model of Basin Evolution
Rather than spending great effort building a three

dimensional numerical model from scratch, an initial goal of 
this study was to use a public domain simulation code. We 
selected TOUGH2 [Pruess, 1991], a public domain geothermal 
reservoir simulator developed at the Lawrence Berkeley Lab
oratory, for our purposes. TOUGH2 was specifically designed 
to simulate coupled heat and multiphase fluid transport in 
porous and fractured media. We examined and tested several 
simulators before using TOUGH2, and concluded that 
TOUGH2 offered the following advantages for this study: (1) 
it is a three-dimensional simulator, (2) it is well known, cur
rently used by many workers, and has been tested against 
several other geothermal reservoir simulators [Pruess and 
Wang, 1984; Moridis and Pruess, 1992; Oldenburg and Pruess, 
1994], and (3) it uses an integrated finite difference method 
[Narasimhan and Witherspoon, 1976], the advantages of which 
we discuss below.

The primary code development effort on our part was to 
develop a new set of routines, which we call “Dynamic Mesh 
Evolver” (DYME), that generates the integrated finite differ
ence mesh, and evolves its parameterization and boundary 
conditions according to the geologic history imposed. DYME
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Table 1. Summary of General Mass and Energy Conservation Equations Solved by TOUGH2a

Equation Parameter

General mass conservation equation

• * J I /  ' u :
V s

F, mass flux vector 
M, mass 
V, volume

Conservation equation expressed 
at and between elements n and m 
(M  is total connected elements to 
element n)

V„M„ = 2 A nmFnm
M

A, area

Darcy’s law for fluid flow k
Ffluid = ~ k  2  “ ■ Pfi(Vp -  Ppg)

k,  permeability 
kp, relative permeability with 

respect to phase /3 
fj,p, viscosity of phase p 
p3, density of phase |3 
g, gravitation acceleration 
Vp, pressure gradient

Fourier’s law for heat flow plus 
advective heat transfer Fheal “  ' AVI’ + /gflFfl 

0

H p, specific enthalpy of phase j3 
Fp, mass flux of phase j3 
A, thermal conductivity 
VT, temperature gradient

All equations apply to both water and oil fluid phases (phase-specific terms indicated by subscript; |3 is oil, or /3 is water). Information is 
summarized from Pruess [1987].

and TOUGH2 simulate the basin’s evolution together, in a 
fully coupled fashion; a layer of finite difference cells is added 
to simulate addition of a new formation, and those cells are 
thickened to simulate sedimentation. Sediments are always 
initially deposited horizontally. Similarly, a layer of cells is 
thinned to simulate erosion, and that layer of cells is removed 
when the entire formation is eroded. Cells are moved with 
respect to each other to simulate differential uplift or subsi
dence. With this dynamic mesh the transient effects of sedi
mentation, erosion, and structural changes (uplift and subsi
dence) on the hydrogeological and thermal aspects of the basin 
are explicitly considered. We also needed to add compaction 
source/sink terms to the governing equations of TOUGH2, 
described in Appendix A of this paper.

At the start of a simulation the basal layers of the mesh are 
generated by DYME. During each time step the mesh is mod
ified by DYME according to the basin’s history (e.g., subsi
dence, deposition, uplift, erosion, etc.), and this mesh and its 
properties are passed to TOUGH2 for assembly and solution 
of the equations of mass and energy transport. The general 
forms of these equations, tabulated in Table 1, account for flow 
of water, flow of oil, and flow of heat, including conductive and 
advective components. Variations in fluid flow, heat flow, and 
material properties may be examined for any slice of the 3-D 
mesh at any time during the basin’s history.

The integrated finite difference method is particularly ap
propriate for modeling with a dynamic mesh. The finite ele
ment method requires that each element be constructed so 
that its aspect ratio (the ratio of maximum to minimum ele
ment dimensions) is close to unity, at least for isotropic mate
rials. Aspect ratios can be higher than 1, but a value exceeding 
5 should be avoided; otherwise, numerical instabilities or er
rors may result. The finite difference method is not as prone to 
aspect ratio problems, but finite difference grids must be rect
angular. The integrated finite difference method offers the 
mesh flexibility of the finite element method without the aspect 
ratio constraints, making the method particularly useful for 
modeling active sedimentation. A layer begins as a thin veneer

of sediment, and thus cells representing it can have very large 
aspect ratios at the initial stage of deposition. Additionally, the 
integrated finite difference method offers the numerical ro
bustness (at high nodal aspect ratios) of the finite difference 
method without the regular, rectangular grid spacing con
straints. This property is beneficial for simulation of later 
stages of the basin’s history when differential uplift and flexure 
induce variable curvature in the basin structure. Additionally, 
the public domain TOUGH2 package includes a suite of con
jugate gradient solvers [Moridis, 1995] that are particularly 
robust in light of the extreme, nonlinear changes in porosity 
and permeability (in space and time) that occur during a typ
ical basin evolution simulation.

4.1. Summary of the Algorithm
1. Initial layers of mesh are generated by DYME. For the 

Uinta basin simulations this includes Cretaceous and older 
units considered.

2. At each time step the equations of fluid flow (including 
groundwater and oil) and heat flow are assembled and solved. 
Appropriate equations of state are used to evaluate density, 
viscosity, and enthalpy of groundwater and oil.

3. During a time step in which sedimentation of a new 
formation begins, a new layer(s) of finite difference cells is 
added to the model domain mesh. Each new layer is assigned 
an initial thickness of 1 m (to minimize numerical instability 
associated with extreme aspect ratios), and thickening of the 
layer begins at the time when deposition would have accumu
lated 1 m of sediment. Cells thicken at a rate equal to the 
sedimentation rate.

4. Changes in effective stress and resulting compaction 
(collapse of pore space) are calculated and applied for each 
cell (see Appendix A).

5. Changes in permeability as dictated by porosity changes 
(solid line on Figure 5) are applied for each cell.

6. Structural changes, including thickening of layers due to 
sedimentation, thinning, or removal of layers by erosion, and
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layer curvature caused by differential uplift/subsidence are ap
plied.

7. The time-temperature history up through the current 
successful time step is integrated, and resulting oil generation 
rate and cumulative amount of oil generated for each oil 
source cell are computed based on the prescribed total organic 
carbon (TOC). Initial TOC is based on facies designation, and 
the amount present is reduced by the amount converted to oil. 
Porosity equivalent to this amount is also created.

8. The amount of oil generated from kerogen, determined 
for the previous time step, is injected at the source cells to 
simulate oil expulsion.

9. The amount of water that compaction expels from pore 
space within each individual cell, determined from the previ
ous time step, is injected to account for changes in fluid mass 
balance associated with compaction (see Appendix A). Frac
ture permeability is also induced at this point, as described in 
a subsequent section below.

Steps 2 through 9 are repeated at each time step. Described 
below are details of how the DYME algorithm is used to 
assemble and simulate the basin’s history. For a description of 
the TOUGH2 algorithm, including more details of the govern
ing equations and solution method, see Pruess [1987] and
[1991].

4.2. Model Grid
The numerical model mesh used to simulate the Uinta basin 

was relatively coarse. Most of the 14 layers in the grid consisted 
of cells with horizontal length dimensions of around 5 km, and 
ranging in thickness from tens of meters to ~500 m. Compu
tational capacity limited the grid spacing and resolution, but 
simulations we conducted using finer gridding (but smaller 
areas of the basin) suggest that the resolution is acceptable for 
studying regional overpressures. Selected areas of the Green 
River Formation, including the Flagstaff and adjacent over
pressured layers, were somewhat more finely gridded, with 
cells of the order of 1 km in width and 100 m in thickness. The 
final 3-D model grid assembled in each history simulation 
consisted of just over 11,000 cells. Every evolution simulation 
begins with one layer of active cells, with more layers added 
during the course of the basin’s history, finishing with 11 active 
layers. Another 4 layers of cells are located below the basin 
model domain for the purpose of extending basal heat flow 
sources to 50 km below the basin. Such distance is necessary to 
properly simulate the transient thermal response of basin 
strata to changes in surface temperature and other conditions. 
Otherwise, if basal heat flow sources are located too close to 
the active basin domain, strata at the base of the basin track the 
temperature of the heat sources.

4.3. Assembling and Simulating the Basin History
Developing and simulating the basin history requires a great 

amount of geologic information and several detailed steps, as 
follows.

4.3.1. Basin structure and stratigraphy. Assemble the 
present three-dimensional structure and stratigraphy of the 
basin, and construct a template of the numerical mesh that 
DYME will build and evolve. Figure 2a, structural cross sec
tion N-S, shows the breakdown of eight individual stratigraphic 
layers serving as discrete model layers for our analysis, drawn 
from structure contour maps of Bredehoeft et al. [1994],

4.3.2. Backstripping and stratigraphic projection. Esti
mate sedimentation rates for each layer at all points in the

Porosity (%)
Figure 5. Permeability of Uinta basin samples, plotted 
against porosity. Solid circles represent permeabilities from 
unfractured samples with no clay present. The solid triangles 
represent permeability from unfractured samples with clay 
present, illustrating how any clay can significantly reduce per
meability. The open squares are data from Pitman et al. [1982], 
The solid line is a least squares regression fit (with exponential 
form equation) through the no-clay data and the data of Pit
man et al. [1982]. The dashed line is the permeability/porosity 
relationship tracked by a fractured cell (discussed in the text).

basin. We used a backstripping method [Allen and Allen, 1992] 
for estimating sedimentation rates at each column of the 
model grid. Modeled formation contact elevations were within 
1% of observed contact locations. Additionally, layers that 
crop out at the surface were stratigraphically projected 
[McPherson, 1996] to provide an estimate of material deposited 
but since eroded.

4 3 3 . Estimate amount and timing of uplift and erosion. 
The amount of uplift or subsidence at each column in the basin 
model grid is simply the difference in elevation between the 
beds at their estimated maximum depth and their present 
structural elevation. Uplift/subsidence rates are assumed to be 
constant through time and equal to the magnitude divided by 
the duration of uplift/subsidence. As model strata cross the 
specified present-day surface, they are stripped off or eroded. 
Erosion in the model is simulated by reducing the thickness of 
a cell as it intersects the specified erosional surface. The reader 
is referred to McPherson [1996] find McPherson and Garven 
[1999] for more details regarding this and steps 1-2 above.

4.4. Boundary Conditions
The following boundary conditions were applied during the 

model simulations:
1. A uniform, constant basal heat flow was applied at the 

basal boundary (50 km depth, as described previously). We 
assigned the basal heat flow to be 65 mW m-2, the value 
necessary to fix the present-day average surface heat flow in 
the northern third of the basin at 57 mW m-2, the average 
surface heat flow value for that region estimated by Chapman
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et al. [1984]. McPherson [1996] details the effects of variations 
in this boundary condition.

2. A specified surface temperature history (temperature 
versus time) was used to govern the surface boundary temper
ature. In some simulations the surface temperature was held 
constant, and in others it varied through time, as discussed in 
subsequent sections.

3. Constant head, equal to surface topography minus 
100 m, was assigned at the surface of the domain throughout 
the history simulation. Values of hydraulic head in most intra
continental groundwater systems are within 100 m of the sur
face and are stable with time [Hubbert and Rubey, 1959].

4. No-flow boundaries were assigned at the sides and bot
tom of the model domain. We assumed that the permeability 
of shale layers below the Cretaceous North Horn Formation 
provides a low-permeability barrier that justifies a no-flow 
boundary. Because portions of the Cretaceous section crop out 
in most areas of the basin, no-flow boundaries were assigned to 
the entire base/sides of the model except at the Uinta moun
tain boundary, where the Uinta south flank fault is a prescribed 
no-flow interface. A specified flux boundary was assigned to 
the southern periphery of the model, justified by inferred fluid 
flow out of the basin through the Mesa Verde Group to the 
south (M. Person, written communication, 2000).

4.5. Fractures and Fracture Generation in the Model
General knowledge of the character and distribution of frac

tures is helpful for interpreting the hydrodynamic regime be
cause of the effects of fractures on permeability. Throughout 
the Altamont/Bluebell fields are vertical to nearly vertical, 
mineralized, open fractures that enhance oil production [Lucas 
and Drexler, 1976]. Extensive subsurface systems of fractures 
are thought to exist, and significant regional systems of frac
tures and joints are evident at the surface. Fracture and joint 
systems of the Uinta basin in general are discussed and re
viewed by Chidsey and Laine [1992] and Narrand Currie [1982].

The permeability data used in this study (Figure 5) were 
measured on core samples and are explicitly valid only for the 
core scale. Well-scale to regional-scale permeabilities, mea
sured or inferred, can be very much higher than core-scale 
permeabilities measured for the same strata [Deming, 1993; 
Willett and Chapman, 1987; Neuzil, 1986]. In the Uinta basin 
specifically, Bredehoeft et al. [1994] published 78 well-scale per
meabilities inferred from drill stem test analyses that cover 
much of the depth section, and at any given depth these data 
span 2 to 6 orders of magnitude. The variability is attributed to 
fractures that the core scale measurements do not sample. It is 
inappropriate to assume that the core-scale permeabilities suf
ficiently describe the well-scale and basin-scale permeabilities. 
We addressed this problem by inducing fractures during the 
model simulation; if fluid pressure in a cell exceeded the least 
principal stress, the permeability of that cell was increased by 
a specified amount in all directions. In other words, fracture 
permeability was simulated by increasing the matrix permeabil
ity. We assumed principal stress for the Uinta basin to be 0.80 
times lithostatic pressure, the same value determined for the 
adjacent Piceance basin by Bredehoeft et al. [1976]. The mag
nitude of fracture permeability enhancement was arbitrary; a 
single order of magnitude increase of permeability was as
signed for a single fracture; more than 1 order of magnitude 
permeability increase would occur if a single cell fractured 
more than once. In most model simulations, lateral fracture 
networks of several kilometers develop, and thus the regional-

scale permeability is increased. No fracture annealing (for ex
ample, by calcite precipitation within fractures) is built into the 
model. However, permeability of fractured cells continues to 
change with porosity at the same rate as unfractured cells, but 
at an order of magnitude higher value (dashed line on Figure 
5).

5. Data and Model Parameterization
For the sake of brevity, parameterization of the numerical 

model, including measured and assumed values of rock and 
fluid properties such as permeability, porosity, thermal con
ductivity, sedimentary facies, oil density, and oil viscosity are 
detailed by McPherson [1996] and McPherson et al. [2001]. Also 
discussed by McPherson [1996] are thermal aspects such as 
heat flow calibration and the kinetic model and data used for 
in situ oil generation in the model. McPherson et al. [2001] 
discusses in much more detail porosity, permeability, and li- 
thology measured of Uinta basin rocks for this study.

6. Analysis and Results
6.1. End-Member Cases of Geologic History Investigated

Determining and simulating the exact geologic history of the 
Uinta basin was not among our objectives. Rather, we at
tempted to understand how different geologic conditions 
through time affect fluid pressures, thermal conditions, and 
fluid migration. In this study we evaluated two “end-member 
cases,” or possibilities, of the geologic history. The two cases 
have identical depositional histories, but differ in terms of 
timing of the uplift and erosion that form the “bowl” shape of 
the basin.

The first of these we call the “late uplift model.” In this 
conceptual model of the basin’s history, all rock layers are 
deposited when their ages dictate, but all uplift and erosion of 
the basin’s periphery (forming the basin’s bowl shape) occur 
from 10 Ma to the present. Figure 6 displays this burial history 
for a single package of sediment at a point location along the 
southern periphery of the basin. This timing is coincident with 
regional uplift of the Colorado Plateau known to occur during 
the Miocene.

We call the second end-member case the “early uplift mod
el.” In this model all uplift and erosion of the basin’s periphery 
are contemporaneous with deposition of Tertiary strata during 
the Laramide orogeny. As such, all “extra” rock material esti
mated by stratigraphic projection is eroded very early in the 
simulation. The dashed curve on Figure 6 represents this burial 
history for a single point at the southern periphery of the basin. 
For reference, the published burial history of Anders et al.
[1992] associated with the same strata but in the deepest part 
of the basin near Altamont (Figure 1) is also drawn on Figure
6. The history of Anders etal. [1992] is calibrated via a modified 
Lopatin approach, but timing of uplift phases is not certain, 
nevertheless. Our end-member conceptual models draw on the 
Anders et al. [1992] study, the Johnson and Nuccio [1993] study, 
and others as described by McPherson [1996], Our conceptual 
history is not calibrated for its depth history by geochemical or 
other means (for example, by vitrinite reflectance or isotopes), 
as such calibration is beyond the scope of this study and would 
warrant a completely separate project. The reader is referred 
to Johnson and Nuccio [1993] for details of such a study of the 
Uinta basin.

Our goal is to determine what is the likely range of possible
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Time Before Present (My)
Figure 6. Burial histories corresponding to the early uplift model (dashed line) and the late uplift model 
(solid line) for strata close to Sunnyside on the southern periphery of the Uinta basin. Also illustrated is a 
burial history published by Anders et al. [1992] for a location in the Altamont field (Figure 1).

overpressure effects of the geologic or burial history of the 
basin. In the following sections, we discuss both conceptual 
model histories, including the ramifications and simulation re
sults concerning overpressure development and maintenance. 
McPherson [1996] evaluates in more detail the effects of the 
different histories on the basin’s thermal and fluid migration 
histories. Much of our discussion focuses on results for strata 
near the Altamont area because it is the site of highest ob
served overpressures.

6.2. Subsurface Temperature History Results
We paid particular attention to the subsurface temperature 

history because it is the most important factor in determining 
the timing, rates, and amounts of hydrocarbon generation. In 
turn, the timing and amounts of hydrocarbon generation in-

Time (Ma)
Figure 7. Burial history for strata at the northernmost edge 
of the Altamont oil field, late uplift model. Key: UDR, Uinta 
and Duchesne River Formations; TG, Top of Green River 
Formation; MH, Mahogany Oil Shale; MM, Middle Marker of 
Green River Formation; TCM, Top of Carbonate Marker 
within Green River Formation; PE, Paleocene-Eocene Bound
ary; FS, Flagstaff member of Green River Formation; NH, 
North Horn Formation (Cretaceous).

fluence overpressure development and the hydrodynamic his
tory.

Except for basal heat flux into the basin from below, the 
structural/depth history is the primary control on the temper
ature history. Figure 7 portrays the late uplift model burial 
histories for strata at a single location (open triangle on Figure
1) along the northern edge of the Altamont oil field. Subsur
face temperature histories associated with these burial histo
ries are depicted in Figure 8. Temperature at each horizon 
increases as depth increases, tracking the ambient thermal 
gradient. When deposition ceases at 32 Ma, temperature con
tinues to increase at a slower rate due to conductive equilibra
tion of the sedimentary column. Chapman and Furlong [1992] 
discuss in detail this type of temperature equilibration follow
ing deposition. As uplift and erosion of the sedimentary sec
tion occur during the last 10 Myr of the history, temperature 
decreases its depth decreases.

Many factors influence the temperature history, including 
effects of thermal conductivity structure, erosion, sedimenta-

Time (Ma)
Figure 8. Temperature history for strata at the northernmost 
edge of the Altamont oil field, late uplift model. See caption of 
Figure 7 for key of abbreviations.
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(b)

Time (Ma)

Figure 9. Correlation between temperature history and 
overpressures for the Flagstaff member of the Green River 
Formation at the northernmost edge of the Altamont field: (a) 
modeled temperature history, (b) oil generation rate history, 
and (c) overpressure history.

tion, and advection by groundwater. All of these effects are 
explicitly treated in the model. The thermal aspects applied in 
this model, including basal heat flow, thermal conductivity 
structure, and calibration of modeled heat flow budget to ob
served heat flow data, are described by McPherson [1996].

6.3. Process of Overpressuring by Oil Generation 
and the Role of Temperature

The correlation between temperature history and overpres
sures is illustrated by Figure 9, including the modeled temper
ature history (Figure 9a), oil generation rate history (Figure 
9b), and overpressure history (Figure 9c) for the Flagstaff 
member of the Green River Formation at the northernmost 
edge of the Altamont field. These results correspond to the 
late uplift model with a constant surface temperature boundary 
condition (7’surface = 11°C). During the depositional phase 
from 56 to 32 Ma, temperature in the Flagstaff increases as 
depth increases (Figure 9a). Temperature reaches the “oil 
window,” or temperature range in which kerogen to oil con
version is significant, at about 40 Ma (Figure 9b). Overpressure 
(plotted in Figure 9c), or the amount of pressure above the 
hydrostatic condition, becomes significant at —37 Ma, shortly 
after oil conversion rates become significant. The chemical 
reaction that converts kerogen to oil approaches its peak at 28 
Ma, and the peak in overpressures is coincident (see vertical 
reference line on Figure 9). A sudden drop in pressure 
(crossed by vertical reference line in Figure 9c) occurs due to 
an induced fracture at —27.5 Ma; when fluid pressure exceeds 
the value of least principal stress, a vertical fracture is simu
lated by increasing vertical permeability 1 order of magnitude 
(refer to Figure 5, the permeability data plot, and associated 
discussion). During the last 25 Myr of the basin’s history the 
temperature of the Flagstaff remains in the “oil window,” yet 
the oil generation rate decreases to close to zero by present 
day. The rate reduction is attributable to the chemical reaction 
reducing available kerogen for conversion. We were led to

infer that overpressures are associated with oil generation be
cause overpressure dissipation coincides with oil generation 
rate reduction, much as overpressure increase is coincident 
with increases in oil generation rates. A sensitivity analysis 
verified the conclusion. Overpressures dissipate slowly, but not 
completely, because permeability of the Flagstaff is fairly low. 
The rate of dissipation suggests that another 10 to 15 Myr will 
be required for overpressures to disappear completely.

6.4. Overpressure Development: Model 
Results and Determining Factors

When we simulated the basin’s evolution with geologically 
reasonable parameters, the modeled fluid pressure regime was 
consistent with the observed overpressure distribution. Figure
10 is a map of hydraulic head results for the Flagstaff member, 
corresponding to the late uplift model at present day. Com
paring this map to the map of observed hydraulic head (Figure 
3) illustrates that the model qualitatively reproduces observed 
overpressures, including peak overpressure approaching 6 km 
head in the northernmost part of the basin. For a quantitative 
comparison, Figure 11 is a grey-scale contour mapping of the 
disparity between modeled overpressures (for this particular 
model) and observed. The vast majority of the Flagstaff reflects 
a small difference between modeled and observed pressures. 
However, large negative differences (observed much greater 
than modeled) are located in the northern part of Altamont 
(darkest contours on Figure 11). We attribute this to the model 
inducing excessive fracture permeability that bleeds off over
pressures prematurely. The majority of the disparity in the 
distribution consists of modeled pressures in excess of ob
served (lighter patches on Figure 11). The primary culprit for 
this difference is most likely an overestimate of TOC in the 
marginal lacustrine facies. However, an inaccurate geologic 
and thermal history may simply induce erroneous timing of 
maximum oil generation and associated overpressures.

Another disparity is that the model’s overpressures only 
begin to decrease at the Duchesne fault zone (Figure 10), while 
observed overpressures terminate abruptly and completely at 
the fault zone (Figure 3). The fault zone probably represents a

Figure 10. Isometric projection of modeled hydraulic head 
in the Flagstaff member of the Green River Formation within 
the Uinta basin (present day).
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Figure 11. Map of disparity between modeled overpressure and observed overpressures, or h = modeled 
head — observed head, in the Flagstaff member of the Green River Formation.

region of high permeability; when we assigned this region a 
higher permeability distribution in the model, the resulting 
Overpressure mapping was more consistent with that observed. 
The alternative end-member early uplift model results in a 
similar, qualitative match between model and observed over
pressures. All of our results suggest that the basin’s burial 
history and associated thermal history, regardless of “where” it 
lies between these end-member cases, will create and maintain 
overpressures in the Uinta basin. Both end-member structural 
histories, and we assume any realistic history in between, com
bined with reasonable model parameters of TOC, oil viscosity, 
etc., can qualitatively emulate the observed overpressure dis
tribution. As mentioned previously, modeled overpressures are 
not directly sensitive to the burial history per se. The critical 
aspect is the timing and duration of peak temperatures in the 
thermal history (directly determined by the burial history) be
cause this controls the peak and duration of oil generation and 
associated pressures (Figure 9). For the Uinta basin specifi
cally, then, it is not the structural history alone that controls 
overpressuring. Associated temperature histories and the evo
lution of individual rock and multiphase fluid properties play 
the critical role.

In this context, we performed a sensitivity analysis to isolate 
threshold values of rock and fluid properties necessary for 
overpressure development. We tested permeability, relative 
permeability, porosity, capillary pressure, TOC, oil density, 
and oil viscosity. Surface temperature was another variable 
considered in the sensitivity tests, and associated results are 
described in the subsequent section of this paper. Basal heat 
flux was not tested in our sensitivity analysis inasmuch as we 
already understand its direct effect on overpressure genera
tion; higher or lower basal heat flux simply changes the timing 
and magnitude of peak oil generation. Also, we are confident 
that basal heat flow is well constrained, compared to rock and 
fluid properties at depth, based on calibration described in 
detail by McPherson [1996].

Our sensitivity results revealed fluid pressures are most sen
sitive to permeability, TOC, and oil viscosity. Porosity and 
relative permeability are also significant, but the porosity effect 
manifests itself through associated permeability, and relative 
permeability is a scaling factor of absolute permeability. For

each of the three parameters we ran a series of model simu
lations in which the individual parameter within a single finite 
difference cell was assigned a fixed value for the duration of 
the history simulation, whereas all other parameters in all 
other cells vary as described previously. In all simulations the 
late uplift model with the constant surface temperature con
dition was used, and the specific cell we evaluated corre
sponded to the Flagstaff member of the Green River Forma
tion near the northern edge of the Altamont oil field. The 
depth of the selected cell is 4.2 km, with ambient properties of 
~ 2  X 10"18 m2 horizontal permeability, 1.6% TOC, and 0.5 cP 
viscosity.

Among the three parameters, permeability is the most im
portant because it is a limiting factor that determines whether 
overpressures will occur due to any mechanism. The sensitivity 
study revealed an interval of permeability below which over
pressures always form and above which overpressures do not 
form, as displayed in Figure 12a. Each point on the plot rep
resents the maximum overpressure reached in a single finite 
difference cell in the Flagstaff member during a model simu
lation in which that cell and all cells connected to it were 
assigned the same, constant value of permeability. We tested 
the range of permeability from 10“ 19 m2 to 5 X 10“ 18 m2, as 
shown by the abscissa on Figure 12a. Results show that for 
values of permeability less than 10“18 m2, overpressures are 
not sensitive to permeability. In other words, if permeability is 
lower than 10“ 18 m2, overpressures always occur, at least for 
these specific conditions of temperature history, TOC, poros
ity, etc. We refer to this lower limit of sensitivity as the “always 
overpressure” value of permeability, or kaop. Below the value 
of kaop the maximum overpressure reached in the cell was ~51 
MPa, the value of the least principal stress. In every simulation 
in which the fixed permeability was lower than kaop and fluid 
pressure reached the least principal stress, the cell of interest 
fractured, and pressure decreased.

For the sequence of permeability values greater than 10“ 18 
m2, the maximum overpressure reached was less for each in
crease in fixed permeability (Figure 12a), and at 5 x  10“ 18 m2, 
no appreciable overpressure developed. Overpressures only 
form for fixed permeability values less than 5 x 10“ 18 m2. We
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Figure 12. Results of overpressure sensitivity analysis: max
imum overpressure versus (a) fixed permeability, (b) initial 
TOC content, and (c) fixed oil viscosity.

refer to this upper limit of sensitivity as the “threshold” value 
of permeability. Note also that for values of permeability 
greater than 10-18 m2, the maximum overpressure reached was 
less than the least principal stress, and thus the cell of interest 
did not fracture. In all model simulations except the sensitivity 
analysis models, the minimum permeability assigned to any cell 
in the model was ~10-18 m2, as indicated by Figure 5.

In all basin history simulations except the sensitivity analy
ses, permeability of all strata evolved by the same formulation 
(Figure 5). An alternative, however, is to acknowledge litho- 
logical variations in permeability and assign alluvial strata a 
somewhat higher permeability (for example, an order of mag

nitude higher) than what is assigned to lacustrine strata. Re
sults for models with this alternative parameterization resulted 
in slightly diminished overpressures in lacustrine facies and no 
overpressure development in alluvial facies, provided other 
variables favor overpressure development. We used a perme
ability anisotropy ratio of K x, = Kh/ 1000, as the permeability/ 
porosity data suggest (Figure 5).

Similar results were obtained for the TOC sensitivity simu
lations. Figure 12b plots the maximum overpressure reached 
for fixed TOC ranging from 0.4 to 1.7%. The value of source 
rock TOC for which overpressuring always occurs, or TOCaop, 
is about 1.2%, and the threshold value is about 0.5%; that is, 
for values of TOC greater than 1.2%, the maximum overpres
sure reached, met, or exceeded the least principal stress, and 
for values of TOC less than 0.5%, no appreciable overpres
sures developed.

The sensitivity study also suggested that if TOC is too high 
or initial permeability is too low, overpressures are created but 
not sustained for very long. If assigned TOC is much higher 
than 5%, or permeability assigned is much less than 10-18 m2, 
then overpressures grow much more rapidly and peak at higher 
values. Fracture density is increased to the extent that over
pressures dissipate rapidly and are not maintained as long 
because of the induced high fracture permeability.

The results of the oil viscosity sensitivity models are similar 
in character to those of TOC and permeability. A range of 0.0 
cP up to 10 cP was tested, but the value at which overpressur
ing always occurs, or tioap, was just less than 0.5 cP, and the 
threshold value was about 0.05 cP (Figure 12c). The maximum 
viscosity for the deep Flagstaff dictated by the Chew and Con
nolly [1959] correlation approaches 2 cP, well above the iioap 
of 0.45 cP (Figure 12c).

The typical values of permeability, TOC, and oil viscosity in 
the deep Flagstaff at Altamont, as determined by rock and oil 
samples, exceed the koap, \ioap, and TOCoflp values deter
mined by the sensitivity study. This explains why the model 
qualitatively reproduces observed overpressures, regardless of 
which end-member geologic history (and associated thermal 
history) is simulated.

6.5. Overpressure Maintenance: Fracture Permeability
Our modeling revealed that whether overpressures are 

maintained to present day depends on many factors, especially 
primary permeability and secondary fracture permeability. A  
surprising realization from the evolution simulations is that 
subsurface permeability is affected by surface temperature. 
Surface temperature affects temperature at depth and there
fore the oil generation and overpressure history. Overpres
sures can induce rock fractures and increase permeability. The 
model simulations clearly show feedback between surface tem
perature and fracture permeability. In most simulations we 
held the surface temperature constant at 11°C, the current 
average surface temperature of the region today [National 
Oceanic and Atmospheric Administration (NOAA), 1989] 
throughout the basin’s history to isolate the effects of the 
evolving structure on subsurface temperature. In some simu
lations, surface temperature was varied through time. The spe
cific history applied (Figure 13) was modified from a surface 
temperature history of the Pacific Northwest [Wolfe, 1978] as 
described by McPherson [1996]. Subsurface temperature histo
ries for the early uplift model of strata at the northern edge of 
the Altamont field (triangle on Figure 1) are displayed in
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Figure 13. Surface temperature history assigned to Uinta basin. Adapted from Wolfe [1978].

Figure 14. Results of two simulations were compared, includ
ing one with a constant surface temperature boundary condi
tion (Figure 14a) and one with a variable surface temperature 
history boundary condition (Figure 14b). The greatest effects 
of the variable surface temperature history on subsurface tem

Time Before Present (Ma)

Time Before Present (Ma)

Figure 14. Temperature histories for strata in northern sec
tion of Altamont oil field, (a) Temperature history for early 
uplift model, constant surface temperature boundary condi
tion. (b) Temperature history for early uplift model, variable 
surface temperature history boundary condition. See caption 
of Figure 7 for key of abbreviations.

peratures occur after 35 Ma, where disparities as much as 8°C 
exist between the different subsurface temperature histories. 
The differences occur because a greater surface temperature 
propagates to depth. Subsurface temperatures for the variable 
surface temperature history are always greater than those for 
constant surface temperature models, simply because all tem
peratures in the variable history tend to be >11°C (the value of 
the constant surface temperature).

The effect of subsurface temperature on fracture permeabil
ity and overpressure maintenance is demonstrated by results of 
the early uplift model with a constant surface temperature 
boundary condition; this model overpredicts pressures by 15 
MPa in the deepest part of the Flagstaff. The fluid pressure 
histories produced by the early uplift model with constant 
surface temperature conditions for strata at the northernmost 
edge of the Altamont field (Figure 15a) can be compared to 
the maximum observed overpressure, 27.5 MPa, shown in the 
observed fluid pressure profile (Figure 4). However, the same 
model using the variable surface temperature history (Figure 
14b) underpredicts the final values of overpressure by about
12.5 MPa (Figure 15b). Subsurface temperatures in the vari
able surface temperature model are always higher, producing 
greater peaks of oil generation and creating more fracture 
permeability. Final fluid pressures in the higher permeability 
environment drop at a faster rate and to a lower value (Figure 
15).

Closer examination of both sets of fluid pressure histories 
(Figure 15) suggests that a trade-off between induced fractur
ing and oil generation must occur for the final value of over
pressure to be consistent with the observed value. For example, 
the early uplift model with variable surface temperature his
tory underpredicts the fined value of overpressure (Figure 15b). 
However, this occurs because initial overpressures are higher 
in this model (Figure 15a) and, consequently, many more frac
tures are induced, creating higher permeability than in the 
same model with constant surface temperature. In both cases, 
four of the nine model layers are significantly overpressured 
during much of the modeled basin history, but higher over
pressures are maintained longer in those formations that are 
less fractured because the permeability in those formations is
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Time Before Present (Ma)

Time Before Present (Ma)

Figure IS. Overpressure histories for strata in northernmost 
Altamont field, early uplift model, with different surface tem
perature boundary conditions: (a) overpressure histories for 
early uplift model with constant surface temperature boundary 
condition; (b) overpressure histories for early uplift model with 
variable surface temperature history boundary. See caption of 
Figure 7 for key of abbreviations.

lower. Note that in both models the North Horn Formation is 
overpressured, even though it is not a source rock. The prox
imity of the North Horn to the highly pressured Flagstaff 
stratigraphically above, combined with its low permeability, 
causes the modeled overpressures in that formation. Of the 
three layers of Green River Formation that are overpressured, 
only the Flagstaff member is open lacustrine; the other two are 
marginal lacustrine and thus have a lower TOC content and oil 
generation potential.

6.6. Overpressures Caused by Pore Space Compaction
Other mechanisms of Green River Formation overpressures 

have been proposed, including pore compaction associated 
with sedimentary loading (J. J. Sweeney, written communica
tion, 1993) and excessive dewatering of clays associated with 
transformation of smectite to illite within low-permeability 
strata. In this paper we demonstrate that ongoing oil genera
tion sufficiently explains observed overpressures in the Tertiary 
Green River Formation. The model results suggest that pore 
compaction may have contributed to overpressures during pe
riods of high sedimentation but that these overpressures dis
sipated relatively rapidly. Plotted on Figure 16 are portions of 
the fluid pressure histories corresponding to the late uplift

model described previously. When the model was run with 
either oil generation or compaction inactive, significant over
pressures were not induced (lower curve on Figure 16) during 
the period between 39 and 32 Ma. However, if both oil gen
eration and compaction were active, some overpressuring was 
induced (top curve on Figure 16).

The most important conclusion from this particular sensitiv
ity study is that the presence of oil was necessary for pore space 
compaction to cause overpressures. The oil generation rate 
during this particular period of the basin history was not high 
enough to produce overpressures, but the presence of oil re
duced the relative permeability of water such that pore com
paction became significant: —12 MPa above normal fluid pres
sure (Figure 16), compared to oil-generated overpressures of 
almost 40 MPa in the same strata later in the history (Flagstaff, 
Figure 15a). Once deposition of the Duchesne River Forma
tion ceases at 32 Ma, compaction ceases to be a significant 
overpressure mechanism. Simulation results suggest that over
pressures due to pore space compaction could be significant 
and maintained for significant geologic time if absolute per
meability were much lower, for example, less than lO-20 m2, or 
if compressibility were increased (see Appendix A). However, 
a shift in compressibility shifts the modeled porosity trend to 
be inconsistent with the observed porosity trends.

7. Conclusions
The primary goal of this study was to provide a more de

tailed assessment of overpressures by oil generation in the 
Uinta basin, Utah, including the relative effects of the 3-D 
geologic history, thermal history, and multiphase fluid aspects. 
To achieve this goal, we developed a three-dimensional, nu
merical model of the evolution of the basin. The model was 
developed from a public domain computer code, with addition 
of a new mesh generator that builds the basin through time, 
coupling the structural, thermal, and hydrodynamic evolution, 
and including in situ hydrocarbon generation and multiphase 
migration. The multiphase flow aspects distinguish this model 
from previous models of the Uinta basin [.Bredehoeft et al., 
1994], Results suggest that explicit treatment of multiphase 
flow, including relative permeability, capillarity, variable den-

Time Before Present (Ma)

Figure 16. Selected window of the fluid pressure history for 
the Flagstaff member of the Green River Formation, illustrat
ing that compaction contributes to modeled overpressures.
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sity, and viscosity, is necessary to quantitatively estimate (by 
modeling) the possible magnitude and duration of overpres
sures by oil generation in a sedimentary basin.

We simulated evolution of the Uinta basin using two “end- 
member” extremes of its possible structural histories. Qualita
tive matching of modeled and observed overpressures affirms 
our hypothesized range of these conceptual history models, 
especially considering the complexity of the numerical model 
and its parameterization.

A general conclusion of this study is that knowledge of a 
basin’s buried history is necessary to evaluate oil-generated 
overpressures. On the other hand, a priori measurements of 
overpressure may constrain the possible geologic history (even 
in 3-D), inasmuch as overpressure magnitudes restrict the pos
sible thermal and associated petroleum generation histories. 
For the Uinta basin case study specifically, the entire range of 
assumed geologically realistic structural histories (both pro
posed end-member cases and all permutations in between) 
produce 3-D thermal histories that generate sufficient oil to 
qualitatively match observed overpressures in the basin. In 
other words, uncertainty in the structural history does not alter 
the conclusion that oil generation causes the observed over
pressures. Additionally, depending on the specific parameter
ization used, both history models are consistent with regards to 
induced fractures in the northern Uinta basin, which is well 
known for its high fracture density.

Sensitivity study results elucidated the relative overpressur
ing roles of multiphase fluid interaction, oil properties, rock 
permeability, and depositional compaction. “Threshold” val
ues of certain parameters for overpressures to develop were 
identified: oil viscosity 0.05 cP or higher, intrinsic permeability 
5 X  10-18 m2 or lower, and TOC values of 0.5% or higher. 
Most or all of these specific threshold values must be met or 
exceeded, depending on the structural history imposed, for 
overpressures to be develop. The sensitivity analysis also elu
cidated values of viscosity, TOC, and permeability, above or 
below which overpressures always develop. Results show that if 
oil viscosity is greater than 0.45 cP, permeability is less than 
10“18 m2, or TOC is greater than 1.2%, fluid pressures always 
rise to or exceed the least principal stress. Typical k, fi, and 
TOC of the deep Flagstaff at Altamont, as determined by rock 
and oil samples, approach or exceed these values determined 
by the sensitivity study, thus explaining why the model quali
tatively reproduces observed overpressures.

Finally, the most important conclusions of this study are as 
follows:

1. Overpressures by oil generation create conditions for 
rock fracturing, and associated fracture permeability may reg
ulate or control the propensity to maintain overpressures.

2. Higher surface temperatures (histories) cause shorter 
periods of very high oil generation rates, creating very high 
overpressures, associated fracturing, and higher fracture per
meability. The model simulations clearly demonstrate feed
back between surface temperature and fracture permeability.

3. A trade-off between induced fracturing and oil genera
tion must occur for final modeled overpressures to be consis
tent with the observed values.

4. A necessary condition for pore compaction to cause 
detectable overpressures is the presence of significant amounts 
of oil, which reduces relative permeability. In the absence of 
oil, intrinsic permeability is not sufficiently low, and pore space

compaction does not cause excess fluid pressures. This result is 
specific to, but probably not unique to, the Uinta basin.

Appendix A: Porosity Reduction 
by Sedimentary Compaction

The continuity equation for flow through a differential vol
ume element, AxAyAz, can be stated as

p v
a (AM)

Ft / (AxAyAz), (A l)

where p is the density of the fluid, v is the fluid flux, and M  is 
the fluid mass within the volume element [Jacob, 1950; Brede
hoeft and Cooley, 1983]. We assume that changes in the lateral 
dimensions are negligible but that the z  dimension may change 
(e.g., due to depositional compaction). The rate of change of 
the fluid mass through time may then be stated as

3 (AM)
~ d t

Ax Ay. (A2)

Following Jacob [1950], if it is assumed that the change in 
volume of solids is negligible compared to the change in po
rosity, then

a(Az)
d t

= -a A  z (A3)

where a is vertical compressibility and cre is effective stress. 
The compressibility functions we used to parameterize the 
Uinta basin model are described by McPherson and Garven 
[1999]. Additionally, the change in porosity is

d4>
l F = ~ a{1 ♦>(£)

and the change in density is

£ - * ( * )

(A4)

(A5)

where j3 is the compressibility of the fluid and p  is the pore 
pressure. Combining (A2) through (A5) and introducing the 
effective stress law yields the following form of the flow equa
tion:

-V • pv =  4>p(/3 +  ^ ) dJL
dt

d&T
P“ - J f  • (A6)

This equation, minus the last term on the right-hand-side, is 
another form of the basic continuity equation solved by 
TOUGH2.

Finally, compaction, uplift, and subsidence require that the 
depth z  of the volume element change through time. The 
condition of a changing z  requires that (A6) becomes

-V ' pv

where D  indicates the total derivative (changes in the x and y 
dimensions are still considered negligible). This expression can 
be rewritten as
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( a \  /  dp dp 3 z \
- V - p W= c ^ / 3  + ^ - + - - J

( dcrT d<rT d z \

where dz/dt is the rate of subsidence, uplift, erosion, and/or 
sedimentation. Separating the basic flow equation from (A8), 
the remaining source terms are

I a \ / d p d z \  ( dcrT dcrTd z \
j '  (A9)

The terms in expression (A9) are the source/sink terms we 
added to the flow equation to account for changes in fluid mass 
balance due to compaction in a moving medium. McPherson 
[1996] provides a more detailed discussion of this derivation.
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