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Abstract

Teapot Dome is an asymmetric, doubly plunging, basement-cored, Laramide-age anticline.  A
systematic study of natural fractures within the Cretaceous Mesaverde Formation at Teapot
Dome, Wyoming indicates that lithology and structural position control outcrop fracture patterns.
Lithology controls fracture, deformation band and fault patterns in the following ways: 1)
fracture intensity increases with increased cementation, 2) fracture spacing increases
proportionally with bed thickness within two sandstone facies, but not in carbonaceous shales
where fracture spacing is inversely proportional to bed thickness, 3) coal cleats are generally
oblique, by up to 20 degrees, to fractures in sandstones, 4) most fractures in sandstone units
terminate at contact with shale layers, 5) deformation bands occur almost exclusively in a poorly
cemented, high porosity, beach-sand facies, 6) normal faults within well cemented sandstones
are generally expressed as fracture zones, whereas the same faults within poorly cemented
sandstones are diffuse zones of subparallel deformation bands.  

Three primary throughgoing fracture sets were documented within this context.  The
oldest fracture set is oblique to the hinge of the anticlinal fold.  The vast majority of these
fractures strike NW to WNW.  A small number of these oblique fractures strike roughly NNE.
Fractures that strike oblique to the fold hinge appear to predate folding.  The other two fracture
sets are related to folding.  The most common of these fractures, which are found throughout the
fold, are bed-normal extension fractures striking subparallel to the fold hinge.  A third set
consists of bed-normal extension fractures striking perpendicular to the fold hinge.  In many
areas this fracture set is spatially related and subparallel to NE-striking, normal oblique-slip
faults.  The normal oblique-slip faults are common along the eastern limb, but more than 90% of
these faults terminate before intersecting the western limb.  Conjugate fractures, deformation
bands and faults, oriented such that they have a vertical bisector to the acute angle and striking
subparallel to the axis of the anticline, are common in the southwestern limb and southern arc of
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the anticline.  Hinge-parallel and hinge-perpendicular fractures and faults are broadly
contemporaneous with basement-involved thrusting and folding at Teapot Dome, as suggested
by their spatial relationship to the fold.  Further observations suggest that fault-related, hinge-
perpendicular fractures are generally the same age as hinge-parallel fractures, and NE-striking,
normal oblique-slip faults are oriented roughly perpendicular to the fold hinge, even where it
bends, and terminate toward the SW limb of the anticline.  The oblique movement recorded on
some of these NE-striking faults may be related to differential movement across individual
segments of the basement-involved thrust. 

Based on the Teapot Dome natural fracture data set, a 3-D conceptual model of fractures
associated with basement-cored anticlines suggests significant horizontal permeability
anisotropy.  Depending on structural position, the interaction between fracture sets, and the in
situ stress, the direction of maximum permeability can be either parallel or perpendicular to the
fold hinge.
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1.0 INTRODUCTION

1.1 Purpose of study

This work was undertaken in order to provide a characterization of the natural fractures
within the Mesaverde Formation at Teapot Dome.  This report is based on work done for a
Master’s Thesis at New Mexico Institute of Mining and Technology by the first author  (Cooper,
2000).  The questions addressed in the report concern the origin, distribution, and orientations of
natural fractures and deformation bands and their probable effects on similar hydrocarbon
reservoirs.  To facilitate discussion of these items this report has been divided into two parts;
lithologic controls on fracturing and structural controls on fracturing. 

1.2 Location and General Geology

Teapot Dome is located in central Wyoming, near the southwestern edge of the Powder River
Basin (Figure 1).  The deepest portions of the Powder River Basin contain nearly 5,500 m of
sedimentary rocks, approximately 2,440 m of which are nonmarine Upper Cretaceous and lower
Tertiary clastic sedimentary rocks related to Laramide orogenesis (Fox et al., 1991).  The
tectonic style of Laramide uplifts varies around the basin, with the greatest deformation along the
western and southern margins.  Teapot Dome is one of several productive structural-style
hydrocarbon traps associated with Laramide structures in this area and is part of a larger
structural complex, comprised of Salt Creek anticline to the north and the Sage Spring Creek and
Cole Creek oil fields to the south (Doelger et al., 1993; Gay, 1999).  Teapot Dome is similar to
other Laramide structures such as Elk Basin anticline and Oil Mountain (Engelder et al., 1997;
Hennings et al., 1998; Hennings et al., 2000). 

 Teapot  Dome
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Figure 1: Index map illustrating the general location of Teapot Dome relative to the Powder
River Basin and surrounding Laramide uplifts (modified from Fox et al., 1991).

Early debates concerning the deformational style of the Laramide orogeny generally
centered around two main models: 1) forced folding related to near vertical uplifts (Prucha et al.,
1965; Stearns, 1971; Stearns, 1975; Stearns, 1978) and 2) high-angle reverse faulting related to
crustal shortening (Blackstone, 1940; Berg, 1962; Blackstone, 1980).  Over time, evidence has
accumulated for crustal shortening accommodated in the area of interest (e.g. Wyoming,
Montana, and South Dakota) by thrusts, many of which extend into the basement (Willis and
Brown, 1993).  This evidence includes seismic reflection data (Gries, 1983; Gries and Dyer,
1985) and a deep crustal line across the Wind River Range by COCORP (Oldow et al., 1989).
Teapot Dome is typical of the structures formed by this deformation process.  At Teapot Dome, a
basement-involved thrust that terminates upward within the sedimentary section (Figure 2) is
evident in 2-D seismic data (LeBeau, 1996).  The dome itself is a doubly plunging anticline.
Normal oblique faults that strike predominately perpendicular to the curvilinear fold hinge are
common along the eastern limb (Olsen et al., 1993; Doll et al., 1995).  Mesaverde Formation
sandstones and shales are exposed along the western, eastern and southern limbs of Teapot
Dome.  Maximum dips along the western limb are near 30o; along the eastern limb dips range
from 7o to 14o.

A resistant rim of Mesaverde Formation sandstones is exposed along the eastern,
southern and western limbs of Teapot Dome.  At this location, the Mesaverde Formation can be
subdivided into two members: the Teapot Sandstone Member and the Parkman Sandstone
Member (Wegemann, 1918; Thom and Speiker, 1931).  The Teapot Sandstone Member overlies
the Parkman Sandstone Member with an intervening layer of marine shale.  This relationship
suggests sea regression during deposition of the Parkman Sandstone Member, followed by a
brief transgression, then regression during the deposition of the Teapot Sandstone Member
(Weimer, 1960; Zapp and Cobban, 1962; Gill and Cobban, 1966).  An unconformity at the base
of the Teapot Sandstone Member represents probable subaerial exposure and erosion associated
with eustatic sea level change driven by regional tectonism (Gill and Cobban, 1966; Weimer,
1984; Merewether, 1990; Martinsen et al., 1993).  Fractures within the Parkman Sandstone
Member are the principal focus of this study.

The Steele Shale is exposed at the surface within the central portion of this breached
anticline.  An exploratory well (No. 1-G-10) near the apex of the anticline encountered granitic
basement at a depth of 2084 m (6849 ft; Gribbin, 1952). 

The shallowest reservoirs at Teapot Dome are within the Shannon Formation.  This
formation is also one of the major producing intervals and is located at depths between 75-200m.
The sandstones within this formation were deposited as offshore bars along the margin of the
Cretaceous Western Interior Seaway (Tillman and Martinsen, 1984).  Data from core within the
Shannon Sandstone will be addressed in section 2.4.4.  

A major set of faults and fractures striking perpendicular to the hinge of the anticline and
a secondary set parallel to the fold hinge were recognized and described at Teapot Dome by
Thom and Spieker (1931). Thom and Spieker (1931) suggested that these faults and fractures
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may inhibit fluid flow if they are cemented, and discussed the possibility of increased
hydrocarbon flow if a production well should intersect open fracture zones.  However, they
suggested that fractures would penetrate both sandstones and shales.  If this were the case
fractures would allow communication between reservoir units and pressures would equalize.
Because different pressures were observed within different reservoirs Thom and Spieker (1931)
inferred that fractures did not significantly influence hydrocarbon flow.  

Figure 2: A. Map view of cross section transect. B. Diagrammatic cross section illustrating
general structure and the basement-involved thrust that tips out within the sedimentary section.
Cross section was constructed from surface data, well logs and 2-D seismic reflection data. No
vertical exaggeration.  Numbers correlate to the following stratigraphic units and systems as
provided from Doll et al. (1995) and from well logs of exploratory well no. 1-G-10: 1.
Cretaceous Mesaverde Formation (Fm).  2. Cretaceous Sussex Sandstone (Ss), Shannon Ss,
Steele Shale (Sh), Niobrara Sh, Frontier Fm.  3. Cretaceous Mowry Sh, Muddy Ss, Thermopolis
Sh, Dakota Ss, Lakota Ss.  4. Jurassic Morrison Fm, Sundance Fm.  5. Triassic Chugwater
Group.  6. Permian; Goose Egg Fm.  7. Pennsylvanian Tensleep Ss.  8.  Pennsylvanian Amsden
Fm.  9. Mississippian Madison Limestone (Ls).  10. Devonian through Ordovician;
Undifferentiated.  11. Cambrian; Deadwood Fm.  12. Precambrian; Granite.
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Thom and Speiker (1931) also documented a secondary set of faults and joints that strike
roughly normal to the major set of faults and fractures and are, therefore, oriented approximately
parallel to the axis of the anticline.  This subsidiary fracture and fault set was attributed to
extension across the fold.  Doll et al. (1995) inferred three primary fracture directions in the
subsurface from steam flood response data.  These orientations were perpendicular to the fold
hinge, N65oW, and parallel to the hinge.  Using indirect surface geochemical techniques such as
surface hydrocarbons, Eh, pH, soil electrical conductivity, iodine, and bacteria, Fausnaugh and
LeBeau (1997) observed trends in the data suggesting NE-striking faults.  Geochemical
signatures perpendicular to the NE-striking faults were also observed and attributed to either
faulting or to overlapping stratigraphic relationships of subsurface reservoirs.  Section 3
(Structural Controls) describes three dominant fracture patterns observed at Teapot Dome.  Two
of the fracture sets appear to be related to the folding process and are oriented roughly parallel
and perpendicular to the fold hinge.  The third set predates folding and predominately strikes
WNW.

1.3 Background

Structures such as fractures, fracture networks and faults can influence permeability and
therefore fluid flow within an aquifer or petroleum reservoir (Lorenz and Finley, 1989; Lorenz
and Finley, 1991; Teufel and Farrell, 1992).  A distinct permeability anisotropy has been
observed in reservoirs with low matrix permeability and a well developed, open fracture system
(Elkins and Skov, 1960; Lorenz and Finley, 1989; Teufel and Farrell, 1992), with the highest
permeability parallel to the fractures.  Within a given rock volume fractures generally result in an
overall permeability increase.  Significant interaction between the fracture surface and the matrix
allows better drainage of the rock matrix.  This matrix/fracture interaction could allow for a
substantial increase in recoverable hydrocarbon reserves.  

In contrast, mineralized fractures and deformation bands (small-displacement faults,
characterized by cataclasis and/or pore reduction through compaction) are typically characterized
by significant permeability reduction (Nelson, 1985; Antonellini and Aydin, 1994; Antonellini et
al., 1994).  Where fractures are mineralized or the rock is cut by deformation bands, the rock
matrix is more permeable than the structures, so the rock is most permeable parallel to, and
between, fractures and deformation bands.  Therefore, within a given rock volume containing
mineralized fractures and/or deformation bands there will be an overall permeability decrease
and possible reservoir compartmentalization.  Partially mineralized fractures may still have some
permeability.  However, there could be a significant reduction in the interaction between the
remaining open fracture fluid pathway and the rock matrix (Nelson, 1985).  Either mineralized or
partially mineralized fractures could have the effect of decreasing the total amount of
recoverable reserves.

Structures such as fractures and faults can increase or decrease permeability in certain
directions and thus introduce permeability anisotropy and heterogeneity (Rice, 1983; Nelson,
1985; Fassett, 1991; Teufel and Farrell, 1992; Caine et al., 1996) and it is important, from a
production standpoint, that they be modeled accurately.  It can be very difficult, however, to
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predict the location, spacing, and orientation of fractures and small-displacement faults in the
subsurface (Lorenz, 1997).  Most regional fractures are subvertical, and are thus unlikely to be
sampled in vertical boreholes (Lorenz and Hill, 1992).  Reasonable predictions of permeability
anisotropy require an understanding of controls on the distribution and orientation of such
features.  As will be brought out in this report these features can have predictable orientations
with regard to large-scale structures such as anticlines. 

Basement-cored anticlines within the Rocky Mountain region have been hydrocarbon
exploration targets since the turn of the century.  Structures of this type can be found in many
other areas of the world (e.g., DeSitter, 1964; Harding and Lowell, 1979).  One of the primary
reasons basement-cored anticlines are exploration targets is that they can provide excellent four-
way closure.  Four-way closure can allow the entrapment of migrating hydrocarbons in
economically significant amounts.  To maximize recovery of these trapped hydrocarbons it is
essential to accurately model any permeability anisotropy associated with these structures.  

For modeling and production purposes it is important to document directions of preferred
fracture and fault orientations within primary hydrocarbon traps, such as anticlines.  By
understanding controls on fracture and fault orientation and distribution in a given reservoir the
accuracy of flow modeling can be improved, thereby increasing primary and secondary
hydrocarbon recovery.  To this end lithologic controls on fracturing as well as some of the
consequences of fracture permeability are reviewed in the first part of this report while the
second half addresses variations in fracture and fault characteristics, such as spacing and
orientation, with structural position.  

1.3.1 Historical context

Oil seeps were known to exist in the Teapot Dome and Salt Creek areas prior to 1880.
The first oil well in the area was drilled in 1889 near one of the seeps north of the Salt Creek
anticline.  The well was drilled to a depth of approximately 213 m (700 ft) and had a production
of 10-15 barrels per day (b/d) from sand lenses in the Steele Shale (Curry, 1977). Teapot Dome
was established as a Naval Petroleum reserve by President Wilson in 1915 (Doll et al., 1995).
The first production at Teapot Dome was 830 barrels in October 1922, representing two days of
flow (well ID # 301-2; Trexel, 1930).  Peak production in 1923 was 138,081 barrels in October
from 51 wells or 4460 barrels per day (Trexel, 1930).

The infamous Teapot Dome scandal of the Harding Administration involved leasing of
this Government-owned reserve to Harry F. Sinclair’s Mammoth Oil Company in 1922.  Daily
production when placed in the hands of the receivers in 1924 was approximately 3790 barrels per
day (b/d).  Trexel (1930) provides monthly sales and royalty figures for this period.  These data
show total oil and gas sold by Mammoth Oil Company was 1,442,496 barrels.  Trexel (1930)
also indicates that Mammoth Oil produced between 2 and 2.5 billion cubic feet of gas by March
13, 1924.  Reports indicate that during this period some shale-crevice wells had production rates
as high as 25,000 b/d (Curry, 1977).  However, overall production dropped to 22,626 barrels per
month by December 1927.  Therefore, during the scandal, wells were producing at a maximum
rate and much of the reservoir pressure within the Second Wall Creek Sandstone was depleted
(Curry, 1977; Doll et al., 1995). 
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The current manager of Teapot Dome, also known as Naval Petroleum Reserve #3 (NPR
#3), is The Department of Energy.  Cumulative production for the year 1998 was 250,000 barrels
of sweet crude oil, and 26,000 barrels of sour crude oil from an average of 500 production wells
(Milliken, pers. com., 1999).  NPR#3 is slated for closure and reclamation by 2003.  At present
one of the major uses of the Teapot Dome Field is as a testing center for new technologies.  This
research is managed through the Rocky Mountain Oilfield Testing Center located in Casper,
Wyoming and on site at Teapot Dome.

1.4 Technical approach

Data collection sites were chosen to provide 1) a generally uniform distribution of sites
with regard to the large-scale anticlinal structure, and 2) representative samples from the five
different stratigraphic units within the Mesaverde Formation.  Data were collected by
systematically recording the grain size, degree of cementation, bed thickness, and orientation of a
given lithologic unit and the type, orientation, spacing, trace length, degree of mineralization,
aperture width, surface characteristics, and abutting relationships of fractures cutting that unit.
At certain charted locations the fracture patterns were mapped to scale.  These maps help to
illustrate the abutting relationships in areas where two or more sets exist.  Preference was given
to localities that provided a 3-D view (e.g., combined pavement and cross-sectional views).

2.0 LITHOLOGIC CONTROLS

2.1 Introduction

Previous work indicates that lithology and bed thickness are primary controls on fracture
spacing and orientation, reflecting the fact that different rock units are mechanically distinct
(Nelson, 1985; Fjaer et al., 1992; Committee on Fracture Characterization and Fluid Flow, 1997;
Lorenz, 1997).  Fracture spacing (also referred to as fracture density) has been correlated with
the mineralogical composition of the matrix grains, porosity, and bed thickness.  In general, more
brittle rocks will have more closely spaced fractures than less brittle rocks (Nelson, 1985).
Therefore, rock units that contain high percentages of well-cemented brittle constituents will
generally have more closely spaced fractures.  The primary brittle constituents within a rock are
quartz, feldspar, dolomite and calcite.  However, it should be noted that the elastic properties of a
given rock unit, which have a direct influence upon fracture spacing, need not always be
associated with the amount of brittle constituents.  For example cleat or fracture spacing within
carbonaceous shales and coals with few quartz grains is in many cases much closer than the
fracture spacing within quartz-rich sandstone beds of similar thickness (Price, 1966).  This
suggests that the difference in fracture spacing is more directly attributed to Young’s modulus
than to brittle constituents.

It has also been observed that when loading conditions and all other rock parameters are
equal, thin beds will have a higher fracture density than thicker beds (Price, 1966; Ladeira and
Price, 1981; Nelson, 1985).  With a few exceptions fracture spacing is locally proportional to bed
thickness (Price, 1966; Hobbs, 1967; Nelson, 1985; Lorenz et al., 1996). 
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Examination of natural fracture and fault patterns within Mesaverde Formation outcrops
at Teapot Dome, Wyoming was undertaken, in part, to develop a better understanding of the
influence of lithology and bed thickness on the development of these structures. Additional work
(presented in section 3: Structural Controls) addresses variations in fault and fracture density and
orientation with respect to structural position within the dome.  Together, these two studies
provide insight into controls on deformation of a heterogeneous sequence of clastic sedimentary
rocks in a basement-cored anticline.

2.2 Previous Work

2.2.2 Lithologic Controls on Fracturing 

Fracture spacing is generally proportional to bed thickness (Bogdanov, 1947; Harris et
al., 1960; Price, 1966; McQuillan, 1973; Narr and Suppe, 1991; Gross, 1993; Ji and Saruwatari,
1998; Bai and Pollard, 2000).  Bai and Pollard (2000) evaluated previous studies and showed
that spacing to layer thickness ratios range from greater than 10 to less than 0.1.  Bogdanov
(1947) mathematically described a relationship where spacing (S) varied as a function of bed
thickness (B) and some constant (K).  The constant (K) has been related to lithology (Ladeira
and Price, 1981).

Equation 1: S = K B 

Price (1966) attributed differences in spacing between fractures in a sandstone and coal
cleats in an adjacent carbonaceous unit to differences in Young’s modulus.  In beds of similar
thickness and within the same area, coal cleat spacing can be less than 3 cm whereas fracture
spacing within sandstone can be over 35 cm.  In evaluating this relationship, Price (1966)
equated strain energy (w) to the applied stress (�) and Young’s modulus (E):  

Equation 2: w = �2 / 2E 

Given generalized Young’s moduli of E= 2 x 105 and E = 1x 107 for coal and sandstone,
respectively, the strain energy stored in the carbonaceous unit can be several times that of the
sandstone.  The difference in stored strain energy is the same order of magnitude as the
difference in fracture spacing.  

With respect to fracture spacing within a single bed Price (1966) suggests that at some
distance L from a preexisting fracture forces become large enough to form a second fracture.
Therefore L is the limit of influence of the preexisting fracture and is the minimum distance at
which a second fracture can be formed.  Further, if bed thickness is doubled, a distance of 2L is
required for the forces to become large enough to form a second fracture.  Essentially Price
(1966) implies a linear relationship between bed thickness and fracture spacing.  Harris et al.
(1960) suggests that fracture density is nearly the inverse of bed thickness.  However, bed
orientation, thickness of cover, and the degree of cohesion between adjacent units all influence
normal stress on the rock units.  Also small lithologic changes, such as grain size, sorting and
cementation, will influence both tensile strength and the coefficient of friction (Price, 1966).
Price (1966) suggested these mitigating factors produce only second-order fluctuations in the bed
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thickness to fracture spacing relationship.  Other workers (Lorenz and Finley, 1989; Lorenz and
Hill, 1991; Lorenz, 1997) have observed that lithologic changes and sedimentary heterogeneities,
such as grain composition, cementation and orientation of lenticular fluvial sandbodies relative
to the stress field, can influence mechanical behavior and have a visible effect on fracture
distribution and spacing.  

Fracture spacing has also been related to the rock properties and thickness of the adjacent
rock units as well as the rock properties of the fractured bed (Ladeira and Price, 1981; Ji and
Saruwatari, 1998; Bai and Pollard, 2000).  Hobbs (1967) suggested that fracture spacing is
proportional to the square root of Young’s modulus for the fractured bed and the inverse of the
square root of the neighboring units’ shear moduli.  Ji and Saruwatari (1998) devised a
mathematical model to describe a fractured bed interlayered between two unfractured beds.  In
the model fracture spacing (s) depends on the fractured layer thickness (t) and the surrounding
non-fractured layer thickness (d).

Equation 3: s = n (td)1/2 

The constant n is dependent on material properties of the rock units and the decay modes of the
shear stress in the bounding layers.  The model is supported by field data from Ladeira and Price
(1981). 

Methods of evaluating layer thickness to fracture spacing include the Fracture Spacing
Index (Narr and Suppe, 1991), Fracture Spacing Ratio (Gross, 1993) and Fracture Spacing to
Layer Thickness Ratio (Bai and Pollard, 2000).   The Fracture Spacing Index (FSI) is the slope
of a best-fit line through the origin on plots of mechanical layer thickness vs. median fracture
spacing from a number of layers of varying thickness.  In these plots thickness is on the y-axis
however fracture spacing is held as the dependent variable.  The plots are arranged in this
manner so that FSI values correlate to higher fracture density.  The Fracture Spacing Ratio (FSR)
is the ratio of median fracture spacing vs. layer thickness for a single layer.  Bai and Pollard
(2000) use the Spacing to Layer Thickness Ratio (S/Tf) as the inverse of either of the two
previous measures assuming equal spacing (i.e. mean and median spacing values are the same).
Mean rather than median fracture spacing has also been described as directly proportional to bed
thickness (Huang and Angelier, 1989).  The Spacing to Layer Thickness Ratio was used by Bai
and Pollard (2000) because they wished to focus on “fracture spacing rather than on fracture
density”.  

2.2.3 Influence of Porosity on Deformation Processes

Rock strength has generally been shown to decrease in a nonlinear fashion with
increasing porosity (Price, 1966; Dunn et al., 1973; Hoshino, 1974).  Therefore, the breaking or
fracturing strength of clastic sedimentary rocks is closely related to porosity.  Hoshino (1974)
derived an empirical relationship between rock strength and porosity:  

Equation 4: n = A e-b�s 
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Where rock strength (�s) is proportional to porosity (n).  A is the porosity at strength zero
and b is related to the amount of strength change for a specific change in porosity.  Dunn et al.
(1973) expressed this relationship as: 

 
Equation 5: y = a nb 

where y is the stress difference at failure, n equals porosity, constants a > 0 > b and “through-
going fractures develop by coalescence of grain-boundary cracks, porosity and extension
fractures”.  In the case of low porosity rocks, where there is limited open pore space, a through-
going fracture will consist primarily or exclusively of linked extension fractures and grain
boundary cracks.  Therefore, low-porosity rocks are relatively strong because extension fractures
must propagate through a relatively large number of grains within a given volume.  In contrast,
rocks of higher porosity have numerous open pore spaces, which requires fewer grains to be
fractured.  As through-going fractures develop, they will use open pore spaces whenever possible
because crack propagation in this way requires the least energy (Dunn et al., 1973).    

High porosity sandstones commonly deform by a mechanism different than less porous,
more brittle sandstones.  Deformation within relatively high porosity sandstones can occur by a
combination of sand grain fragmentation and pore collapse localized within very narrow bands
accommodating displacements of a few millimeters to centimeters (Engelder, 1974; Aydin,
1978; Jamison and Stearns, 1982; Antonellini et al., 1994).  These generally planar small-
displacement faults are defined as deformation bands (Aydin, 1978).  They are typically thin
(1mm wide average) with along strike lengths from a few centimeters to some tens of meters in
length.  Three major groups of these small-displacement faults have been described (Antonellini
et al., 1994): 1) deformation bands with no cataclasis, 2) deformation bands with cataclasis and
3) deformation bands with clay smearing.  Formation of deformation bands of the first group is
believed to be the result of early, transient dilatancy during grain boundary sliding.   This can be
followed by the formation of deformation bands of the second group through grain breakage and
pore collapse.  The rotation and crushing of grains results in reduced permeability relative to the
surrounding matrix (Antonellini et al., 1994).  Experimental analyses indicate that the effective
pressure required for failure at the transition between brittle faulting and cataclastic flow in
porous sandstones decreases with increasing porosity and grain size (Wong et al., 1997).  This
observation is in accordance with field and experimental observations that porous sandstones
tend to be less brittle and fail through a combination of early dilatancy, then pore collapse and
grain fragmentation (Wong et al., 1992; Antonellini et al., 1994; Wong et al., 1997; Wong,
1998).  There is a direct relationship between grain size and deformation band width.  This
relationship is generally described as linear, with the thickness of deformation bands as some
multiple (5-15) of average grain diameter (Roscoe, 1970; Muhlhaus and Vardoulakis, 1988;
Antonellini et al., 1994). 

2.3 Teapot Dome

2.3.1 Mesaverde Formation Mechanical Stratigraphy

As previously described, early workers (Wegemann, 1918; Thom and Speiker, 1931)
subdivided the Mesaverde Formation at Teapot Dome into two members: the Parkman Sandstone
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Member and the Teapot Sandstone Member.  For this study, a different approach was utilized.
The Parkman Sandstone Member was divided into five units according to lithology and
depositional environment.  These divisions best create units with inherently different mechanical
properties.  Separating units according to mechanical properties is important due to mechanical
influences on fracture characteristics.  The majority of the fracture measurements were obtained
from these five newly defined lithologic units within the Parkman Sandstone Member.  From
oldest to youngest, these units are a shallow-marine, interbedded sandstone/shale,
shoreface/beach sandstone, a white beach sandstone, a non-marine carbonaceous shale, and
lenticular fluvial sandstones within the carbonaceous shale unit.  A generalized stratigraphic
column is provided in Figure 2.  The stratigraphic sections allow consideration of spatial
variations in thickness as well as facies variations within the units studied.  Key observations and
justifications for the environments of deposition within this progradational sequence are
summarized in the following paragraphs.  
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Figure 3: Generalized stratigraphic column based on measured sections illustrating the relative
positions and thicknesses of the five Parkman Sandstone Member stratigraphic units from which
fracture orientation data were recorded at Teapot Dome.  Locations of measured sections are
shown in the map view.

Unit 1 consists of interbedded shallow-marine sandstones and shales and ranges in
thickness from 10 to 20 m, with individual bed thicknesses from 2 cm to 150 cm.  This unit is
similar to a basal unit described by Thom and Spieker (1931).  This unit is thicker in the northern
half of the anticline.  Grain sizes coarsen upward from 62-125 � in the lower sandstones to 88-
177 � in the upper beds.  The alternating beds of shale and sandstone, numerous trace fossils,
current ripples and occasional hummocky cross-stratified beds found within this unit are
evidence that these sandstones were deposited in a shallow-marine environment near wave base.
When below wave base, the clay was deposited and not reworked/redistributed farther offshore
into the deeper marine environments.  When above wave base, sands were reworked into
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hummocky cross-stratified beds.  Reworking was intermittent because trace fossils and current
ripples were not always destroyed before burial.

The shoreface/beach sandstone unit (Unit 2) has an average thickness of 15-20 m.  Grain
sizes average between 88 and 177 �. The thickest portion of this unit is found along the
southeastern extent of the anticline (up to 20m thick).  The basal (transitional) portion of this unit
locally displays rip-up clasts, ball, pillow and flame primary structures, and Ophiomorpha trace
fossils.  The lack of trace fossils (except for the armored Ophiomorpha burrows) indicates that
these deposits were shallow enough for constant reworking by wave and storm processes.  Half-
meter scale unidirectional crossbedding is suggestive of long-shore currents and offshore bars.
Thicker sandstone beds with fewer and thinner shale beds relative to the shallow-marine facies
suggest stronger shoreface currents during transport.  The ball and pillow structures may
represent rapidly deposited sandstones.  The sands could be derived from surging currents
directed offshore, after storms flooded low-lying coastal areas.  Alternatively, these structures
could be related to synsedimentary earthquake activity (Kuenen, 1958; Potter and Pettijohn,
1977).  

The white beach sandstone unit (Unit 3) is distinctive due to its snowy white color, higher
porosity and lesser amount of cementation relative to any of the other Mesaverde Formation
sandstones.  Thom and Spieker (1931) also described this unit.  This unit is absent along the
northwestern portion of the dome, is present as a thin (up to 2 m) unit along the western and
southern portions, and thickens to a maximum of 4.5 m along the eastern limb of the anticline.
Grain sizes are between 125 and 250 �.  While sedimentary structures in this unit are typically
obscure, carbonaceous shales deposited in paludal/swamp environments directly overlie it,
suggesting this unit represents the bedding deposits expected between shallow marine and
paludal environments.

The non-marine carbonaceous shale (Unit 4) averages 40 m in thickness and is locally
interbedded with thin coals.  A distinctive black color, generally poor induration, and a very fine
grain size (less than 62 �) characterize this unit.  These organic-rich carbonaceous shales are
indicative of swampy environments.  There are no distinct paleosols or rooted zones to indicate
subaerial exposure.  However, there are pieces of fossilized wood as well as twig/leaf imprints in
the rock. 

 
Laterally discontinuous, over a scale of 10s of meters, fluvial sandstones (Unit 5) are

located within the carbonaceous shale unit.  For the purposes of this study, fluvial sandstones are
treated separately from the carbonaceous shales because of significant differences in grain size
and cementation (and therefore inferred differences in mechanical properties).  Unlike the other
stratigraphic units, which have a tabular or sheeted geometry, the fluvial sandstones are
lenticular.  Individual fluvial sandstone units range between 1 and 6 m in thickness.  Sandstone
lenses are generally poorly sorted with grain sizes varying between 88 and 250 �.  Crossbeds are
generally uniformly oriented at any single outcrop, but are variable from channel to channel or
from location to location along a channel, reflecting channel sinuosity.  Associated ripple-
bedded, finer-grained, thin-bedded overbank and levee deposits occur lateral to the channels or
overlie the channel deposits.  In the later case these deposits may have formed during channel
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abandonment.

2.4 Fractures and Faults at Teapot Dome

The dominant type of fractures observed at Teapot Dome are extension fractures that are
primarily oriented parallel or perpendicular to the fold hinge (see Section 3: Structural Controls).
At most sample locations there are multiple fracture sets, including throughgoing fractures and
cross fractures (Figure 4).  The majority of apertures measured at these locations are the result of
recent erosion and thus are not discussed here.  Surface features such as plume and rib structures
were noticeably absent on almost all exposed throughgoing fracture surfaces.  Due to the limited
size of outcrop exposures, fracture trace length data were generally unobtainable at Teapot
Dome.  The throughgoing fractures generally extended from outcrop edge to outcrop edge.
Fracture zones in one large pavement surface, within Unit 2 beach sandstones, extend over 100m
along strike.

Figure 4: Fracture map of a pavement surface illustrating the nature of throughgoing fractures
and cross fractures at the top of a single sandstone bed at Teapot Dome, Wyoming.

2.4.1 Lithologic Controls

Both fracture spacing and orientation vary with lithology at Teapot Dome.  In general,
fractures are most closely spaced in carbonaceous shales (Unit 4), more widely spaced in fluvial
(Unit 5) and beach (Unit 2) sands, and most widely spaced in marine shales (Unit 1).  Fractures
are generally absent, replaced by deformation bands, within the white beach sandstones of Unit
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3.  Details of these relationships follow.  
 
Unit 1 marine shales exhibit fewer fractures than associated well cemented Unit 1 marine

sandstones.  In general, regional fractures in the sandstones terminate at sandstone/shale
contacts, but this fracture-termination relationship was observed everywhere Unit 1 was
investigated.  Unit 4 carbonaceous shales with localized coal seams have a relatively high cleat
(extension fracture) density that in many areas is comparable to or greater than the fracture
density within well cemented sandstone beds of similar thickness (Figure 5).  For example, two
distinct fracture sets are observed within the Unit 2 sandstone, each with a unique orientation and
mean spacing of fractures.  The NW-striking fracture set has a mean fracture spacing of 29.5 cm,
while the NE-striking fracture set has a mean fracture spacing of 185.5 cm.  The mean spacing
between NW-striking cleats in the Unit 4 carbonaceous shale is 17.2 cm.  Comparing the NW-

striking fracture set with NW-striking cleat set gives a ratio of cleats to fractures of 1.7:1.  This is
consistent with Price’s (1966) observations of fracture density in coal vs. sandstone.  
Figure 5: Fracture spacing vs. bed thickness data from 53 locations and 4 lithologic units around
Teapot Dome.  Locations were selected on the criterion of at least one distinctly older
throughgoing fracture set.  Fracture spacing was measured perpendicular to the throughgoing
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fracture set and averaged for each location.  594 total fracture spacing measurements were used.
Complete fracture and bed thickness data are provided in the appendix of Cooper (2000).  (A)
All data points are shown.  (B) Shows data for bed thickness and fracture spacing values below
1.5m.

A further comparison suggests a significant difference in orientation between fractures
and cleats.  Fractures are oblique to cleats by up to 20o within beds of similar thickness and
relatively close proximity.  

Given sandstone beds of similar thickness, fractures are more closely spaced within
better-cemented sandstones.  Measurements obtained from seven adjacent sandstone beds within
Unit 2 illustrate the relationship between the amount of cementation and fracture spacing in
sandstones observed throughout Teapot Dome (Figure 6).  Fracture spacing of the oldest
throughgoing set was measured perpendicular to fracture strike.  The oldest throughgoing set at
this location is oblique to the fold hinge and has a representative orientation of N55oW 75oNE.
Note that porosity is inversely related to the amount of cementation within a specific rock unit
(Table 1).
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Figure 6: A) Stratigraphic section of seven beds (labeled A, B, C, D, E, F and G) composed of
shoreface/beach sandstones within Unit 2.  B) Fracture spacing is shown to decrease nonlinearly
with increased cementation in a comparison of the same seven beds.  Cement percentages were
determined from thin section point count data.  Fracture spacing is average of measurements
from each bed (Table 1).  Data table provided in Cooper (2000).
Bed A B C D E F G
Number of measurements 11 1 4 3 61 3 40
Mean Fracture Spacing (cm) 43.6 280.0 95.3 133.3 6.2 133.7 11.3
Cement (%) 27 20 23 7 43 9 42
Porosity (%) 18 39 27 36 5 31 11
Bed Thickness (cm) 16 24 4 14 5 17 2

Table 1: Data illustrating the relationship between fracture spacing, cementation, porosity and
bed thickness compiled from seven beds within Unit 2 sandstones (stratigraphic section shown in
Figure 6A). Note that porosity is inversely related to cementation.  Cementation and porosity
measurements are from point counts; 300 points per thin section.  Cement is typically calcite
with minor amounts of siderite.  
 
 2.4.1.1 Bed Thickness

Data from Figure 6 were subdivided by lithology in order to evaluate the common belief
that fracture spacing is proportional to bed thickness.  Locations with bed normal extension
fractures that have unambiguous abutting relationships and are not related to faulting are used in
Figures 5 and 7.  Only the spacing between fractures in the oldest through-going fracture sets
was plotted.  This eliminated the necessity of determining the influence of pre-existing fractures
on secondary fracture spacing.  These data suggest that there is a broad linear relationship as
described by Bai and Pollard (2000). 

It is important to consider that bed thickness may or may not be the effective mechanical
thickness.  Gross (1993) defines a lithology-controlled mechanical layer as having boundaries
where lithologic variation produces distinctly different mechanical properties, so that the layer
will respond homogeneously to an applied force. Effective bed thickness is a term used within
this paper to describe the total thickness of adjoining stratigraphic units that respond to a
deformation process as a single mechanical unit. Therefore, at Teapot Dome, poor correlation
coefficients could be attributed to differences between measured bed thickness and effective bed
thickness (Figure 7). 

When evaluating Figures 5 and 7 it is important to consider the possible mechanical
stratigraphic controls on the various units.  For example, marine sandsheets separated by shale
(shale/sandstone/shale) may be mechanically different than a contiguous sequence of sandstone
beds.  Unit 1 sandstones are interbedded in shale.  They are laterally continuous shallow-marine
sandsheets that have a tabular or sheeted geometry.  Unit 2 includes beach sandstones generally
interbedded within other beach sandstones.  These sandstones have a tabular geometry and are
laterally continuous.  Unit 4 is laterally continuous and is composed of poorly indurated
carbonaceous shales and coal.  Unit 5 fluvial sandstones have a lenticular geometry and are
laterally discontinuous over a scale of 10’s of meters.  These fluvial sandstones are interbedded
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with carbonaceous shales.  
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Figure 7: Bed thickness vs. fracture spacing from 53 locations and 4 lithologic units
around Teapot Dome.  Locations were selected on the criterion that there is at least one
throughgoing fracture set.  Fracture spacing was measured perpendicular to the throughgoing
fracture set and averaged for each location.  594 total fracture spacing measurements were used.
There are two fracture spacing vs. bed thickness correlations for Unit 5 fluvial sandstones a)
includes all data points and b) a correlation that is minus the three thickest beds.  This is the same
data set used in Figure 5.  Mean fracture spacing is the dependent variable in all three linear
regression analyses.

The sandstone units have a variety of bed thickness to fracture spacing relationships.
Unit 5 fluvial sandstones have a fracture to bed thickness relationship closest to a 1:1 correlation
line (Figure 5).  Though the correlation coefficient is poor (r2 = 0.4388), Figure 7 does illustrate a
broad positive linear relationship between fracture spacing and bed thickness within Unit 5
sandstones.  Ladeira and Price (1981) and Huang and Angelier (1988) indicate that the linear
correlation between fracture spacing and bed thickness is no longer observed after beds become a
few meters thick.  If the three thickest beds are removed from the Unit 5 analysis, a correlation
coefficient of 0.6546 is recorded and the equation of the line indicates predicted fracture spacing
is approximately 1/3 bed thickness (Figure 7).  
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The spacing between cleats within Unit 4 carbonaceous shales is inversely proportional to
bed thickness (Figures 5 and 7).  The correlation coefficient for the Unit 4 linear regression is
still poor at 0.4806.  Fracture spacing within Unit 2 is the most variable with respect to bed
thickness of all the units (r2 = 0.2421; Figure 7).  

Unit 1 shallow marine sandstones at first glance show almost no correlation between
fracture spacing and bed thickness (Figures 5 and 7).  However, the data in Figure 7 are
subdivided by orientation of the measured fracture set, and a review of these data shows that
hinge-perpendicular fractures within Unit 1 sandstones are better correlated to bed thickness (r2 =
0.6719; Figure 8) than other fractures.  This may be due to Unit 1 sandstones being interbedded
with an incompetent (shale) layer and thereby creating the condition wherein bed thickness is
equivalent to effective bed thickness.  Evaluation of fracture orientations within the remaining
lithologic units suggests that better correlation coefficients could be obtained once broken into
specific fracture sets.  However, breaking the data down into smaller segments (i.e. into fracture
sets) can increase the correlation coefficient simply because there are fewer data points relative
to the initial data set. 

Figure 8: Spacing vs. bed thickness chart for the fracture set oriented perpendicular to the fold
hinge within Unit 1 sandstones.  This is the same data set as provided in Figure 7 for Unit 1
sandstones minus the other two primary fracture orientations (i.e. parallel and oblique to the fold
hinge).  

Preexisting fracture sets may affect the spacing of younger fracture sets.  For this
analysis, the data were subdivided in to the oldest throughgoing set, younger throughgoing sets
and cross fractures.  Cross fractures strike nearly perpendicular to throughgoing fractures and
terminate at intersection with throughgoing fractures.  Younger throughgoing fractures can strike

Unit 1: Interbedded Shallow Marine Sandstones
y = 0.8634x + 0.0756

R2 = 0.6719

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Bed thickness (m)

Fr
ac

tu
re

 s
pa

ci
ng

 (m
)



26

oblique or perpendicular to older throughgoing fracture sets.  Younger throughgoing fracture sets
can extend through points of intersection with an older set.  However, after some distance, the
younger set will terminate at intersection with an older throughgoing fracture set.  In general
fracture spacing is greater in younger throughgoing fractures than in the oldest throughgoing
fracture set (Figure 9a).  Specifically, a sampling of 23 locations which have two throughgoing
fracture sets indicates that at 16 locations the younger set is more widely spaced than the older
set (Figure 9a).  

A comparison of spacing of cross (i.e. fractures which terminate at throughgoing
fractures) to spacing of the oldest throughgoing set indicates cross fracture spacing is greater at
12 out of 16 locations (Figure 9b).  If an outlying data point (4.96,4) is not used in the regression
analysis, a correlation coefficient of 0.6225 is obtained.  Indicating there is a reasonable linear
correlation between the two fracture sets of differing age.  Within this context younger fractures
(i.e. cross fractures) have a wider spacing than older fractures (i.e. throughgoing fractures).
Given that cross fractures terminate at throughgoing fractures and that there is a linear spacing
relationship between these two fracture sets, cross fracture growth may be controlled by the
preexisting fracture set. 

Figure 9: (A) Fracture spacing of a younger throughgoing fracture set vs. fracture
spacing of the oldest throughgoing fracture set.  The younger set has generally more widely
spaced fractures than the older set.  (B) Spacing of cross fractures vs. spacing of the oldest
throughgoing fracture set.   Cross fractures are generally more widely spaced.  Cross fractures
were modeled as the dependent variable in the linear regression.  One outlying data point at
(4.96,4) was withheld from the regression analysis. 
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2.4.1.2 Porosity
 

One-millimeter wide deformation bands are common in the high porosity, poorly
cemented sandstones of the Unit 3 white beach facies (Unit 3: Figure 10).  Point count data from
four thin sections at two locations within Unit 3 indicate that the rock matrix has an average
porosity of 38% at one site and 41% at the second site (Table 2).  Average cementation within
the matrix is less than 1% at both sites with only minor amounts of iron and/or chert as the
primary cements (Table 2). 

A comparison of this information with the cementation and porosity data supplied in
Table 1-1 for seven sandstone beds within Unit 2 indicates that cementation may be more
important than porosity in determining whether a unit deforms through fracturing or formation of
deformation bands.  Porosities within the Unit 2 sandstones ranged from 5-39% while
cementation ranged between 9 and 43% while porosities in Unit 3 sandstones range between 38
and 41% and cementation is below 1%.  Therefore, some of the porosity values are similar but
the cementation values are at least an order of magnitude higher in the Unit 2 sandstones.

The point count data for Unit 3 sandstones described above can also be used for
comparing the physical characteristics of the rock matrix to those of the deformation bands.
These data suggest that the deformation bands are composed of crushed sand grains within
roughly planar margins (Table 2; Figure 10).  The rock matrix has an average porosity of 38% at
site 1 and 41% at site 2.  Point counts within deformation bands and within the same thin
sections indicates average porosity is 5% within deformation bands at sites 1 and 2 (Table 2).
This is almost a ten-fold reduction in porosity from the matrix.  Average cementation (iron and
chert) within the matrix is 1% at site 1 and site 2.  The deformation bands at both sites have no
measurable cement  content.  Undifferentiated clay-sized material is abundant within the
deformation bands, but is absent from the matrix.  Deformation bands at site 1 are composed of
30% clay-sized material on average while deformation bands at site 2 include an average of 23%
of this material. 

At five locations, deformation bands were recorded within lithologic units other than Unit
3.  Two locations are within Unit 5 fluvial sandstones and three are within Unit 2 sandstones.
Four of these units were observed in the field to be poorly cemented.  The field criterion for a
poorly cemented sandstone is that it be friable, easily cut with a knife.  Deformation bands and
fractures where found together at four of these locations.  At one of these locations, two beds of
differing cementation within Unit 2 sandstones were recorded.   The upper unit was better
cemented and contained a majority of the fractures.  These fractures typically terminated at the
boundary with the underlying poorly cemented sandstone.  At two of the sites, deformation
bands were parallel to fractures.  At a single Unit 2 site, the deformation bands were nearly
perpendicular to the throughgoing fracture set and terminated at intersection with the fracture set.
Therefore, at this site the deformation bands post-date fracture formation.  Age of the
deformation bands relative to fractures at the other sites is undetermined.

Field observations of differential iron staining, related to fluid/groundwater flow,
indicate that iron may be reduced on one side of a deformation band, but oxidized on the other
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(Figure 11).  It is evident from petrographic study that deformation bands have a lower porosity
relative than the surrounding matrix (Figure 10; Table 2) due to grain breakage and pore
collapse.  These observations suggest that deformation bands are partial barriers to ground water
flow. 

A: Unit 3 - matrix
Sample number 1a 1b 2a 2b
Quartz (monocrystaline) 49 58 36 40
Quartz (polycrystaline) 1 trace 6 4
Chert and lithic fragments 7 5 15 12
Feldspar 1 0 2 1
Muscovite 0 1 trace 0
Undifferentiated clay size material 0 0 0 0
Cement (Fe) 0 0 1 2
Cement (calcite) 0 0 0 0
Cement (chert) 0 2 0 0
Macroporosity (intergranular) 35 28 34 36
Macroporosity (intragranular) 1 1 3 2
Microporosity (intragranular) 5 4 3 3
Microporosity (cement) 1 1 1 1
Number of point counts 300 300 300 300

B: Unit 3 - deformation bands
Sample number 1a 1b 2a 2b
Quartz (monocrystaline) 48 68 77 67
Quartz (polycrystaline) 4 1 2 2
Chert and lithic fragments 9 2 4 3
Feldspar 1 0 0 0
Muscovite 0 0 0 1
Undifferentiated clay size material 33 27 20 25
Cement (Fe) 0 0 0 0
Cement (calcite) 0 0 0 0
Cement (chert) 0 0 0 0
Macroporosity (intergranular) 3 2 5 1
Macroporosity (intragranular) 0 0 0 1
Microporosity (intragranular) 1 0 0 0
Microporosity (undifferentiated clay
size material)

3 2 2 2

Number of point counts 200 155 108 200

Table 2: Normalized thin section point count data illustrating the differences in porosity,
cementation and composition between matrix (A) and deformation bands (B) within Unit 3
sandstones.
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Deformation band
   0                                        1mm

Deformation bands

Figure 10: (A) Scanned image of a petrographic slide showing deformation bands within Unit 3
white beach sandstone.  (B) Plain light photomicrograph of a deformation band within the
petrographic slide shown in A.  Sample was impregnated with blue epoxy to highlight porosity.
Note the decreased porosity within the deformation band relative to the surrounding matrix.  



30

Deformation band

reduced
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Figure 11: Conjugate deformation bands with a vertical bisector to the acute angle.  Note
reduced iron above the deformation bands and oxidized iron below.

2.4.2 Faulting

Faults at Teapot Dome show variable characteristics associated with differences in
porosity and cementation of the rock units cut by the fault.  Fault character changes radically
where a given fault cuts both poorly cemented sandstone and well cemented sandstone.  These
changes reflect the differences in deformation behavior documented in previous sections.  Faults
within well cemented sandstones typically have damage zones characterized by high fracture
density.  The fractures associated with these faults typically strike parallel to the faults and dip
normal to bedding.  Where the same fault transects the high porosity, poorly cemented
sandstones of the white beach facies (Unit 3) it is expressed as a zone of subparallel deformation
bands. 

2.4.3 Mineralization

Faults and associated fractures are variably cemented.  Well cemented faults tend to stand
out as erosion-resistant ridges or spurs; poorly cemented or uncemented faults, in contrast,
weather into gullies.  Cements observed at Teapot Dome are typically calcite, but pyrite is also
locally present.  Iron staining along fractures and up to 4 cm into the matrix parallel to fracture
planes is observed locally.  This indicates some fluid flow communication between the fracture
and matrix.  The degree of cementation of structures varies abruptly in space.  In one area, a well
cemented fault is located just 50 m from a highly weathered fault that is inferred to have little or
no cement.  
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Fractures at thirty-eight sites around Teapot Dome were mineralized with either calcite or
iron oxides.  Iron oxide mineralization was evidenced by iron staining, both on the fracture
surface and at some distance (1 - 4cm) into the matrix from the fracture.  Sixteen of the sites
were within Unit 1 sandstones, of which fractures at eleven sites were mineralized with calcite,
fractures at two sites were mineralized with calcite and small amounts of pyrite, fractures at two
other Unit 1 sites were iron stained, and fractures at the one site contained both iron staining and
calcite mineralization.  Calcite mineralized fractures within Unit 1 were generally associated
with NE-SW oriented faults along the northeastern segment of the anticline.  At eleven of the
thirty-eight sites cleats within Unit 4 (carbonaceous shales) were mineralized with iron-oxide.
Fractures within Unit 5 (fluvial sandstones) at four sites were mineralized.  Fractures at two of
these sites were mineralized with calcite, at one site with iron oxides and at the other site with
gypsum.  Fractures at two sites within Unit 3 sandstones were iron stained.  Fractures at three
sites within Unit 2 sandstones were mineralized, fractures at two of these sites were mineralized
with calcite and fractures at the remaining site were mineralized with iron oxides.  The two
remaining sites were within the Steele Shale and the fractures were mineralized with calcite.  

The majority of mineralized fractures were partially occluded.  Fractures at four of the
five sites generally sealed with calcite were within Unit 1 sandstones.  Calcite filled fractures at
the fifth site were within Unit 2 sandstones.

2.4.4 Subsurface Structures

The shallowest reservoirs at Teapot Dome are in the Shannon Formation.  The sandstones
within this formation were deposited as offshore bars along the western margin of the Cretaceous
Western Interior Seaway (Tillman and Martinsen, 1984; Tillman, 1985).  The Shannon
Formation contains bar margin, inter bar and bioturbated shelf sandstones.  The Shannon
Formation has been cored extensively at Teapot Dome, and is exposed in outcrop at the Salt
Creek anticline.  About 300 ft of core from the Shannon Formation, in nine wells, at Teapot
Dome was examined for fractures.  This formation is one of the main producing intervals at
Teapot, and is located at depths between 250-650 ft (76-198 m) subsurface.  None of the cores
are oriented.

The Shannon Formation at Teapot consists primarily of heavily bioturbated clayey
sandstone.  Bioturbation has reworked and destroyed most primary sedimentary structures in this
sandstone, and, for this reason, only a few thin (two inches to two feet thick) clean sandstones
are present.  The sandstones commonly become glauconitic near the top of the reservoirs.
Intervals of shale and silty shale separate the sandy reservoir units.  

Two types of fractures occur in the Shannon Formation.  The first type consists of
vertical extension fractures that are typically limited to the thin, clean sandstones, terminating at
bedding contacts with the clayey bioturbated sandstones (Figure 12).  The second type of
fracture is really a small fault or series of faults that occur within the muddier sandstones and in
the shale intervals between reservoir beds (Figure 13).
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Figure 12: Slabbed, four-inch diameter Shannon Sandstone core.  A) Core from 480’ depth in
well 1415SX11.  Upper half of core is representative of the bioturbated facies.  The lower half is
representative of a cleaner sandstone with a natural fracture located between the arrows.  B)
Clean sandstones interbedded with bioturbated sandstones at 382.5’ depth in well 5541SX3 F1.
The light colored, calcite cemented natural fractures are highlighted by pencil marks along the
right side of the fracture.  The fractures are limited to the cleaner sandstones.

2.4.4.1 Fractures

Nine unmineralized vertical fractures, and six vertical calcite-mineralized fractures were
observed in the Shannon cores.  These fractures range from one inch to slightly over one foot tall
along the axis of the core.  The unmineralized fractures tend to be only roughly planar whereas
the mineralized fractures are closer to vertical and more planar.  The calcite-mineralized
fractures have significant remnant porosity (estimated at up to 20% of the mineralized fracture
apertures, which are up to 2 mm wide in the taller fractures).  In addition to the six isolated
calcite-mineralized fractures, two zones of swarms of calcite-mineralized fractures were noted in
two of the thicker sandstones.  One, a 3.5 ft (1.06 m) thick bed of cleaner sandstone in the 22S14
well (614-617.5 ft; 187-188 m depth), contains a series of short irregular vertical fractures.  All
of these fractures have parallel strikes, and the largest is 1.2 ft (0.36 m) tall.  

Vertical fractures are most common in the cleaner Shannon sandstones (Figure 12).
Unfortunately, since clean sandstones are rare, these fractures are not present throughout the
Shannon reservoirs at Teapot.  The clayey, bioturbated, Shannon sandstones are generally not
susceptible to fracturing, as indicated by hammer-impact points on the core where the attempt
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was made to shorten pieces for boxing.  In these cases the core absorbed the hammer blow rather
than cracking.  However, the fact that numerous vertical fractures were intersected at all
indicates that fractures are probably common in those intervals where the Shannon is susceptible
to fracturing.  

Figure 13: Faults with normal displacement observed in four-inch diameter core from well 1415
SX11.  A) Series of subparallel faults at a depth of 237’.  Four of the fault planes are highlighted
with arrows.  B) Close-up view of a fault at a depth of 295’.  White color along fault plane is
calcite mineralization.

2.4.4.2 Induced Fractures

No coring-induced petal fractures were observed in these cores, consistent with the
implied resistance to fracturing of the Shannon sandstones.  For this reason there is no way to tell
the relative orientation between the vertical fractures and the present-day, maximum horizontal
compressive stress in these strata.  Numerous irregular centerline fractures occur in these cores,
commonly in the shaley intervals but also in the clayey sandstones.

2.4.4.3 Faults

The cored faults may be mineralized with calcite or they may be unmineralized (Figure
13).  They typically have surface lineations that indicate dip-slip or slightly oblique dip-slip
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displacement, although whether this is normal or reverse displacement is usually difficult to tell.
Normal displacement is more likely since most of the faults are relatively high angle (dipping
45o-75o).  Locally up to 6 sub-parallel fault planes occur within short (eight inch) core intervals.
Mineralization, where present, consists of layers of calcite up to 2 mm thick  (Figure 13) and is
commonly patchy where the fault plane is irregular.

2.5 Discussion

2.5.1 Fracture spacing vs. bed thickness

Exposures of the Mesaverde Formation at Teapot Dome provide an excellent opportunity
to study fracture and fault variability related to lithology.  One of the first assumptions relating
lithology to fractures is that fracture spacing is directly proportional to bed thickness (McQuillan,
1973; Narr and Suppe, 1991; Gross, 1993; Ji and Saruwatari, 1998; Bai and Pollard, 2000).  Data
from Teapot Dome indicates that this relationship, although broadly proportional under certain
conditions, is not 1:1.  In fact, cleat spacing in Unit 4 carbonaceous shales and coals consistently
remains below 0.5m no matter what the bed thickness.  The data also show that there is an
inverse relationship between cleat spacing and bed thickness within this unit (Figure 7).  Price
(1966), as noted earlier, uses Young’s modulus to explain the differences between fracture
spacing in sandstones and cleat spacing in coals; it appears that mechanical controls dominate
over bed thickness in these lithologies.  The difference between cleat and fracture strike in
carbonaceous shales and sandstones respectively, may also be due to differences in mechanical
properties.  A possible explanation regarding the inverse spacing relationship from a mechanical
standpoint is that thinner coals may be less brittle than thicker coals, therefore cleats are more
widely spaced in thin units relative to thicker units.  However, it is equally possible that there is
some difference between measurable bed thickness and effective (mechanical) bed thickness,
perhaps due to horizontal layering within the carbonaceous shale beds.

As previously discussed, Bogdanov (1947) mathematically described a relationship
where spacing (S) varied as a function of bed thickness (B) and some constant (K).  The amount
of variation from an idealized 1:1 fracture spacing to bed thickness ratio can provide some
visualization as to how the constant (K) varies with lithology and mechanical controls.  Fracture
spacing in Unit 2 sandstones is poorly correlated with bed thickness (Figures 5 and 7).  These
sandstone beds are generally interbedded with other sandstone beds.  In contrast Unit 1 and 5
sandstones, interbedded with marine shale and carbonaceous shale respectively, exhibit the
strongest correlation between fracture spacing and bed thickness.  Therefore, sandstones within
these units have distinctly different boundary layers than Unit 2 sandstones and these bounding
layers may contribute significantly to the fracture spacing to bed thickness ratio.  Unit 5 is the
nearest to 1:1 fracture spacing to bed thickness ratio (when combining all fracture sets).  The
Unit 5 sandstones are laterally discontinuous while the other sandstone units are laterally
continuous suggesting that there is some lateral mechanical influence on fracturing.  The spacing
relationships between oldest throughgoing fractures, younger throughgoing fractures and cross
fractures also indicates some lateral mechanical influence on fracture spacing.  Specifically the
younger throughgoing and cross fracture sets have spacings larger than the oldest throughgoing
fracture set, suggesting the older fractures are planes of discontinuity that influence fracture
spacing in younger fracture sets.
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No data were collected concerning the paleoflow direction within any of the units.
Therefore, a word of caution is added that some of the variability observed in fracture spacing
and fracture orientation may be due to mechanical anisotropy inherent to beds with a grain fabric
related to deposition (Committee on Fracture Characterization and Fluid Flow; 1996).
Depositional trends such as thickening and thinning of units may also influence local fracture
spacing. 

2.5.2 Outcrop to subsurface comparison

Thrusting at Teapot Dome, as evidenced in 2-D seismic reflection data, terminates within
the lower Paleozoic section.  Since the fold does not appreciatively “tighten” within the
Cretaceous section, extrapolation of fracture orientations observed within the Mesaverde
Formation to shallow reservoir sandstones should be possible.  Vertical fractures are common
within clean Shannon Sandstone lithologies that were susceptible to fractures.  Therefore, the
Shannon Sandstone fracture system should be similar to that within the Mesaverde Formation.
The Mesaverde outcrop fracture study should also be applicable to the Cretaceous Wall Creek
(Frontier) reservoirs at Teapot Dome.  The Wall Creek strata were deposited by prograding
fluvial systems similar to those within the Mesaverde Formation.  Therefore, these rocks should
have similar fracture patterns given similar lithologic and structural controls.

Allowances may need to be made for changes in the Teapot Dome structure with
increasing depth.  This may be particularly true for deep reservoir units such as the Tensleep
Sandstone.  In these cases fracture orientations may vary from those observed in the outcrop.
 
2.5.3 Impact of structures on fluid flow

From a production standpoint, fracture permeability is highly dependent upon the
following variables: 1) trace length, 2) aperture width, 3) interconnectivity of the fracture system,
and 4) the number of fractures intersecting the well bore.  Core data provides information on
aperture width and number of fractures intersecting the well bore.  However, due to the small
size of the core, information with regard to trace length and fracture interconnectivity can be
limited.  Outcrop fracture studies can help fill in information for the last two items.

Fractures, in a sense, work like a plumbing system for the reservoir.  The longer and
more interconnected the drainage system the better the recovery.  Fractures with extensive trace
lengths have the potential of more effectively draining a reservoir than shorter fractures.  The
increased fracture surface area associated with increased trace length allows for increased fluid
flow communication between the rock matrix and the fracture.  Therefore, a well that intersects a
fracture set with extensive trace lengths has the potential of draining a significantly larger area
than a well that intersects no fractures or fractures with a limited trace length. 

In outcrops at Teapot Dome, depending upon the lithology of the faulted rock unit, a
single fault can be expressed as either a zone of deformation bands (partial barriers to flow) or a
fault with a primary slip plane and an associated fracture zone (a possible fluid pathway).  Unit 3
sandstones, which contain deformation bands, vary in thickness across the anticline, and are
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locally absent along the western limb.  How this change in thickness influences regional fluid
flow is undetermined.  However, both in units with deformation-band faults and in those with
fracture-based faults, maximum permeability would be parallel to fault strike.  In the former,
fluid flow would be largely confined to the matrix.  In the latter, fluid flow would occur
preferentially along fractures as long as they remained unmineralized.  Therefore, in low
permeability rocks, fractures will be the primary pathways for fluid flow.  In contrast, in the high
porosity sandstones that host deformation bands, the matrix will provide the main pathway for
fluid flow.  Relatively well cemented, low porosity sandstones typically do not make a better
reservoir than poorly cemented, high porosity sandstones.  However, it is apparent from this
study that natural fracturing will help increase production in more brittle sandstones while
deformation bands may hinder production within high porosity sandstones. 

As discussed previously, Thom and Spieker (1931), through work at Teapot Dome,
recognized that mineralized faults and fractures may inhibit fluid flow and that open fractures
could allow for increased fluid flow.  However, they assumed that fractures would penetrate both
sandstones and shales and that reservoir pressures would equalize.  Because pressures within
different reservoirs were not equal, the authors concluded that fractures did not significantly
influence fluid flow.  However, the current study shows that sandstones and shales do not
fracture in similar ways.  In fact, fractures within sandstone beds often terminate at
sandstone/shale contacts.  Core data from the Shannon Sandstone indicate fracture enhancement
of vertical reservoir permeability is limited because fractures are limited in vertical extent to the
thin cleaner sandstones.  Horizontal, fracture-enhanced permeability within these sandstones
should still be good.  These relationships suggest that shales can create an effective seal between
production zones and that pressures need not be similar across this fractured reservoir.

2.6 Conclusions

Fractures, deformation bands and faults within the Cretaceous Mesaverde Formation at
Teapot Dome display patterns that vary with lithology in the following ways: 1) Most fractures
in sandstone units terminate at contacts with shale layers. 2) Carbonaceous shales (Unit 4) have
cleat spacing densities comparable to or greater than those within sandstones.  However, unlike
fractures in sandstone, cleat spacing has a unique inverse correlation to bed thickness.  3) In beds
of similar thickness and close proximity cleat strike is oblique to fracture strike by up to 20o.  4)
Fracture density increases with increased cementation in sandstones.  5) Sandstones interbedded
with marine shales or carbonaceous shales have a fracture spacing to bed thickness ratio that is
closer to 1:1 than sandstones interbedded with other sandstones.  Within this context fluvial
sandstones with lenticular geometries interbedded with carbonaceous shales have a fracture
spacing to bed thickness relationship that is closest to 1:1 of all the units.  6) The poorly
cemented, high porosity sandstones of Unit 3 contain deformation bands rather than fractures.  7)
Deformation bands have significantly lower porosities relative to the matrix due to crushing of
grains within the deformation band.  8) Normal faults within well cemented sandstones are
generally expressed as fracture zones, whereas faults within poorly cemented sandstones are
diffuse zones of subparallel deformation bands.  9) Thinner sandstones (< 1m) interbedded
within shale may be more likely to be mineralized than thicker sandstone packages. 

In the absence of significant subsurface data and because factors such as porosity,
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cementation and lithology can change with depth, a data set built from observations of
outcropping strata that are lithologically analogous to subsurface reservoir rocks may allow a
first-order approximation of what features (i.e. fractures, faults, and deformation bands) are
present within the subsurface, their spacing and how they may influence permeability and fluid
flow. 

3.0 STRUCTURAL CONTROLS

3.1 Introduction

Rocks, in general, exhibit increased fracture density with increased deformation (Nelson,
1985).  One method of predicting fracture density relative to structural position is the radius-of-
curvature or rate-of-change approach (Murray, 1968).  The major assumption of this approach is
that the greatest density of flexure-related fracturing will occur where the rate of change of dip or
curvature of beds is at a maximum (Nelson, 1985), such as in a fold hinge.  Murray (1968) noted
that the relationships between bed thickness, structural curvature and fracture porosity and
permeability can be effective in evaluating geologic structures as hydrocarbon reservoirs.

Faults exert structural controls on fracturing.  Fault zones in rock generally consist of a
fault core and a damage zone, which have permeabilities distinctly different from the unfractured
strata (e.g., Caine et al., 1996).  The damage zone may include small subsidiary faults, fractures
and veins.  These structures can vary in character and density along the length of a fault due to
variations in lithology and mineralization (see Section 2: Lithologic Controls).  Displacement
also varies along a single fault from a maximum at the center to a minimum at the fault tips
(Nicol et al., 1996).  Therefore, the density of secondary fault structures may be greatest near the
center of the fault and decrease toward the fault tips, along both strike and dip.  Secondary fault
structures such as fractures within a damage zone can create areas of increased transmissivity.
This can result in preferential fault-parallel fluid flow (Haneberg, 1995).   Huntoon and Lundy
(1979) describe a field example near Laramie, Wyoming wherein transmissivity is increased
within rock units of the Casper aquifer system adjacent to fault zones and monoclines.  The
transmissivities of the fracture zones were found to be approximately 100 times greater than
transmissivities of unfractured areas.  In other situations, decreased porosity within a fault zone
could produce a capillary seal given two liquids such as water and oil (e.g., Antonellini and
Aydin, 1995; Sigda et al., 1999).  Compartmentalization of a petroleum reservoir could occur
should the capillary seal prevent cross-fault flow of the nonwetting phase (e.g., oil in a water-wet
reservoir; Antonellini and Aydin, 1994).  

The permeability of fractures can also be influenced by changes in pore fluid pressure.
The effective normal stress can be increased by a decrease in pore fluid pressure causing
fractures at a high angle to the maximum principal stress to close (Lorenz et al., 1996;
Committee on Fracture Characterization and Fluid Flow, 1997).  Therefore, as fluids are
removed during production of a fractured reservoir, in situ pore pressure may drop, decreasing
the aperture widths of critically oriented fractures, which in turn decreases effective permeability
and production.  Substantial reduction in reservoir pressures at Teapot Dome, for example, is
suspected from early production reports (Trexel, 1930; Curry, 1977; Doll et al., 1995). 
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A systematic study of natural fracture patterns within the outcropping Mesaverde
Formation at Teapot Dome was undertaken, in part, to understand variations in fracture
characteristics, such as spacing and orientation, with structural position on a doubly plunging
anticline.  Field observations indicate that extension fractures and normal oblique faults, roughly
perpendicular to the fold hinge, are contemporaneous with hinge-parallel faults and fractures.  A
third set of fractures with a strike oblique to the fold are interpreted to predate folding.

An important first step in understanding the nature of permeability anisotropy is
developing a conceptual model of the orientations and distribution of structures that influence
flow, such as fractures and faults.  Various models have been proposed to explain the variation in
orientation, location and spacing of fractures in basement-cored anticlines (DeSitter, 1956;
Stearns and Friedman, 1972; Pollard and Aydin, 1988; Engelder, 1997; Lorenz, 1997).  Many of
these conceptual models were developed from field observations at petroleum reservoirs and
outcrops.  These models are then applied to similar reservoirs for predictive purposes.  This use
of analogous reservoirs for prediction of permeability anisotropy and localized areas of
hydrocarbon accumulation is quite common within the petroleum industry (Stearns and
Friedman, 1972; Nelson, 1985; Pollard and Aydin, 1988).  The fracture and fault data and
interpretations from Teapot Dome are used with previous studies to develop a 3-D conceptual
model of fractures associated with basement-cored anticlines.  A qualitative assessment of the 3-
D model suggests that the direction of maximum permeability can be either parallel or
perpendicular to the fold hinge depending on the primary fracture pattern within a specific area
of the fold. 

Another purpose of this research was to evaluate the utility of existing conceptual models
by comparing the orientation and distribution of predicted structures with those observed at
Teapot Dome, Wyoming.  Similarities exist between the patterns observed at Teapot Dome and
those described or postulated by DeSitter (1956), Murray (1967), Simon et al. (1988), Garrett
and Lorenz (1990), Engelder et al. (1997), Hennings et al. (1998), Unruh and Twiss (1998) and
Hennings et al. (2000).  However, the orientations of two primary fracture sets predicted by one
of the most widely used models (i.e., Stearns and Friedman, 1972) are significantly different
from those observed at Teapot Dome.  The importance of using a model most analogous to a
specific petroleum reservoir for analysis and prediction of permeability anisotropy cannot be
over-emphasized.  In general, the most analogous reservoirs and models would be those with
mechanically similar stratigraphic units, which formed under a similar tectonic regime.  

3.2 Fracture-Fold Relationships

Several authors have described preferred fracture orientations associated with folding
(DeSitter, 1956; Stearns and Friedman, 1972; Simon et al., 1988; Garrett and Lorenz, 1990;
Cooper, 1992; Berry et al., 1996; Engelder et al., 1997; Hennings et al., 1998; Hennings et al.,
2000).  Observations from these studies can be subdivided into two main categories, those
related to thin-skinned thrusts and those related to basement-cored thrusts.
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3.2.1 Folds associated with thin-skinned thrusts

 Stearns and Friedman (1972) described five fracture sets associated with folds, only two
of which are stated as being sufficiently common to be incorporated into their generalized
fracture model.  These fracture patterns were documented at the Teton anticlines in northwestern
Montana (Stearns, 1964; Stearns, 1967, Friedman and Stearns, 1971; Sinclair, 1980).  The Teton
anticlines are a pair of Laramide-age structures, and are part of a thrust sheet within the
sedimentary section rather than a basement-cored anticline.  The larger, western most anticline is
hereafter referred to as Teton anticline.  The two main fracture sets each consist of extension
fractures and conjugate shear fractures (Figure 14).  The sets locally occur together within the
same beds.  Both sets are interpreted to record an intermediate principal stress (��) normal to
bedding and maximum (��) and minimum principal (��) stresses within the bedding plane.  The
orientations of maximum and minimum principal stresses were inferred to be different for each
fracture set (Figure 1).  The geometry of these patterns suggests that they accommodated
shortening both parallel and perpendicular to the fold hinge.  Stearns and Friedman (1972)
suggested that these fracture sets resulted from folding because of their consistent orientations
relative to bedding and the anticlinal structure.  A third set of fractures, described by Stearns
(1964), accommodated extension due to bending of the formations across the anticline.

Figure 14: Stearns and Friedman (1972) model of fractures associated with folding.  In both
fracture sets the intermediate principal stress (��) is inferred to be normal to bedding and the
maximum (��) and minimum (��) principal stresses therefore lie within the bedding plane.  The
inferred directions of maximum and minimum principal stresses are different for each fracture
set.
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Cooper (1992) used core analysis along with Formation Microscanner and Array Sonic
logs to analyze subsurface fractures associated with a fault-bend fold and a fault-propagation
fold in the foothills of the Canadian Rocky Mountains.  Extension fractures parallel and
perpendicular to the fold hinge were recorded as were conjugate shear fractures, all of which
correspond to the two dominant fracture sets described by Stearns and Friedman (1972).

Berry et al. (1996) also record extension fractures parallel and perpendicular to the fold
hinge near the culmination of the Palm Valley anticline within the Amadeus Basin of central
Australia.  Conjugate fractures that correspond to the extension fractures were also observed.  It
should be noted that the dominant fracture sets change orientation with respect to the fold, i.e.
the fracture set parallel to the fold hinge at the culmination of the fold is perpendicular to the fold
hinge within the plunging nose of the fold (Berry et al., 1996).  Essentially the fractures are
oriented relative to bedding strike and not fold orientation within this particular study area and
model.

3.2.2 Folds associated with strata overlying deep-seated thrusts

Dominant features associated with basement-cored thrusts include hinge-parallel and
hinge-perpendicular faults and fractures.  The following examples primarily describe these
features and/or describe how they may be related to the folding process.  DeSitter (1956)
described normal faults parallel to a given hinge that were attributed to tension within the upper
arc of an anticline and were observed at Kettleman Hills, California; Quitman Oilfield, Texas;
Sand Draw Oilfield, Wyoming; and La Paz Oilfield, Venezuela.  Normal faults roughly
perpendicular to the axes of folds were attributed to tension resulting from the three-dimensional
nature of an uplift (DeSitter, 1956).  These faults exhibit maximum displacements near the apex
of a given anticline.  Further, the displacements on hinge-perpendicular faults decrease toward
the limbs of the fold.  Both DeSitter (1956) and Engelder et al. (1997) discussed these types of
faults using examples from Elk Basin oilfield in Wyoming.  Elk Basin anticline is a basement-
cored, doubly plunging, breached anticline in the Big Horn Basin with dips on the forelimb in
excess of 30o and up to 23o on the backlimb.  The anticline strikes roughly NNW and is cut by a
number of normal oblique, NE-striking, hinge-perpendicular faults.  Fractures striking roughly
parallel to the fold hinge are found throughout the fold, but vary more in orientation along the
forelimb, perhaps due to local faulting (Engelder et al., 1997).  Fractures striking roughly
perpendicular to the fold hinge were found in 12% of measured outcrops and are composed of
two basic types: fractures with trace lengths extending several meters and fractures that are
confined to the area between hinge-parallel fractures.  Thus these later hinge-perpendicular
fractures terminate at intersections with hinge-parallel fractures.

Similar joint sets oriented parallel and perpendicular to the hinge of the Grand Hogback
Monocline in Colorado were observed (Murray, 1967).  The development of these fractures was
inferred to be related to local uplift and rotation of bedding rather than regional shortening.
Penecontemporaneous development of the two joint sets was suggested by the lack of consistent
abutting relationships to indicate which set is older. However, Garrett and Lorenz (1990) did
recognize an older fracture set along the same Grand Hogback Monocline.  They interpreted this
set, composed of throughgoing regional fractures, to be associated with shortening prior to
folding.  Two other fracture sets - those recognized by Murray (1967) - were associated with
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folding along the Hogback. 

Hennings et al. (1998; 2000) described three joint sets within Frontier Formation
sandstones at Oil Mountain, approximately 30 miles west of Casper, Wyoming.  Oil Mountain is
a NW-striking, doubly plunging, breached anticline.  Oil Mountain is unique in this deep-seated
thrust category as it is interpreted to have thrust faults in the Mesozoic section that are related
deeper basement thrusts.  A NW-striking fracture set parallels the fold hinge at Oil Mountain but
is interpreted as a pre-existing regional set due to its presence in Frontier Formation pavements
away from the fold.  A NE-striking set is roughly perpendicular to the NW-striking set and is
attributed to the folding process.  The third set is NNW-NNE striking and is oblique to the fold
hinge and the other two joint sets.  A substantial increase in fracture density was observed within
the southern plunging region of the anticline.

Because these anticlines and monoclines are cored by reverse faults it is worth
considering strain around a blind thrust.  Unruh and Twiss (1998) used coseismic displacements
measured after the Northridge earthquake of 1994 (which resulted from movement along a blind
thrust fault) to determine the orientations of the principal strain-rate axes for a blind thrust.
Horizontal shortening (d3) is perpendicular to the fold hinge, maximum lengthening (d1) is
horizontal and parallel to the fold hinge and d2 is vertical. 

Using pseudo-three-dimensional modeling and curvature analysis, Fischer and Wilkerson
(2000) described fracture patterns in sedimentary units, modeled as elastically deformed plates,
during the evolution of a basement-involved thrust fault.   They described joints oblique to the
fold hinge as being related to the formation of a fold.  These oblique fractures can form early in
the folding process.  Their work indicates the timing of fracture initiation relative to fold
development is a control on fracture orientation.  They also noted that fracture orientations may
vary with stratigraphic and structural position.

3.3 Structural Analysis of Teapot Dome

Fractures, faults, and deformation bands were studied in five lithologically distinct
stratigraphic units within the Mesaverde Formation at Teapot Dome.  These units are (from
oldest to youngest): a shallow marine interbedded sandstone/shale, a foreshore/beach sandstone,
a white beach sandstone, a non-marine carbonaceous shale, and a unit composed of fluvial
sandstones within the carbonaceous shale unit.  Detailed discussion of these units and of
lithologic controls on fracturing is provided in Section 2: Lithologic Controls.

3.3.1 Distribution of faults and fractures with respect to the fold

3.3.1.1 Faults

Two dominant sets of faults are observed in outcrops of the Mesaverde Formation at
Teapot Dome.  The first set consists of NE-striking normal oblique faults shown on Figure 14.
These faults are common along the eastern limb and most terminate before intersecting the
western limb; displacements therefore decrease to the SW.  A normal component of
displacement is recorded by stratigraphic separation whereas the strike-slip component is
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inferred from slickenlines on three fault surfaces with rakes of 20o–35o.  Sense of slip for these
three faults is oblique right lateral.  These faults are generally perpendicular to the fold hinge,
even where it bends, and are characterized by vertical separations that vary across the fold.  The
largest separations, up to 40 m, are observed on the eastern limb.  The few hinge-perpendicular
faults observed in surface exposures on the western limb exhibit vertical separations that range
between 0.5 and 1 m.  Although continuous exposure is not available around the dome, these
hinge-perpendicular faults appear to be densest near the culmination of the fold (Figure 15). 

Two faults near the apex of the anticline, observed in 2-D seismic reflection profiles
(from the Rocky Mountain Oilfield Testing Center), can be projected into valleys along the
western limb.  There is little to no surface exposure of these faults.  Individual segments of the
western limb, separated by these valleys, display different bedding and fracture orientations
(Figure 16); in each segment the strike of one primary fracture set roughly parallels the strike of
bedding.  These valleys are therefore interpreted as faults.  Valley trends indicate that the faults
belong to the NE-striking fault set.   

There are two possible interpretations for the along strike orientation of NE-striking
faults across the anticline.  One interpretation is that the faults remain relatively parallel with
only a few faults having lateral extents long enough to intersect the western limb (Figure 15).
This interpretation is graphically illustrated in the figures for this report.  This interpretation is
based on interpolating surface measurements with the available subsurface data (2-D seismic and
reservoir maps).   A second plausible interpretation suggests that the faults along the eastern limb
coalesce along strike to the west and form the valley faults in the western limb.   

The second set consists of normal faults that strike subparallel to the fold hinge and are
observed primarily along the southern arc of the anticline where curvature is at a maximum
(Figure 15).  Normal motion on these faults is recorded by stratigraphic separation.

Deformation bands are observed primarily within poorly-cemented sandstones.
Lithologic controls on deformation band formation are discussed in Section 2.0.  They
commonly occur as conjugate pairs near the southern and southwestern margins of the anticline
and as non-conjugate faults in other areas.  The conjugate pairs are oriented such that there is a
vertical bisector to the acute angle between a given pair.  These small-displacement faults strike
parallel to each of the three primary fracture orientations recorded at Teapot Dome.  Normal
separation associated with deformation bands ranges from indiscernible to approximately 20cm.
The larger separations are associated with multiple (up to 20) inosculating deformation bands
(inosculating deformation bands approach and diverge from each other but do not cross).  Where
displacement can be constrained, individual bands generally have 1-3 cm of normal separation.
At four sites, deformation bands occur within the same bed as fractures.  At a single site,
deformation bands were nearly perpendicular to the throughgoing extension fracture set and
terminate where they intersect the fracture set.  Therefore, at this site the deformation bands post
date fracture formation.  The age of the deformation bands relative to fracture formation at the
other sites is undetermined. 



43

Figure 15: Primary faults observed at Teapot Dome, Wyoming.  Because of poor
exposure in the core of the dome, individual faults generally cannot be traced from the eastern to
the western limb.  Faults and fold hinge shown in the central portion of the anticline are inferred
from a structure contour map on the top of the second Wall Creek Sandstone (Lawrence Allison,
1989) and field data.  
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Figure 16: Map illustrating segmentation of the western limb.  Fracture orientations of
individual segments generally parallel bedding strike.  Red sections of the rose diagrams
illustrate the orientation of the throughgoing fracture sets.

 
3.3.1.2 Fractures 

Three throughgoing fracture sets were documented at Teapot Dome (Figure 17).  One
fracture set includes fractures oblique to the fold hinge.  Most of these strike roughly NW to
WNW; a small number are roughly perpendicular to these, and thus strike NNE. A second set is
subparallel to the fold hinge.  The third fracture set is roughly perpendicular to the fold hinge.
Forty-four percent of the documented fractures are parallel to the fold hinge, 32% are
perpendicular to the fold hinge and 24% are oblique to the fold hinge.
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Figure 17: (A) Lower hemisphere equal area net plot of poles to 129 representative
throughgoing fractures from 87 locations around Teapot Dome.  (B) The same data set used in A,
normalized to the fold hinge (data rotated so that fold hinge has orientation shown).  Fractures
are considered hinge-parallel if they strike � 20o from the hinge; hinge-perpendicular fractures
strike 90o � 20o from the hinge. 

The set of fractures which strikes oblique to the fold hinge is found at 28 sites throughout
the fold and is equally distributed among the various lithologic units of the Mesaverde Formation
(Figure 18).  Three additional sites record deformation bands with the same general strike as the
fracture set.  At almost all sites this is the oldest set of fractures or deformation bands relative to
the other throughgoing fracture sets as determined by abutting relationships.  At only one site is
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the oblique set younger than one of the other two fracture sets.  At another site, the oblique
fracture set is the only fracture set recorded.  There are two oblique fracture sets with an
approximate 10o difference in strike at two locations.  One of the sets at these locations is
younger than the other.  However, relative age between oblique fractures and hinge parallel
and/or hinge-perpendicular fractures could not be determined, because the later two fracture sets
are not present at either of these two sites. 

Figure 18: Map of representative fractures striking oblique to the fold hinge at Teapot Dome.
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Data collected at a distance from Teapot Dome shows that the oblique set (Figure 19),
that strikes predominately NW to WNW, can be found at surrounding locations.  Fracture
orientation data from Oil Mountain are from Hennings et al. (1998).  Three sites at Teapot Dome
have hinge-oblique fractures that strike NNE.  Fractures striking N to NNE were also observed at
three sites at a distance from Teapot Dome, including Oil Mountain.  

Figure 19: Representative fracture data from locations near and at a distance from Teapot Dome.
Oil Mountain data are from Hennings et al. (1998; 2000). 

The two dominant, younger, throughgoing fracture sets parallel the two fault sets
described previously.  Most of these are bed-normal extension fractures.  The hinge-
perpendicular fracture set was recorded at 35 sites around the anticline.  Six additional sites
exhibit hinge-perpendicular deformation bands, but no fractures.  Fractures and deformation
bands of this orientation are best developed along the eastern limb where normal faults are
common (compare Figures 15 and 20).  The hinge-parallel fracture set is found at 51 sites
throughout the fold (Figure 21).  Six additional sites exhibit deformation bands without fractures
of similar orientation.  Locally, bed normal extension fractures are replaced by conjugate shear
fractures of the same strike.
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Figure 20: Map of representative hinge-perpendicular fractures at Teapot Dome.

Outcrops within the fold hinge are generally absent due to erosion of the fold core.  A
portion of the hinge remains near the southern exposure of the dome, where it records an
increase in fracture density relative to the eastern and western limbs.  Spacing between hinge-
parallel fractures that are not associated with faults evidence this increase.  Eight sites along the
southern hinge of the anticline record a mean fracture spacing of 34.7cm (n = 71).  Ten sites
along the central limbs of the anticline, in contrast, record a mean fracture spacing of 57.3cm (n
= 78).  
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Figure 21: Map of representative hinge-parallel fractures at Teapot Dome.  

Where pavement surfaces were large enough, both hinge-parallel and hinge-
perpendicular fractures were observed to extend for lengths of up to 100m.  At locations where
both dominant fracture sets exist they typically meet at T-intersections.  The fracture set that
does not terminate at the intersection (or junctions) is interpreted to be the oldest fracture set as
the younger fracture set would terminate growth at a pre-existing discontinuity (i.e. a pre-
existing fracture).  At certain outcrops around the anticline, hinge-parallel fractures terminate at
hinge-perpendicular fractures (Figure 22).  In other locations, hinge-perpendicular fractures
terminate at intersections with hinge-parallel fractures.  While at other locations the fracture sets
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are mutually abutting and therefore interpreted to have formed penecontemporaneously (Figure
22). 

Figure 22: Map illustrating the age relationship of the two dominant fracture sets at locations
where such a relative age determination could be made.  

Figure 22 shows that there are groupings of locations with similar age relationships for
the two dominant fracture sets.  Along the southeastern limb hinge-perpendicular fractures are
the oldest set.  Hinge-perpendicular fractures are also generally the older set near hinge-
perpendicular faults.  In many locations hinge-perpendicular fractures are spatially related to NE-
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striking faults.  This relationship is examined further in section 3.3.2 (Spatial relationship
between faults and fractures).  Hinge-parallel fractures are older along the southwestern limb and
in areas between NE-striking faults.  These relationships indicate that there may be some
partitioning of the two fracture sets and that these dominant sets were forming
penecontemporaneously.

3.3.2 Spatial relationship between faults and fractures

As mentioned above, the two dominant fracture sets at Teapot Dome are generally
parallel to faults.  That is, one set of bed-normal extension fractures is subparallel to hinge-
parallel faults, and the second set of bed-normal extension fractures is subparallel to NE-striking
faults (and thus perpendicular to the fold hinge).  There is also a close spatial relationship
between hinge-perpendicular faults and fractures.  The density of these fractures increases near
the faults (Figure 23).  

Figure 23: A) Histogram of an outcrop transect starting at, and perpendicular to, a fault on the
northeastern limb of Teapot Dome.  The histogram shows fractures in the damage zone of the
fault increasing in number with proximity to the fault.  The fault and fractures strike
perpendicular to the fold hinge.  B) Histogram of an outcrop transect across a faulted area on the
northeastern limb of Teapot Dome.  The two F’s on the histogram are the locations of hinge-
perpendicular faults within the transect.  From 0 to 46 m and 68 to 168 m the fractures are hinge-
parallel in orientation; from 46 m to 68 m fractures are subparallel to the two hinge-
perpendicular faults.
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At the location illustrated in Figure 23(B), hinge-perpendicular fractures are only present
within a narrow zone adjacent to hinge-perpendicular faults.  Hinge-parallel fractures are limited
to the area outside this narrow zone, suggesting that the NE-striking faults and fault-related
fractures formed first in this area.  Unfortunately, the breached nature of Teapot Dome obscures
the spatial relationship between hinge-parallel fractures and hinge-parallel faults.

3.4 Discussion

Structures observed within the Cretaceous Mesaverde Formation at Teapot Dome include
extension fractures, normal conjugate shear fractures, deformation bands, hinge-parallel normal
faults and hinge-perpendicular normal oblique faults.  The dominant fracture sets strike roughly
parallel to the fault sets. The majority of the fractures are bed-normal extension fractures.  These
observations agree, in general, with those made by Thom and Speiker (1931).  The single
exception is in regard to fractures oblique to the fold hinge which they did not recognize.  Fisher
and Wilkerson (2000) suggested that hinge-oblique fractures could be formed in a fold
associated with basement-involved thrusting.  Because these hinge-oblique fractures may form
early in the folding process they may predate both hinge-parallel and hinge-perpendicular
fracture sets and still be related to the folding process.   However, at Teapot Dome, the fact the
hinge-oblique fractures are older than the other dominant fracture sets and that fractures with
similar strikes are recorded at sites away from the anticline suggests they predate folding.

In contrast, hinge-parallel and hinge-perpendicular fracturing and faulting are interpreted
to be broadly contemporaneous with basement-involved thrusting and folding at Teapot Dome.
This interpretation is based on several observations.  Fracture abutting relationships indicate that
the two fracture sets were broadly contemporaneous.  The dominant fracture sets strike roughly
parallel and perpendicular to the fold hinge, suggesting that they are related to the folding event.
The fracture sets are parallel and spatially related to the fault sets.  Evidence that NE-striking
normal-oblique faults are temporally related to folding comes from the observed spatial
relationships.  These NE-striking faults are oriented roughly perpendicular to the fold hinge,
maintaining this relationship even where the hinge axis bends, and die out (or coalesce) toward
the SW limb of the anticline.   These NE-striking faults may form early in the deformation
process as evidenced by the close spatial relationship with hinge-perpendicular fractures and that
hinge-perpendicular fractures are older than hinge-parallel fractures near these faults.  However,
it is important to note that hinge-perpendicular fractures are not universally older than hinge-
parallel fractures.  In fact the relative age of these fracture sets can be reversed with distance
from NE-striking faults.  

As mentioned earlier, seismic data show that a basement-involved blind thrust terminates
within the lower Paleozoic section.  Therefore, regional compression resulted in shortening at the
crustal level, manifest in the formation of basement-involved thrusts. The normal-oblique
movement recorded on some of the NE-striking faults indicates they may have a transfer fault
component related to differential movement across inferred segments of the basement-cored
thrust.  As noted by Gay (1999), shortening parallel and perpendicular to the fold is required to
develop four-way closure. Also using coseismic displacements after the Northridge earthquake
of 1994 to model strain in a blind thrust, Unruh and Twiss (1998) determined that horizontal
shortening (d3) was perpendicular to the fold hinge, maximum lengthening (d1) was horizontal
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and parallel to the fold axis and d2 was vertical.  Data from Teapot Dome support both of these
concepts.  Specifically, hinge-perpendicular fractures and faults record extension parallel to the
hinge of Teapot Dome; the fold form itself evidences shortening normal to the hinge.  The
normal faults, extension fractures and conjugate shear fractures parallel to the fold hinge are
interpreted to have accommodated extensional strains related to bending of the brittle sandstone
beds.  It is also possible that folding was accommodated by flow of the more ductile units within
the folded sedimentary section.  Further work is required to model possible variations in
orientation and type of faults or fractures with increasing depth to basement and decreasing
distance to the thrust.

The orientation of structures, such as hinge-parallel and hinge-perpendicular faults and
fractures, at Teapot Dome is similar to those described by DeSitter (1956), Murray (1967),
Simon et al. (1988), Garrett and Lorenz (1990), Engelder et al. (1997) and Hennings et al.,
(1998; 2000).  Three of the studies, Garrett and Lorenz (1990) and Hennings et al. (1998; 2000)
noted fracture sets that predated folding.  In most of these studies, the fractures and/or faults
striking parallel or perpendicular to the fold hinge were attributed to the folding process.  

Structures at Oil Mountain for example are similar to those at Teapot Dome, with
fractures striking both parallel and perpendicular to the fold hinge and an increase in fracture
density in the southern plunging regions of both anticlines (Hennings et al., 1998; Hennings et
al., 2000).  However, the hinge-parallel fractures at Oil Mountain were interpreted to predate
folding; also the increase in fracture density in southern exposures at Oil Mountain is greater.  It
is possible the hinge-parallel fractures at Oil Mountain are related to the folding process because
the pavement surfaces used as a comparison at a distance from Oil Mountain are still part of the
Casper arch, which strikes subparallel to Oil Mountain.  Therefore, fractures at both locations
may have formed in response to folding.  It should be noted however, that the fracture set
determined to predate folding at Oil Mountain is subparallel to the fracture set determined to
predate folding at Teapot Dome.  Therefore, the age relationship between hinge-parallel
fracturing and fold formation at Oil Mountain is ambiguous.  The difference in fracture density
between the two anticlines may be due to Oil Mountain being a tighter fold, evidenced by the
forelimb being slightly overturned. 

The structures described by Engelder et al. (1997) at Elk Basin anticline are perhaps most
similar to those at Teapot Dome.  Two fracture sets, one parallel and the other perpendicular to
the fold, were documented.  Changes in strike of hinge-parallel fractures observed on the
forelimb of the anticline were attributed to local faulting as they are at Teapot Dome.  At Elk
Basin anticline, as at Teapot Dome, a significantly higher percentage of hinge-parallel fractures
were observed relative to hinge-perpendicular fractures.  Hinge-perpendicular fractures were also
observed to extend for considerable lengths in a few areas and to terminate against hinge-parallel
fractures in other areas at Elk Basin anticline. 

In experimental work by Simon et al. (1988), wherein semibrittle clay cake is deformed
over an expanding balloon thus creating a dome, two orthogonal sets of fractures were formed.
One set was parallel to the long axis of the dome; the second was perpendicular to that axis.  The
deep-seated thrust at Teapot Dome would act as the “balloon” forcing the overlying strata (clay
cake) to bend. 



54

 
3.4.1 3-D conceptual model of basement-cored anticlines

The observed fracture trends and interpreted genetic relationships from Teapot Dome and
similar folds have been used to create a conceptual model of fault and fracture development in an
anticline above a basement-cored thrust.  The two main through-going fracture sets incorporated
into this 3-D model are: 1) bed-normal extension fractures striking subparallel to NE-striking
oblique normal faults and perpendicular to the fold hinge, and 2) bed-normal extension fractures
and normal faults striking parallel to the fold hinge (Figure 24).  The fracture set determined to
predate folding at Teapot Dome is not incorporated into this conceptual model, as pre-existing
regional fracture sets will vary in orientation with location.

A comparison between this and an earlier conceptual model (Stearns and Friedman,
1972) that describes fracturing associated with folding (based on data from Teton anticline)
shows significant differences as well as some similarities in the fracture patterns (compare
Figures 14 and 24).  Conjugate fractures in the Stearns and Friedman (1972) model are oriented
such that the bisector of the acute angle is parallel to the plane of bedding, while the Teapot
Dome model illustrates conjugate fractures that have a vertical bisector to the acute angle.  These
shear fractures obliquely transect the anticline in the Stearns and Friedman (1972) model.  The
shear fracture sets in the Teapot Dome model strike either parallel or perpendicular to the hinge.
However, the extension fractures in both models strike both parallel and perpendicular to the fold
hinge in the vicinity of the culmination.  Near the plunging nose of the anticline, where bedding
strike is not parallel to the fold hinge, differences in extension fracture patterns become apparent.
Bedding strike rotates through a 180o turn around the hinge at this point.  Here the Stearns and
Friedman (1972) fracture sets, by remaining parallel to bedding strike, change orientation with
respect to the fold hinge, whereas the fracture sets within the Teapot Dome model remain
parallel and perpendicular to the fold hinge (compare Figures 14 and 24).  Each of these
observations suggests a significant difference in permeability anisotropy between models, as
noted in the following section.  

It is important to note that there may be a structural explanation for the differences
between these two 3-D models.  The two anticlines are distinctly different both in terms of the
depth of the thrust relative to the fractured strata on which the models are based and in the type
of folding process.  Teapot Dome is situated above a deep-seated, basement-cored thrust.  The
sedimentary layers over the area of faulting are interpreted to be essentially draped over the
thrust.  In contrast, Teton anticline is cored by a thin-skinned thrust that propagated through the
sedimentary section.  As described by Sinclair (1980), the Teton anticlines, separated by an
unfaulted syncline, are essentially buckle folds in the form of a wave train over the thin-skinned
thrust.  It may be that bedding-parallel shortening is significantly greater in the latter case as
evidenced by conjugate fractures with a horizontal (parallel to bedding) bisector to the acute
angle.  This may also hold true for the fault propagation and fault-bend folds documented by
Cooper (1990) and the Palm Valley fold studied by Berry et al. (1996), wherein fracture
orientations representative of the Stearns and Friedman (1972) model where recorded.



55

Figure 24: Conceptual 3-D model of fracture patterns developed at Teapot Dome.  

Implications of these fracture patterns on fluid flow include: significant permeability
anisotropy, with maximum permeability generally along the fold hinge due to numerous hinge-
parallel fractures near the apex of the anticline; NE-striking normal faults and associated
fractures may cause the direction of maximum permeability to be locally perpendicular to the
fold hinge; and intersections between hinge-perpendicular and hinge-parallel faults and fractures
may allow for increased production.

Conversely, brittle sandstones at Teapot Dome indicate lengthening in the area of flexure
(drape) over the deep-seated thrust as evidenced by conjugate fractures and faults with a vertical
bisector to the acute angle.  The majority of folds that have fracture patterns similar to those at
Teapot Dome are those associated with deep-seated blind thrusts.  It should also be noted that
Stearns (1964) observed a conjugate fracture set with a vertical bisector to the acute angle at
Teton anticline, which was not considered a dominant fracture set by Stearns and Friedman
(1972).  This fracture set was attributed to folding; bedding was visualized as a bent beam,
wherein the upper arc would be an area of extension but the lower arc would be an area of
shortening.  

3.4.2 Fluid flow implications

There are a number of implications of the fracture patterns that are incorporated into the
conceptual fracture model (Figure 24).  Since the dominant set of throughgoing fractures is
parallel to the fold hinge, significant permeability anisotropy is expected, with maximum
permeability generally parallel to the fold hinge across the entire anticline.  Areas of greatest
change in dip of bedding (i.e., the fold hinge) are areas of increased fracture density, with
fractures generally parallel to the fold hinge.  The increase in hinge-parallel fractures near the
hinge of the anticline should be associated with an increase both in permeability and
permeability anisotropy.  NE-striking normal faults and associated fractures may locally cause
the direction of maximum permeability to be perpendicular to the fold hinge.  This is particularly
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relevant to the culmination of the fold where NE-striking faults are numerous.  However, even
here the area between NE-striking faults can be dominated by hinge-parallel fractures.
Therefore, the location of a specific well and its proximity to a fault zone will determine the
relative amount of hinge-perpendicular vs. hinge-parallel fluid flow.  Intersections of hinge-
perpendicular with hinge-parallel faults and associated fractures should be areas of enhanced
permeability, where increased interconnectivity may allow for locally increased production.  The
permeability anisotropy will depend on the number of faults and fractures of each set and degree
of interconnectivity, and will thus vary from site to site. 

A preexisting fracture and deformation band set oblique to the fold hinge is specific to
Teapot Dome.  This fracture and deformation band set is found throughout the fold and in all
lithologies and will have an influence on fluid flow.  Doll et al. (1995) describe this fracture set,
which strikes N65oW, as providing the most significant flow directionality with respect to water
response and rapid oil response time during steam flooding.

It should be noted that mineralization within the faults and fractures will play an
important role in all of the previous assessments.  Highly mineralized fractures and faults will
reduce the overall permeability within a volume of rock.  They would still result in a direction of
maximum permeability parallel to the mineralized fault or fracture set, but in this case, the zone
of highest permeability would be the matrix and not the fracture or fault plane.  The majority of
fractures and faults studied were relatively unmineralized.  However, localized areas of moderate
mineralization were observed.  Detailed information regarding mineralization is included in
Section 2: Lithologic Controls.

3.5 Conclusions

Fractures and faults associated with folding within the Cretaceous Mesaverde Formation
at Teapot Dome display variable patterns associated with structural position, including: 1)
fracture density increases near faults, 2) conjugate fractures and deformation bands, oriented
such that they have a vertical bisector to the acute angle, and faults striking subparallel to the
axis of the anticline, are common in the exposed hinge of the anticline, 3) NE-striking normal-
oblique faults and associated fractures are generally perpendicular to the fold hinge, and are
more closely spaced near the culmination of the dome, and 4) extension fractures and faults that
are parallel to the fold hinge, and are more closely spaced near the hinge. 

The deformation process that formed the faults, fractures and fold is interpreted to have
been a dynamic interactive system, wherein progressive folding was driven by displacement on
the basement-involved thrust fault.  Variable displacement along the thrust front was
accommodated by transfer faults (the NE-striking normal oblique faults) at roughly right angles
to the thrust fault.  These faults also accommodated a component of extension associated with
bending of beds across the fold.  Normal faulting perpendicular to the fold hinge accommodates
the fold form in this direction.  Hinge-parallel normal faults formed to accommodate the fold
form and are roughly parallel to the thrust fault.  In addition, fractures formed in brittle
sandstones and carbonaceous shales in response to the fold form (driven by the basement thrust)
and to displacements along faults (also driven by the basement thrust) while more ductile marine
shales are interpreted to have responded to shortening through flow.   
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These observations indicate that maximum horizontal permeability associated with these
fractures and faults will generally be hinge-parallel, especially near the apex of the anticline.
Localized areas of maximum permeability that are perpendicular to the fold hinge may be found
within the damage zones of NE-striking normal faults.  A preexisting NW-WNW fracture set
specific to Teapot Dome will also influence fluid flow.  This set was observed in outcrop and
inferred by Doll et al. (1995) from data collected during steam flooding of Shannon reservoirs.

 
Given the importance of correctly modeling permeability and fluid flow anisotropy it is

essential to use the most appropriate reservoir analog.  This study provides a conceptual model of
fault and fracture distribution that is in many ways similar to previous descriptions of basement-
involved anticlines, including a previous study at Teapot Dome (Thom and Speiker, 1931;
DeSitter, 1956; Murray, 1967; Garrett and Lorenz, 1990; Cooper, 1992; Engelder et al., 1997;
Hennings et al., 1998; Unruh and Twiss, 1998; Hennings et al., 2000).  The model is, however,
significantly different from Stearns’s and Friedman's (1972) model, which has been widely
applied to all anticlines regardless of the folding process.  We believe that the model developed
from the Teapot Dome data set is best applied to basement-cored structures while the Stearns and
Friedman (1972) model would be a better analog for folds developed above thin-skinned thrusts.
In other words, fracture analogs are best applied with knowledge of the tectonic setting of the
structure of interest.  Using the wrong model can result in a poorly designed secondary recovery
system, wherein early breakouts occur and/or production is not enhanced. 

4.0 APPLICATION (RECOMMENDATION FOR A HORIZONTAL WELL AZIMUTH)

During the spring of 2000 the Rocky Mountain Oilfield Testing Center (RMOTC)
requested a recommendation for a horizontal well azimuth at Teapot Dome.  This section
summarizes the available outcrop and core data pertinent to the design of this horizontal wellbore
azimuth.  The given limitations are that the well would be drilled in Section 23 at the southern
end of the anticline, and that it would target fracture zones of the Steele and Niobrara shale
formations.  The well was not drilled due to insufficient funding, but the following analysis is
offered for future reference.

4.1 Outcrop Evidence

4.1.1 Fractures

There is a strong hinge-parallel, north-northwest fracture and fault set in the region of
Section 23 at the southern plunge of the anticline (Figure 25).  Hinge-parallel, north-northwest
striking fractures are better developed in this region than in other parts of the anticline, and
locally cut through numerous bedding planes to extend vertically for tens of feet rather than
being limited vertically by bedding as they are elsewhere.  The east-west fractures that are
common in other parts of the anticline are poorly developed in Section 23. 

Outcrop data show that the age relationship between the hinge-parallel and hinge-normal
fractures varies around the Teapot Dome structure.  This suggests that the two fracture sets were
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forming penecontemporaneously, and that the two horizontal stresses exchanged orientations
from place to place and perhaps through time as well.  Hinge-parallel faults and fractures
dominate the structural fabric at the southern plunge of the anticline, suggesting that extension
normal to the hinge was the most important strain mechanism in this structural domain.
Therefore, the maximum horizontal compressive stress in this area is most likely to strike
parallel to the hinge of the anticline. 

Figure 25: Map showing the three primary fracture sets relative to Section 23.  Section 23 is in
the southern plunging region of the anticline.
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4.1.2 NNW Faults  

There are several faults (shown in red in Figure 26) that strike parallel to the anticlinal axis in the
region of the southern plunge of the Teapot Anticline.  One of these faults forms the canyon
leading through the Mesaverde rimrock to the terminal.  It is poorly defined but appears to have
increasing throw northward.

Figure 26: Map highlighting the hinge-parallel faults within Section 23.
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The other major has a hinge-parallel strike and is located about half a kilometer to the
east of the canyon.  This fault can be traced through the Mesaverde strata along a strike of 337o –
157o (N23o) for several hundred meters.  The fracture-weakened rock in this fault creates an
erosional notch or gap in the thicker Mesaverde sandstones.  To the south it is a down-to-the-east
normal fault zone dipping 68o to the east.  Throw appears to increase to the north.

When projected northward out into the core of the anticline, the strike of this fault aligns
with the 55StX23 well.  Fault/fracture-enhanced permeability and porosity may account for the
high production rates from this well.  The north-northwesterly strike and east-northeast dip of the
fault would explain why the offset well, including 54StX23 drilled on the location directly to the
north of 55StX23, did not encounter similar reservoir conditions.

These two north-northwest striking faults would make good targets for a deviated well
assuming that they have not been depleted by other wells.  The eastern fault is the better defined
of the two, whereas, the western fault may be the larger one.  A wellbore azimuth oriented within
plus or minus 30 degrees of normal to these faults (i.e. between 37o and 97o if deviated to the
northeast, or between 217o and 277o if deviated to the southwest) would have an excellent chance
of penetrating these structures.  East-northeast or west-southwest well azimuths would traverse
the better-developed hinge-parallel fracture system along the plunging hinge of the anticline.  

4.1.3 NE Faults

 Hinge-normal faults are common in the central portion (i.e. culmination) of the anticline,
where calcite-mineralized veins can be traced through gullies cut into the shales exposed at the
surface.  Hinge-normal is also one of the three subsurface fracture directions inferred for Teapot
Dome by Doll et al. (1995) from steam flood response data.  Finally, using indirect surface
geochemical techniques such as surface hydrocarbons, Eh, pH, soil electrical conductivity,
iodine, and bacteria, Fausnaugh and LeBeau (1997) observed trends also suggesting NE-striking
faults.

Hinge-normal fractures may not provide a sufficient target for a hinge-parallel wellbore
azimuth as few NE-striking faults are observed in outcrop within section 23.  Specifically, only
two hinge-normal faults were observed on the western edge of section 23 (Cooper, 2000).  These
faults strike 45o and 60o, and consist of fault zones 20-30 meters wide with normal, dip-slip
movement (down to the north or graben) of less than 5 meters.  The extent of these faults into the
subsurface to the east is uncertain, although they do not appear to have counterparts on the
eastern limb.  A well drilled specifically to intersect these faults would have a wellbore azimuth
of 300o – 330o.  

4.1.4 Deformation Bands 

Deformation bands formed rather than fractures in certain high-porosity sandstones of the
Mesaverde Formation.  These structures are shear bands of crushed sand grains that form
conjugate planes within the rock, which severely restrict permeability.  The high-porosity
sandstones have poor reservoir potential due to these deformation bands, which
compartmentalize the rock into non-communicating sections.  However, these features are not
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likely to be present in the target shale zones.

4.2 Core Evidence

About 300ft of core from the Shannon Sandstone in nine wells at Teapot Dome were
examined during the week of 2/10/97 (see section 2.4.4).  These cores are slabbed and in good
condition but they are not oriented.  The core show that the typical, heavily bioturbated Shannon
sandstones are not fractured, but that the rare associated thin beds of clean, unburrowed
sandstones have numerous natural fractures that are partially mineralized with calcite.

High-angle, dip-shear planes are present within the associated shale intervals, indicating
significant deformation has occurred within the non-reservoir intervals.  Since the sandy
reservoir intervals were preferentially cored, it is difficult to say how pervasive these faults are in
the shale intervals that bound the reservoirs.

Unoriented core data do not lend themselves to aiding in determining an optimum
azimuth for a horizontal well.  However, they indicate that fractures and faults are present in both
the sandstones and associated shales.  Historical production data suggest that the larger faults in
the shales are potential reservoir targets.

4.3 Recommendations

Fractures and faults with the best reservoir potential in Section 23 (at the southern plunge
of Teapot Dome) trend north-northwest.  The maximum horizontal compressive stress also
probably trends in this hinge-parallel direction.  The azimuth of a horizontal wellbore designed
to intersect these structures would be within plus or minus 30o of either east-northeast or west-
southwest (67o or 247o).  Subordinate faults found only on the western limb of the anticline in
this area trend northeast, and a well designed to access these structures in the subsurface would
have and azimuth of approximately northwest.  Faults are present in shale cores and may indicate
the potential for reservoir strata in these formations.  High-porosity sandstones, however, are
prone to deformation banding which degrades reservoir quality when present.

5.0 RECOMMENDATIONS FOR FUTURE WORK

The 3-D conceptual model developed here should not be applied equally to all anticlines.
Although the model does provide another useful tool to help determine fluid flow directionality
in one type of fractured reservoir, several questions remain unresolved: 1) How deep into the
subsurface can the model adequately predict fracture and fault orientations and distributions?
Further study of fractures at basement-cored anticlines with exposures of strata lower in the
section, such as work done by Hennings et al. (1998; 2000), may help.  2) Are the qualitative
permeability anisotropy observations accurate?  These could be tested by comparing in-situ well
tests with a fluid flow simulation based on Teapot Dome stratigraphy and structure, as provided
from well data, seismic sections, and the 3-D conceptual model.  3) How tight can the anticline
be before the model becomes invalid?  This may require an outcrop study of anticlines with
limbs that dip at angles higher than the maximum 30 degree dip angle observed at Teapot Dome. 
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Other important considerations in comparing various sites are differences or similarities in
lithology, mechanical stratigraphy and tectonic setting.

Further core analysis would be a natural next step in evaluating fractures at Teapot
Dome.  The NPR #3 facility has a very good core library on premise.  This data would provide a
better characterization of fractures and permeability anisotropy in subsurface reservoirs.  

Recently the Rocky Mountain Oil Field Testing Center acquired a 15 square mile 3-D
seismic data cube over Teapot Dome.  Interpretation of this cube would answer questions
concerning the along strike and vertical extent of faults observed in outcrop.  Questions could
also be addressed concerning the change of structural curvature with depth and where the
transition between vertical and horizontal shortening occurs. 

6.0 SUMMARY

Fractures, deformation bands and faults were observed to controlled by lithology as well
as structure.  Structure primarily controls spacing and orientation.  While lithology influences
spacing, vertical extent and the very nature of deformation (i.e. will the unit deform through
fracturing or the formation of deformation bands).  

A 3-D conceptual model of fractures associated with basement-cored anticlines was
developed from extensive work on Mesaverde Formation outcrops at Teapot Dome, Wyoming.
The outcrop data show two primary fracture and fault sets (which were incorporated into the
model) associated with folding.  One set is parallel to the fold hinge the second set is
perpendicular to the fold hinge.  A third set, which predates folding, is oblique to the fold hinge.

Utilization of the developed model as an analog, applied with the concepts of structural
and lithologic controls,  can provide a first order approximation of probable permeability
anisotropy in areas where large amounts of data are unavailable.  Understanding (even partially)
the directionality of fluid flow in a hydrocarbon reservoir  will make both initial production and
enhanced recovery more profitable.
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