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Abstract

The development of fractures in the sedimentary layers of Sheep Mountain Anticline, a Laramide asymmetric fault-cored fold of the Bighorn
Basin, is documented and interpreted to constrain the kinematic evolution of the fold. The fracture pattern is interpreted to identify five main
fracture sets. A fracture set striking 110° (Set I), oblique to the future fold trend, is interpreted as a regional fracture set that predates Laramide
compression. A joint set (Set II), striking 045° and present in the hinge and backlimb, is related to the NE-oriented Laramide compression just
prior to and during initial anticline growth. Joints striking 135° (Set III), parallel to the fold trend, are found within the hinge and are interpreted to
have developed in response to the bending of layers. The two youngest fracture sets are attributed to a late stage of fold growth: a joint set (Set IV)
in the backlimb striking parallel to the Set I fractures, but vertical; and a fracture set in the forelimb consisting of Set I fractures reactivated as
reverse faults. The relative chronology, mode of formation (opening vs. shearing), and structural locations of these fractures suggest the following
kinematics of folding at Sheep Mountain Anticline: little or no lateral fold propagation; no hinge migration; and limb rotation with only minor

limb flexure and stretching.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fold—fracture relationships were conceptualized in the late
1960s and 1970s (Price, 1966; Stearns, 1968; Friedman, 1969;
Stearns and Friedman, 1972; Price and Cosgrove, 1990). These
conceptual models have three shortcomings, which have been
addressed in recent investigations. First, they do not consider
the temporal evolution of the fold. The fractures described in
these models are correlated with final fold geometry, without
consideration of either the effect of the initial and transitional
fold shapes on fracture development, or fracture evolution
during fold growth (Fischer and Wilkerson, 2000). Second,
they neglect to account for the influence of pre-existing
fractures (Guiton et al., 2003a,b; Bergbauer and Pollard, 2004).
Third, they disregard the effect of primary faults, which are
often associated with fold formation (Johnson and Johnson,
2002; Savage and Cooke, 2004). Fault slip perturbs the
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surrounding stress field (Hafner, 1951; Lajtai, 1969; Couples,
1977; Segall and Pollard, 1980; Pollard and Segall, 1987;
Rawnsley et al., 1992; Reches and Lockner, 1994; Homberg
et al., 1997; Martel and Boger, 1998; Kattenhorn et al., 2000;
Bourne and Willemse, 2001; Maerten et al., 2002) on the scale
of fault length and can affect fracture formation within this
zone of influence. In this paper we document the distribution
and characteristics of fractures at Sheep Mountain Anticline,
we develop fold—fracture relationships that account for these
observations, and we use these data to interpret fold evolution.

Kinematic models attempt to unravel fold evolution with
time through both backward and forward modeling, with the
present-day shape of the fold as calibration (e.g. Suppe, 1985;
Jamison, 1987; Mitra, 1990; Erslev, 1991; Cristallini and
Allmendinger, 2002; Bump, 2003). These models are based on
kinematic assumptions such as hinge migration (Suppe, 1983;
Beutner and Diegel, 1985; Allmendinger, 1998) or fixed hinge
(Erslev, 1991; McConnell, 1994; Spang and McConnell,
1997), rotating limbs (Erslev, 1991) or fixed limb dip
(Suppe, 1983; Suppe and Medwedeff, 1990). Recent studies
have suggested that a fold may attain its maximum (along-
strike) length very early during its evolution (e.g. Armstrong
and Bartley, 1993; Cristallini and Allmendinger, 2001; Bernal
and Hardy, 2002; Fischer and Christensen, 2004). In contrast,
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other workers have inferred that fold tips propagate laterally
through time (e.g. Fischer and Wilkerson, 2000), maintaining
that vertical displacement on a fault is accompanied by
increasing length (Cowie and Scholz, 1992; Dawers et al.,
1993; Peacock and Sanderson, 1991). We propose that the
kinematics of a thrust fault-related fold can be constrained
through an examination of the deformation recorded by joints,
faults, and deformation bands within the folded layers
(Nickelsen, 1979; Dunne, 1986; Engelder et al., 1997; Fischer
and Christensen, 2004). The chronology of these mesoscopic
structures, when combined with their geometries and defor-
mation modes, provides insight into the structural setting at
the time of their formation. We show how inferences are
made that associate each fracture set with a particular stage of
fold evolution (pre-, early-, syn-, late-, or post-folding). The
timing and locations of these fractures thereby inform an
improved kinematic model of folding at the Sheep Mountain
Anticline.

Recent studies have attempted to constrain the unknown
parameters of folding at various field sites, making use of
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mechanical models, for which the present-day fold shape and
fracture distributions serve as calibration (e.g. Shamir and
Eyal, 1995; Nino et al., 1998; Zhang et al., 2000; Johnson and
Johnson, 2002; Savage and Cooke, 2004, and references
therein). For example, Nino et al. (1998) examined the role of
fault dip, layer thickness, and bedding-parallel slip with elasto-
plastic models that replicate the shape of the Jabal Mquebra
anticline in Syria. Johnson and Johnson (2002) showed that
viscous models reproduce the shape of some of the Rocky
Mountain foreland basement-involved folds when the appro-
priate underlying fault geometry, magnitude of cover aniso-
tropy, and nature of the basement—cover contact are prescribed.
Savage and Cooke (2004) showed how the geometry of a
subsidiary fault at Sheep Mountain Anticline, Wyoming can be
developed using elastic models. Mechanical models also
provide the opportunity to investigate fold—fracture relation-
ships based on stress field evolution (Guiton et al., 2003a,b).
We focus our study on Sheep Mountain Anticline,
Wyoming (Fig. 1), which is widely known for its exceptional
outcrops. The most notable exposures are located in the

45°4

(a)

Absaroka Mnts
Ay

44°

- A = A

Basement rocks
Volcanic rocks

—A_ Major thrusts

x N 108°02' <« Anticlinal axis

Ul a43a

Fig. 1. Geologic and tectonic maps of Sheep Mountain anticline. (a) Detail of the Wyoming tectonic map with a polygon outlining the location of the anticline. (b)
Geological map of the anticline from Rioux (1994). The line A—A’ is the location of the cross-section shown in Fig. 2.
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Bighorn River canyon cut, which runs approximately perpen-
dicular to the axial trend of the anticline. Studies over the past
two decades have contributed to an understanding of the large-
scale deformation at Sheep Mountain (Hennier and Spang,
1983; Stone, 1993; Forster et al., 1996; Savage and Cooke,
2004), particularly the underlying fault geometry. Recently, a
new geometric and kinematic model was developed for the
subsurface structure of the anticline (Stanton and Erslev,
2004). From the interpretation of three 2D seismic reflection
lines, as well as surface maps from previous studies (Rioux,
1958, 1994; Hennier, 1984) and stratigraphic picks within
exploration wells, Stanton and Erslev (2004) interpreted the
fold to have resulted from slip along a SW-dipping basement
fault that was followed by slip on a NE-dipping fault (Fig. 2).

Although the underlying fault geometry at Sheep Mountain
has received attention, knowledge of the fracture patterns is
limited. Harris et al. (1960) described several fracture sets in
the Sheep Mountain area as a function of bed thickness and
lithology. They interpreted the systematic (planar, parallel,
repetitious) fracture sets as ‘of compressional deformational
origin’ and ‘related to shear stresses’. However, diagnostic
evidence for such an interpretation (e.g. see Pollard and Aydin,
1988) was not reported; these interpretations apparently were
based purely on the geometry of the fracture sets. Furthermore,
the fracture orientations were not reported, effects of bedding
orientation on fracture geometry were not removed, and the
relative age relationships of the fracture sets were not
presented. Johnson et al. (1965) studied fracture geometries
within two formations of significantly different ages, one pre-
Laramide and one post-Laramide, in the adjacent Bighorn
Basin. The study of Johnson et al. (1965) was designed to test
the premise that differences between the fracture patterns
within the two lithologies would suggest that a pre-Laramide
orogeny had occurred in the Bighorn Basin. Although the study
was inconclusive, fracture orientation and length data were
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Fig. 2. Cross-section through Sheep Mountain (see Fig. 1b for location) as
interpreted by Stanton and Erslev (2004). The fold is asymmetric and underlain
by two basement thrust faults: an older NE-verging fault offset by a SW-
verging fault (Stanton and Erslev, 2004). The formation above the Cambrian
rocks is the Madison Fm. TRPP includes the Amsden (Pennsylvanian),
Tensleep (Pennsylvanian), Phosphoria (Permian) and Chugwater (Triassic)
Fms; this layer is highlighted in light gray and includes those rocks sampled for
fracture analysis. Abbreviations: Cambrian (C), Cretaceous—Jurassic (KJ),
Cretaceous (K).

collected and interpreted to suggest the mechanism by which
each fracture set formed. Two major joint sets were recorded:
one trending east-west and one trending between 105° and
155°. Two minor joint sets also were recorded: one trending
north—-south and one trending between 025° and 065°. The
deformation modes of these fracture sets were not interpreted
from outcrop observations, but were instead suggested based
on angular relationships between fracture sets and fold axes.

In this paper, we present new field data collected at 60 sites
across the northwestern half of the anticline that consist of
fracture mode (opening or shear) and geometry (orientation
relative to bedding, size, and spacing) at the meso- and
microscale, along with the chronological relationships among
the fracture sets. We focus on the interpretation of these data as
an indicator of fold kinematics.

2. Geological and tectonic setting

Sheep Mountain Anticline is located along the eastern flank
of the Bighorn basin, which trends NW/SE and is bounded to
the east by the Bighorn Mountains, to the south by the Owl
Creek Mountains, to the west by the Absaroka and Beartooth
Mountains, and to the north by the Nye—Bowler Lineament
(Fig. 1). During the Paleozoic and Mesozoic, this basin filled
with approximately 3000 m of sediments (Thomas, 1965;
Ladd, 1979). The oldest formation exposed at Sheep Mountain
is the Lower Carboniferous Madison Limestone (Fig. 3), which
is about 200 m thick, and is topped by a paleokarst surface. The
Madison Formation is unconformably overlain by the Upper
Carboniferous Amsden Formation. The base of the Amsden
Fm. is marked by a crossbedded, light gray fine-grained quartz
arenite (Ladd, 1979). The remainder of the formation consists
of thick siltstones, sandstones, shales and carbonates. Above
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Fig. 3. Stratigraphic section for formations that outcrop at Sheep Mountain
(after Ladd, 1979). Abbreviations: Mississippian (Miss), Pennsylvanian
(Penn.), Amsden (Ams.), Tensleep (Tens.).
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the Amsden Fm., the Tensleep Formation (also Upper
Carboniferous in age) is composed of interbedded thin
sandstones, shales, and carbonates in its lower part and thicker
beds of crossbedded quartz arenite in its upper part. Above the
Carboniferous section is the Phosphoria Formation, Permian in
age. The lower beds of the Phosphoria Fm. are predominantly
siltstones and shales, with a thin interbedded gypsum layer
(Ladd, 1979). Higher in section, the Phosphoria Fm. is
composed of thick carbonates (biolithite, micrite and biospar-
ite). Due to minor Ancestral Rocky Mountains uplift, the
Tensleep and Phosphoria Fms are thinned at Sheep Mountain
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(Simmons and Scholle, 1990). Above these units, the base of
the Mesozoic rocks is defined by the Triassic Chugwater
Formation, distinctive due to its red color. The overlying
sediments are composed of sandstones and shales that have
been eroded in the Sheep Mountain area.

At the end of the Maastrichtian and during Paleocene times,
the Laramide orogeny produced a NE-trending compression
(Dickinson and Snyder, 1978; Engebretson et al., 1985; Bird,
1998; Bird, 2002). Sheep Mountain anticline formed during the
Laramide orogeny as a basement-cored, doubly-plunging,
asymmetric fold (Figs. 1 and 2). Given its trend (NW-SE),
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Fig. 4. Aerial photograph of Sheep Mountain with the backlimb, forelimb, and hinge fracture measurement sites and corresponding polar stereonets. Great circles
represent the average bedding-corrected orientations of fracture sets (see Section 3.1 for explanation). Black great circles correspond to major fracture sets. Gray
great circles correspond to minor fracture sets. These minor fracture sets are not considered in the present analysis of fold evolution. The forelimb contains one
abundant systematic set that strikes 110° and is perpendicular to bedding (Set I). The backlimb contains three bedding perpendicular fracture sets: striking 110° (Set
1), striking 045° (Set II), and striking 135° (Set III). One set striking 110° is oblique to bedding (Set IV). In the hinge, three fracture sets are bedding perpendicular:
striking 110° (Set I), striking 045° (Set II), and striking 135° (Set III). The fractures of Set III are largely restricted to the hinge. Polygon shows location of Fig. 5.
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the fold formed perpendicular to the interpreted Laramide
direction of compression (NE-SW). This trend is similar to that
of many folds within the Rocky Mountains, although others
formed at acute angles to the regional compression (Erslev,
1993). At Sheep Mountain, the steep northeastern limb
(forelimb) dips between 40° and 90° northeast. This dip is
shallower near the fold noses and steeper in the central part of
the fold. In the southwestern backlimb, bedding dips are
between 10° and 40° southwest. The shape of Sheep Mountain
Anticline changes along the fold axis. Near the northern
termination, the fold plunges approximately 20° northwest and
the profile is very tight. Toward the south, the asymmetry
increases while the fold hinge becomes rounder. At the
southern termination, the plunge of the fold axis is
approximately 10° southwest.

The fold overlies a fault that has been interpreted as a SW-
dipping thrust (Hennier and Spang, 1983; Forster et al., 1996;
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Fig. 5. Geologic map from Rioux (1994) of the nose of Sheep Mountain
Anticline with the nose fracture measurement sites and the corresponding polar
stereonets. Great circles represent the average bedding corrected orientations of
fracture sets measured within the limestone of the Phosphoria Fm. Black great
circles correspond to the major fracture sets. Gray great circles correspond to
minor fracture sets.

Stanton and Erslev, 2004). Stanton and Erslev (2004)
suggested that the displacement along this fault reaches a
maximum beneath the central section of the anticline and
decreases toward the north and south noses. They conclude that
this SW-dipping thrust was later cut by a NE-dipping thrust
(Fig. 2). This fault chronology is in opposition to the studies of
Hennier and Spang (1983) and Forster et al. (1996), which
suggest that the fault responsible for the formation of the Sheep
Mountain Anticline is a SW-dipping backthrust of an older NE-
dipping thrust, and Stone (2004), which suggests that the SW-
and NE-dipping thrusts developed contemporaneously in early
Laramide time.

Smaller scale faults and bed-parallel slip with slickensides
(Hennier and Spang, 1983), indicate a component of flexural-
slip folding with slip directions approximately normal to the
fold axis. Additionally, some small reverse faults are present in
the hinge and the backlimb of the anticline (Hennier and
Spang, 1983; Forster et al., 1996). In the backlimb, a smaller
fold branches from the main anticline and has an axis trending
NNW-SSE. This structure apparently is related to a shallower
thrust fault that is not linked to any basement fault (Hennier
and Spang, 1983; Forster et al., 1996; Savage and Cooke, 2004;
Stanton and Erslev, 2004).

3. Methods
3.1. Fracture sampling

Fracture populations (Figs. 4-6) were sampled only in the
part of the anticline north of the Bighorn River because, to the
south, both access to and exposure of fractured pavements are
poor. Sandstones were sampled from the Tensleep Fm. in the
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Fig. 6. Sample sites for microscopic analysis. Samples SM08, SM13, SM16,
SM18, and SM23 are from the Tensleep Fm. Samples SM41, SM44, and SM45
are from the Amsden Fm. All sites correspond numerically to sites shown in
Fig. 4.
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anticlinal limbs and from the Amsden Fm. in the hinge. The
limestone of the Phosphoria Fm. was sampled in the fold nose
to increase data coverage and to assess fracture development as
a function of lithology. Fracture orientation, length, spacing,
and mode of deformation (opening or shearing) were recorded,
as were abutting relationships, evidence for fracture reactiva-
tion and evidence for fracture infilling. Spacing measurements
are parallel to the bedding and are not normalized to bed
thickness. At each station, all fractures were sampled in areas
typically a few tens of meters on a side.

The data presented here include images of thin sections cut
perpendicular to fracture strike (Fig. 6). The samples were
collected at the same sites where fracture orientations were
measured, and thin section observations were used to confirm
the mesoscopic determination of deformation mode. When the
mode is ambiguous, the structures are called fractures, where
confirmed they are referred to as joints (opening) or shear
fractures. We collected several samples for each set of fractures
in each structural position on the fold. Thus, we believe that the
samples are representative of the deformation modes observed
throughout the northern part of the anticline. For brevity, we
show only a few typical thin sections.

3.2. Data processing

Four fracture sets are defined based on both orientation data
and deformation mode. Where evidence of tail cracks or
extensional jogs can be observed in the field, or where crushed
or aligned grains along fracture walls can be observed in thin
section, the fracture is determined to have had a shearing mode
of deformation. Where hackle marks are observed along
fracture walls in the field, or where veins of large, euhedral
calcite crystals can be observed in thin section, the fracture is
determined to have had a tensile mode of deformation.
Members of a fracture set share both a common range of
strike and dip orientation and, with the exception of Set I, a
common deformation mode. With one exception, common
orientation can be identified only after removal of bedding dip
by stereographic rotation. Fold plunge was not removed
because it is less than 20° and it does not significantly affect
orientation. Commonality of fracture orientation after removal
of bedding dip, where the fractures are subparallel and bed
perpendicular, is taken as supportive of a prefolding origin
(Hancock, 1985). Fracture strikes either perpendicular or
parallel to bedding strike are not affected by rotation of
bedding to remove the dip and may be interpreted as occurring
during any stage of fold growth. We present stereonets of the
orientation data at each measurement site that are not weighted
by abundance, as we believe that this can be biased by outcrop
conditions. However, we note when a fracture set is less
systematic (less planar, parallel, and horizontally and vertically
through-going) and less abundant than others.

The stereonets presented in this paper were generated with a
prototype computer code developed in the Structural Geology
Department of the Institut Frangais du Pétrole using an original
method for the automatic definition of fracture clusters. Each
fracture is represented as a plane with an orientation given by

the unit normal vector as a point (pole) on the unit sphere. The
density of fractures is estimated at each point on this sphere
using an Epanechnikov kernel. Outliers (non-recurring fracture
orientations) are removed by filtering, and the density
distribution is smoothed by manually changing the variance
of the kernel (Wollmer, 1995). In a first step, cluster centers are
identified by searching for local maxima of the density map
using the method introduced by Kittler (1976). This step results
in the definition of a number of fracture sets and a guess for the
mean pole of each set. This guess allows each fracture to be
classified probabilistically using its distance from each cluster
center. Then the algorithm presented by Marcotte and Henry
(2002) is used to finalize the fracture classification. This
method is based on the assumption of a bivariate normal
distribution of fractures within a set. The results of this analysis
are presented in a polar stereonet using the Lambert projection
on the lower hemisphere with great circles representing the
mean plane of each fracture set (Figs. 4, 5, 8—11, 14, and 16—
18). In Figs. 8, 10, 11, 14, and 16-18, the polar stereonets
depict, from left to right: fractures in present-day orientations
(the bedding pole is a bigger dot than the fracture poles on the
stereonet), fractures in pre-folding orientations, and the great
circle of the calculated mean orientation of the fracture sets.
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Fig. 7. Curvature map for Sheep Mountain Anticline calculated from the
structure contour map in Forster et al. (1996). See text for calculation details.
Hot colors represent synclinal curvature and cool colors represent anticlinal
curvature.
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3.3. Curvature calculation

We computed a curvature map (Fig. 7) to assess the relative
curvature of various fold locations. Forster et al. (1996)
published a structure contour map of a reference horizon at the
base of the Jurassic Sundance Formation. We assume that
changes in formation thicknesses across the fold between the
Upper Carboniferous Amsden Fm. and the Sundance (about
300 m) are not substantial and therefore that this map can be
used to study layers that are stratigraphically below the
Sundance from the Amsden to the Permian Phosphoria Fm.
(Fig. 3). The structure contour map was generated through field
mapping and the construction of serial cross-sections that
predict the elevation of the formation in areas where it has been
eroded. We digitized the structure contour map and calculated
the maximum curvature across the resulting three-dimensional
surface using gOcad, a 3D geomodeling software program
(Mallet, 2002). The algorithm for maximum curvature selects
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Fig. 8. Field photographs of fracture patterns on tilted bedding surfaces taken at
forelimb sites 12 (a) and 32 (b). Note the abundance and small spacing of Set I
fractures (striking 110°). Numerous fractures with different orientations are
non-systematic. Polar stereonets left to right are present day fracture poles, pre-
folding fracture poles, and great circles for mean orientations of each set. Poles
to bedding are heavy circles.

the principal curvature with the greater absolute value and plots
that curvature with its sign. Thus, positive curvature (concave
upward) may be differentiated from negative curvature
(concave downward). In Fig. 7, zones of hot colors have
positive curvature and mark synclinal hinges, whereas zones of
cool colors have negative curvature and mark anticlinal hinges.

4. Structural data
4.1. Northeast forelimb

We observe one systematic fracture set, trending 110°, in the
forelimb within the Tensleep sandstone after removal of
bedding dip (Fig. 4, sites 10-14 and 29-32). From abutting
relationships in other structural positions of the fold (see
Section 4.2), this set is interpreted as the first formed in the
area, and is thus called Set I. Additionally, non-systematic sets
are locally developed (striking primarily 070° and 180°, Fig. 4),
but are interpreted to reflect local rather than fold-scale or
regional deformation, and so are not considered further
(Fig. 4).

Set I fractures are linear and several meters long (Fig. 8).
Their spacing is on the order of a few tens of centimeters. In the
field, their deformation mode is difficult to determine, as
different fractures within the set exhibit characteristics of either
joint or shear band morphology. In some cases, the fractures
are open with or without mineral fillings, and in other cases
they stand up from the outcrop with small positive relief. This
latter attribute may be related either to cementing (for the case
of joints or dilational bands) or tighter packing of grains within
the fracture (for the case of deformation bands). At the
microscale, the fractures are defined by zones that contain
smaller quartz grains with more angular shapes, poorer sorting,
lesser porosity, and smaller calcite cement crystals than the
surrounding rock (Fig. 9). These features are characteristic of
deformation bands (Aydin, 1978; Antonellini et al., 1994), and
we interpret some Set I fractures to be such brittle structures.
However, no offset or sense of shearing was detectable either in

zone of def.

Fig. 9. Microscopic detail of a Set I fracture in the forelimb from site SM13.
The deformed zone has less porosity and more calcite cement than the
surrounding host rock. The zone also contains more angular quartz grains that
are mostly smaller than grains in the host rock.
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thin sections or in the field. Thus, we are unable to identify a
deformation mode for these fractures.

Bed-normal reverse faults that strike 110° and dip 30° south
are present along the forelimb (at sites 11, 13, 14, and 30-32 on
Fig. 4, and see Fig. 10). The faults are oblique to the fold axis
and to the Laramide regional compression. The striations
noticeable along the fault surfaces indicate oblique slip,
consistent with the resolution of shear stress from the NE
directed compression onto these planes (Fig. 10).

4.2. Southwestern backlimb
In the backlimb, four fracture sets are observed in the

Tensleep sandstone (Fig. 4, sites 1, 7, 8, 16-21, and 23). After
removal of bedding dips, three of these sets strike 110°, 045°,

135° and are perpendicular to bedding, whereas one set strikes
110° and is nearly vertical (not perpendicular to bedding).

Bed perpendicular fractures trending 110° (Figs. 4 and 11)
are correlated to Set I fractures in the forelimb. These fractures
are 10-20 m long as compared to a height of a few meters
(equivalent to bed thickness). The fracture traces are linear and
their spacing varies from 1 to 3 m. They lack tail cracks, Riedel
fractures, or other shearing-related secondary structures
(Pollard and Aydin, 1988). As in the forelimb, their
deformation mode is difficult to determine in the field. They
resemble joints at some sites and at other sites resemble
deformation bands. Microscopically, Set I fractures are
characterized by a decrease of grain size, a decrease of
porosity, and an increase in amount of calcite cement as
compared to the host rock (Fig. 12). These fractures show no
kinematic evidence of shearing.

Nb planes 34

Fig. 10. Reactivated Set I fractures in the forelimb. (a) Field photograph of small reverse faults offsetting a sandstone bedding surface of the Tensleep Fm. at site 13.
(b) Cross-sectional view of the sandstone bed in (a) showing offset. (c) Close up of one fault on a bedding surface. (d) Striation data (thin arrows on the fault planes)
indicating oblique reverse slip along the faults. The large arrows are inferred direction of compression that is compatible with the striations. Polar stereonets left to
right are present day fracture poles, pre-folding fracture poles, and great circle for mean orientation of set. Poles to bedding are heavy circles.
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Fig. 11. Fracture pattern in the backlimb. (a) Field photograph at site 8 in the Tensleep sandstone. (b) Line drawing of the outcrop in (a) that shows Set II fractures

(strike of 045°) terminating at Set I fractures (strike of 110°).

Set II fractures trend 045° (Figs. 4 and 11) and are bed
perpendicular. Set II fractures terminate against Set I fractures
(Fig. 11) and, as a result, are only 2-5 m in length. Their traces
are linear and their spacing is approximately 1 m. In the field,
they have purely strike-perpendicular offset indicating an
opening mode of deformation. As seen in thin section, the
fillings typically consist of large calcite crystals without
evidence of grain fracturing or crushing, which supports a
dilational origin (Fig. 13a).

Set III fractures have a more restricted occurrence than Sets
I and II (Fig. 4, sites 18-20 and 52). They trend 135°, are bed
perpendicular, and contain a coarse calcite mineral filling
(Fig. 13b) that is indicative of opening mode. The length of
these fractures is on the order of a few meters. The termination
relationships with other fracture sets are difficult to determine
because of the small number of these fractures. Age
relationships are more easily determined from observations
within the fold hinge, where fractures with a similar orientation
are more numerous.

Set IV fractures trend 110° and are parallel to Set I fractures,
but are vertical and therefore oblique rather than perpendicular
to bedding (Figs. 4 and 14). Abutting relationships are difficult
to establish because they have been observed mainly in cross-
section, which reveals only their vertical dip. These fractures
are several meters long with an approximate spacing of 1 m. In
the field, most Set IV fractures are open, and all lack evidence
of shearing. Microstructural examination shows that the
preserved calcite filling is distinct from that in Set II and Set
III fractures (Fig. 13c). Matrix grains at the walls of Set IV
fractures are crushed and display a preferred elongation
direction, suggesting a two phase deformation: a shearing
event followed by a tensile vein filling event.

4.3. Hinge

In the hinge, fracture measurements were made in sandstone
beds of the Amsden Fm. (Fig. 4). We observed three sets of
fractures with orientations: 110°, 045°, and 135° (Fig. 4, sites
39-41, 43-48, 50, and 51), which we correlated to sets
identified in the forelimb and backlimb.

Set I fractures trend 110° and are bed perpendicular. They
are less numerous in the hinge than in the limbs, and their
spacing is greater. In thin section (Fig. 15a), these fractures are

T
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Fig. 12. Microscopic details of a set I (110°) fracture in Tensleep Fm. sandstone
of the backlimb at site SM16. The fracture is characterized by a zone with less
porosity, smaller quartz grains and a larger amount of calcite cement as
compared to the host rock.
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Fig. 13. Microscopic detail of fractures in the Tensleep Fm. sandstones of the
backlimb. These photomicrographs all show structures with distinct fracture
walls and a large-crystal calcite filling. (a) Microscopic structure of a Set II
(045°) fracture at SM8. (b) Microscopic structure of a Set III (135°) fracture at
SM23. (c) Microscopic structure of a Set IV (110°) fracture at SM18. In
addition to the characteristics seen in (a) and (b) there are very fine grains along
the fracture walls.

marked by reduced grain size and porosity as compared to the
host rock, similar to the Set I fractures in the forelimb (Fig. 9).
The alignment of elongate grains seen in these thin sections is
indicative of shearing deformation. This set is identified at 6
out of 11 locations on the hinge including sites 40, 44, 47, 48,
50, and 51 (Fig. 4).

Set II fractures trend 45°, are bed perpendicular, and have a
coarse calcite filling similar to that seen in Set II fractures in the

backlimb (Figs. 4, 15b, and 16). These fractures are joints, with
lengths of a few meters and 1 m spacing.

Set III fractures trend 135° (parallel to the fold axis), are bed
perpendicular, and are observed primarily in the hinge. For the
majority of the abutting relationships in the hinge, Set III
fractures end on, and thus postdate, Set II fractures (Fig. 16).
Set II fractures abut Set I fractures in the backlimb, so we infer
that Set III fractures also postdate Set I fractures.

4.4. Northern nose

The fold nose is defined as the area NW of the position in the
backlimb where, due to the fold shape, bedding strike has
rotated to 150° from the typical value of 135° elsewhere along
the limbs (Fig. 4). This change in orientations occurs near site
number 39 in Fig. 4, and is visible on the air photo where the
bedding traces of layers turn clockwise as one proceeds from
the backlimb to the nose. In the nose, fracture data were
collected primarily from limestones within the Phosphoria Fm.
because outcrops of the Tensleep Fm. are limited (Figs. 4 and
5). Outcrops of both the Tensleep and Phosphoria Fms are
present at the southern extent of the nose, and we compare
measurements from these two formations to determine
similarities and differences between fractures within the two
lithologies. The comparison was done at sites 2, 27, and 36 in
the Tensleep Fm. (Fig. 4) and sites 2 and 60 in the Phosphoria
Fm. (Fig. 5).

In the nose hinge, as described earlier, the fractures in the
Tensleep Fm. consist of two main joint sets trending 045° (Set
I1) and 135° (Set II) (Fig. 4, sites 2, 27, and 36, and Fig. 17).
From abutting relationships, Set II joints predate Set III joints
(Fig. 16). In the nose hinge, we also observe two main fracture
sets in the Phosphoria Fm. (Fig. 5, site 2). One set is NE-
trending and composed of joints (Fig. 5, site 2, and Fig. 18).
Another set is SE-trending (Fig. 5, site 2, and Fig. 18) and also
composed of joints. The chronology is difficult to determine
(Fig. 18) as the abutting relationships are not entirely
consistent: in some cases the NE-trending set stops on the
SE-trending set, and in other cases the SE-trending set stops on
the NE-trending set. However, based on strike and mode of
deformation, we suggest that these two joint sets are similar to
Sets II and III described throughout the fold.

Fractures in the backlimb (Fig. 4, site 7) are similar in terms
of deformation mode to the fractures in the nose backlimb
(Fig. 5, site 60). Fractures in the forelimb (Fig. 4, site 29) also
are similar to the fractures in the nose forelimb (Fig. 5, site 26).
The common occurrence of both Set II and Set III in the
sandstones and limestones at the selected sites is used to infer
that fracture data recorded within the limestones is a reasonable
proxy for the fracture pattern that exists within the buried
sandstone beds of the fold nose.

We observe across the nose that the NE-trending Set II
joints vary in orientation from 045° to 070° toward the nose
(Fig. 5). Fractures trend 045° at sites 2, 26, 53, and 60, and 070°
at all but one of the remaining sites. The SE-trending Set III
joints also vary in orientation throughout the nose, but to the
largest extent within the nose backlimb (Fig. 5). They trend
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Fig. 14. Vertical Set IV fractures in the backlimb. (a) Field photograph of Set IV (110°) fractures at site 23 in Tensleep sandstone. (b) Close-up photograph. These
fractures do not show any evidence of shearing. Polar stereonets left to right are present day fracture poles, pre-folding fracture poles, and great circles for mean

orientations of each set. Poles to bedding are heavy circles.

135° at sites 60, 61, and 62, and trend 160° at sites 64, 65, and
66. In the nose hinge, these SE-trending joints maintain an
average orientation of 140° at all sites except site 57 (Fig. 5).

Set I fractures are less abundant in the nose than in the
limbs. They are observed at sites 26, 53-55, 60, 62, 64, 66, and
67 (Fig. 5).

5. Interpretation

The four fracture sets found at Sheep Mountain anticline
provide qualitative constraints for the temporal and spatial
evolution of deformation of the sedimentary layers within the
anticline. The following discussion synthesizes field and thin-
section observations first to present an interpretive chronologi-
cal history of fracture development and then to make inferences
about fold kinematics.

5.1. Pre-existing fractures

Set I fractures are observed in three-quarters of the locations
across the fold and are systematically perpendicular to bedding.
The deformation mode of these fractures remains uncertain
(see previous sections and Figs. 9, 12, and 15a and b) because
we do not know if they initiated with shearing (e.g. as
deformation bands) or with opening (as joints) and sub-
sequently were sheared.

Set I is oblique to the trend of the fold, striking
approximately 25° counterclockwise from the fold axis.
Additionally, abutting relationships indicate that Set I predates

all other fracture sets. Thus, we interpret Set I as the oldest set
and as having initiated prior to the Laramide orogeny (Fig. 19).
A similar interpretation was made by Silliphant et al. (2002) at
Split Mountain in Utah and Hennings et al. (2000) at Oil
Mountain in Wyoming, where a fracture set of similar strike
(WNW-trending) is present at nearby locations where bed dips
are approximately horizontal, as well as in each structural
position of the fold after rotation of the bedding to horizontal.

Fractures, striking 110° when bedding is restored to
horizontal, and dipping perpendicular to bedding, also are
found regionally near Sheep Mountain in the Black Hills of
western South Dakota and northeastern Wyoming (Wicks et
al., 2000). In this location, the fracture set was interpreted to
predate Laramide compression. Conversely, a set of fractures
of this orientation was found near the Tensleep fault in the
Southeast Bighorn basin (Allison, 1983) and was interpreted as
a late joint set. The chronology in that case was deduced from a
statistical analysis of the number and scatter of joint
measurements, however, and not from abutting relationships
observed in the field.

In other places in Wyoming and Montana, fractures sub-
parallel to Set I have not been observed: for example at Elk
Basin in Montana (Engelder et al., 1997), at Garland and Little
Sand Draw in the southeast Bighorn Basin (Garfield et al.,
1992), and at Teapot Dome (Allison, 1983; Cooper et al.,
1998). This suggests that Set I did not develop uniformly across
the region. Similarly, at Sheep Mountain, Set I fractures are
present primarily within the limbs, and are less abundant within
the hinge and the nose. One explanation is that this fracture set
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Fig. 15. (a) Microstructure of a Set I (110°) fracture in a sandstone of the
Amsden Fm. in the hinge at site SM44. The fracture is composed of crushed
matrix grains surrounded by quartz cement. (b) Microstructure of a Set II (045°)
fracture in sandstone of the Amsden Fm. in hinge at site SM41. The fracture has
distinct walls and is filled with large crystals of calcite cement.

did not develop homogeneously, but was less well developed
within patches in a given layer, due to subtle differences in
diagenesis or stress state. Another explanation is that this
fracture set is not well developed in limestone (the dominant
formation cropping out in the nose) due to material properties
differing from those of the sandstone and/or to higher position
in the stratigraphic column. Sets II and III, however, are
expressed both in the Tensleep Fm. and in the Phosphoria Fm.

5.2. Early Laramide compression: onset of faulting and folding

Set II joints strike parallel to the NE-SW direction of
Laramide compression (Dickinson and Snyder, 1978; Engeb-
retson et al., 1985; Bird, 2002) and are perpendicular to
bedding. We have deduced that Set II joints predate the fold-
parallel hinge-restricted Set III joints. Thus, we interpret Set II
joints to have formed in response to early Laramide
compression, prior to significant development of the fold
(Fig. 19).

Joints initiating parallel to the maximum compression
direction of a tectonic stress are documented in the literature
(e.g. Engelder and Geiser, 1980; Engelder et al., 1997). Joints
with the same orientation as Set II (after removal of bedding

dips) are found in several locations near Sheep Mountain: at
Garland and Little Sand Draw in the southeast Bighorn Basin
(Garfield et al., 1992), at Teapot Dome in Wyoming (Allison,
1983; Cooper et al., 1998) and in the southeast Bighorn Basin
near the Tensleep fault (Allison, 1983), confirming their
regional status. Additionally, pressure-interference tests for
seven reservoirs in the Bighorn Basin revealed consistent
permeability anisotropy in the NE direction (Haws and Hurley,
1992), supporting our interpretation of Set II as a regional
fracture set. At Sheep Mountain, we find Set II joints in the
backlimb, the hinge, and the nose (Figs. 4, 5, and 19). Fractures
of this set are much less numerous in the forelimb, however,
suggesting that an early structure, most likely the incipient fold
or the underlying thrust fault, may have influenced their
distribution (Fig. 19) (Bellahsen et al., 2006).

Sheep Mountain Anticline is interpreted as a fault-related
fold associated with a blind thrust fault that dips around 50° SW
(Stanton and Erslev, 2004). Slip along this thrust would induce
a zone of enhanced compression above the fault tip (Bellahsen
et al., 2006). We suggest that such a stress perturbation
inhibited the formation of Set II fractures in the rocks
corresponding to the forelimb during folding.

Field evidence supports the interpretation that Set II
fractures predate all fracture sets except Set I and, thus, they
predate the hinge-parallel Set III joints that are inferred to be
fold related. Yet, these timing relationships do not require Set
II to be pre-folding. Set III may have initiated during a later
stage of the fold evolution rather than at the onset of folding. In
this case, Set II joints could have formed after the beginning of
fold evolution but before the development of Set III.

Thus, we suggest a regional deformation was responsible for
Set II fractures and that the paucity of Set II joints in the
forelimb of Sheep Mountain Anticline is due to a stress
perturbation resulting from slip on the underlying basement
thrust fault (Bellahsen et al., 2006). The rotation in strike of Set
II fractures in the nose is most likely also related to stress
perturbations from the underlying fault. As the orientation
perturbation is found only in the present nose, the underlying
fault would have established its strike-parallel dimension early
in its development. This concept has been documented for
faults in extensional domains (Walsh et al., 2002) and inferred
for faults in compressional domains (Julian and Wiltschko,
1983; Armstrong and Bartley, 1993; Fischer and Christensen,
2004). Such a mechanism is usually explained by invoking
fault reactivation (Walsh et al., 2002). Reactivated faults do not
grow laterally until their slip reaches a sufficient value in
comparison to length to trigger lateral propagation. The
interpretation of the underlying basement fault at Sheep
Mountain as reactivated is consistent with previous studies
elsewhere in the region (Simmons and Scholle, 1990; Ye et al.,
1996).

5.3. Fold growth: intermediate stage
In the hinge, joints striking parallel to the fold axis and

dipping perpendicular to bedding are classified as Set III
fractures. As previously noted, they could have formed at any
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Fig. 16. Fracture pattern in the hinge. (a) Field photograph of bedding surface showing the abutting relationships between Sets II (045°) and III (135°) at hinge site 39
in a sandstone of the Amsden Fm. (b) Line drawing of the outcrop in (a) showing that 8 of 13 Set III fractures terminate at Set II fractures. Polar stereonets left to right
are present day fracture poles, pre-folding fracture poles, and great circles for mean orientations of each set. Poles to bedding are heavy circles.

time during folding (Fig. 19). Despite this ambiguity in timing,
the concentrated occurrence of these joints in the hinge is
consistent with a fixed-hinge model of fold evolution
(Allmendinger, 1982; Fischer et al., 1992; Fisher and
Anastasio, 1994; McConnell, 1994). Had the hinge migrated,
we would expect to find hinge-parallel joints in one or both
fold limbs.

We do find some Set IIT hinge-parallel joints in the backlimb
(Fig. 4, sites 18-20). These joints may relate to areas where
layer curvature is greater (Fig. 7). The hotter colors of the
curvature plot represent areas of tight anticlinal folding.
Looking across the anticline in a direction normal to bedding
strike, in the northwest, zero or near zero curvature values exist
just a short distance from the fold hinge, whereas further
southeast this distance is greater. The occurrence of Set III
joints in the backlimb increases toward the southeast, where the
fold shape changes from tight to a more rounded profile
(Fig. 7). This supports our hypothesis that there is a link
between curvature and the existence of Set III joints. Where the
hinge is tight in the northwest, the limbs are approximately
planar and Set III is confined to the hinge.

Set III joints also are found in the fold nose. In the backlimb
of the nose, the joint strike changes along the fold from 135° to
160° (Fig. 5). This change roughly coincides with the change in
fold limb orientation, as the strike of the layers changes from
130° to 150° to the northwest of site 39 (Fig. 4) and site 60
(Fig. 5). In the nose portion of the hinge zone, Set III is the
main joint set, where it most likely initiated due to layer

curvature. The variation in fracture orientation within this set
suggests that the length of the fold was set early in fold
development, which is consistent with the proposed geometric
history of the underlying thrust fault. Analogous changes of Set
III joint strike are absent along the more cylindrical part of
the fold.

5.4. Fold growth: late stage

During the later stages of fold growth we infer that the
fracture patterns in the hinge and in the nose did not change
significantly, although some additional fold-parallel joints may
have formed. In the limbs, however, new fractures initiated and
others were reactivated (Fig. 19).

In the forelimb, we observe small thrust faults with oblique
slip (Figs. 10 and 19). They are reverse faults that strike 100°
and dip approximately 30° from the horizontal, perpendicular
to bedding. Given the geometric similarities to Set I, these
structures are interpreted as reactivated Set I fractures. We
infer that the reactivation occurred late in the fold evolution.
Incorporated into this interpretation is the assumption that Set I
fractures rotated passively with the strata and were reactivated
when they reached an orientation relative to horizontal that was
shallow enough to allow a thrust offset along them.

Set I fractures also could have been reactivated earlier
during fold growth. In some kinematic models of fault-
propagation folding, thickening and thinning of the forelimb
occurs (Jamison, 1987; Chester and Chester, 1990; Erslev,
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Fig. 17. Fracture pattern in the hinge of the fold nose. (a) Field photograph showing the fracture pattern in a sandstone of the Tensleep Fm. at site 2. (b) Line drawing
of the outcrop in (a) showing that Set I1I (135°) fractures predominantly terminate at Set II (045°) fractures. Polar stereonets left to right are present day fracture poles,
pre-folding fracture poles, and great circles for mean orientations of each set. Poles to bedding are heavy circles.

1991; McConnell, 1994; Frizon de Lamotte et al., 1997; Hardy
and Ford, 1997; Storti et al., 1997; Allmendinger, 1998;
Grelaud et al., 2000). This thinning is apparent on cross-
sections shown by Stanton and Erslev (2004). The presence of
the reverse faults in the forelimb of Sheep Mountain would be
consistent with such forelimb deformation.

Stanton and Erslev (2004) suggested that the thrust fault that
created Sheep Mountain anticline was cut by a later NE-
dipping thrust fault (Fig. 2). This event may have occurred
when the Sheep Mountain fault was locked and unable to
continue propagating. Moreover, this younger fault would
uplift the anticline. In the backlimb, we observed a second late
fracture set, Set IV, which is composed of vertical joints
striking 110° (Figs. 14 and 19). They are interpreted as late due
to their vertical dip that is oblique to bedding. These joints may
be related to the uplift. We suggest that this joint set orientation
was influenced by the presence of the earlier Set I fractures,
because they strike oblique to the fold axis and parallel to the
Set I fractures. Such influence by pre-existing fractures has

been suggested in recent studies (e.g. Guiton et al., 2003a,b;
Bergbauer and Pollard, 2004).

6. Conclusions

Interpretations of the field data collected at Sheep Mountain,
including fracture orientation, chronology, and mode of
formation (opening vs. shearing), lead to the following
conclusions regarding the structural evolution of the anticline.
(1) A fracture set (Set I, 110°) was present before the onset of
the Laramide compression. (ii) An early joint set (Set II, 045°)
initiated during the beginning of the Laramide compression;
however, the spatial distribution of this set was influenced by
the onset of thrust faulting and/or folding. (iii) Set III joints
(135°) localized in the hinge during layer bending related to
fold evolution. Such joints also formed in the backlimb where
sufficient bending occurred. (iv) Set I fractures were
reactivated as reverse faults in the forelimb during late fold
evolution. (v) Vertical joints (Set IV, 110°) oblique to the fold
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Fig. 18. Fracture pattern in the backlimb of the fold nose. (a) Field photograph showing the fracture pattern in the Phosphoria Fm. at site 2. (b) Line drawing of the
outcrop in (a) showing that abutting relations are ambiguous among Sets II (045°) and III (135°). Polar stereonets left to right are present day fracture poles, pre-
folding fracture poles, and great circles for mean orientations of each set. Poles to bedding are heavy circles.
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Fig. 19. Schematic representation of the fracturing history at Sheep Mountain
anticline. (a) Set I (110°) fractures form in horizontal beds prior to the Laramide
compression. (b) Set II (045°) joints as early compression-parallel fractures
with underlying fault shown in gray. (c) Set III (135°) joints develop in the
hinge during folding. (d) Vertical Set IV (110°) joints initiate parallel to Set I
fractures in the backlimb, and Set I fractures are reactivated in forelimb as
reverse faults during a late stage folding.

axis initiated in the backlimb, also during a late stage of
folding. Their strike direction was controlled by the pre-
existing fractures of Set I. The fracture data also constrain the
folding kinematics. They suggest a fixed-hinge behavior of

folding with little lateral propagation of the underlying thrust
fault and the anticline. The data indicate that brittle
deformation was concentrated in the fold hinge, but did
occur in the limbs where curvature was significant, and during
late stages of fold growth by fracture in-filling and reactivation.
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