
Erslev, 1991



Erslev, 1991

With the deformation in the trishear, this style of reconstruction conserves area but not necessarily line lengths in the plastically deforming zone.



Erslev, 1991



Advantages:
Deals with more realistic geometries 
in foreland situations than fault-bend 
folds

Disadvantages:
Requires plastic deformation in 
trishear zone, which can become non-
unique in terms of structures 

Erslev, 1991
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Creek anticline is a faulted gentle fold in the 
basin in front of the Wind River thrust (Figure 

3). The Wind River thrust cuts off the sedi- 

mentary rocks of the Green River Basin and 

places Precambrian rocks above these sedimen- 

tary rocks. The area under the thrust overhang 

is commonly a target for petroleum exploration, 
so a number of boreholes start in Precambrian 

rocks, penetrate the thrust, and bottom in the 

underlying sedimentary rocks. These underlying 
sedimentary rocks may be turned up into the 

thrust according to borehole information and 

many interpretations [ Berg, 1962]. This indi- 
cates that folding progressed to the point of 
overturning one limb before thrusting took over. 

Geometry of the sedimentary rocks over the Wind 

River uplift is interpreted differently accord- 

ing to one's views on the style of deformation 

[Berg, 1962; Prucha et al., 1965] . Sedimentary 
rocks dip gently off the Precambrian core at 12 ø- 

Fig. 1. Proposed structural styles for the Wind 15 ø into the Wind River Basin [Keefer, 1970]. The 
River fault. Structure between that in Figure 
lc and in le is representative of the fault at 

depth; x-x represents the position of the pres- 
ent ground surface. 

Cocorp that further reflection studies in the 

area might be successful. Perkins and Phinney 
[1971] obtained reflections at isolated sites 
in the vicinity of the Wind River uplift. Crus- 

tal reflection studies have been extensively 

carried out with success in Europe [Dohr and 
Meissner, 1975] and in Canada [Cumming et al., 
1968]. Formation of the Cocorp project pre- 
sents the first major effort toward crustal 
reflection profiling in the United States and 

is an endeavor conducted on a greater scale 

than has hitherto been attempted. 

Geology 

The northwest-southeast trending Wind River 

Mountains are the largest Laramide uplift in 

Wyoming (Figure 2) and have a length of 220 km 
and a width of 70 km. They are a broad simple 

anticline affecting Paleozoic through Early 
Tertiary rocks and cored by Precambrian rocks. 
A thrust fault borders the Wind River Mountains 

on the southwest, where the Precambrian core of 

the uplift has overridden the almost horizontal 
rocks of the Green River Basin. Maximum relief 

between the Precambrian basement in the Green 

River Basin to the southwest of the uplift and 

the Precambrian peaks in the Wind River Moun- 

tains is about 13 km [Prucha et al., 1965]. 
The size of this relatively simple structure 

was a major factor in deciding to study the 

fm•a with deep seismic reflection profiling. The 
northeast flank of the uplift is overlain by 

sedimentary rocks dipping at about 15 ø into the 
Wind River Basin. The dip of the thrust belt 

near the surface is about 20 ø to the northeast 

as determined from industry shallow reflection 

profiles and from exploratory drilling through 
the overthrust Precambrian into the Green River 

Basin sedimentary rocks [Berg, 1962] . 
A geologic cross section along the line of 

the seismic profile (Figure 3) shows that almost 

horizontal sedimentary rocks continue in the 
Green River Basin to the Moxa arch and the over- 

thrust belt in westernmost Wyoming. The Pacific 

seismic profile crosses a series of small tight 
Laramide folds in the Wind River Basin. These 

are the Sheep Mountains anticline, the Sand Draw 

anticline, the Rogers Mountain anticline, and the 
Conant Creek anticline [Keefer, 1970, Plate 2] . 
The Wind River thrust is a huge feature involving 

at least 13 km of vertical separation and 20 km 

of horizontal separation. 

Much discussion in the literature centers 

around the attitude of faults flanking Laramide 

uplifts and on the forces that caused the defor- 

mation. Both shallow and steeply dipping faults 
are observed at the surface, but different work- 

ers have interpreted different attitudes at 

depth. Eardley [1963] suggests that vertical up- 
lift forming these structures was caused by in- 
trusion of basaltic magma deep in the crust. 

Berg [1962] suggested that the Wind River Moun- 
tains formed as a giant fold-thrust, and Black- 
stone [1963] noted that Laramide uplifts probably 
formed from compression but also showed features 

resulting from vertical uplift. Prucha et al. 
[1965] believed that Laramide faults steepened 

with depth and were the result of vertical up- 

lift. Sales [1968] suggested that the Wyoming 
province basically developed from compression 
associated with left lateral shear and that the 

Colorado Plateau formed a buttress that developed 

horizontal shear in Wyoming to form the divergent 

Laramide structures. Stearns [1971, 1975] has 
championed an origin by vertical movements, and 

Couples [1977] has worked on the problem mathe- 
matically. Lowell [1974], Burchfiel and Davis 
[1975], and Dickinson and Snyder [1978] proposed 
explanations for Laramide structure within a plate 
tectonics framework. 

The Precambrian core of the uplift consists 

of migmatites representing deeper levels in the 

center of the range and granitic intrusions into 

supracrustal rocks at higher crustal levels down 
the plunge of the structure at the southeast end. 

The supracrustal rocks consist of gneisses and 
schists that are called metaironstone, metaande- 

site and metagreywacke [Bayley et al., 1973]. 
These rocks are strongly folded and dip steeply. 

Condie [1972 ] suggested that an Archean green- 
stone belt, right along the Cocorp profile, marks 
an ancient suture zone. The Precambrian rocks 

constitute some of the oldest Precambrian crust 

Smithson et al., JGR, 1979

Another approach helped to kill off the block uplift models—seismic reflection profiling.



Smithson et al., Geology, 1978

COCORP line across Wind Rivers pretty thoroughly showed that the steep vertical faults were not present, instead dipping thrust faults.



Smithson et al., Geology, 1978



Erslev, Geology, 1986

Dip on backside of Wind Rivers demands some curvature on the fault…
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Detachments are most likely to be associated with negative amplitude 
gradients, indicating that the velocity is decreasing downward. The impli-
cation is that the rigidity of the crust is decreasing downward, making the 
crust more deformable and therefore more likely to host a detachment. 
There are three such zones beneath the Wind River block: one between 10 
and 15 km subsea, another between 29 and 35 km subsea, and one beneath 
the Moho. Previous work by Snelson et al. (1998) identified the fault 
as a decrease in velocity at shallow depths due to the thrusting of base-
ment over sedimentary units. Smithson et al. (1978) identify a decrease 
in density with depth associated with faulting, which is consistent with 
our observation of a decrease in velocity with depth and with our nega-
tive arrival representing a primary conversion and not a basin multiple.

MODELING METHODS

We first describe excess-area balancing and oblique simple shear 
because they are the two most general techniques. Area balance applies 
to any geometry regardless of whether or not a master fault is present; 
oblique simple shear requires a bounding master fault and can accom-
modate any fault geometry. The circular-arc model is based on a master 
fault that is the arc of a circle and the shear fault-bend fold models are 
based on a master fault with a ramp-flat geometry.

Measurement of lengths, angles, and areas on the cross section are 
required for modeling. Repeated measurements indicate that the length 
measurements are accurate to about ±1.0 km primarily due to finite line 
widths on the original cross sections; area measurements are accurate to 
about ±10 km2, and angles to better than ±0.5°. The measurement uncer-
tainties are negligible compared to the geological uncertainties already 
mentioned, such as the location of the regional, the amount of basement 
eroded, or the exact dip of the master fault where used in a model. The 
effects of the geological uncertainties will be presented when the models 
are applied.

Excess-Area Balance

The excess-area balancing relationship does not depend on the origin 
or evolution of the structure and so provides an estimate of the detachment 
location that is independent of any kinematic or mechanical model. The 
concept of predictive area balance was first published by T.C. Chamberlin 

and R.D. Salisbury in 1906. They proposed that the area of a cross sec-
tion remains constant before and after deformation. This requires that the 
area displaced along a lower detachment to form a compressional struc-
ture must appear in the structure as an uplift, i.e., excess area, above the 
regional (Fig. 4A). The excess area of any marker horizon is

 S    DT! , (1)

where S = excess area above the regional, D = displacement of the bound-
ary, and T = thickness of the section involved. This is one equation with 
two unknowns (D and T) and as such it has no solution. If the displace-
ment is known, the equation can be solved for the depth to the detach-
ment. To do this, Chamberlin and Salisbury (1906) hypothesized that bed 
length remains constant, and therefore that the boundary displacement is 
the difference between the curved-bed length and the straight-line length 
of a marker horizon in the anticline. This approach is usually called the 
Chamberlin technique after the application by R.T. Chamberlin (1910). 
The method is very sensitive to the measurement of original bed length 
and structures below the resolution of the cross section can have a sig-
nificant adverse effect on the calculation (Groshong, 2006; Wiltschko 
and Groshong, 2012). In many regional studies it is assumed that the 
boundary displacement is equal to the dip separation on the master fault. 
This provides the approach to solving Equation 1 that will be applied here.

Oblique Simple Shear

The oblique simple shear kinematic model (Fig. 6) is based on the 
concept that as the hangingwall is displaced along a fault, it deforms 
internally by slip along infinitely thin, constant-length lines parallel to 
the shear direction. Originally proposed for normal faults with a shear 
direction perpendicular to the regional (Verrall, 1982; Gibbs, 1983), it 
was generalized to shear oblique to the regional by White et al. (1986) 
and to reverse faults by Yamada and McClay (2003). Application of the 
model requires a key bed with hangingwall and footwall cutoff locations 
on the master fault and a known regional. This model has been successful 
for a variety of extensional structures (Verrall, 1982; Gibbs, 1983; White 
et al., 1986; Xiao and Suppe, 1992; Withjack et al., 1995; Uzkeda et al., 
2014) for which the dip of the shear angle is generally found to be ~60° 
antithetic to the master fault (Xiao and Suppe, 1992; Hauge and Gray, 

Figure 6. Explanation of oblique simple shear method applied to Wind River profile. The shear angle is 60° antithetic to the master fault. 
Shear lines are equally spaced according to the boundary displacement (D) and numbered 0–5, thicknesses t1 and t2 are along their 
respective shear lines, and thin dashed arrows show movement of thickness from original location to the regional.

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/11/4/448/4794918/448.pdf
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Oblique shear model

Groshong and Porter, Lithosphere, 2019

The construction of the master fault is explained here in the context of the Wind River thrust (Fig. 6). Shear lines 0 and 1 are drawn through the hangingwall and footwall cutoffs of the master fault. The boundary 
displacement of the block (D) is the distance between these lines measured parallel to the regional. A set of shear lines is then constructed with spacing D. Line lengths between the marker horizon and the fault are 
measured, starting with t1, which is restored to its original position with the top at the regional on shear line 2. The base of t1 marks the location of the fault. Then t2 is measured, shifted to shear line 3 and the 
fault location marked at its base. This process is continued progressively across the profile to construct the complete fault. The shear lines can be as closely spaced as desired as long as the thicknesses are always 
shifted to the shear line a distance D away.



Groshong and Porter, Lithosphere, 2019
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A

B

C
Figure 12. Comparisons of data sets for the Wind River block. (A) Predicted faults and detachment zone compared to receiver-function velocity 
profile. (B) Crustal density structure from Bouguer anomalies (A) compared to predicted horizon geometry (A′) after offset along circular-arc 
fault. D—displacement on fault. (C) Fault models compared to faults based on seismic reflections. R—Rainbow well; CF—Continental normal 
fault; AQ—American Quasar well; T—Tertiary; K—Cretaceous.

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/11/4/448/4794918/448.pdf
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Figure 4. Alternative methods for pre-
dicting the master fault geometry of a 
rotated block bounded by a high-angle 
reverse fault. The observations and infer-
ences required for prediction are shown 
for each. The predicted master fault shape 
is dashed. The fault offset, regional, and 
marker horizon are the same for each 
example, showing the model depen-
dence of the predicted fault shape and 
detachment location. The deformed area 
is gray; gray blending into white indicates 
that the deformed area is not explicitly 
specified by the model. D—displacement 
on lower detachment; Δ—dip of gentle 
limb. (A) Excess area relationship. S—
excess area, T—depth to detachment. (B) 
Circular-arc fault model. C—center of cur-
vature; R—radius near fault tip; R*—radius 
perpendicular to regional where structure 
returns to regional dip. (C) Oblique simple 
shear model. αs—dip of shear line. (D) Pure 
shear fault-bend fold. α—hade of angular 
displacement; θ—dip of ramp; Ψ—calcu-
lated dip of axial surface. (E) Simple shear 
fault-bend fold. αe—hade of trailing edge.

Figure 3. Compiled section across the Wind River Mountains, location shown in Figure 2. No vertical exaggeration. Seismic reflection interpretations 
are from depth-migrated versions of the COCORP (Consortium for Continental Reflection Profiling) seismic reflection profile. The zero datum of the 
seismic line is 2 km above sea level (Allmendinger et al., 1983). The position of the top basement in the Green River Basin is from Lynn et al. (1983), and 
in the Wind River basin is our interpretation of the seismic profile in Sharry et al. (1986). Faults in Sheep Mountain anticline are from Yonkee and Weil 
(2017). Dashed lines above Precambrian outcrop represent projections of top of basement before erosion along with the associated maximum amount 
of erosion. See text for discussion of alternate regionals. Density structure from Bouguer gravity anomalies along the COCORP profile (Smithson et 
al., 1978). Near surface structures SW of the Wind River thrust depicted with thin dotted lines are from Basham and Martin (1985). R—Rainbow well; 
CF—Continental normal fault; AQ—American Quasar well; T—Tertiary; K—Cretaceous.
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example, showing the model depen-
dence of the predicted fault shape and 
detachment location. The deformed area 
is gray; gray blending into white indicates 
that the deformed area is not explicitly 
specified by the model. D—displacement 
on lower detachment; Δ—dip of gentle 
limb. (A) Excess area relationship. S—
excess area, T—depth to detachment. (B) 
Circular-arc fault model. C—center of cur-
vature; R—radius near fault tip; R*—radius 
perpendicular to regional where structure 
returns to regional dip. (C) Oblique simple 
shear model. αs—dip of shear line. (D) Pure 
shear fault-bend fold. α—hade of angular 
displacement; θ—dip of ramp; Ψ—calcu-
lated dip of axial surface. (E) Simple shear 
fault-bend fold. αe—hade of trailing edge.

Figure 3. Compiled section across the Wind River Mountains, location shown in Figure 2. No vertical exaggeration. Seismic reflection interpretations 
are from depth-migrated versions of the COCORP (Consortium for Continental Reflection Profiling) seismic reflection profile. The zero datum of the 
seismic line is 2 km above sea level (Allmendinger et al., 1983). The position of the top basement in the Green River Basin is from Lynn et al. (1983), and 
in the Wind River basin is our interpretation of the seismic profile in Sharry et al. (1986). Faults in Sheep Mountain anticline are from Yonkee and Weil 
(2017). Dashed lines above Precambrian outcrop represent projections of top of basement before erosion along with the associated maximum amount 
of erosion. See text for discussion of alternate regionals. Density structure from Bouguer gravity anomalies along the COCORP profile (Smithson et 
al., 1978). Near surface structures SW of the Wind River thrust depicted with thin dotted lines are from Basham and Martin (1985). R—Rainbow well; 
CF—Continental normal fault; AQ—American Quasar well; T—Tertiary; K—Cretaceous.
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Circular arc model Oblique shear model

More recent analysis tends to confirm the circular arc approach (unlabeled red line is the final model determined in this paper). Note this paper puts Moho 
at 52 km, far below this horizontal fault. Displacements order 23 km pretty commonly inferred.



Brown, GSA Mem 171, 1988

Other shortening estimates: 60-120 km by Chapin and Cather (1983) to NNE
43-52 km to ENE (Bird, 1998)

Given the Wind Rivers have 20 km themselves, 45 feels a bit short.



Erslev, GSA SP 280, 1993



Yeck et al., JGR, 2014

In a pure shear thickeningmodel [Egan and Urquhart, 1993] (Figure 2b), the upper crust buckles and undergoes
fault-propagation folding while a ductile lower crust accommodates strain with pure shear thickening. The
result is a thickened and downward bulging crust that accommodates both ductile and brittle shortening.
This model predicts a crustal root underneath the Bighorns (Figure 2e).

A third model predicts buckling and fault-propagation folding in the upper crust driven by a detachment in the
lower crust [Erslev and Rogers, 1993] (Figure 2c). Fault breakthrough and fault-propagation folding after the
initial buckling of the upper crust can account for the asymmetry seen in many Laramide foreland arches.
Since the major horizontal detachment lies in the lower crust, the crust and mantle below the detachment
would be largely unaffected by the upper crustal shortening. Thus, the current day Moho geometry would be
dominated by its pre-Laramide geometry (Figure 2e).

In a lithospheric buckling model [Tikoff and Maxson, 2001] (Figure 2d), the whole lithosphere buckles in
response to horizontal compression. Tikoff and Maxson used laboratory-derived strength profiles to argue
that the lithospheric mantle layer would have been stiff and could have controlled large-scale folding. Tikoff
and Maxson [2001] calculated a 190 km average wavelength for basement-involved Rocky Mountain and
midcontinental arches east of the Rockies. Erslev [2005] questioned whether the inclusion of midcontinental
arches in their calculation was appropriate and showed that Rocky Mountain arch wavelengths are usually
smaller. Wavelengths attributed to lithospheric bucking in continental interiors are commonly much greater
than 200 km [e.g., Delvaux et al., 2013]. In the case of the Bighorn Mountains, the distance between the crest
of the Bighorn range and the crest of the Owl Creek Arch, its nearest neighboring arch, is roughly 150 km.
The lithospheric buckling model predicts congruent folding of the surface and Moho (Figure 2e).

Figure 2. Conceptual model of the four hypothesized Laramide shortening models; (a) lithospheric fault blocks, (b) lower
crustal pure shear thickening, (c) crustal detachment and buckling, and (d) lithospheric buckling model. (e) Bighorn Arch
geometry based on Stone [1993] showing Moho geometries predicted from the above models.
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What do these thrusts do at depth?



between observed and calculated travel times are then input into the inversion to yield changes to the velocity
model. During each inversion, smoothing and damping factors assure numerical stability. The velocity model is
then updated with the changes to the velocity, and the resultant model becomes the startingmodel for the next
iteration of ray tracing and inversion. This process is repeated until a normalized data misfit, χ2, of ~1 is achieved.

Starting velocity models consisted of two layers with boundaries at the topographic surface and the crust-
mantle boundary. One-dimensional velocity models of each shot record developed with the MacR1D pro-
gram [Luetgert, 1992] were used as a guide to help define starting velocities and boundary layer depths.
For SPM ray tracing on BASE01, we used an average grid spacing of 500m. The grid spacing for inversion
was 3 km in the horizontal direction and 500m vertically near the top of the model, increasing to 2 km at
depth. For BASE02, average grid spacing was 750m for ray tracing. For inversion, we used a horizontal grid
spacing of 5 km and a vertical grid spacing that varied from 500m near the top of the model to 2 km at depth.

The final tomographic model for BASE01 (Figure 7) has an average RMS travel time residual of 137ms with a
χ2 error of 1.2. The BASE02 model (Figure 8) has a root-mean-square error of 155ms and a χ2 of 1.7.
Comparison of the calculated travel times for the final model with observed travel times (Figures 9 and 10)
shows that the data misfit is greatest for the secondary arrivals and increases with source-receiver offset
but is never greater than 275ms.

We analyzed ray density with the calculated derivative weight sum (DWS) (Figures 11 and 12). The DWS is the
summation of the column of the Frechet matrix used in the inversion [Toomey and Foulger, 1989] and shows
the coverage of the data set for each model parameter (i.e., each velocity pixel and boundary node). For the
BASE01 model, ray coverage is most dense within the upper 10–20 km and in the center of the profile. The
lower crust is well sampled at locations between 75 and 200 km across the profile. The crust-mantle boundary
is well constrained at a range of offsets. Rays that traverse the upper mantle help to constrain upper mantle
velocity and to mitigate trade-off between lower crustal seismic velocity and Moho depth beneath the arch.

Figure 7. (a) BASE01 velocity model (east-west profile). Tomographic inversion following iterative ray-tracing and inversion
scheme method from van Avendonk et al. [2001, 2004]. Chi square = 1.1; RMS travel time residual = 122ms. Contour interval
is 0.5 km/s. Darkened areas showwhere there is not sufficient ray coverage to constrain velocity structure. (b) Representative ray
coverage across the model; every fifth ray is depicted.
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In a pure shear thickeningmodel [Egan and Urquhart, 1993] (Figure 2b), the upper crust buckles and undergoes
fault-propagation folding while a ductile lower crust accommodates strain with pure shear thickening. The
result is a thickened and downward bulging crust that accommodates both ductile and brittle shortening.
This model predicts a crustal root underneath the Bighorns (Figure 2e).

A third model predicts buckling and fault-propagation folding in the upper crust driven by a detachment in the
lower crust [Erslev and Rogers, 1993] (Figure 2c). Fault breakthrough and fault-propagation folding after the
initial buckling of the upper crust can account for the asymmetry seen in many Laramide foreland arches.
Since the major horizontal detachment lies in the lower crust, the crust and mantle below the detachment
would be largely unaffected by the upper crustal shortening. Thus, the current day Moho geometry would be
dominated by its pre-Laramide geometry (Figure 2e).

In a lithospheric buckling model [Tikoff and Maxson, 2001] (Figure 2d), the whole lithosphere buckles in
response to horizontal compression. Tikoff and Maxson used laboratory-derived strength profiles to argue
that the lithospheric mantle layer would have been stiff and could have controlled large-scale folding. Tikoff
and Maxson [2001] calculated a 190 km average wavelength for basement-involved Rocky Mountain and
midcontinental arches east of the Rockies. Erslev [2005] questioned whether the inclusion of midcontinental
arches in their calculation was appropriate and showed that Rocky Mountain arch wavelengths are usually
smaller. Wavelengths attributed to lithospheric bucking in continental interiors are commonly much greater
than 200 km [e.g., Delvaux et al., 2013]. In the case of the Bighorn Mountains, the distance between the crest
of the Bighorn range and the crest of the Owl Creek Arch, its nearest neighboring arch, is roughly 150 km.
The lithospheric buckling model predicts congruent folding of the surface and Moho (Figure 2e).

Figure 2. Conceptual model of the four hypothesized Laramide shortening models; (a) lithospheric fault blocks, (b) lower
crustal pure shear thickening, (c) crustal detachment and buckling, and (d) lithospheric buckling model. (e) Bighorn Arch
geometry based on Stone [1993] showing Moho geometries predicted from the above models.
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What do these thrusts do at depth?

The Moho is bowed up, it seems: is this Laramide or older? Doesn’t conform to any pre-experiment hypotheses. (No clear reflections from faults were ever 
pulled out despite considerable effort).



In a pure shear thickeningmodel [Egan and Urquhart, 1993] (Figure 2b), the upper crust buckles and undergoes
fault-propagation folding while a ductile lower crust accommodates strain with pure shear thickening. The
result is a thickened and downward bulging crust that accommodates both ductile and brittle shortening.
This model predicts a crustal root underneath the Bighorns (Figure 2e).

A third model predicts buckling and fault-propagation folding in the upper crust driven by a detachment in the
lower crust [Erslev and Rogers, 1993] (Figure 2c). Fault breakthrough and fault-propagation folding after the
initial buckling of the upper crust can account for the asymmetry seen in many Laramide foreland arches.
Since the major horizontal detachment lies in the lower crust, the crust and mantle below the detachment
would be largely unaffected by the upper crustal shortening. Thus, the current day Moho geometry would be
dominated by its pre-Laramide geometry (Figure 2e).

In a lithospheric buckling model [Tikoff and Maxson, 2001] (Figure 2d), the whole lithosphere buckles in
response to horizontal compression. Tikoff and Maxson used laboratory-derived strength profiles to argue
that the lithospheric mantle layer would have been stiff and could have controlled large-scale folding. Tikoff
and Maxson [2001] calculated a 190 km average wavelength for basement-involved Rocky Mountain and
midcontinental arches east of the Rockies. Erslev [2005] questioned whether the inclusion of midcontinental
arches in their calculation was appropriate and showed that Rocky Mountain arch wavelengths are usually
smaller. Wavelengths attributed to lithospheric bucking in continental interiors are commonly much greater
than 200 km [e.g., Delvaux et al., 2013]. In the case of the Bighorn Mountains, the distance between the crest
of the Bighorn range and the crest of the Owl Creek Arch, its nearest neighboring arch, is roughly 150 km.
The lithospheric buckling model predicts congruent folding of the surface and Moho (Figure 2e).

Figure 2. Conceptual model of the four hypothesized Laramide shortening models; (a) lithospheric fault blocks, (b) lower
crustal pure shear thickening, (c) crustal detachment and buckling, and (d) lithospheric buckling model. (e) Bighorn Arch
geometry based on Stone [1993] showing Moho geometries predicted from the above models.
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What do these thrusts do at depth?

Our results generally match the
thickness of sediments found above the
Tensleep Formation, as determined from
petroleum industry wells (Figure 10b).
An exception occurs in the southeastern
portion of the Bighorn Basin where our
H-κstacks show thicker sediment than
the mapped Tensleep Formation. The
difference is likely the result of scatter
in H depth estimates, the fact that
our map is triangulated from limited
station coverage, and lateral variations
in velocities and thicknesses of
sedimentary rocks in the basin.

4.3. Combined CCP and H-κ
Regional Depth to Moho map

We constructed a depth to Moho map
gridded at 2 km by triangulating the
combination of depth to Moho

measurements from individual stations (Table S2) and interpretations of Moho depth from CCP stacks
(Figure 11). We applied a 15 km spatial box filter. Triangulation requires threemeasurements regardless of the
distance between them. Areas with sparse coverage (e.g., the edges of our map) are poorly constrained.

Overall, we find that the crust thins from the southwest to the northeast across the study area. The Moho is
shallowest directly under the northern Bighorn Arch and to the northeast of the Bighorn Mountains. Beneath
the northern Bighorn Mountains, crustal thickness is roughly 40 km. The southern Bighorns have a slightly
thicker crust (45 km). The crust is thicker (50–55km) at the western edge of the Bighorn Basin than it is under
the range. This is well constrained because a portion of the western B-B′ cross section lies on very thin sediment
and is corroborated by previous seismic studies [Snelson et al., 1998]. Under the Powder River Basin, the Moho
dips eastward and approaches 50 km. Under the range itself, crustal thickness is 40–45 km. Relatively thin
crust is especially apparent in the northern portion of the range. In an east-west sense, the Moho is generally
shallower under the arch, seen as an upwarp in theMoho under the range in E-W transects. This trend is not arch
parallel as there is N-S variation in the crustal highs, with the shallowest crust just northeast of the arch.

5. Discussion
5.1. Laramide Kinematic Shortening Models

There are four key observations from this crustal study that must be taken into account when considering a
shortening model for the Bighorns Arch:

1. E-W transects define a broad, largely symmetric upwarp or arch of the Moho under the Bighorn Mountains
of variable magnitude. The crust is thinnest beneath the northern Bighorn Arch relative to its flanks by
about 10 km. The trend/strike of thin crust is discordant to that of the Laramide arch, as defined by the top
of the Tensleep Formation, as the Moho arch extends to the NNE under the planar, largely undeformed
Powder River Basin. The wavelength of the Moho upwarp is unclear, but it must exceed the length of
transect B-B′ (~300 km).

2. The Moho has a steeper dip on the west side of the range than on the east, whereas the Laramide fold
surface is much steeper on the eastern front and more gradual on the western side of the range. This is
especially apparent in transects A-A′ and B-B′.

3. The crust is thicker in the southern portion of the range, but the E-W geometry remains similar.
4. The Moho has no sharp offsets.

The upwarp of the Moho under the Bighorns rules out pure shear thickening and shortening at depth
(Figure 2b), as this mechanism predicts a crustal root under the range [Egan and Urquhart, 1993]. Therefore,
we infer that the lower crust was strong enough to resist root formation during the Laramide orogeny.

Figure 11. Depth to Moho (relative to sea level), mapped from the combina-
tion of CCP stack (short-period and broadband stations) Moho interpretations
and individual stations (only broadband) in the Bighorn Region. TA stations
are shown in red, BASE broadband stations shown in blue. Data points taken
from CCP interpretations (solid black lines in Figures 6 and 9–12) are shown
as black squares. White dashed lines show state boundaries.
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Laramide arches are distinguished by a
“thick-skinned” deformation in which
shortening includes faults that penetrate
basement. They are distinct from thin-
skinned deformation, such as that found
in the Sevier fold and thrust belt to the
west, in which shortening is largely
accommodated in sedimentary rocks.
The Bighorn Arch is a large anticline that
trends NNW and is cored by Precambrian
rocks exposed in the Bighorn Mountains.
A major WSW-dipping thrust fault on the
eastern flank and lesser ENE-dipping
back-thrusts on the western flank bound
the arch. The east-west profile of the
arch varies from north to south. To the
north and south, the arch is symmetric;
in the center, a pronounced asymmetry
is produced by a large overhang of
basement rocks over sedimentary rocks,
as well as the steeply dipping sedimentary
formations on the eastern flank
contrasting with the low-to-moderate
westerly dip on the western flank
[Blackstone, 1993]. Two foreland basins
bound the range, the Powder River
Basin to the east and the Bighorn Basin
to the west. Sedimentary-basement
contacts generally dip to the west, with
basin foredeeps on the western edge of
the basins [Blackstone, 1993] (Figure 2e).

The thickness of sedimentary rocks exceeds 7.5 km and 5 km in the foredeeps of the Bighorn Basin [Stone, 1985]
and Powder River Basin [Moore, 1985] respectively.

There are currently four major models for arch formation that are consistent with the horizontal Laramide
shortening [Erslev, 2005; Erslev and Koenig, 2009]. Each of these models predicts a distinctly different Moho
geometry under the assumption that the pre-Laramide Moho was horizontal and planar (Figure 2). The
Bighorn Arch Seismic Experiment (BASE) was designed to test these shortening models through a high-
resolution lithospheric-scale seismic investigation. In this paper, we compute teleseismic P wave receiver
functions from data recorded by both BASE and EarthScope Transportable Array (TA) stations and create
detailed images of crustal structure. We map the geometry of both the basins and the Moho and use them to
test hypotheses for basement-involved foreland arch formation.

1.1. Kinematic Shortening Models

A number of proposed tectonic models predict the distinctive kinematics of shortening in foreland arches
[Erslev, 2005]. The most prominent of these (Figures 2a–2d) include the following: (a) tilted blocks in which
faults penetrate the Moho [Scheevel, 1983; McQueen and Beaumont, 1989], (b) buckling and fault-propagation
folding in the upper crust accommodated by pure shear thickening in the lower crust [Egan and Urquhart,
1993], (c) buckling and fault-propagation folding of the upper crust driven by midcrustal detachment [Erslev
and Rogers, 1993], and (d) buckling of the lithosphere [Tikoff and Maxson, 2001]. The models are distinct from
one another in the geometry of the predicted Moho, and other deep crustal features (Figure 2e).

In a lithospheric fault block model, reverse faults penetrate the entire lithosphere [Scheevel, 1983; McQueen and
Beaumont, 1989] (Figure 2a). Thismodel predicts a discrete offsets of theMoho beneath thewest-central Bighorn
Arch, the location where the thrust fault responsible for the steep eastern forelimb would project (Figure 2e).

Figure 1. Station map of the region including EarthScope Transportable
Array (TA) broadband stations (red triangles), Bighorn Arch Seismic
Experiment broadband (XV) stations (blue triangles), and BASE short-period
(ZH) stations (white circles) along five transects (A to E, shown in Figures 3–9).
Seismic stations SM35 and SM36 (Figure 3) are shown as green circles.
The Bighorn Basin (BHB) bounds the Bighorn Mountains (BH) to the west,
whereas the Powder River Basin (PRB) bounds the range to the east.
Laramide foreland arches including the Beartooth Mountains (BT), Wind
River Mountains (WR), Owl Creek Mountains (OC), Granite Mountains
(GM), Laramie Mountains (LM), and Front Range (FR). The blue box shows
region of study. The eastern edge of the physiographic Rockies is
delineated with the red line. The physiographic Rockies are shown as the
yellow shaded area. State boundaries are shown in black.
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1981). However, as noted by Scott and Cobban (1965), this
fault strand exhibits little to no stratigraphic separation and
is likely not through-going. Weimer and Ray (1997) con-
curred with this interpretation and showed the Golden
Fault dying northward in units of the upper Pierre with no
surface connection to faults cutting northwest into the
basement. Erslev and Selvig (1997) saw a transition at Coal
Creek from west-directed back thrusting along the Liv-
ingston fault system to east-directed fore thrusting along
the Golden fault system. They did not show a surface link
between the faults cutting the range front at Coal Creek
and the Golden Fault proper and speculated that the con-
nection occurs along blind, subsurface faults.

The interpretation presented here shows the various
strands of the Golden Fault system linking northward
with a postulated tear fault that is covered by recent sur-
face deposits at the mouth of Coal Creek Canyon (16-18,
T2S-R70W). This tear fault creates linkage between all of
the strands of the Golden thrust system and allows dis-
placement transfer between strands, cutting rocks as
young as the Laramie and as old as the basement. How-
ever, the main departure from previous interpretations is
that surface faults are interpreted as evolved back thrusts
rather than fore thrusts, allowing displacement to be
transferred to the leading edge of the blind Golden thrust
system without needing to find requisite offsets along
surface fore thrusts. 

The Coal Creek section (Fig. 20) parallels the seismic
line presented in Erslev and Selvig (1997) and Weimer
and Ray (1997) and crosses the postulated tear fault
obliquely, such that the section and seismic line largely
address geometries of the more northerly Livingston
thrust system east of the tear fault and the geometries of
the more southerly Golden fault system west of the tear
fault. The eastern part of the section closely follows the
interpretations of Erslev and Selvig (1997) and Weimer
and Ray (1997) and emphasizes the lower Pierre tip
where the Livingston fault system resolves much of its
throw. However, west of the postulated tear fault, inter-
pretations diverge.

As honored in Figure 20, Wells (1967) mapped a fault
dipping 65 degrees east (13-T2S-R71W) and separating
basement (with a possible veneer of steeply, east-dipping
basal Fountain) from upper Fountain overturned 70
degrees to the west. East of this outcrop, beds become
progressively more overturned and Wells (1967) mapped a
fault plane dipping 83 degrees to the west that cuts
through overturned Dakota (18-T2S-R70W), followed east-
ward by a fault slice of overturned Morrison and finally a
fault into the lower Pierre. The Coal Creek section (Fig. 20)
fits these complex relationships into a restorable evolved
back thrust model showing bedding and thrusts rotated
and overturned within an imbricate stack of back thrusted
wedges. Further support for this structural style comes

Edward J. (Ned) Sterne
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Figure 20. Coal Creek structural section. Formation abbreviations as in Figure 13.

STACKED, “EVOLVED” TRIANGLE ZONES ALONG THE SOUTHEASTERN FLANK OF THE COLORADO FRONT RANGE
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Figure 7. Northern detail index map -
Jarre Canyon to Boulder, Colorado
Front Range.

WHile the trishear models can be helpful, it seems that there are lots of complications.
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Figure 20. Coal Creek structural section. Formation abbreviations as in Figure 13.
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Figure 21. Regional structural section across the Colorado Front Range between the South Park Basin on the west and the Deer Creek area on the east.

So this is a retrodeformable section in “thick-skinned” tectonics.  Note the 17.5 mile (28 km) shortening across Front Range [but note, if shortening was 
oblique, movement was greater].
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Figure 5. Map and rose diagrams of LAR arches, faults, and folds in Wyoming, Colorado-Utah, and New Mexico–Arizona. 
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Of course, you have to balance in proper shortening direction—which might be reflected in the geometry of folds and faults.
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of Laramide horizontal shortening and compression directions. 
Laramide thrusts are underrepresented by surface fault data 
because thrust faults commonly go blind by fully transferring 
their slip into folding and cryptic layer-parallel slip. For example, 
exposed faults in the NE Bighorn Basin are mostly small, E- to 
NE-striking, high-angle faults, not the large, NNW-striking blind 
thrusts that dominate fault slip at the basement level (Stanton and 
Erslev, 2004). In addition, LAR arch and fold data sets include 
fewer post-Laramide structures because post-Laramide exten-
sion was dominated by faulting, not folding. Thus, we interpret 
the overall Laramide GIS and minor fault data sets as indicating 
ENE-WSW (N66-67E–S66-67W) shortening and compression 
during the Laramide orogeny.

Hypotheses invoking multidirectional deformation, either 
due to multiple stages of differently oriented compression 
(Chapin and Cather, 1981; Gries, 1983, 1990) or due to per-
vasive multidirectional structural weaknesses (Marshak et al., 
2000; Timmons et al., 2001), predict that Laramide structures 
should be systematically multimodal. This is not supported by 
regional minor fault or LAR fold data, which show dominantly 
unimodal distributions (Figs. 1, 3G, and 5). The LAR arch rose 
diagram (Fig. 3F) is multimodal, but non-NNW-SSE arches are 
geographically restricted—N-S arches largely come from New 
Mexico–Arizona, and E-W arches largely come from Wyo-
ming, where they follow major Precambrian zones of weak-

ness. However, rose diagrams of LAR faults (Figs. 3G and 5) 
can be interpreted as showing NNW-SSE and N-S modes, con-
sistent with the previous hypotheses.

To further test the possibility of multimodal structural trends 
of regional extent, LAR fault and fold rose diagrams were cre-
ated on a 75 km grid with a 75 km radius of analysis (Figs. 10 
and 11). These rose diagrams show that N-S petals come mostly 
from eastern subsets, NNW-SSE petals come mostly from west-
ern subsets, and relatively few local rose diagrams are truly 
bimodal. Thus, indications of multidirectional Laramide defor-
mation appear to result from the combination of local unimodal 
domains, not regionally pervasive bimodal distributions.

To aid in visualizing regional patterns, fault (Fig. 10) and fold 
(Fig. 11) orientations were subdivided into six distinct domains 
based on LAR fold (primarily) and fault orientations: (1) Wyo-
ming, (2) Green River Basin, (3) Uinta Mountain, (4) Colorado, 
(5) Colorado Plateau, and (6) New Mexico (Fig. 12; Table 5). 
The Green River Basin, Uinta Mountain, and Colorado Plateau 
domain boundaries occur where changes in fold rose diagrams 
correspond with major structural boundaries. The Colorado 
domain, which contains the northeastern corner of the Colo-
rado Plateau, captures the systematic change in fold orientations 
across Colorado in a single domain. The Wyoming domain was 
differentiated from the Colorado domain due to changes in fault 
patterns at the Colorado-Wyoming border. The multimodality of 

LAR Fault-Strike Orientations

0

500

1000

1500

2000

2500

3000

70 80 90 100 110 120 130 140 150 160 170 180 10 20 30 40 50 60

Orientation in 5-degree increments

F
re

qu
en

cy

A

LAR Fold-Axis Orientations

0

50

100

150

200

250

300

70 80 90 100 110 120 130 140 150 160 170 180 10 20 30 40 50 60
Orientation in 5-degree increments

F
re

qu
en

cy

B

Figure 9. Histograms for all digitized 
LAR faults and folds from 0° to 180° 
in 5° increments.
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Faults, curiously, show no bias, perhaps reflecting reactivation of all sorts of older structures.  But folds do cluster near 140 (S40E), suggesting a N50E 
shortening direction.
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west-trending structures in and adjacent to the Big Horn Basin 
and the northeast flank of the Wind River Basin (Keefer, 1965; 
Love, 1978), the northwest-trending subsidiary structures on the 
Owl Creeks (Murphy and others, 1956), the west flank of the 
Granite Mountains (Keefer, 1965; Love, 1970), and the Wind River 
Range (Bell, 1954). 

Structures with a strong east-west alignment can be associ- 
ated with major Eocene uplift, usually early to middle Eocene, 
and include the south flank of the Washakie Range (Bown, 
1982), Owl Creek Range (Murphy, 1956, Keefer, 1965, Bown, 
1982), Granite Mountains (Love, 1970), south flank of the Wind 
River Range (Pipiringos, 1955), north flank of the Laramie 
Range, Uinta Mountains (Ritzma, 1971), Axial arch (McDonald, 
1972), and several smaller structures such as the Independence 
Mountain thrust on the north flank of North Park (Hail, 1965), 
Pat OHara Mountain (Pierce, 1957), and Casper Mountain. 

North-south compression may have a similar but faster time- 
progressive relationship than has been noted in east-west com- 
pressional features - that is, main development of foreland 
uplifts progressed from north to south. The Owl Creeks exper- 
ienced major uplift in early Eocene, the Granite Mountains and 
south flank of the Wind Rivers in early to middle Eocene and 
the Independence Mountain fault, White River uplift, and Gun- 
nison uplift in Colorado in late Eocene. If this progression 
was consistent, the Uinta Mountains should have had major 
uplift in late Eocene, but perhaps the lower strength of the crust 
beneath the aulacogen caused earlier uplift. 

The cessation of eastward thrusting in the western overthrust 
belt during late Paleocene and early Eocene was probably re- 
lated to the change in direction of movement of the North 
American craton from westward to southward. 

Economic Importance 
The question of how these ranges formed; by vertical uplift, 

strike-slip movement, or thrusting, and under what direction of 
stress, becomes more than academic when exploring for hydro- 

carbons beneath the flanks of foreland uplifts. If there had been 
only strike-slip or upthrust movement on the south flanks of 
the Owl Creek, Wind River, Granite, and Uinta mountains, the 
amount of subthrust sedimentary section would range from a 
few hundred feet to a few miles (Fig. 8). Anticlinal closures like 
those mapped beneath the Casper arch have not yet been pro- 
duced in vertical uplift models, but are important in oil and gas 
exploration. 

This paper will explore in greater detail three east-west-trend- 
ing systems, the Owl Creek, Granite, and Uinta mountains, to 
establish the evidence for north-south compression and also to 
suggest that these systems have important subthrust hydro- 
carbon potential. 

OWL CREEK RANGE 
Structure 

The Owl Creek Range is an east-west-trending uplift that 
overrides the north flank of the Wind River Basin (Fig. 9). To 
the east the uplift adjoins the south end of the Big Horn Moun- 
tains and the north end of the Casper arch, a northwest-trend- 
ing system. The west end of the Owl Creek uplift abuts the 
Washakie uplift. The west end of the Washakies is covered by 
volcanic rocks of the Absaroka volcanic field but may extend 
to the Fish Creek basin. Detailed surface mapping along this 
trend by Murphy, and others (1956), Keefer (1965), Bown (1982), 
and Winterfeld and Gonard (1983) indicates the following re- 
lationships. First, northwest-trending structures predated those 
with an east-west trend, and in many areas were literally trun- 
cated by the younger east-west structures. Also, the timing of 
movement on these two trends was different, the older, north- 
west-trending features were uplifted during latest Cretaceous 
and Paleocene time, and the east-west system was uplifted pri- 
marily during the early to middle Eocene. Winterfeld and 
Conard (1983) mapped this relationship in the southern Wash- 
akies. In the Sheldon-Little Dome area of the Owl Creeks, 
Murphy, and others (1956) described northwest-trending folds 

ROCKY MOUNTAIN ASSOClATlON OF GEOLOGlSrS 

Gries, RMAG volume, 1983

Yet others had inferred two episodes of deformation with different orientations [and while I think the different orientations idea is fading out, the two times 
of shortening seems more resilient].
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west-trending structures in and adjacent to the Big Horn Basin 
and the northeast flank of the Wind River Basin (Keefer, 1965; 
Love, 1978), the northwest-trending subsidiary structures on the 
Owl Creeks (Murphy and others, 1956), the west flank of the 
Granite Mountains (Keefer, 1965; Love, 1970), and the Wind River 
Range (Bell, 1954). 

Structures with a strong east-west alignment can be associ- 
ated with major Eocene uplift, usually early to middle Eocene, 
and include the south flank of the Washakie Range (Bown, 
1982), Owl Creek Range (Murphy, 1956, Keefer, 1965, Bown, 
1982), Granite Mountains (Love, 1970), south flank of the Wind 
River Range (Pipiringos, 1955), north flank of the Laramie 
Range, Uinta Mountains (Ritzma, 1971), Axial arch (McDonald, 
1972), and several smaller structures such as the Independence 
Mountain thrust on the north flank of North Park (Hail, 1965), 
Pat OHara Mountain (Pierce, 1957), and Casper Mountain. 

North-south compression may have a similar but faster time- 
progressive relationship than has been noted in east-west com- 
pressional features - that is, main development of foreland 
uplifts progressed from north to south. The Owl Creeks exper- 
ienced major uplift in early Eocene, the Granite Mountains and 
south flank of the Wind Rivers in early to middle Eocene and 
the Independence Mountain fault, White River uplift, and Gun- 
nison uplift in Colorado in late Eocene. If this progression 
was consistent, the Uinta Mountains should have had major 
uplift in late Eocene, but perhaps the lower strength of the crust 
beneath the aulacogen caused earlier uplift. 

The cessation of eastward thrusting in the western overthrust 
belt during late Paleocene and early Eocene was probably re- 
lated to the change in direction of movement of the North 
American craton from westward to southward. 

Economic Importance 
The question of how these ranges formed; by vertical uplift, 

strike-slip movement, or thrusting, and under what direction of 
stress, becomes more than academic when exploring for hydro- 

carbons beneath the flanks of foreland uplifts. If there had been 
only strike-slip or upthrust movement on the south flanks of 
the Owl Creek, Wind River, Granite, and Uinta mountains, the 
amount of subthrust sedimentary section would range from a 
few hundred feet to a few miles (Fig. 8). Anticlinal closures like 
those mapped beneath the Casper arch have not yet been pro- 
duced in vertical uplift models, but are important in oil and gas 
exploration. 

This paper will explore in greater detail three east-west-trend- 
ing systems, the Owl Creek, Granite, and Uinta mountains, to 
establish the evidence for north-south compression and also to 
suggest that these systems have important subthrust hydro- 
carbon potential. 

OWL CREEK RANGE 
Structure 

The Owl Creek Range is an east-west-trending uplift that 
overrides the north flank of the Wind River Basin (Fig. 9). To 
the east the uplift adjoins the south end of the Big Horn Moun- 
tains and the north end of the Casper arch, a northwest-trend- 
ing system. The west end of the Owl Creek uplift abuts the 
Washakie uplift. The west end of the Washakies is covered by 
volcanic rocks of the Absaroka volcanic field but may extend 
to the Fish Creek basin. Detailed surface mapping along this 
trend by Murphy, and others (1956), Keefer (1965), Bown (1982), 
and Winterfeld and Gonard (1983) indicates the following re- 
lationships. First, northwest-trending structures predated those 
with an east-west trend, and in many areas were literally trun- 
cated by the younger east-west structures. Also, the timing of 
movement on these two trends was different, the older, north- 
west-trending features were uplifted during latest Cretaceous 
and Paleocene time, and the east-west system was uplifted pri- 
marily during the early to middle Eocene. Winterfeld and 
Conard (1983) mapped this relationship in the southern Wash- 
akies. In the Sheldon-Little Dome area of the Owl Creeks, 
Murphy, and others (1956) described northwest-trending folds 
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Dickinson et al., GSA Bull 1988

There was disagreement on the timing, though…



12 ROBBlE GRIES 

I Late Cretaceous - Early Paleocene 

a 

Late Paleocene - L a t e  Eocene 

b 

Figure 5. Timing and direction of compressional force related to the Colorado Plateau: 
a. During eariy Laramide movement, uplifts and thrusts appear to be stacked along the east flank of the Colorado Plateau with broad 

arches plunging off to the north. 
b. Late Laramide north-south compression caused formation of east-west-trending uplifts and basins from Montana to southern 

Colorado. 
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a 
Figure 

b 
t 6. The time of movement on foreland uplifts is definitely not the same on all uplifts. 
a. North-south-trending arches and uplifts are early Laramide features and are progressively younger from the west (Campanian) 

to the east (Paleocene). The numbers correspond with uplifts on the graph in Fig. 7. 
b. Northwest-trending features are most dominant in the northern Foreland and are associated with Paleocene movement. 
c. East-west trending structures are the youngest Laramide features (Eocene) and ere associated with the strongest period of com- 

pression in the foreland. 
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How do we test ideas like this?  After all, the ranges vary in strike. One approach is to determine the stress tensor consistent with observed deformation 
(an approach with a problem at its source, namely that the strain is quite finite, so stress no longer linear with strain).



ratio of the principal stresses to each other. This ratio
is expressed by Angelier [1979, 1994] as f, where f =
(s2 ! s3)/(s1 ! s3). Others [Morris et al., 1996; Ferrill et
al., 1999] refer to it as R but the computation and the
resulting value are the same. By contrast, variation in slip
tendency depend on the absolute stress magnitudes as well
as stress ratios [Morris et al., 1996; Ferrill et al., 1999].

4. Stereographic Analysis

[13] Application of the stereographic technique described
above offers a degree of insight into the behavior of the six
uplifts in this study. For each uplift, basement fault strikes
are assumed to parallel the strike of the overlying mono-
clines. Where the monoclines display map-view curvature, a
constant fault strike is approximated by connecting the
endpoints of the monocline. Although this is a crude
approximation, it is necessitated by the stereographic anal-
ysis which cannot accommodate nonplanar faults. It is
based on the assumption that the hangingwall is a quasi-
rigid block and therefore that it must move as a coherent
unit. Fault dips are poorly constrained but calculations
based on the throw and heave of the overlying monoclinal
folds suggest that all are steep. Mechanical considerations
and geometric modeling [Bump, 2003], however, favor
shallower dips. Accordingly, the stereographic analysis
presented here is undertaken for a range of dip values from
1–89! (solutions are undefined at 0! and 90!). Map-view
slip directions are interpreted from field mapping and
analysis of small structures associated with the monoclines
(Figure 1). On the basis of regional kinematic analysis of
Laramide uplifts [Kanter et al., 1981; Erslev, 1993], the s1
axis is taken to be horizontal, N60!E. Given the predomi-
nance of reverse- and oblique-reverse-slip deformation, s3

is taken as vertical, which pins the s2 axis at horizontal,
S30!E.
[14] Because of the uncertainty in fault dips, solutions for

slip direction are considered here for all fault dips from 1! to
89! (Figure 3). For each fault, four possible planes are shown
(dips of 1!, 30!, 60!, and 89!) as is the trend of the known
slip vector (Figure 3). The range of possible slip vectors is
defined by finding the slip direction for several fault dips in
the limiting cases that s2 = s1 and s2 = s3 and creating best
fit curves through those points. The resulting range is shaded
gray on the stereonets. This approach has the advantage of
highlighting the full range of possible stress ratios for a fault
of known strike and slip trend but unknown dip.
[15] Inspection of the resulting stereonets (Figure 3)

reveals that all of the interpreted slip trends are compatible
with a northeast directed s1 even though some of those
trends appear anomalous when viewed in the regional
context of the Laramide orogeny. What the stereonets do
not reveal, however, is whether all the interpreted slip
directions can be produced by the same stress state, that
is, by the same principal stress directions and magnitudes.

5. Elastic Modeling

5.1. Model

[16] In order to more fully investigate the impact of
varying stress ratios, a series of elastic models of the
northern Colorado Plateau were created using Examine
3D, a commercially available boundary element method
elastic modeling program (for additional details on Examine
3D, see http://www.rocscience.com.). The model consists of
a three-dimensional rock mass of infinite extent. A 25 km
thick horizontal slab representing the northern Colorado
Plateau upper crust was defined by creating a pair of

Figure 2. Illustration of the Angelier stereographic method for determining the direction of maximum
resolved shear stress (and predicted slip) on a fault plane of given orientation [after Angelier, 1979]. Both
Figures 2a and 2b are lower hemisphere projections showing the same fault plane and principal stress
axes. (a) In the limit that s2 is equal in magnitude to s3 the slip vector is the line of intersection between
the fault plane and the great circle that includes the pole to the fault and the s1 axis. (b) In the limit that s2
is equal in magnitude to s1 the slip vector is given by the intersection of the fault plane and the great
circle that includes both the pole to the fault and the s3 axis. Intermediate s2 values predict slip directions
between these two endpoints.
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Fig, 4. Angular variation of shear stress with q, when stress axes N, , N,, N, are fixed. 
n = perpendicular to fault plane F; T,, = projection of N, on F; 7, = projection of N, 

on F. When q goes from 0 to 1, the shear stress goes from T,, to 7, , travelling an angle 
6 (arrows), given by coss = tan (Y, * tan (Ye, where 01, and oig are the angles of F with 

N, and N3, respectively, Above, left: normal faulting. Above, right: strike-slip faulting 
(here dextral). Below: reverse faulting, 

Figure 4 illustrates the variations of predicted slickenslides (i.e., shear 

stress 7) on a fault plane, for given axes of principal stresses. The orienta- 

tion of 3’ is entirely determined knowing the orientation of the principal 

stresses and a number cp which expresses a linear relation between them: 

Nz -N3 
cp = ----.- 

N, -N3 

(asN, >NNz >N3 withN1 #N3,0<q<1) 

GRAPHIC METHOD 

If all faults move independently within a single mean stress, $ must be 

in the common part of all P-dihedra, while ii;f! is in the common part of all 

Fig. 3. Geometry of fault plane and stresses. Roman italics indicate the vectors related 
to the geometry of the fault (i.e., measured): the unitary normal of plane F is 2, in upper 
hemisphere; the slickenslide on plane F is; (unit vector). f is in upper hemisphere for 
a normal fault, in lower hemisphere for a reverse fault. Here, by reference to the hori- 
zontal line NH of F, the motion is reverse (and left-lateral); 2, on F, is defined by 
2 = 2 At (unit vector). 
Greek italics indicate the vectors related to hypothetical stress: the stress vector acting 
on the plane F is called 2. It is defined by 2 = T * i? (T is the stress tensor); the projec- 
tion of 2 on F (shaded) is the tangential or shear stress 7; w’, on F, is defined by $ = 
~~~==~ti\t;i;,onF,isthecomponentof;;and;tparalleltoi;(p=~.;:=7;*;‘). 

Angelier, Tectonophysics, 1979

Φ ≡
σ 2 − σ 3

σ1 − σ 3

In essence, shows how slip vector on a given plane maps to values of 𝚽 (τ0 is where phi is 0 (σ2=σ3), τ1 is where phi is 1 (σ2=σ1)



Varga, Geology, 1993

Although the data as presented suggest range-normal shortening, the author ended up preferring a slip partitioned solution.
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On the Colorado Plateau, get something different.



!"#" $%&'( )"*" +,-./ 0 12%34,5 26 783%98%3,5 ):252;< => ?=@@AB C=DECC@ !"#

$%&' ((' )*+,-*,+. -/0*/,+ 123 /4 *5. 0/+*5.+0 6/7/+28/ 972*.2, :5/;%0& *5. 233+/<%12*. 2+.2: /4 *5. ,37%4*: =:528.8 &+2>? %0 *5%: :*,8>' 6/0*/,+: 2+. 8+2;0 2*
@AA 1 %0*.+B27: /0 *5. C2:. /4 *5. 6+.*2-./,: D2E/*2 )208:*/0. =1/8%F.8 24*.+ G2E.+H (I"#J KL),77%B20H (IM"J N%77%21:H (IM!J N%77%21: 208 O2-E120H
(IP(J O2>0.: .* 27'H (IP@J 62:5%/0H (IP"J O2-E120 208 N>20*H (IP"J O2>0.: 208 O2-E120H (IPQ?' )*+,-*,+27 .7.B2*%/0: 2+. %0 1.*.+: 2C/B. :.2 7.B.7'
R77%3:.: :5/; 7/-27 327./:*+.:: 8%+.-*%/0: =*5/,&5 0/* 12&0%*,8.:?' S,1C.+: %0:%8. .77%3:.: +.4.+ */ :/,+-. /4 %0*.+3+.*2*%/0T (' *5%: :*,8>J @' U%08277 208 D2B%:
=(III?J "' D2B%: =(III?H V08.+:/0 208 G2+052+8 =(IQM?H 208 W/X0/B:E> =(IIQ?J !' D2B%: =(III?J #' V08.+:/0 208 G2+052+8 =(IQM?J M' Y%/0> =(IMM?J P'
Z21%:/0 208 )*.2+0: =(IQ@?' U5. 6/7/+28/ W%B.+ 208 %*: *+%C,*2+%.: 2+. :5/;0 4/+ +.4.+.0-. %0 82+E &+2>'

Bump&Davis, J. Str. 
Geol., 2003

Again, varying trends of structures—does this require multiple stress fields?



Figure 3. Lower hemisphere equal area projections of each of the six faults in this study, together with
their interpreted slip trends, the range of possible orientations for the maximum resolved shear stress on
the fault plane, and the principal stress axes. Because fault dips are poorly constrained, each projection
shows four possible fault dips (labeled 1!, 30!, 60! and 89!) and all possible slip vectors that honor the
geologically interpreted trend (solid black line labeled ‘‘slip direction’’). The shaded region of each
projection is the range of possible maximum resolved shear stress directions on the fault plane and is
defined by the limits s2 = s1 and s2 = s3. The diagrams are most easily interpreted by plotting a fault of
given dip and examining its overlap with the shaded region. High values of s2 will result in a slip vector
close to the s2 = s1 limit while low values of s2 will produce slip vectors closer to the s2 = s3 limit.
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Bump seems to be suggesting that all these different slip vectors could be a single stress orientation with varying relative strength of sigma 2.
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Figure 4. Lower-hemisphere, equal-area 
projection contour plots of structural data 
collected from this study with cross section 
B–B′ through the Grayback monocline 
along U.S. Highway 287 road cut. Fault 
data and cross section are from Erslev 
and Selvig (1997). All contour plots were 
made with the Schmidt method, using 40 
nodes. The ideal σ1 directions from the 
anticlinal zone (B) match well with the 
regional ideal σ1 directions (A). However, 
the slickenlines and ideal σ1 directions 
from the forelimb of the Grayback mono-
cline (C) are defl ected clockwise from the 
regional data. In the cross section, lower-
hemisphere equal-area projection of fault 
planes (great circles) and ideal σ1 direc-
tions (open circles) are plotted for stations 
4.1–4.4. The compressive paleostress mean 
directions for each station in the cross sec-
tion are given below the corresponding 
equal-area projection.

Tetreault et al., GSA Bull., 2007

But there might be other complications out there.  Perhaps more complex deformation.
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The eolian sandstones exposed in this region 
within the canyons are more weathered than 
at the road cuts (stations 4.1–4.4, 5.1). Right-
lateral normal oblique-slip faults strike 65°–75°, 
and left-lateral normal oblique-slip faults strike 
110° to 115°. At stations 1.1 and 1.2, and north 
of 4.1, the faults exposed in the mudstones are 
mainly right-lateral normal oblique-slip faults. 
At stations 4. 2 and 6. 4, most faults (77%) are 
left-lateral strike slip. The western area of the 
fold contains mapped left-lateral oblique slip 
faults striking 110°–130°, orthogonal to the fold 
trend (Fig. 2). These faults have left-lateral dis-
placements of ~7–14 m.

The azimuths of compressive paleostress ori-
entations determined from slickenlined faults 
at stations in the anticlinal zone range from 
85°–92° (Fig. 4; Table 1). Closer to the upper 
forelimb, where the strata dip between 10° and 
15°, the mean compressive paleostress orienta-
tion changes to 99°.

Forelimb
Minor faults and joints are concentrated in 

the steepest part of the forelimb (bedding dips 
20°–45°). Most (98%) of the faults are strike-
slip, and the large variation in fault plane strikes 
suggests multiple generations of fault sets 
(Fig. 5). Strike-slip displacements within the 
forelimb, on faults oblique to the fold trend, 
indicate that reverse-slip was not the only form 
of shortening. The few right-lateral oblique-slip 
faults with several meters of separation at sta-
tion 2.3 in the forelimb strike 75°, and conjugate 
left-lateral faults strike 122°–150°. Strike-slip 

displacements on these faults are much greater 
than the dip-slip offset (e.g., 7 m strike-slip in 
comparison with 1.2 m reverse-slip offset).

The compressive paleostress orientations 
change from east-west in the anticlinal zone 
to southeast-northwest in the forelimb (Fig. 6; 
Table 1). At all of the stations within the fore-
limb, there does not appear to be any predomi-
nance of right-lateral or left-lateral faults within 
the station populations (average left lateral of 
55% versus average right lateral of 45%). How-
ever, the conjugate sets of minor faults appear to 
have been rotated clockwise, as represented by 
the rotation of compressive paleostress orienta-
tions. The largest paleostress deviation from the 
regional shortening direction is found at station 
3.3 (Fig. 6), which is near a thrust fault with a 
throw of ~20 m. Many right-lateral and left-lat-
eral faults at station 1.3 have similar strikes, sug-
gesting possible later reactivation of rotated left-
lateral fault planes by right-lateral faults (Fig. 5).

In summary, the forelimb is densely popu-
lated with minor faults with mean compressive 
paleostress orientations ranging from 95°–127°. 
The mean compressive paleostress orientations 
in the forelimb differ by ~14°–45° from those in 
the anticlinal zone and the regional compression 
direction (Table 1).

Paleomagnetic Results

A ChRM with a south-southeast declination 
and shallow inclination was identifi ed in 59% 
of the samples from the Ingleside Formation at 
the Grayback monocline. Locality GSD, in the 

region around the synclinal hinge, did not hold 
a stable ChRM. The south-southeast–directed 
component was typically unblocked over a 
temperature range of 580–680 °C, suggesting 
that hematite is the magnetic carrier, as con-
cluded by Diehl and Shive (1979). In most of 
the samples where this component is identifi ed, 
this portion of the path trends toward the origin. 
At very high temperatures, the path passes the 
origin to a position opposite from the bulk of 

σ

σ

σ
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Figure 5. Rose diagrams of slickenline trends and 
ideal σ1 directions from the (A) northeastern Front 
Range, (B) anticlinal zone of the Grayback mono-
cline, and (C) forelimb of the Grayback monocline. 
The right-lateral and left-lateral slickenlines show a 
nice conjugate geometry in the anticlinal zone but are 
much more scattered in the forelimb.

TABLE 1. PALEOSTRESS MEAN DIRECTIONS 
AND DEFLECTIONS FROM THE GRAYBACK 

MONOCLINE  
Station N Mean σσ1 

(trend-plunge) 
D ± ∆D 

(°) 
Anticlinal zone    
1.1 11 272-39 2 ± 4.4 
1.2 7 279-40 9 ± 6.8 
3.2 30 88-3 –2 ± 5.6 
4.1 32 93-10 1 ± 4.6 
4.2 30 95-9 0 ± 3.8 
6.1 22 90-20 0 ± 5.9 
6.2 8 264-3 –6 ± 15.6 
6.3 5 98-19 8 ± 11.6 
6.4 36 85-15 –5 ± 4.7 
Forelimb    
1.3 34 107-15 18 ± 9.4 
2.3 43 103-3 13 ± 9.0 
3.3 35 127-14 37 ± 8.1 
4.3 47 97-2 7 ± 4.7 
4.4 39 111-9 16 ± 4.6 
5.1 24 102-2 12 ± 8.7 
6.5 29 105-15 15 ± 5.8 
   Note: Deflections (D) are calculated relative to the 
regional direction of N90°E (Erslev and Larson, 
2006). Clockwise deflections are positive values, and 
counterclockwise deflections are negative. The 
deflection errors (∆D) are calculated with the 
methods in Demarest (1983). N is the number of 
ideal σ1 directions used to determine the station 
mean. 

Tetreault et al., GSA Bull., 2007

Stresses in this fold depend on where in the fold you sample.
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Figure 11. Topographic map (contour interval, 20 ft) of the Grayback monocline with equal-area plots of the tilt-corrected paleomagnetic 
results from analysis 1. See Figure 6 and caption for explanation of map symbols. Black circles represent lower-hemisphere Fisher locality 
mean directions, and open circles represent upper-hemisphere mean directions. Large circles around the mean directions represent the 95% 
circles of confi dence. The star represents the expected Permian direction for the Ingleside Formation from Diehl and Shive (1979). Small black 
asterisks represent the tilt-corrected modern fi eld directions for each locality. Localities in the anticlinal zone, GBM_1, GAC, GAH, and GAB, 
show no appreciable rotation. However, localities in the forelimb all show clockwise rotations, with the exception of GFL.

Tetreault et al., GSA Bull., 2007
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deformed region of the forelimb and not at the 
ends of the fold.

The paleostress defl ections in conjunction 
with the paleomagnetic rotations could be 
produced only by right-lateral shear absorbed 
within the folded strata of the Grayback mono-
cline. Other structural evidence, including larger 
conjugate oblique-slip faults in the forelimb that 
correspond to synthetic and antithetic Riedel 
shears for a right-lateral strike-slip shear zone, 
supports the inference of strike-slip motion 
accommodated within the forelimb. Spatially, 
the oblique-slip strain is focused in the center 
of the fold in the forelimb and decreases out 
toward the ends (Figs. 4, 6, 11). Temporally, we 
can conclude that the block rotations and minor 
faulting occurred simultaneously with folding, 
on the basis of the observed vertical-axis rota-
tions of paleomagnetic declinations and com-
pressive paleostress orientations. The minor 
faults in the forelimb formed either syn- or post-
folding, because tilt-correcting the mean ideal 
σ1 directions does not reduce the scatter or rotate 
them to a horizontal plunge. The larger scatter in 
the ideal σ1 directions in the sites in the forelimb 
refl ects the reactivation and multiple genera-
tions of faulting during rotation (Figs. 4, 5). The 
paleomagnetic and compressive-paleostress 
results from the Grayback monocline resemble 
the patterns we would expect from continuous 

faulting accompanied by material rotations; 
paleomagnetic rotations are greater than com-
pressive paleostress defl ections (Fig. 13).

We consider two kinematic models for rigid-
body rotations in a strike-slip shear zone to 
determine an estimate of right-lateral displace-
ment accommodated within the Grayback mon-
ocline. Vertical-axis rotations are often used to 
identify the kinematic model of the strike-slip 
shear zone (e.g., Las Vegas Shear Zone, Nel-
son and Jones, 1987; New Zealand, Little and 
Roberts, 1997; Mojave, Luyendyk, 1991). We 
compare the patterns of paleomagnetically 
determined rotations with either a pinned-block 
geometry (McKenzie and Jackson, 1986) or a 
fl oating-block geometry (Lamb, 1987; McKen-
zie and Jackson, 1983). Within a pinned-block 
strike-slip shear zone, blocks rotate like domi-
nos, and the magnitude of rotation is dictated 
by the angle of the faults that bound the blocks 
(McKenzie and Jackson, 1986). In the fl oating-
block strike-slip shear zone, round to elongate 
blocks rotate in relation to the velocity gradi-
ents within the ductile shear zone (Lamb, 1987; 
McKenzie and Jackson, 1983). The small, rigid 
blocks in the fl oating-block model are idealiza-
tions usually not bounded by identifi able faults 
(Nelson and Jones, 1987). The forelimb of the 
Grayback monocline is heavily populated with 
minor faults, so individual fault-bounded rigid 

Figure 12. Equal-area plot demonstrating 
the effect of a partially removed modern fi eld 
overprint on a Permian direction for rocks 
in the Grayback monocline. (1) The Perm-
ian direction (shown as an open square for 
upper hemisphere direction; Decl. = 149°, 
Incl. = −12.7°) is folded 20° about a horizontal 
axis trending N45°E. (2) Overprinting by the 
modern fi eld (black asterisk) results in a new 
direction, lying along the great circle between 
the modern fi eld and the tilted Permian 
direction. (3) Tilt-correcting this new direc-
tion based on local bedding attitude yields a 
counterclockwise, steeper direction, relative 
to the original primary Permian direction.

Figure 13. Vertical-axis rotations of paleomagnetic declina-
tions versus compressive-paleostress defl ections for spatially 
coincident stations and localities in the Grayback monocline. 
Error bars represent the 95% confi dence level for vertical-
axis rotation and station compressive paleostress defl ection 
for each locality. A 1:1 trend line is shown for reference. 
Vertical-axis rotations are calculated relative to the Perm-
ian Ingleside Formation’s declination of 149° (Diehl and 
Shive, 1979). Compressive paleostress defl ections are calcu-
lated with respect to the regional compressional stress direc-
tion of N90°E (Erslev and Larson, 2006). Shaded symbols 
represent those stations or localities that either do not have 
well-constrained mean directions or do not exactly occupy 
the same sampling area. The large arrows indicate where we 
hypothesize these locality-station pairs to actually plot. Sta-
tion 3.3 is located in steeper beds than paleomagnetic locality 
GEI, which lies between stations 3.2 and 3.3. Following the 
trends seen at other structural stations, locality GEI could 
be associated with a smaller compressive paleostress defl ec-
tion than the observed defl ection at station 3.3, as indicated 
by the downward-pointing large arrow. Locality GFL has an 
anomalous counterclockwise vertical-axis rotation, which we 
suspect to be a result of heavy overprinting (see text for dis-
cussion). Locality GBM_1 shows no statistically signifi cant 
paleomagnetic rotation.

Tetreault et al., GSA Bull., 2007
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blocks are diffi cult to identify. One main differ-
ence between the two models is that the rotations 
increase with proximity to the strike-slip fault in 
a continuously deforming strike-slip shear zone 
in the fl oating-block model, whereas the pinned-
block model predicts uniform paleomagnetic 
rotations within the strike-slip shear zone. The 
increase in magnitude of paleomagnetic rota-
tions and compressive paleostress defl ections 
with bedding dip observed in the forelimb is 
more consistent with the fl oating-block model.

Several caveats need to be addressed when 
applying these kinematic models to this fold. 
First, the large uncertainties in the paleomag-
netic-locality mean directions present diffi cul-
ties in discerning whether our results represent 
a distinct zone of equal-angle rotation or an 
increase in rotation with proximity to the line of 
maximum shear on the folded strata. In addition, 
we acknowledge that these kinematic models 
are for shear zones that contain a visible strike-
slip fault, which for our case is at an unknown 
depth below the shear zone; therefore, our esti-
mates are conservative at best. Even so, we can 
use the two kinematic models to estimate lateral 
displacement on the underlying fault with the 
paleomagnetic results from this study.

The relationships between vertical-axis rota-
tions (R) and lateral displacement (d) for a 
strike-slip shear zone of width y for a pinned-
block shear zone and fl oating-block shear zone 
are given in equations 1–3. For a pinned-block 
shear zone, the rotations are related to the total 
strike-slip displacement:

 R a d y= ( )tan . (1)

To determine the displacement estimated 
by the fl oating-block model for a shear zone, 
we considered a shear zone with uniform slip 
along the length of the fold (McKenzie and 
Jackson, 1983) and one with slip dissipating 
toward the ends (Sonder et al., 1986). For a 
fl oating-block shear zone with uniform slip, 
the rotations are approximately half those of 
the pinned-block model:

 R a d y= ∗ ( )0 5. tan . (2)

For the second case, we apply the thin-viscous-
sheet calculations of England et al. (1985) and 
Sonder et al. (1986), for which the velocity and 
material rotations decrease away from the shear 
zone and toward the ends of the strike-slip fault. 
This relationship is derived for rotations within 
a non-Newtonian shear zone that is viscously 
deforming (Nelson and Jones, 1987; Sonder et 
al., 1986). Rotations are determined by

 R d n L x L e
n y L≈ ( ) ( ) −( )π π π2 2sin / , (3)

where n is the stress exponent for an exponential 
non-Newtonian rheology, L is the fault length, 
and x is the location of the rotation or rotated 
block along strike.

For all models we assume an average paleo-
magnetic vertical-axis rotation (R) of 25° and a 
forelimb width (y) of 50–100 m. For the thin-
viscous-sheet fl oating-block model, we assume 
that greatest rotations are found in the center of 
the fold surface (x = 4.25 km, y = 50 m) and use 
a stress exponent n = 10 (for brittle material) and 
a fault length (L) of 8.5 km. The pinned-block 
model yields 47 m of right-lateral displacement 
(d). The right-lateral displacement predicted 
by the McKenzie and Jackson (1983) fl oating-
block model with uniform strike slip is ~119 m. 
The fl oating-block model, with slip dissipating 
at the ends of the shear zone, would predict 
~75–100 m of right-lateral displacement within 
the Grayback monocline.

The kinematics of the fl oating-block model 
for a strike-slip shear zone correlate best to the 
paleomagnetic observations that we recorded 
within the forelimb of the Grayback mono-
cline. As the thin-sheet fl oating-block model 
predicts, rotations decrease along strike, toward 
the ends of the fold. In the pinned-block and the 
McKenzie and Jackson (1983) fl oating-block 
models, vertical-axis rotations do not change 

along strike because slip is independent of dis-
tance along strike, which is not consistent with 
our observations. The thin-sheet fl oating-block 
model displacement estimate would infer a 
N82°–90°E net shortening direction across the 
monocline, which correlates with the regional 
shortening direction (Erslev and Larson, 2006). 
The oblique-slip displacement on the underly-
ing fault therefore would be 195–206 m, based 
on the thin-sheet fl oating-block model.

Our results indicate that signifi cant amounts 
of strike-slip motion on an underlying fault 
can be absorbed within the overlying folded 
strata without any large, surfi cial strike-slip 
displacement. Unlike models of folds where 
oblique-slip is partitioned to separate parts of 
the fold (Angelier et al., 2003), we have found 
that shearing produced by oblique slip on the 
underlying fault is focused within the highly 
deformed forelimb region. The overlying 
folded strata deform in a manner similar to a 
strike-slip shear zone (Fig. 14).

Implications for Laramide Tectonics

The identifi cation of oblique-slip within base-
ment-involved structures allows us to directly 
test tectonic interpretations for the Laramide 
orogeny. Right-lateral slip within the Gray-

Figure 14. Cartoon depicting oblique-slip deformation in the folded strata 
of the Grayback monocline during the Laramide orogeny. The compres-
sive paleostress and paleomagnetic rotations (depicted as arrows) are 
concentrated in the forelimb and increase with bedding dip. The regional 
shortening direction (large open arrows) is oblique to the fold trend.

Tetreault et al., GSA Bull., 2007



with well developed lateral accretion surfaces in the 
Fort Union and Wasatch Formations occurred in a 
high-sinuosity (meandering) stream channel setting 
(Johnson, 1990). The overlying and inter-fingering 
Eocene Green River Formation consists of lacustrine 
shale, marlstone, limestone, and evaporites (Bradley, 
1964; Sullivan, 1980; Roehler, 1993) deposited in 
Eocene Lake Gosiute. Fluctuations in the lake level 
and sediment input produced inter-fingering of the 
f luvial Main Body, Niland Tongue and Cathedral 
Bluffs Tongue of the Wasatch Formation (Fig. 3) with 
the lacustrine Green River Formation strata (Carroll 
and Bohacs, 1999; Carroll et al., 2006).
 The Fort Union, Wasatch and Green River 
Formations are exposed in the central portion of 

the basin on the flanks of the north–south-trending 
Rock Springs anticline. An east–west seismic line 
across the Rock Springs uplift and Green River Basin 
shows the uplifted Precambrian core of the anti-
cline, the folded Paleozoic and Mesozoic cover, and a 
blind reverse fault that cuts the Precambrian through 
Lower Cretaceous rocks below the western f lank 
(Garing and Tainter, 1985). The Rock Springs uplift 
was active before and after deposition of the Fort 
Union, Wasatch, and Green River Formations, as 
indicated by the angular discordance with the under-
lying folded Upper Cretaceous rocks (Roehler, 1961) 
and the gentle tilting of the Paleocene and Eocene 
section. Prior to deposition of the Oligocene Bishop 
Conglomerate, erosion removed the Paleogene section 
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RELATIVE SUBSIDENCE

Introduction
In order to ascertain relative subsidence in the 

southern Green River Basin and along the flanks of 
the Rock Springs uplift, we plotted the thickness of 
three stratigraphic intervals in the form of a cross sec-
tion (Fig. 4) and isopach maps (Figs. 5–7). The strati-
graphic thickness data used for the isopach maps and 
cross section are derived from both original and pub-
lished data including published measured sections, 
sections measured by the authors, and interpreted well 
data from published sources referenced in the figure 
captions. The boundaries of the three stratigraphic 
intervals were chosen because they approximate time-
stratigraphic boundaries and they correspond to the 
boundaries of formations or members that are well 
known from outcrop and subsurface studies. The 
contouring of isopach maps was accomplished by 
interpolation between values of stratigraphic thick-
ness at locations shown in Figs. 5, 6, and 7.

Chronostratigraphy
The lower time-stratigraphic interval consists 

of Paleocene strata that belong to the Fort Union 
Formation (Fig. 5). A fauna collected from the lower 
Fort Union Formation at the Rock Springs uplift 
(Winterfeld, 1982) belongs to the third zone (To3) of 
the Torrejonian North American Land Mammal Age 
(NALMA) (Archibald et al., 1987). The age of To3 
fauna is approximately 60.7 to 61.3 Ma (Lofgren et 
al., 2004). Thus, we place the age of basal Fort Union 
strata at approximately 61 Ma.

The contact separating the Paleocene Fort Union 
Formation from the Eocene Main Body of the 
Wasatch Formation was used as the upper bound-
ary of the lower stratigraphic interval and the lower 
boundary of the intermediate time-stratigraphic inter-
val (Fig. 6). The lower Wasatch Formation has yielded 
an extensive fauna belonging to the Wasatchian 
NALMA (Robinson et al., 2004). The age of the base 
of the Wasatchian NALMA has been dated at 55.0 
Ma (Gingerich, 2003). This represents a reasonable age 
approximation of the Fort Union–Wasatch contact.

The upper boundary of the intermediate time-
stratigraphic interval was chosen at the upper con-
tact of the Luman Tongue of the Green River 
Formation. The boundary between the Lysetian and 

Lost Cabinian NALMA sub-ages occurs within the 
upper portion of the Luman Tongue (Sklenar and 
Andersen, 1985; Holroyd and Smith, 2000). The 
age of basal Lost Cabinian strata is 52.8 ± 0.16 Ma 
based on dating of tuff from the Eocene Willwood 
Formation in the Bighorn Basin (Wing et al., 1991, 
2000). We have placed the age of the upper boundary 
of the intermediate stratigraphic interval at approxi-
mately 52.4 Ma.
 The upper stratigraphic interval (Fig. 7) extends 
from the upper contact of the Luman Tongue to 
the base of the Laney Member of the Green River 
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Formation. The intervening stratigraphic units 
include the Niland and Cathedral Bluffs tongues of 
the Wasatch Formation and the Tipton Shale and 
Wilkins Peak members of the Green River Formation 
(Fig. 3). The upper boundary of the interval appears 
to be relatively isochronous across the southern Green 
River Basin (Sullivan, 1980; Roehler, 1987). An air-
fall tuff in the uppermost portion of the Wilkins 
Peak member of the Green River Formation, very 
close to the contact with the Laney Member, was 
dated by Smith et al. (2006) at 49.62 ± 0.10 Ma 
using 40Ar/39Ar analysis on biotite crystals. Machlus 
et al. (2004) dated the same tuff at 49.1 ± 0.2 Ma 
using 40Ar/39Ar analysis on biotite crystals. Thus, we 
approximate the age of the upper boundary of this 
stratigraphic interval as an average value of 49.4 Ma.

Stratigraphic Thickness
 All three stratigraphic intervals depicted in the 
cross section along the west flank of the Rock Springs 
uplift (Fig. 4) thicken southward. The thickness of 

the lower stratigraphic interval increases on average 
by 2.0 m/km from the middle to the south end of the 
section, and at the northern end, northward thicken-
ing indicates Paleocene loading by the Wind River 
uplift. The thickness of the intermediate stratigraphic 
interval increases southward on average by 7.7 m/km, 
and the thickness of the upper stratigraphic interval 
increases by 3.2 m/km across the length of the cross 
section.
 The isopach maps (Figs. 5, 6 and 7) display a dis-
tinct pattern of stratigraphic thinning at the Rock 
Springs uplift and thickening toward the adjacent 
sub-basins. The Paleocene stratigraphic interval 
(Fig. 5) displays thickening on the order of 33 m/km 
toward the Bridger sub-basin and 15.8 m/km toward 
the Washakie sub-basin. Similarly, the early Eocene 
intermediate stratigraphic interval (Fig. 6) also dis-
plays stratigraphic thickening of 20 m/km toward 
the Bridger sub-basin and 7.1 m/km toward the 
Washakie and Sand Wash sub-basins. The Eocene 
upper stratigraphic interval (Fig. 7) thins at the Rock 
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Formation. The intervening stratigraphic units 
include the Niland and Cathedral Bluffs tongues of 
the Wasatch Formation and the Tipton Shale and 
Wilkins Peak members of the Green River Formation 
(Fig. 3). The upper boundary of the interval appears 
to be relatively isochronous across the southern Green 
River Basin (Sullivan, 1980; Roehler, 1987). An air-
fall tuff in the uppermost portion of the Wilkins 
Peak member of the Green River Formation, very 
close to the contact with the Laney Member, was 
dated by Smith et al. (2006) at 49.62 ± 0.10 Ma 
using 40Ar/39Ar analysis on biotite crystals. Machlus 
et al. (2004) dated the same tuff at 49.1 ± 0.2 Ma 
using 40Ar/39Ar analysis on biotite crystals. Thus, we 
approximate the age of the upper boundary of this 
stratigraphic interval as an average value of 49.4 Ma.

Stratigraphic Thickness
 All three stratigraphic intervals depicted in the 
cross section along the west flank of the Rock Springs 
uplift (Fig. 4) thicken southward. The thickness of 

the lower stratigraphic interval increases on average 
by 2.0 m/km from the middle to the south end of the 
section, and at the northern end, northward thicken-
ing indicates Paleocene loading by the Wind River 
uplift. The thickness of the intermediate stratigraphic 
interval increases southward on average by 7.7 m/km, 
and the thickness of the upper stratigraphic interval 
increases by 3.2 m/km across the length of the cross 
section.
 The isopach maps (Figs. 5, 6 and 7) display a dis-
tinct pattern of stratigraphic thinning at the Rock 
Springs uplift and thickening toward the adjacent 
sub-basins. The Paleocene stratigraphic interval 
(Fig. 5) displays thickening on the order of 33 m/km 
toward the Bridger sub-basin and 15.8 m/km toward 
the Washakie sub-basin. Similarly, the early Eocene 
intermediate stratigraphic interval (Fig. 6) also dis-
plays stratigraphic thickening of 20 m/km toward 
the Bridger sub-basin and 7.1 m/km toward the 
Washakie and Sand Wash sub-basins. The Eocene 
upper stratigraphic interval (Fig. 7) thins at the Rock 
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Springs uplift and thickens by 8 m/km toward the 
Bridger sub-basin and up to 20 m/km toward the 
Washakie sub-basin.

DISCUSSION

Relative Subsidence
 Thinning of the three time-stratigraphic inter-
vals in the vicinity of the Rock Springs uplift (Figs. 
5, 6 and 7) demonstrates that the uplift was active 
while the Green River Basin was subsiding, and 
accommodation space was reduced due to growth of 
the Rock Springs uplift. Guiseppe and Heller (1998) 
found a similar pattern within the rapidly subsid-
ing Cretaceous foreland basin of central Utah where 
the intrabasinal San Rafael Swell acted as a region of 
slower subsidence.
 The southward thickening of the three time-
stratigraphic intervals in Figure 4 demonstrates that 
accommodation space increased in a southward 
direction during late Paleocene through early Eocene 
time. It appears that faulting along the north flank of 

the Uinta uplift caused loading of the southern Green 
River Basin, leading to asymmetric subsidence during 
all three time intervals. Pietras and Carroll (2006) 
described similar southward thickening within the 
Wilkins Peak member of the Green River Formation, 
and they ascribed this to differential subsidence 
related to tectonic loading of the southern portion of 
the basin by the Uinta uplift. 

Implications for Paleocene–Eocene Strain Field
 Though the faults on the north f lank of the 
Uinta uplift and the inferred trace of the blind thrust 
fault that bounds the Rock Springs uplift are ori-
ented at right angles to each other, our analysis shows 
that these uplifts were active concurrently through-
out the late Paleocene and early to middle Eocene. 
These findings are not compatible with rotation of 
the shortening direction during earliest Eocene time. 
Several previous authors have proposed a northeast–
southwest direction of shortening. Based on an aver-
age of 369 paleostrain indicators for the western 
United States and Mexico, Bird (2002) inferred that 
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Formation. The intervening stratigraphic units 
include the Niland and Cathedral Bluffs tongues of 
the Wasatch Formation and the Tipton Shale and 
Wilkins Peak members of the Green River Formation 
(Fig. 3). The upper boundary of the interval appears 
to be relatively isochronous across the southern Green 
River Basin (Sullivan, 1980; Roehler, 1987). An air-
fall tuff in the uppermost portion of the Wilkins 
Peak member of the Green River Formation, very 
close to the contact with the Laney Member, was 
dated by Smith et al. (2006) at 49.62 ± 0.10 Ma 
using 40Ar/39Ar analysis on biotite crystals. Machlus 
et al. (2004) dated the same tuff at 49.1 ± 0.2 Ma 
using 40Ar/39Ar analysis on biotite crystals. Thus, we 
approximate the age of the upper boundary of this 
stratigraphic interval as an average value of 49.4 Ma.

Stratigraphic Thickness
 All three stratigraphic intervals depicted in the 
cross section along the west flank of the Rock Springs 
uplift (Fig. 4) thicken southward. The thickness of 

the lower stratigraphic interval increases on average 
by 2.0 m/km from the middle to the south end of the 
section, and at the northern end, northward thicken-
ing indicates Paleocene loading by the Wind River 
uplift. The thickness of the intermediate stratigraphic 
interval increases southward on average by 7.7 m/km, 
and the thickness of the upper stratigraphic interval 
increases by 3.2 m/km across the length of the cross 
section.
 The isopach maps (Figs. 5, 6 and 7) display a dis-
tinct pattern of stratigraphic thinning at the Rock 
Springs uplift and thickening toward the adjacent 
sub-basins. The Paleocene stratigraphic interval 
(Fig. 5) displays thickening on the order of 33 m/km 
toward the Bridger sub-basin and 15.8 m/km toward 
the Washakie sub-basin. Similarly, the early Eocene 
intermediate stratigraphic interval (Fig. 6) also dis-
plays stratigraphic thickening of 20 m/km toward 
the Bridger sub-basin and 7.1 m/km toward the 
Washakie and Sand Wash sub-basins. The Eocene 
upper stratigraphic interval (Fig. 7) thins at the Rock 
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Springs uplift and thickens by 8 m/km toward the 
Bridger sub-basin and up to 20 m/km toward the 
Washakie sub-basin.

DISCUSSION

Relative Subsidence
 Thinning of the three time-stratigraphic inter-
vals in the vicinity of the Rock Springs uplift (Figs. 
5, 6 and 7) demonstrates that the uplift was active 
while the Green River Basin was subsiding, and 
accommodation space was reduced due to growth of 
the Rock Springs uplift. Guiseppe and Heller (1998) 
found a similar pattern within the rapidly subsid-
ing Cretaceous foreland basin of central Utah where 
the intrabasinal San Rafael Swell acted as a region of 
slower subsidence.
 The southward thickening of the three time-
stratigraphic intervals in Figure 4 demonstrates that 
accommodation space increased in a southward 
direction during late Paleocene through early Eocene 
time. It appears that faulting along the north flank of 

the Uinta uplift caused loading of the southern Green 
River Basin, leading to asymmetric subsidence during 
all three time intervals. Pietras and Carroll (2006) 
described similar southward thickening within the 
Wilkins Peak member of the Green River Formation, 
and they ascribed this to differential subsidence 
related to tectonic loading of the southern portion of 
the basin by the Uinta uplift. 

Implications for Paleocene–Eocene Strain Field
 Though the faults on the north f lank of the 
Uinta uplift and the inferred trace of the blind thrust 
fault that bounds the Rock Springs uplift are ori-
ented at right angles to each other, our analysis shows 
that these uplifts were active concurrently through-
out the late Paleocene and early to middle Eocene. 
These findings are not compatible with rotation of 
the shortening direction during earliest Eocene time. 
Several previous authors have proposed a northeast–
southwest direction of shortening. Based on an aver-
age of 369 paleostrain indicators for the western 
United States and Mexico, Bird (2002) inferred that 
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during Paleocene to early Eocene time the shortening 
direction was approximately N 68º E. Plate tectonic 
reconstructions for Pacific-Farallon-North America 
plate motions during Paleocene and early Eocene 
time provide a picture of northeast-directed conver-
gence. Though convergence vectors vary somewhat 
with latitude, Stock and Molnar (1988) inferred that 
the vectors for 68.47 to 58.94 Ma trend N 28º E ± 
44° and those for 58.94 to 49.55 Ma trend N 48º E 
± 34°. Thus, Paleocene–Eocene plate convergence is 
consistent with northeast–southwest shortening.
 If Paleocene–Eocene shortening in Wyoming 
was approximately northeasterly, oblique slip on 
faults with contrasting strikes could have occurred. 
It has long been recognized that the faults on the 
north flank of the Uinta uplift (referred to here as the 
Uinta-Sparks fault system) have undergone sinistral 
slip as well as thrust motion (Hansen and Bonilla, 
1954). Johnston and Yin (2001) found that the kine-
matics of these faults suggested sinistral reverse slip 
that accommodated east-northeast–west-southwest 
shortening. Gregson and Erslev (1997) analyzed slip 
indicators on minor faults on the northern f lank 

of the Uinta uplift and found evidence of sinistral 
oblique strain from which they inferred a northeast–
southwest shortening direction. Similarly, Molzer 
and Erslev (1995) found evidence of oblique thrust-
ing and sinistral strike slip from slickenlines on minor 
faults on the east–west-striking, basement-involved 
Owl Creek arch that bounds the Wind River basin, 
north of the Wind River uplift (Fig. 1).
 Though several authors have found evidence 
of both reverse and sinistral strike slip components 
along the Uinta-Sparks fault system, the estimated 
magnitudes of these components vary. Hansen (1965) 
observed that subsidiary folds in the Flaming Gorge 
area along the north flank of the Uinta uplift are dis-
placed in a sinistral sense along the Uinta-Sparks fault 
system and estimated that the strike slip component 
is about 40 percent of the thrust component. Bruhn 
et al. (1983) estimated that the north f lank of the 
Uinta uplift experienced about 20 km of northward 
displacement and at least 20 km of sinistral slip rela-
tive to the Green River Basin. Based upon palinspas-
tic restoration of a structural cross section across the 
Uinta uplift at longitude 109° 15', Stone (1993) deter-
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concentrations during progressive deformation. For example, Varga
(1993) found shortening directions at high angles to arch trends
based on stress inversion of minor fault data in basement rocks near
major faults. These results are similar to patterns found in Triassic
strata from steeper fold limbs from this study, where later faults
tend to accommodate shortening at high angles to local fold axes
(Fig. 9; Yonkee andWeil, 2011). Another issue is restoration of in situ
structures to the orientations in which they formed, as previously
published data sets do not account for potential secondary vertical-
axis rotations. In comparison, results reported herein are focused on
Triassic strata from simple structural settings, with LPS directions
estimated from a combination of mesoscopic structures and AMS
fabrics that have been systematically restored, revealing coherent
regional patterns (compare Figs. 8 and 9).

Several models have been proposed to explain variations in
arch trends and shortening directions across the Laramide fore-
land including: temporal changes in regional shortening from
early E–W to late N–S (Gries, 1983; Chapin and Cather, 1981);
consistent SW-NE regional shortening with local wrench shear
and strain partitioning along N- and W-trending arches (stone,
1969; Brown, 1988; Blackstone, 1990; Paylor and Yin, 1993;
Wawrzyniec et al., 2002); and spatial variations partly related to
reactivation of basement weaknesses (Marshak et al., 2000;
Chamberlain et al., 2003). Stratigraphic data from flanking Lar-
amide basins argues against distinct temporal differences for
arches of varying orientation based on penecontemporaneous
growth of uplifts during Late Cretaceous to early Paleogene time
(Beck et al., 1988; Dickinson et al., 1988; Johnson and Andersen,
2009). The model of Bird (1998), based on available fault slip,
fault timing, and paleomagnetic data, shows paleotectonic

velocity and velocity gradient patterns broadly consistent with
relative motion between the North American and subducting
Farallon plates and with regional LPS directions (Fig. 8). Deflec-
tions in early LPS directions appear partly related to basement
heterogeneities that influenced trends of subsequent arches
(Erslev and Koenig, 2010). Deflections became more pronounced
during fault propagation and steepening of fold limbs (Fig. 9),
with localized wrench shear and vertical-axis rotations along
some steeper fold limbs.

6.2. Factors controlling evolution of LPS patterns in the Sevier belt
and Laramide foreland

The Sevier belt developed in a thick sedimentary cover of late
Neoproterozoic to Jurassic strata that accumulated along the
previously rifted western margin of Laurentia (Fig. 10A). The rift
margin (and sedimentary isopachs) trended roughly N–S, but
with local promontories and reentrants (Stewart, 1972; Levy and
Christie-Blick, 1989). The Sevier belt subsequently deformed
these strata, developing salients partly related to initial margin
geometry (Lawton et al., 1994). Structural and stratigraphic data
suggest that sedimentary thickness variations and changes in
lithology contributed to primary dispersion of LPS directions and
subsequent secondary rotations during progressive thrusting in
the Wyoming salient (Weil et al., 2010). Thrusts had greater slip
and propagated farther eastward in the center part of the salient
where the initial sedimentary basin was thickest and Cambrian
shale formed a weak basal decollement.

During Early Cretaceous time the western Willard-Paris-
Meade thrust system was emplaced and an associated foredeep

Fig. 9. Data compilation of previously published shortening directions estimated from calcite twin data and minor fault data. Previously published directions display
greater variability, partly reflecting data from different lithologies and structural positions that included local stress concentrations. Several examples are shown from this
study of early LPS directions (white arrows) compared to a second population of interpreted late-stage shortening directions (black arrows) for heterogeneous minor fault
data from Triassic strata in steep fold limbs and areas of multiple fold trends (data reported in Supplementary Materials Table SM-3). Part of the observed variability
appears related to local stress concentrations during progressive deformation.

A.B. Weil, W.Adolph Yonkee / Earth and Planetary Science Letters 357–358 (2012) 405–420 415

Weil & Yonkee, EPSL, 2012

Pre-study estimates of fault kinematic data and early vs late fault slip--argue that the development of folds results in locally reoriented stresses and so 
these aren’t robust indicators of regional shortening/stress field.



Paleomagnetic declinations (corrected for bedding tilt) record
systematic counterclockwise vertical-axis rotations in the north-
ern part of salient (locally greater near intersection with the Gros
Ventre foreland uplift) and clockwise rotations in the southern part of
the salient (Fig. 6; Weil et al., 2010). However, declinations are not
rotated within gentle limbs of adjacent foreland uplifts at the salient
ends, indicating vertical-axis rotations developed during thrusting
within the Sevier wedge (Weil et al., 2010). In detail, declinations
display minor (!101) variations between nearby sites, reflecting a
combination of measurement uncertainty (typical 1s!51) and struc-
tural noise from local, small-scale block rotations. Note, paleomag-
netic declinations and radial LPS patterns are broadly similar in the
Crawford, Absaroka, and Hogsback thrust systems that developed
from mid-Cretaceous to Paleocene time, consistent with vertical-axis
rotations being progressively concentrated along the front of the
eastward propagating orogenic wedge (Weil et al., 2010).

5.2. LPS and rotations patterns in the Laramide foreland

LPS directions estimated from minor fault data in the Alcova
Limestone have an average regional WSW trend but display
deflections partly related to changes in structural grain of major
basement arches (Fig. 5). Estimated LPS directions are mostly
230–2501 for sites located along NW- to NNW-trending arches,
200–2301 along the more W-trending Granite-Sweetwater arch in
central Wyoming, and 250–2701 along the N-trending Laramie
arch in southeastern Wyoming. More complex LPS patterns with
evidence of heterogeneous stress states locally occur in areas
where large-scale folds with multiple trends developed (Yonkee
and Weil, 2011). Sites from steeper fold limbs also have more
complex patterns, with later faults typically recording shortening
at high angles to local fold axes. Stress ratios [R¼(s2–s3)/
(s1–s3)] estimated from inversion of minor fault data areo0.2

(s2Es3) for most sites, consistent with development of both
dip-slip wedge and strike-slip tear faults and a combination of
minor vertical thickening (s3 vertical) and strike-parallel exten-
sion (s3 horizontal). Stress ratios are locally higher, mainly in
areas where multiple fold trends developed.

LPS directions estimated from AMS in red beds have an
average WSW trend and display similar deflections partly related
to structural grain of arches (Fig. 5). Although red beds appear
essentially undeformed (subcircular shapes of bed-parallel reduc-
tion spots typically indicate o5% LPS), most sites had weak but
measurable AMS lineations that reflect subtle kinking and rota-
tion of phyllosilicates (Fig. 3D). The Alcova Limestone is not
present in parts of the Wyoming foreland and for these sites
AMS provides the best measure of LPS directions in red beds that
typically lack obvious minor faults.

Paleomagnetic declinations indicate only limited, localized
vertical-axis rotations for sites from gentler fold limbs (Fig. 6).
Sites along steeper forelimbs of more W- and N-trending folds,
however, display local clockwise and counterclockwise rotations
(Yonkee and Weil, 2011).

5.3. Correlation of LPS fabrics, paleomagnetic declinations, and
structural trend

Orientations of LPS directions within curved orogenic belts
reflect a combination of primary dispersion and secondary
vertical-axis rotation during progressive deformation, which can
be evaluated from paleomagnetic data. Systematic relations
between LPS directions, vertical-axis rotations, and structural
trend are quantified using strike tests (Schwartz and Van der
Voo, 1983; Lowrie and Hirt, 1986; Yonkee and Weil, 2010b). For a
strike test, paleomagnetic site declinations relative to a reference
paleopole declination, or site LPS directions relative to a reference

Fig. 5. Regional patterns of LPS directions (for bedding restored to horizontal) estimated from AMS fabrics, cleavage/high-angle fracture sets in the Sevier belt, and minor
fault data in the Laramide foreland. Major structures labeled. LPS directions define a radial pattern subperpendicular to systematically curved thrusts in the Sevier belt,
with an average shortening direction of !2701. Nearby sites display minor variability related to small-scale stress–strain refraction and local, minor block rotations
(structural noise). LPS in the foreland has an average direction of !2401, with local deflections partly related to varying trends of anastomosing basement-cored arches.
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Plunges of s1 vectors estimated from minor fault data and
corrected for bed tilt are typically o51 confirming that most
minor faults in gentler limbs formed prior to larger-scale folding.
Low residuals for stress inversion of fault slip data in structurally
simple sites are suggestive of approximately homogeneous stress
states, but care should be taken as stress is defined at a particular
time and point, whereas minor fault populations develop over a
finite rock volume and time interval.

6. Discussion and conclusions

6.1. Comparison of LPS patterns between the Sevier belt and
Laramide foreland of Wyoming

Systematic suites of mesoscopic structures and AMS lineations
developed early in the deformation history of both the thin-skin
Sevier fold-thrust belt and thick-skin Laramide foreland (Fig. 3).
LPS directions calculated from cleavage in the Sevier belt and
from minor fault data in the Laramide foreland are compatible
with AMS data that provides a useful proxy for estimating early
LPS (Fig. 5). Restored LPS directions show systematic changes
from the Sevier belt to the Laramide foreland, recording an
important part of the kinematic evolution of the Cordilleran
orogenic system (Fig. 8).

Early LPS directions in the Sevier belt are approximately
perpendicular to systematically curved thrust systems in the
Wyoming salient, similar to patterns found in studies for other
stratigraphic units in the salient (Crosby, 1969; Craddock et al.,
1988; Mitra, 1994). By integrating regional paleomagnetic and
structural data, the radial pattern is shown to reflect a combina-
tion of primary dispersion about a regional 2701 shortening
direction and secondary vertical-axis rotation during progressive

thrusting. Structurally complex areas, such as transfer zones,
oblique ramps, and overturned fold limbs display additional local
variations related to heterogeneous strain, small-scale block
rotations, and multiple deformation fabrics (Apotria, 1995;
Yonkee and Weil, 2010a).

Early LPS fabrics in red beds of the Laramide foreland give a
regionally averaged shortening direction of 2401, compared with
an average of 2701 for the Sevier belt. LPS directions in the
foreland also display broad deflections related to structural grain,
ranging from 230–2501 for sites along the NW-trending Wind
River, Beartooth, northern Big Horn, and Black Hills arches, to
200–2301 along W-trending parts of the Granite-Sweetwater
arch, to 250–2701 along N-trending parts of the Medicine Bow
and Laramie arches (Fig. 8). These variably trending arches
contrast with the systematic curvature in the Wyoming salient
of the Sevier belt.

Previous studies of Laramide shortening directions based on
calcite twin strain (Willis and Groshong, 1993; Craddock and Relle,
2003; van der Pluijm et al., 1997; Craddock and van der Pluijm,
1999; Amrouch et al., 2010) and minor fault kinematics (Varga,
1993; Molzer and Erslev, 1995; Neely and Erslev, 2009; Erslev and
Koenig, 2010) from a range of lithologies and structural settings
have yielded more variable results, and in some cases conflicting
interpretations, with estimated shortening directions ranging from
!N–S to !W–E for different study areas (Fig. 9). However, care is
needed in comparing previous studies with each other and with
data reported here from gentler fold limbs. Calcite twin analyses
(reviewed in Craddock et al., 1999) include data from carbonate host
rocks as well as secondary veins. Veins may form at different times
under changing stress fields and have different rheologies than host
rocks that perturb the local stress field, complicating interpretations.
Previously published minor fault data come mostly from steeper
fold limbs or near major faults that likely developed local stress

Fig. 8. Regional map of fully restored LPS directions (corrected for bed tilt and paleomagnetically estimated vertical-axis rotation). Mesoscopic structural and AMS data for
multiple sites in a structural domain are combined using a Von Mises model to estimate a mean LPS direction (large arrow with 95% confidence interval indicated by small
arc—reduced size arrows with no arc represent those localities that had insufficient data for statistical analysis). Fully restored LPS directions in the Sevier belt are slightly
dispersed about a regional W–E direction. Fully restored LPS directions in the Laramide foreland have a regional WSW–ENE direction, but are deflected to more SSW–NNE
and W–E direction along more W- and N-trending basement arches. Late Cretaceous to Paleocene paleotectonic velocity models of Bird (1998) also shown; gradients in
velocity vectors roughly match LPS patterns and younger velocity directions in Laramide foreland roughly match estimated relative motion direction between the Farallon
and North American plates (Engebretson et al., 1985; Doubrovine and Tarduno, 2008).
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 Three-dimensional kinematics of Laramide, basement-involved Rocky Mountain deformation 127
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Figure 1. Tectonic map of the Rocky Mountain region showing the major Laramide arches, which are commonly cored by 
Precambrian crystalline basement exposures (fi ne stipple), as well as the adjoining Colorado Plateau (coarse stipple) and 
Cordilleran thrust belt. Average compression directions from minor faults are shown as arrows; smoothed (10°) rose dia-
grams show all compression and slip directions from Table 2.
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Figure 3. Paleotectonics during 80-75 Ma (Late Cretaceous: Campanian). Velocity vectors are relative to 

eastern North America. (Note that velocities are multiplied by 50 Ma, not 5 Ma, for legibility.) Width of fault 

traces is proportional to the magnitude of the horizontal component of the velocity change across the fault, 
r-I . . 

and traces are labeled with this velocity change in mm y . (The fast mowng P•oneer-Kelly-Grasshopper 
thrust in Montana is shown shaded to improve legibility.) State lines and grid outline are restored; latitude 

and longitude ticks in the margin show the undeformed reference frame of eastern North America. At this 

time, the only activity is the Sevier orogeny in the Overthrust Belt. 

80-75 Ma
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Figure 4. Paleotectonics during 75-70 Ma (Late Cretaceous: Campanian-Maastrichtian). Conventions are as 
in Figure 3. The Sevier orogeny continues. In this earliest part of the Laramide orogeny, activity was cen- 
tered in western Wyoming but also spread south to central Colorado-New Mexico and north to central Mon- 
tana. (The age of monoclines in the Colorado Plateau is poorly known; therefore these structures have similar 
activity in all time steps until 35 Ma.) 
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Figure 5. Paleotectonics at 60-55 Ma (late Paleocene-early Eocene). Conventions are as in Figure 3. This is 
the time of highest mean velocity in the Rocky Mountain foreland and Colorado Plateau. Laramide shorten- 

ing in all regions (eastward to the Black Hills of South Dakota) was simultaneous with late Sevier orogeny in 
the western parts of the region. Note the rotational component Of the motion of the Colorado Plateau. 

60-55 Ma
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Figure 6. Paleotectonics during 45-40 Ma (middle Eocene). Conventions are as in Figure 3. The Sevier 
orogeny is over. Foreland velocities are only half as large as in Figure 5, and velocity vectors have rotated 
clockwise about 15 ø. The late Laramide structures are generally those farthest to the east and south. Note the 
beginning of extension in northwest Montana. 
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Hamilton [1981], who estimated the rotation as 2o-4 ø during 

the Laramide orogeny alone, with a very similar pole posi- 
tion. 

This net rotation result may help to resolve the controversy 

that has grown up about the interpretation of paleomagnetic 
data from the Colorado Plateau. Originally, Steiner [1986] 

found post-Triassic clockwise rotation of 11 ø+4ø and attrib- 
uted the excess over Hamilton's figure to post-Laramide rota- 
tion. Bryan and Gordon [1990] interpreted all available 
Jurassic and earlier data as showing less post-Jurassic clock- 
wise rotation: 5.0o+2.4 ø. Bazard and Butler [1991] reviewed 

the literature and preferred values of 3.5o-6.3 ø . However, 

Kent and Witte [1992] reopened the controversy by amending 
the North America polar wander path to one that implies 
Colorado Plateau rotation of 13.5ø+3.5 ø. Molina Garza et al. 

[1998] responded with a calculation showing only 5.1ø+3.8 ø 
of rotation when data from the Triassic rift basins of eastern 

North America are excluded. 

This new result (3 ø ) is largely independent of the data 

quoted in these papers, since my method is only able to use 

sites where the rocks have been magnetized during the time 

span of the computation (0-85 Ma), and there are only four 

such sites on the Colorado Plateau (none with statistically 
significant rotations). It is also probably more precise than 

any of the paleomagnetic studies since it is based primarily on 

net fault offsets, which have mostly been measured to preci- 

sions of 1 km or better. (It is true that converting some fault 
throws to fault heaves requires the assumption of fault dip; 

however, in order to increase this rotation result by a factor of 

2, it would be necessary to change the assumed dip of thrusts 

from 25 ø to 13% which is implausible for an average dip of all 

Laramide thrusts throughout the brittle upper crust.) 

In the rest of the computed history, rotation is minimal. 

The velocity field of the Rocky Mountain foreland is simple 

enough in most time steps to be reasonably described by a 

mean azimuth and a mean velocity, and this is done in Fig- 
ures 7 (azimuth history) and 8 (velocity history). The mean 

azimuth is computed by summing the velocity components v 
(southward) and w (eastward) separately over all nodes of 

the Colorado Plateau, Rocky Mountain foreland, and Great 
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Figure 7. Computed history of the mean azimuth of crustal flow in the Rocky Mountain Foreland and Colo- 
rado Plateau (squares), compared to the azimuth histories expected for possible causes. (Crustal flow azi- 
muths are in parentheses until 75 Ma because velocities are very low and these azimuths are probably not 
reliable.) Curves labeled "Farallon" and "Kula/Pacific" are the azimuths of the velocities of those plates with 
respect to stable North America at (38øN, 109øW) according to stage poles from Engebretson et aL [1985]. 
Curve labeled "Gries [1983]" shows the inferred history of shortening direction that she attributed to changes 
in the direction of the absolute velocity of North America. Curve labeled "Livaccari [1991]" shows the in- 
ferred history of shortening direction that he attributed to the rise and fall of segments of the western cordil- 
lera. No model is satisfactory for all times. Probably the shortening direction was controlled by slip 
partitioning and slumping of the cordillera before 75 Ma (early Sevier orogeny) but was then controlled by 
coupling to one or both subducted oceanic plates during 75-35 Ma (Laramide orogeny). There is a suggestion 
that azimuth was controlled by the Kula plate before 50 Ma and by the Farallon plate after 50 Ma. Bird, Tectonics, 1998
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[Van Fossen and Kent, 1992; Besse and Courtillot, 2002].
Thus, as an approximation, we can consider the Indo-
Atlantic hot spots to be fixed, at least back to chron 34y
time (84 Ma).
[46] Plate motion relative to hot spots can be conveniently

visualized by fictitious ‘‘hot spot tracks’’ that would be
produced on a plate moving over an arbitrary chosen
present-day hot spot position. Figure 6 shows four such
tracks tracing the motions of the Pacific and North Amer-
ican plates that end at the present-day position of the
Hawaiian hot spot and the three test locations at the North
American margin introduced in section 2.2 (GA, VI, and SF,
Figure 2). The tracks corresponding to the North American
motion relative to Indo-Atlantic hot spots were calculated
using the rotations of Müller et al. [1993] (with ages
adjusted to GPTS2004 [Ogg and Smith, 2004]); those for

the motion of the Pacific plate were computed by summing
the East Antarctica-hot spot motion [Müller et al., 1993]
with relative plate motions in the East-West Antarctica plate
circuit (section 1). Also shown are the tracks for the motion
of the Pacific plate over Pacific hot spots calculated using
the rotations of Duncan and Clague [1985]. The ages of
reconstruction stages in [Duncan and Clague, 1985] were
corrected using recently updated radiometric estimates from
Diakakuji, Suiko, and Detroit seamounts [Sharp and
Clague, 2006; Tarduno et al., 2003; Duncan and Keller,
2004].
[47] The updated Duncan and Clague [1985] model was

chosen because it produces a better fit for the Hawaiian-
Emperor chain than any other model, e.g., the most recent
model of Wessel and Kroenke [2008] that shows significant
discrepancies for the predicted positions of the Emperor

Figure 5. Rates and azimuths (in angular degrees, clockwise from the north to the east) of convergence
velocity vector relative to fixed North America at three reference sites. Only velocities for the northern
option of the Farallon-Kula ridge are shown. Blue and red solid lines show the estimates from plate
circuit reconstructions using the rotations of Engebretson et al. [1984] and Müller et al. [2008],
respectively. Black dashed lines correspond to the fixed hot spot model of Engebretson et al. [1985].
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Plate circuit reconstructions tend to increase obliquity of Farallon subduction somewhat (solid lines—blue is Engebretson Far-Pac, red is Mueller Far-Pac, 
dashed is Engebretson fixed hotspot).


