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ABSTRACT

The Bighorn uplift, Wyoming, developed in the Rocky Mountain foreland dur-
ing the 75-55 Ma Laramide orogeny. It is one of many crystalline-cored uplifts that
resulted from low-amplitude, large-wavelength folding of Phanerozoic strata and the
basement nonconformity (Great Unconformity) across Wyoming and eastward into
the High Plains region, where arch-like structures exist in the subsurface. Results
of broadband and passive-active seismic studies by the Bighorn EarthScope project
illuminated the deeper crustal structure. The seismic data show that there is substan-
tial Moho relief beneath the surface exposure of the basement arch, with a greater
Moho depth west of the Bighorn uplift and shallower Moho depth east of the uplift. A
comparable amount of Moho relief is observed for the Wind River uplift, west of the
Bighorn range, from a Consortium for Continental Reflection Profiling (COCORP)
profile and teleseismic receiver function analysis of EarthScope Transportable Array
seismic data.

The amplitude and spacing of crystalline-cored uplifts, together with geological
and geophysical data, are here examined within the framework of a lithospheric fold-
ing model. Lithospheric folding is the concept of low-amplitude, large-wavelength
(150-600 km) folds affecting the entire lithosphere; these folds develop in response to
an end load that induces a buckling instability. The buckling instability focuses ini-
tial fold development, with faults developing subsequently as shortening progresses.
Scaled physical models and numerical models that undergo layer-parallel shortening
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induced by end loads determine that the wavelength of major uplifts in the upper
crust occurs at approximately one third the wavelength of folds in the upper mantle
for strong lithospheres. This distinction arises because surface uplifts occur where
there is distinct curvature upon the Moho, and the vergence of surface uplifts can
be synthetic or antithetic to the Moho curvature. In the case of the Bighorn uplift,
the surface uplift is antithetic to the Moho curvature, which is likely a consequence
of structural inheritance and the influence of a preexisting Proterozoic suture upon
the surface uplift. The lithospheric folding model accommodates most of the geologi-
cal observations and geophysical data for the Bighorn uplift. An alternative model,
involving a crustal detachment at the orogen scale, is inconsistent with the absence
of subhorizontal seismic reflectors that would arise from a throughgoing, low-angle
detachment fault and other regional constraints. We conclude that the Bighorn
uplift—and possibly other Laramide arch-like structures—is best understood as a
product of lithospheric folding associated with a horizontal end load imposed upon

the continental margin to the west.

INTRODUCTION

The mode of formation of the Laramide-style block uplifts,
at a significant distance from the western plate margin of Lau-
rentia, is a long-standing problem in North American geology.
Cored by crystalline basement, these uplifts occur east of the
Sevier fold-and-thrust belt, in a belt that crosses Montana, Wyo-
ming, South Dakota, Utah, Colorado, Arizona, and New Mexico
(e.g., Oldow et al., 1989; Burchfiel et al., 1992; Snoke, 1993).
The structures also are found in the subsurface beneath the High
Plains, where they are sometimes continuous with exposed uplifts
(e.g., the subsurface Chadron arch of Nebraska connects with the
exposed Black Hills uplift of South Dakota) but are buried by
Tertiary strata (e.g., Merriam, 1963; Tikoff and Maxson, 2001).
As highlighted by Erslev (1993) and others, the structures form
broad, arch-like, regional-scale folds of Phanerozoic strata and
the underlying Great Unconformity. Some are associated with
positive gravity anomalies, as is the case for the Bighorn Moun-
tains (Kucks and Hill, 2000; Worthington et al., 2016).

The timing of the uplifts is well recorded by sedimentologi-
cal relations in immediately adjacent basins, which indicate a
Late Cretaceous—Paleogene age (e.g., Dickinson et al., 1988).
Thermochronology data from the block uplifts in Montana have
recently documented the initiation of uplift at ca. 100 Ma (Car-
rapa et al., 2019), consistent with earlier interpretations of pre-
Paleogene uplift in specific ranges (e.g., Wind River Range;
Steidtmann and Middleton, 1991). Because steeply dipping faults
exposed at Earth’s surface flank the block uplifts and are associ-
ated with steep attitudes of bedding in cover strata, early workers
considered the possibility that the basement-cored uplifts resulted
from vertical tectonics (Palmquist, 1978; Stearns, 1978). On the
basis of the seismic results of the Wind River Range in Wyoming
obtained by Smithson et al. (1978, 1979) and subsequent geo-
physical surveys, it is now well accepted that the Laramide-style
block uplifts resulted from horizontal contraction (e.g., Weil and
Yonkee, 2012; Weil et al., 2014).
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Four differing models for formation for thick-skinned defor-
mation and the development of the basement-uplift structures
were summarized by Erslev (2005) and Yeck et al. (2014). These
are: (1) pure shear lithospheric shortening and thickening (Kulik
and Schmidt, 1988; Egan and Urquhart, 1993), (2) domino-style
fault blocks at lithospheric scale (McQueen and Beaumont,
1989); (3) crustal detachment (Erslev, 1993; Worthington et al.,
2016); and (4) lithospheric buckling (Tikoff and Maxson, 2001).
Proposed tectonic mechanisms include end loading at plate
margins (Maxson and Tikoff, 1996; Tikoff and Maxson, 2001;
Saleeby 2003), weakening from below due to hydration by vola-
tiles released from a subducted slab (Humphreys et al., 2003),
and others that arise from structural inheritance or subcrustal
shear (Bird, 1988).

The EarthScope Bighorn Project focused on the Bighorn
uplift of northern Wyoming as an opportune site at which to test
the four competing models for Laramide uplifts. The project
involved both active-source and passive-source acquisition of
seismic data, and collection of gravity data and structural geol-
ogy measurements, to image the lithospheric structure below the
Bighorn Mountains and obtain three-dimensional (3-D) geom-
etry of the basement-cored Bighorn uplift and neighboring basins
(Fig. 1). Each of the four competing models make predictions
about the geometry of the crust, mantle, and Moho (crust-mantle
boundary) at a scale that would be distinguishable in the regional
3-D data sets (Fig. 2). In the case of pure shear thickening (1), a
downward deflection of the Moho would be observed beneath
the crest of the basement uplift, together with a negative gravity
anomaly (Fig. 2A). Further, for this model, a relation should exist
between Moho offset and linear, asymmetric gravity anomalies.
In the case of domino-style faulting of the entire lithosphere
(2), clear offsets of the Moho and lithospheric layering would
be evident, at a regular spacing (Fig. 2A). These first two mod-
els have been ruled out, on the basis of the variable but smooth
Moho geometry determined from the Bighorn Arch Seismic
Experiment (BASE), using both active-source P-wave velocity
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structure (Worthington et al., 2016) and passive-source teleseis-
mic receiver function analysis (Yeck et al., 2014), as well as grav-
ity analysis (Worthington et al., 2016). In the case of a crustal
detachment (3), as postulated by the Bighorn Project, the Moho
should be imaged as flat, and a gravity anomaly is not expected
(Fig. 2A). Lithospheric folding (buckling) (4), as postulated by
the Bighorn Project, should result in an upward deflection of the
Moho beneath the Bighorn uplift and a positive gravity anomaly
due to the upwarp of mantle (not shown on Fig. 2A). The geom-
etry of the Moho determined from the Bighorn Project seismic
results (Fig. 2) suggests that the latter two models are permissible
and merit consideration.

In this study, we utilized the results of the Bighorn Project
to examine lithospheric folding as a viable mechanism and caus-
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ative model for the Bighorn uplift. First, we reviewed the results
of the seismic data from the region below the Bighorn uplift and
adjacent basins, and the occurrence of the Bighorn uplift at an
inflection point in a curved Moho geometry. We also summa-
rized some pertinent paleomagnetic data from the Bighorn region
(Weil et al., 2014). Second, we reviewed recent analog modeling
and numerical models of lithospheric folding and compared these
models to the geometry of the Moho below the Bighorn uplift
and periodicity of crustal uplifts. We synthesized the seismic data
with the results of the analog models to show a remarkable coher-
ence between the two data sets, which matches the predictions
of the lithospheric folding model. Further, we addressed the role
of a preexisting shear zone that could have caused the observed
arch asymmetry and eastward vergence of the Bighorn uplift
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Figure 1. Topographic map of Wyoming and southern Montana, modified from Worthington et al. (2016), with all block
uplifts (black) labeled. Basins proximal to the Bighorn uplift are also labeled. Red lines show locations of the active
source geophones of Worthington et al. (2016). Closely spaced broadband seismometers of the Yeck et al. (2014) study
follow the same E-W line as Worthington et al. (2016). Filled black triangles are stations from the EarthScope transport-

able array.

Downloaded from http://pubs.geoscienceworld.org/books/edited-volume/chapter-pdf/5647935/spe555-08e.pdf
bv | ltrecht nivers<itv | ibrarv user



Bighorn Arch

A Cross-section from Stone (1993)
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Figure 2. Lithospheric cross sections through the Bighorn uplift. The upper-crustal geometry, and particularly the use of the Tensleep Formation
as a marker, relies on the work of Stone (1993). (A) Interpretations of seismic data from the Bighorn Project. The Moho geometry from receiver
functions from broadband seismometers is shown in green (Yeck et al., 2014) and orange (Worthington et al., 2016). The Moho geometry (or-
ange line) and presence of 7.x layers (red areas) on both sides, but not underneath, of the Bighorn uplift are from the active seismic results of
Worthington et al. (2016). The interpretation of a W-dipping Proterozoic suture zone is also shown. (B) Three proposed Moho geometries for
the Bighorn uplift, based on different lithospheric deformation models for uplift in the Rocky Mountains (from Yeck et al., 2014). These models
are: (1) lithospheric fault blocks, (2) lower-crustal pure shear thickening, and (3) crustal detachment. These schematic models are superimposed
on the actual geometry determined by Yeck et al. (2014; green line) and Worthington et al. (2016; orange line). (C) Two possible schematic
(solid and dashed lines) Moho geometries based on the scaled models of Sokoutis et al. (2005). Because the crustal uplift can indicate either
sense of vergence, relative to an inflection point in mantle folding, both options are equally permissible in the absence of other evidence.
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(Stone, 2003). Finally, we argue that a crustal detachment model,
as conceptualized in the orogenic float model (e.g., Oldow et al.,
1989; Erslev, 2005), is not consistent with existing geophysical
data and regional geological constraints. We conclude that the
Bighorn uplift, as the type example of Laramide arch-like struc-
tures, likely formed as a result of lithospheric folding associated
with a horizontal end load on the western continental margin of
Laurentia in the Cretaceous—Paleogene.

GEOLOGICAL BACKGROUND:
THE BIGHORN UPLIFT

The Bighorn Mountains are situated within Archean cra-
tonic lithosphere of the Wyoming Province. Crystalline rocks
forming the core of the Bighorn Mountains arch consist of the
2.84 Ga Bighorn Batholith and preexisting gneisses (Frost and
Fanning, 2006; Mueller and Frost, 2006). Granitoids of the Big-
horn Batholith show domainal fabric development, including
the presence of several crosscutting mylonite belts (Malone et
al., 2019). Low-temperature thermochronology data show that
crystalline rocks in the Bighorn uplift attained a position in the
shallow crust during two Proterozoic cooling episodes (1800—
1600 Ma and 900-525 Ma), and at no point since 960 Ma did
temperatures exceed 220 °C (Reiners and Farley, 2001; Orme et
al., 2016). This history suggests a prolonged period of tectonic
stability following the amalgamation of Proterozoic tectonic
provinces to the craton south of the Cheyenne belt and east of
the Trans-Hudson belt (Whitmeyer and Karlstrom, 2007).

Phanerozoic sedimentary formations in northern Wyo-
ming are up to 4 km thick (e.g., Beaudoin et al., 2014). In the
Phanerozoic section, zircon helium data detect a cooling episode
between 85 and 60 Ma, when rocks beneath the Great Uncon-
formity cooled from ~115 °C to 50 °C during Sevier-Laramide
tectonism (Orme et al., 2016). Under conditions of a representa-
tive continental geotherm, the cooling could have been achieved
by stripping of sedimentary cover and exhumation of bedrock
from a depth of ~4 km to ~1.5 km, without appreciable erosion
into the crystalline basement rock. Prominent topographic linea-
ments that trend E-W to NE-SW across the Bighorn Range dis-
play only small displacement of Mesozoic and older strata, up to
200 m (Doane, 2010), insufficient to affect the thermal structure
of basement.

Thick-skinned deformation and basement-involved uplifts
are signature features of the Laramide orogeny in the Rocky
Mountains of the United States (Stearns, 1978; Yonkee and
Weil, 2015) that provide a model for recognition of foreland
deformation elsewhere. Intermontane basins separate the base-
ment uplifts. The structural relief between basin and uplift may
exceed 8 km, but the overall strain is low (~10% shortening; e.g.,
Brown, 1993; Stone, 1993). Arch geometries may be symmetri-
cal or asymmetrical (cf. Stanton and Erslev, 2004; Sharry et al.,
1986, COCORP).

Weil et al. (2014) presented results from the Bighorn arch,
in which they utilized rock magnetic properties to evaluate the
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direction of layer-parallel shortening (using anisotropy of mag-
netic susceptibility [AMS]) and rotation (using paleomagnetism).
This same approach was used in evaluating deformation associ-
ated with the Utah-Idaho-Wyoming segment of the Sevier thrust
belt (e.g., Yonkee and Weil, 2010; Weil and Yonkee, 2012), to
which they compared their results. Figure 3 shows the result of
their paleomagnetic results, which were conducted solely on the
Triassic Chugwater Formation, because the presence of hematite
provided a strong magnetic remanence carrier. The critical result
is that most sites, within error, point northerly, in the polarization
direction acquired under influence of the Triassic reference pole.
Thus, the Triassic and younger units have not undergone statisti-
cally significant vertical axis rotation; only very minor counter-
clockwise rotation could have occurred in the NE part of their
study area. The AMS results of Weil et al. (2014), combined with
kinematic results for minor fault populations, indicate a ENE-
WSW-trending direction of layer-parallel shortening on both
sides of the Bighorns, although the directions are more NE-SW
trending on the west side. Adjacent to the Tensleep fault (Fig. 3),
there seems to be rotation of the layer-parallel shortening direc-
tion that may be attributable to wrench displacement upon the
Tensleep fault. Except for this localized difference, the analyses
overall indicate that Triassic and younger strata have not under-
gone vertical axis rotation. In contrast, correlative formations
involved in deformation along the margins of the Sevier thrust belt
did undergo vertical axis rotation (e.g., Weil and Yonkee, 2012).
Weil et al. (2014) attributed the difference to the effects of two dis-
tinct mechanical systems: (1) a Sevier fold-and-thrust belt that is
deformed by stresses active above a weak basal detachment; and
(2) Laramide-style uplifts, which occurred in response to stresses
transferred through the deeper crust or mantle lithosphere.

Results of EarthScope Bighorn Project

The major results of the Bighorn Project were presented
by Yeck et al. (2014) and Worthington et al. (2016). Below, we
summarize the results of this work in order to constrain differ-
ent models for the Laramide-age uplift of the Bighorn Moun-
tains. A tectonic model for the Bighorn uplift must account for
several geological and geophysical results from the EarthScope
broadband and passive-active seismic study, and the broader con-
text provided by USArray and legacy data sets (Fig. 2B). Key
observations are: (1) The Moho is higher (~37 km below the
surface) east of the Bighorn uplift than it is west of the uplift
(~50 km below the surface); (2) the Moho is “bulged” up ~3 km
below portions of the surface exposure of the basement arch;
(3) a high-velocity, high-density material (the “7.x layer”)
is absent in the lower crust beneath the arch culmination; and
(4) there is a lack of subhorizontal reflectors that could be asso-
ciated with a regional detachment. In addition, there are two
interpretations that should be considered: (1) Crustal thicknesses
likely varied prior to the Laramide-age deformation; and (2) the
Bighorn uplift borders a NNW-trending geophysical anomaly
inferred to be an E-dipping Proterozoic suture.
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Figure 3. Paleomagnetic results from the Triassic Chugwater Formation surrounding the Bighorn uplift, with rota-
tion shown with respect to the reference pole for cratonic North America, simplified from Weil et al. (2014). Black
arrows show no statistically significant rotation, which characterizes the majority of the field area. Gray arrows
show minor, but statistically significant, rotation; the only pattern is very minor counterclockwise rotation in the
NE portion of the field area.
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LITHOSPHERIC FOLDING: A REVIEW
Background

Because the concept of lithospheric folding is not well
known in the North American geology community, we here pro-
vide a synopsis of this concept. This description includes how this
idea was originally applied to the Laramide-style uplifts in the
Rocky Mountains and High Plains region of the western United
States. Interested readers may choose more thorough reviews of
this subject by Ziegler et al. (1998), Cloetingh et al. (1999), and
Cloetingh and Burov (2011).

Folding of layered sequences, at a periodic or semi-periodic
wavelength, is a well-known feature in structural geology. The
folding instability results as a dynamic of a thin plate subjected
to an end load. The mechanics of this formation was theoreti-
cally developed by Biot and others (Biot, 1965; Ramberg, 1981).
Scaled analog materials that demonstrated this behavior are par-
ticularly exemplified by the work of Ramberg and collaborators
(e.g., Ramberg, 1963, 1981). This theory was applied success-
fully to rocks in the field (e.g., Hudleston, 1973). These workers
showed that a layer would initiate a fold—a process known as
buckling—at a periodic wavelength controlled by the strength of
the folded unit. In areas with multiple layered units, the folding
could occur at the wavelength of the strongest layer, in which a
secondary strong layer could produce a second-order folding pat-
tern that was superimposed on the overall wavelength. This com-
bination of multiple strong layers results in a periodic wavelength
with superimposed minor, second-order folds (*‘s,” “z,” “m,” or
“w” folds), which are commonly observed in field settings. In
some cases, the wavelength is thought to reflect the combination
of the strength of all layered rocks within a sequence.

The concept that the entire lithosphere could also respond
to an end load, as could occur during continental collision, was
introduced as “lithospheric buckling” (Fig. 4A). This term was
superseded by the term “lithospheric folding” in the 2000s, prob-
ably because the buckling mechanism refers only to the initia-
tion of the folding process. The idea was introduced into the geo-
logical literature in the late 1980s and early 1990s, primarily by
French researchers conducting analog (sand and silicon) experi-
ments (e.g., Faugere and Brun, 1984; Davy and Cobbold, 1988,
1991; Martinod, 1991; Martinod and Davy, 1992). The scaling in
these models was based on the experimentally determined flow
laws being produced for experimental rock deformation of mono-
phase rocks (e.g., quartz, plagioclase, olivine) and then applied
to specific lithospheric layers (e.g., Brace and Kohlstedt, 1980;
Kirby, 1983, 1985; Ranalli and Murphy, 1987). The applicability
of the analog modeling was strongly supported by seismic stud-
ies of the Indian plate immediately south of continental India,
in which the periodic folding of the Moho is observed at wave-
lengths similar to those predicted by the analog models (McAdoo
and Sandwell, 1985).

The work was subsequently supported by a variety of
numerical studies that showed similar buckling behavior of the
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lithosphere as a result of end loading. Based on numerical models
by Burov et al. (1993), Cloetingh et al. (1999) characterized the
wavelength of lithospheric folding based on the thermo-tectonic
age of the lithosphere (Fig. 4B). The thermo-tectonic age of the
lithosphere is thought to reflect the time since the latest major
thermal event. The wavelength depends on whether the upper
crust controlled the buckling (wavelengths of up to ~60 km), the
lithospheric mantle controlled the buckling (wavelengths of up
to ~450 km), or the entire lithosphere controlled the buckling
(wavelengths of up to ~600 km) (Fig. 4A). The modelers based
their work upon specific localities worldwide that exhibited
lithospheric buckling where they could estimate thermo-tectonic
age. Lithospheric folding has since been applied to major crustal
uplifts far from the edge of cratonic margins (e.g., Himalayas—
Burg et al., 1994; Smit et al., 2013; Central Australia—Kennett
and laffaldano, 2012; Eastern Europe—Starostenko et al., 2013).

Application to the Rocky Mountains

Prior investigators used folding models and developed an
application of a lithospheric folding model to understand the
deformation of Wyoming and the Colorado Plateau region. Sales
(1968) created a series of analog experiments that successfully
reproduced many of the regional structures observed in Wyo-
ming. These models were impactful and helped to resolve the
“vertical tectonics” versus ‘“horizontal tectonics” debates about
uplifts in Wyoming, in favor of the latter. It appears, however, that
it was the seismic studies of Smithson et al. (1978, 1979), which
showed the thrust fault on the western edge of the Wind River
Mountains gradually reducing its dip to a subhorizontal orienta-
tion, that fully resolved the issue in favor of horizontal tectonics.

Tikoff and Maxson (2001) applied the lithospheric buck-
ling model to the Laramide orogeny. Their contribution pointed
out that: (1) the wavelength of folding in the Rockies varies, but
it is generally ~190 km and likely reflects mantle folding; (2)
there are concealed folds in the High Plains that occurred in the
Cretaceous—Paleogene on similar wavelengths to those observed
in the Rocky Mountains, and sometimes continuous with an
exposed uplift; and (3) the Laramide uplifts record a shortening
direction in response to a mantle end load that differs from the
orientation for thrust faults of the Sevier thrust belt, which are
detached and driven by gravity (e.g., Weil and Yonkee, 2012). The
lithospheric buckling model requires an end load on the western
edge of North America, as opposed to a basal-traction mechanism
as proposed by Bird (1988). In what becomes a critical point,
Tikoff and Maxson (2001) assumed that the upper-crustal geom-
etry would have some direct relation to the Moho geometry.

The lithospheric buckling model received formal and infor-
mal critiques prior to the EarthScope Bighorn Project. Erslev
(2005) pointed out that the wavelength of the folding is variable,
particularly with respect to the Rocky Mountains and the High
Plains. Further, he estimated the Rocky Mountains and Colorado
Plateau wavelengths to be more significantly closely spaced (e.g.,
140 km for the Colorado Plateau compared to 190 km obtained
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by Tikoff and Maxson, 2001). Partly at issue is whether the E-W—
trending arches (Owl Creek, Granite, and Uinta Mountains) are
included in the calculations (Erslev, 2005) or not (Tikoff and
Maxson, 2001). Those uplifts likely formed late and with sig-
nificant sinistral strike-slip movement during the formation of
the Laramide uplifts. For the informal critique, S. Cloetingh (ca.
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2004, personal commun. to B. Tikoff) noted that a longer wave-
length was expected for mantle folding in the cold lithosphere of
the Wyoming craton province of the Rocky Mountains. The age
of the Wyoming craton, which was mostly unaffected by Paleo-
zoic Ancestral Rockies deformation (e.g., Miller et al., 1992), is
likely older than 1400 Ma. Using the calculations of Cloetingh
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et al. (1999) (Fig. 4B herein), the wavelength of mantle folding
should be ~400 km or more for strong, cold lithosphere. This
issue is resolved below.

Subsequent Experimental Work

Scaled, analog experiments of lithospheric deformation
applied to orogenic processes have advanced over the past two
decades (Burg et al., 2002; Schellart, 2002; Pastor-Galan et al.,
2012). Much of this work has focused on the role of the plate
boundary, inherited weakness zones in the crust, or the role of
decoupling along throughgoing weak layers (Willingshofer and
Sokoutis, 2009; Luth et al., 2010; Sokoutis and Willingshofer,
2011; Calignano et al., 2015a, 2015b). The work of Sokoutis et
al. (2005) is particularly germane to the present study. This work
utilized different geometries to test overall lithospheric structure
during shortening, but with a specific focus on whether a verti-
cal boundary between juxtaposed lithospheres made a significant
difference in the observed structure. The most important obser-
vation they noted is that folding in the mantle created uplift in
the upper crust that localized above the inflection points in the
folded mantle. Of particular relevance is the three-layer model
(OCR-SL 17) that represented a cold lithosphere with a relatively
strong mantle (e.g., Archean crust). Figure 5 is a line drawing
of that experiment, wherein five zones of crustal uplift formed
over two zones of mantle uplift. The vergence of the crustal uplift
sometimes is synthetic with the sense of the uplifted Moho in
some, but not all, cases. The experimental results suggest that
crustal vergence may match but can differ from the vergence of
mantle uplift.

Sokoutis et al. (2005) quantified wavelengths of mantle fold-
ing (kl) versus crustal deformation (7L2), and the results of their
study are shown in Figure 6A. The three-layer model (OCR-

- )\2 —
Synthetic

Synthetic

Lower Crust
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SL 17), which represented a cold lithosphere with a relatively
strong mantle, resulted in a mantle wavelength of ~385 km and
upper-crustal wavelength of ~165 km. We fit a line to all the data
from that paper (Fig. 6). We, however, eliminated a single outlier
point (displayed on the plot) for model OCR-SL 18, because it
contained a weak layer embedded in the crust; in all other ways,
it was identical to the other models. Note also that the physical
experiments utilized two basic geometries, and hence the points
form two clusters.

Figure 6 shows a very strong correlation using a least squares
analysis (R = 0.96), and it indicates a linear relationship of 0.33
(with an intercept of 26 km). Using this relation, we plotted the
wavelength of upper-crustal uplift and the wavelength of litho-
spheric mantle folding (Fig. 6B) for the case where deformation
is controlled by lithospheric mantle buckling. In this scenario,
upper-crustal folding can occur in addition to lithospheric mantle
folding (Fig. 4).

It is important to note that the analog models are scaled for
the different strengths of lithospheric layers. Thus, the litho-
spheric mantle appears to be thin (~1/3) relative to the thickness
of a typical mantle lithosphere, such as that inferred for Wyo-
ming. The reason is that the strength of the lithospheric man-
tle is thought to develop dominantly in its uppermost part; the
load-bearing layer (which controls the wavelength and style of
deformation) has a thickness that is only approximately one third
of the total thickness of the mantle lithosphere (e.g., Burov and
Watts, 2006). Below this depth, the mantle lithosphere does not
have significant strength. Thus, the analog models must model
the uppermost lithospheric mantle in a different way from the
remainder of the lithospheric mantle (more “asthenospheric’).

The second relevant work of recent analogue modeling
results from the presence of a weak zone within a plate subjected
to a horizontal end load. Willingshofer et al. (2005) and Sokoutis

Antithetic Synthetic Synthetic

34%

Upper Mantle
< N >
Asthenosphere
A 5cm B

Figure 5. Line drawing of the scaled analog experiments by Sokoutis et al. (2005) for a three-layer model that simulates
a cold lithosphere with a relatively strong mantle (OCR-SL 17). The mantle shows a preferred wavelength of folding
that scales to ~385 km, but the upper crust deforms at wavelengths of ~165 km. The difference is that the upper crust
deforms at the inflection points of the mantle folds, and it does not mimic the shape of the Moho. Further, the vergence
of the upper-crustal deformation can be either synthetic or antithetic to the vergence of underlying mantle. Note that the
analog experiments require only a thin “lithospheric” mantle, because the strength of the upper mantle is interpreted to

lie only in this region.
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and Willingshofer (2011) used multiple different geometries of a
weak plate between two strong lithospheres (Fig. 7). They char-
acterized this weak zone as a plate boundary, but it could also
be considered as the presence of a preexisting suture or inher-
ited crustal-scale structure within a foreland region subjected to
an end load. This latter interpretation is particularly important
if the Bighorns uplift was localized upon an Archean (to the
west)—Proterozoic (to the east) tectonic boundary (Worthington
et al.,, 2016; see Fig. 2A herein). Figure 7 shows line drawings of
three relevant diagrams from the study of Sokoutis and Willing-
shofer (2011). In their model A1, a wide and symmetrical zone
of weakness is placed in the middle of their model crust (Fig.
7A). While no detachment developed, the presence of a weak
zone focuses the contractional deformation (Fig. 7B). Model A2
introduces a low-viscosity (weak) zone in the lowermost crust
(Fig. 7C), equivalent to the position of the 7.x layer observed
below the Bighorn uplift (Fig. 2B; Worthington et al., 2016). This
weak zone localizes deformation at ~10% shortening, resulting
in a strongly east-vergent structure (Fig. 7D). The final model

Downloaded from http://pubs.geoscienceworld.org/books/edited-volume/chapter-pdf/5647935/spe555-08e.pdf
bv | ltrecht nivers<itv | ibrarv user

(B2) places an asymmetrical weak zone at lower-crustal depths
but with a 30° dip (Fig. 7E). This weak zone causes decoupling
and asymmetric thrusting that is synthetic with the original dip of
the weak zone (Fig. 7F). An interesting side effect of this model
is that the degree of deformation of the adjacent “lithospheres”
is reduced. The implication of the models is that the presence of
a preexisting structural weakness in the crust can control the ver-
gence of a structure. That information, combined with the results
of Sokoutis et al. (2005), which indicate that crustal deformation
occurs over the inflection points of mantle folding, will be rel-
evant to consideration of the applicability of these models to the
Bighorn uplift.

DISCUSSION

We agree with the assessments of Yeck et al. (2014) and
Worthington et al. (2016), who stated that the new seismological
data that reveal the Moho geometry of the Bighorn uplift elimi-
nate the domino-style fault blocks at lithospheric scale (model 1
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Figure 7. Experimental setup and scaled analog experiments from Sokoutis and Willingshofer (2011; also Willingshofer et al., 2005). These
models investigated the role of a low-viscosity zone in various lithospheric positions and geometries. (A—B) Low-viscosity zone in the middle
crust focused contractional deformation, but in a symmetrical manner. (C-D) Low-viscosity zone in the lowermost crust focused contractional
deformation in an asymmetrical manner. (E-F) Thin, preexisting, and dipping suture focuses shear along that boundary, influencing deformation

in the entire lithosphere.

in Fig. 2B; McQueen and Beaumont, 1989) and the pure shear
lithospheric shortening and thickening (model 2 in Fig. 2B; Kulik
and Schmidt, 1988; Egan and Urquhart, 1993) hypotheses. The
two remaining hypotheses for Laramide uplift of the Bighorn
uplift are: (3) crustal detachment (Erslev, 1993; Worthington
et al., 2016); and (4) lithospheric folding (Tikoff and Maxson,
2001). The teleseismic receiver function analysis of Yeck et al.
(2014) noted that either a deep crustal detachment system or
lithospheric folding can explain the observed seismic results,
although they favored the former. Using active-source P-wave
velocity models, Worthington et al. (2016) took the same posi-
tion, but they favored a detachment model for formation of the
Bighorn uplift because of a perceived lack of correspondence of
Moho topography and basement relief, crustal thickening across
the uplift, and presence of low-velocity upper-crustal bodies.
They did note the absence of clear seismological evidence for a
subhorizontal detachment fault in the P-wave velocity data.

Downloaded from http://pubs.geoscienceworld.org/books/edited-volume/chapter-pdf/5647935/spe555-08e.pdf
bv | ltrecht nivers<itv | ibrarv user

Results from the Bighorn EarthScope project, including
the lack of evidence for detachment horizon(s), do not rule out
a lithospheric folding mechanism for development of the Big-
horn uplift. Further, deformation of the Rocky Mountain fore-
land has not been examined within the context of advances in
understanding of foreland lithospheric deformation from scaled,
analog experiments. Finally, it is worth noting that the “buckle”
geometry proposed by Tikoff and Maxson (2001) is not correct
in detail when applied to the Bighorn uplift. Drawing upon litho-
spheric folding research published since 2001 (e.g., Sokoutis et
al., 2005; Willingshofer et al., 2005; Willingshofer and Sokoutis,
2009; Sokoutis and Willingshofer, 2011; Cloetingh and Burov,
2011; Calignano et al., 2015a, 2015b) and the results of the Big-
horn Project, we explored whether lithospheric folding remains a
viable mechanism that can successfully explain the crustal- and
lithospheric-scale characteristics of the Bighorn uplift, and the
seismological data. The mechanism has not been explored nor
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reevaluated for Laramide uplifts of the Rocky Mountains since
it was hypothesized by Tikoff and Maxson (2001; also Mederos
et al., 2005).

Application of the Lithospheric Folding Model to
the Results of the EarthScope Bighorn Data

Three major findings of the Bighorn seismic experiment
(Yeck et al., 2014; Worthington et al., 2016) are as follows. (1) Tele-
seismic receiver function and P-wave velocity data both show
a Moho geometry that deviates significantly from a flat-lying
geometry under the present-day Bighorn uplift. (2) The single
largest feature is the relief on the Moho from depths of ~50 km
in the west to 37 km in the east, with the Bighorn uplift situated
above an inflection point in the Moho geometry. (3) There is no
major fault that offsets the Moho. These observations allow pro-
posed models 1 and 2 for the Bighorn uplift to be ruled out, and
all constitute evidence in favor of a lithospheric folding model
(Fig. 2B). They accord with the scaled, three-layer analog mod-
els of Sokoutis et al. (2005) (Fig. 2C), which show significant
crustal offset despite a lack of any Moho offset, and which dis-
play uplift exactly at the inflection point in terms of Moho uplift
(cf. Tikoff and Maxson, 2001).

Drawing upon the higher-resolution, 3-D lithospheric struc-
tural data that now exist for the Bighorn Mountains region, a
robust test of the lithospheric folding hypothesis can be made
by examining arguments presented in favor of a crustal detach-
ment mechanism (model 3, Fig. 2B). These are: (1) The shallow-
est Moho does not occur underneath the arch, but rather to the
NE end of the broadband seismic array (Yeck et al., 2014). (2)
At the position of the shallowest Moho, below the Powder River
Basin, the Phanerozoic rocks are relatively flat-lying (Worthing-
ton et al., 2016). (3) The Moho geometry does not have an exact
correspondence to the crustal structure of the Bighorn uplift that
is delineated by the pattern of the Tensleep Formation (Yeck et
al., 2014; Worthington et al., 2016). (4) The ~3 km domal uplift
in the Moho is somewhat symmetric and thus cannot account for
the east-vergent Bighorn structure (Worthington et al., 2016).

We counter these arguments in order. The scaled physi-
cal models of lithospheric folding do not produce upper-crustal
uplifts that spatially correspond to the mantle uplift (except in the
case of whole mantle folding; e.g., Sokoutis and Willingshofer,
2011). For example, highest crust/mantle relief in the experiment
of Sokoutis et al. (2005) occurred in places of flat-lying sediments
in the experimental models, bounded by uplifts. This implies that a
spatial correspondence of shallowest Moho with an upper-mantle
inflection is not essential to the mechanism of lithospheric fold-
ing. The argument that the Moho geometry does not correlate to
the crustal structure of the uplift is also consistent with the models
of lithospheric folding (Fig. 5). This effect is seen in most models
of lithospheric folding (e.g., Martinod, 1991).

Another argument concerns the lack of a predicted E-vergence
of the Bighorn uplift, given the Moho geometry (Worthington
et al., 2016). However, no set vergence (for the geometry of the
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Moho inflection point) is evident from the experiments of Sok-
outis et al. (2005). It is not apparent from the scaled physical
models that the vergence of the mantle uplift controls the crustal
vergence (Fig. 5). Worthington et al. (2016) interpreted that a pre-
existing, E-dipping Proterozoic boundary controls the east side of
the Bighorn uplift. We view this feature to be a crustal manifesta-
tion of the effect of a preexisting weakness, such as those in the
physical experiments of Willingshofer et al. (2005) and Sokoutis
and Willingshofer (2011), which show that dipping weak zones
get reactivated during crustal deformation (Fig. 7), likely because
the anisotropy is transmitted throughout the lithosphere. The
scaled analog models predict that a preexisting lithospheric-scale
boundary, such as occurs in the eastern Bighorns Mountains, can
have a role in the nucleation of the lithospheric buckling. Further,
this type of feature can affect the upper-crustal vergence, regard-
less of the uplift direction at the Moho. Figure 2C shows that
there are two Moho geometries, based on the results of Sokoutis
et al. (2005), that would cause uplift in the presence of a strong,
preexisting boundary.

The Bighorn basement surface is asymmetric with a NE ver-
gence (e.g., Worthington et al., 2016). The form of the ~3 km
domal uplift in the Moho, situated approximately below the
surface expression of the Bighorn uplift, is more symmetric. A
possible explanation for why that low-amplitude (~3 km) bulge
exists is suggested by the crustal seismic results of Worthington
et al. (2016), which identified a dense layer of lowermost crust—
the 7.x layer—on either side of the Bighorn range that is absent
where the Moho is uplifted. The scenario most resembles experi-
ment A2 (or Al) of Sokoutis and Willingshofer (2011), which
resulted in extreme behavior due to the major contrasts between
viscous materials used in the modeling, resulting in a localiza-
tion of deformation upon a weak layer in the deep crust and rela-
tive uplift of the top of the lithospheric model (see Fig. 7). The
contrast in rheological behavior of “standard” lower crust versus
“7.x” lower crust is likely to be significantly less pronounced
than that introduced in the analog models, but the absence of the
7.x layer underneath the Bighorn uplift could have been a factor
in the development of a “dome” in the local Moho.

Regional Context for the Bighorn Mountains Transect

The mantle below the Bighorn uplift is folded at a wave-
length much larger than that covered by the seismic data of the
Bighorn experiment, consistent with the predictions of Cloetingh
et al. (1999), which indicated that the Wyoming province should
display strong, cold behavior. The recent synthesis of low-tem-
perature thermochronology data for the Bighorn and Wind River
ranges clearly shows that the region’s crystalline basement cooled
during the Precambrian and has been stable since Neoproterozoic
time (e.g., Orme et al., 2016). The low amplitude and wide, regu-
lar spacing of the Wind River, Bighorn, and Black Hills uplifts
(Figs. 8 and 9) are expressions of cold, stiff lithosphere.

The lithospheric flexure beneath the Bighorn Mountains and
Basin continues southwest into the Wind River uplift of western
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Wyoming, where the Moho elevation varies from 52 km depth
on the NE side of the Wind River Mountains (beneath the Wind
River Basin) to 38 km depth on the SW side (Groshong and Por-
ter, 2019). Similar to the Bighorn uplift, the Wind River uplift
occurs near the inferred inflection point of the Moho. Also sim-
ilar to the Bighorn uplift, the crustal west-vergent Wind River
Mountain range has the opposite vergence to the Moho geometry.

The amount of Moho relief below the Wind River Mountains
is comparable to the variation in Moho elevation on either side
of the Bighorn Mountains, although with the opposite geometry.
The study by Groshong and Porter (2019) did not obtain signifi-
cant broadband coverage to produce a Moho image continuous
into the Bighorn Project transect. Therefore, we used the seismic
results of Gilbert (2012, B-B’ line of that study) to connect the
~50-km-deep Moho on the NE side of the Wind River Mountains
into the ~50-km-deep Moho on the SW wide side of the Bighorn
uplift, as depicted in Figure 8. Further, the Moho continues to be
shallow eastward under the Powder River Basin (Gilbert, 2012).
The wavelength of the crustal uplifts is ~200 km, and the wave-
length of the mantle is ~450 km. These wavelengths are consis-
tent with those calculated for lithospheric folding of cold, strong
lithosphere by Cloetingh et al. (1999).

At this length scale, the lithospheric folds that exist under
the eastern Rocky Mountains finally become apparent (Fig. 8).
Between the Wind River uplift and the Bighorn uplift, the center
of the mantle syncline at ~50 km depth exists somewhere beneath
the Wind River/Bighorn Basins. The center of mantle anticline
east of the Bighorn uplift and west of the Black Hills exists under
the Powder River Basin. The E-W-trending Owl Creek Moun-
tains uplift was omitted from consideration because it arose as
a left-lateral accommodation structure localized by Precambrian
fabrics (see Paylor and Yin, 1993; Bader, 2018) and appears to
have no genetic relation to the proposed lithospheric folding.

The 70 km spacing of the EarthScope Transportable Array
provides a continent-scale view of crustal thickness through the
use of Ps receiver functions (e.g., Gilbert, 2012; Schmandt et al.,
2015; Thurner et al., 2015). Most of these studies discuss results

Wind River Uplift

Owl Creek Uplift
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in terms of crustal thickness, although we postulate that the cur-
rent crustal thickness is not an inherent feature of the lithosphere
but rather partly a result of deformation; hence, we recast these
results in terms of depths of the Moho. Further, we did not use
the lithosphere-asthenosphere boundary in Wyoming, deter-
mined from seismic studies, in our analysis for two reasons. First,
the strength of the upper mantle exists dominantly in the upper
~40 km of the lithospheric mantle. Hence, the geometry of
the lithosphere-asthenosphere boundary is largely nondiag-
nostic of lithospheric folding models. Second, the lithosphere-
asthenosphere boundary in Wyoming is likely to have been
modified after the Late Cretaceous by a combination of small-
scale convection, proposed slab subduction, and the encroaching
Yellowstone hotspot (e.g., Dave and Li, 2016).

‘We conclude that the Bighorn seismic data support the litho-
spheric folding model well, and that lithospheric folding is a
viable mechanism that can explain the formation of Laramide
foreland uplifts.

Issues to Be Addressed by Crustal Detachment Models

The 2009-2011 Bighorn Project active-source experiment
produced superb seismic reflection data (Worthington et al.,
2016), achieved as a result of significant improvement in seis-
mic reflection techniques since the late 1970s, when COCORP
surveys were conducted in Wyoming (e.g., Smithson et al.,
1979). The project employed active seismic techniques that are
best suited for detection of shallowly dipping structures with
major offset; however, a detachment structure was not apparently
imaged beneath the Bighorn uplift (Worthington et al., 2016, p.
233). By contrast, active seismology applied to the Wind River
uplift does clearly show a shallowly E-dipping crustal reflec-
tor that is laterally extensive for at least 25 km (Smithson et al.,
1979). Seismic evidence for low-angle structure is lacking, but
it is the single most critical observation that could substantiate
the crustal detachment mechanism for formation of the Bighorn
Mountains uplift.

Bighorn Uplift

Sea Level 4 —1 < y 4
I \M T \% Top of Precambrian
20 km > N ? P basement
aokm4 — ____— Top of Moho
60 km
100 km

Figure 8. Interpretive cross section from the Wind River uplift to the Bighorn uplift, in order to show the wavelength of a lithospheric buckle and
how it relates to surface uplift in Wyoming. Compare with the results of the analog experiments (Fig. 5). T—towards and A—away as applied to
the sinistral strike-slip fault. Moho geometry in Bighorn region is from Yeck et al. (2014) and Worthington et al. (2016); that from below Wind
River uplift is from Groshong and Porter (2019). The results are consistent with results from western United States of Gilbert (2012).
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Figure 9. Map of the U.S. portion of the North American Cordillera, modified from Burchfiel et al. (1992) and Weil and Yonkee (2012). The lines
with arrows indicate fold axes and vergence direction, respectively, of the Laramide-style block uplifts. The reverse fault symbols (lines with
triangles) designate the position of some of the main thrust faults of the Sevier fold-and-thrust belt. The position of the western Idaho shear zone
(red line) and the position of eclogitic mantle xenoliths in the Sierra Nevada (red dot) are two piercing points that require that the crust and mantle
were coupled throughout much of the Sevier-Laramide orogeny. Crustal detachment did occur within the Sevier fold-and-thrust belt, presumably
related to crustal thickening in the hinterland of the orogen (Nevadaplano).
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A geometric requirement of the crustal detachment mecha-
nism (model 3, Fig. 2B) is that the curved fault surfaces of the
Bighorn uplift should cause systematic rotation if there are
changes in displacement along fault strike. Vertical axis rotations
would occur, which should be reflected by paleomagnetic vectors
(e.g., Yonkee and Weil, 2010). The Bighorn Mountains must have
along-strike gradients in displacement because the structure is of
limited along-strike extent. However, vertical axis rotation is not
observed (Weil et al., 2014), a finding that suggests a coupled
crustal section.

The Precambrian suture/tectonic boundary that localized
the eastern edge of the Bighorn uplift (Worthington et al., 2016)
presents another problem for the crustal detachment hypothesis.
If a crustal detachment was responsible for the Rocky Mountain
uplifts, that detachment must continue northeastward to the Black
Hills uplift (and Hartville uplift; Fig. 1). At the east edge of the
Bighorn uplift, however, crust that lacks the 7.x layer is juxta-
posed against crust that contains the 7.x layer, and so the structure
does not allow sufficient lateral continuity for there to be a signifi-
cant detachment fault. The Laramide-active orogenic-scale crustal
detachment would have to abruptly terminate on the east side of
the Bighorn uplift, and it could not be the controlling structure for
the Black Hills, Hartville, or Chadron uplifts, further east.

To the west, at the (Laramide) continental margin in both
Idaho and California, there is evidence against the presence of
a throughgoing crustal detachment (Fig. 9). The IDOR Earth-
Scope project studied the western margin of North America in
western Idaho (Tikoff et al., 2017), focusing upon the western
Idaho shear zone, a transpressional shear zone active at 100—
85 Ma (Giorgis et al., 2008; Braudy et al., 2017). The west-
ern Idaho shear zone demarcates the abrupt contact between
the North American plate and the accreted terranes of the Blue
Mountains. The crustal portion of the western edge of North
America directly overlies the mantle boundary, according to
seismic studies that identify an ~8 km Moho offset across the
vertical western Idaho shear zone (e.g., Stanciu et al., 2016;
Davenport et al., 2017). Had there been relative displacement
upon a crustal-scale detachment during the Laramide orogeny, a
deflection within the crust would be observed.

The coherence of the crustal column in Idaho is validated by
multiple magmatic centers that were active since the formation of
the western Idaho shear zone and that display clear geochemical
connections to the lithospheric mantle below, be it continental or
oceanic in origin (Gaschnig et al., 2010, 2011; Kurz et al., 2017).
A crustal detachment model requires that the crust has moved
relative to the underlying mantle across a vast region (e.g., Oldow
et al., 1989). This prediction was explicitly made for the Idaho
margin by Leeman et al. (1992) and was one of the proposed
hypotheses of the IDOR project (Tikoff et al., 2017), but the
western Idaho shear zone provides a lithospheric pinning point
unaffected by crustal translation.

The same argument can be made for the California margin
(Fig. 9), where the eclogitic root beneath the Sierra Nevada batho-
lith (Ducea and Saleeby, 1996, 1998) provides a lithospheric
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pinning point. This eclogitic root must have extended to at least
130 km below the Sierra Nevada arc in order to have provided
a source for Cretaceous-aged eclogitic mantle xenoliths brought
up in Miocene volcanics in the Sierra Nevada. The spatial con-
nection would have been disrupted had there been displacement
on a throughgoing crustal detachment. Thus, to propose a crustal
detachment model, one must consider the “out of the field area”
considerations. Oldow et al. (1989), in one of the clearest expla-
nations of the orogenic float idea, explicitly noted that the detach-
ment must go back to the plate boundary.

A final issue for the crustal detachment mechanism for the
Bighorn and other foreland uplifts is the discovery that the initia-
tion of basement uplift occurred at ca. 100 Ma in the northern
Rocky Mountains, determined by low-temperature thermochro-
nology (Carrapa et al., 2019). The new data corroborate evidence
for pre-Paleogene uplift in specific ranges (e.g., Wind River
Range; Steidtmann and Middleton, 1991). The onset of deforma-
tion is now known to temporally correlate to—and likely resulted
from—deformation associated with the western Idaho shear zone
plate boundary (Carrapa et al., 2019). Deformation recorded by
early calcite veins from the Bighorn Basin, newly dated by U-Pb
methods at ca. 85 Ma (Beaudoin et al., 2018; also see Beaudoin
etal., 2019, reply), falls within this earlier deformation phase and
cannot be associated with a throughgoing crustal detachment.

In summary, the Bighorn Project did not produce definitive
evidence of a crustal detachment below the Bighorn uplift, and
the model is contradicted by regional constraints.

Terrane Collision or Flat-Slab Subduction?

The National Science Foundation EarthScope program
greatly advanced the understanding of the extent and evolution
of lithosphere in the western United States, bringing new insight
into the underlying cause for formation of the Laramide block
uplifts. If one accepts that foreland deformation was the result of
an end load on the western margin of North America due to plate
convergence, there are two possible models for the origins of the
end load. The prevailing view is that shallow slab subduction on
the western coast of North America along the California mar-
gin resulted in inland deformation. This concept was first pro-
posed by Dickinson and Snyder (1978), although it has received
some significant modifications (e.g., Saleeby, 2003). Axen et
al. (2018) used numerical models to illustrate that shallow slab
subduction likely results in end loading. Most models for shal-
low subduction in Cretaceous—Paleogene time do not include
the Idaho segment of the orogeny, and the geology of Idaho is
incompatible with that model.

The alternative is terrane collision, in particular, the colli-
sion of the Insular terrane block, which is considered to have
driven the development of the western Idaho shear zone (e.g.,
Giorgis et al., 2008). The new recognition that early Laramide-
style block uplifts in Montana initiated during movement on
the western Idaho shear zone (Carrapa et al., 2019) introduces
the possibility that terrane collision was responsible for block
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uplifts ca. 100 Ma in the northern Rocky Mountains. The Rock
Springs uplift of southern Wyoming, associated with syn-uplift
deposition that provides timing, also shows evidence for uplift
at ca. 95 Ma (Mederos et al., 2005). This contemporaneity of
foreland block uplifts with terrane collision suggests that the ini-
tial movement on block uplifts in the northern Rocky Mountains
resulted from the Insular terrane end load on the western edge
of North America.

Either proposed mechanism for formation of the Rocky
Mountains results in an end load on the western edge of North
America, and it is permissible that both acted in sequence, with
an earlier phase (100-85 Ma) of end load produced by terrane
collision and a later phase (80-55 Ma) of end load resulting from
shallow subduction in the northern Rocky Mountains. Alterna-
tively, the end load in the northern Rockies could have arisen
solely from terrane collision, as shallow slab subduction cannot
apply in the northern region at 100 Ma.

CONCLUSIONS

The EarthScope Bighorn Project was conceived as a test
between four hypotheses for the development of basement-cored
block uplifts that occur in the eastern Rocky Mountains (Yeck
et al., 2014; Worthington et al., 2016). These models—applied
to the Bighorn uplift—were: (1) lithospheric fault blocks, (2)
lower-crustal pure shear thickening, (3) crustal detachment, and
(4) lithospheric folding (buckling). No model envisioned in the
initial stages of the project matched the primary observation
determined from the active-source seismic data: a Moho that
steps from 50 km deep below the Bighorn Basin on the west to
37 km deep below the Powder River Basin to the east. The lack
of a discrete offset on the Moho or a depressed Moho rules out
the lithospheric fault blocks and pure shear thickening models,
respectively. The absence of clearly imaged detachment faults
beneath the Bighorn arch and the Bighorn Basin, and the prohibi-
tive regional relationships that indicate the lithospheric mantle is
generally coupled to the crust to both east and west are counter
to the crustal detachment model. The crustal detachment model
has regional geological problems and major mechanical prob-
lems associated with moving large sections of crust over large
distances on subhorizontal surfaces.

In this contribution, we argue that lithospheric buckling
modeling satisfactorily explains the results of the Bighorn Proj-
ect and other regional studies in the following ways:

1. The Bighorn uplift occurs at an inflection point in
the low-amplitude folding of the lithospheric mantle
(Burg et al., 1994). The scaled models of Sokoutis et
al. (2005), particularly those designed to mimic a cold
and strong lithosphere, are a compelling match to the
Bighorn seismic results.

2. The vergence of the Bighorn uplift is controlled by the
existence of a Proterozoic suture zone, which corre-
lates with the eastern side of the Bighorn uplift. Even
in scaled lithospheric buckling models without preexist-
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ing structures, the vergence of the folding may be either
synthetic or antithetic to the Moho uplift (Sokoutis et
al., 2005). However, in cases in which a preexisting
weakness is introduced into scaled models, those mod-
els are preferentially reactivated by lithospheric folding
(e.g., Sokoutis and Willingshofer, 2011).

3. Lithospheric folding explains the arch-like geometry
of the uplifts, as the Laramide-style block uplifts are
epiphenomena on folds in the lithospheric mantle. In
Wyoming, the spacing (wavelength) for the upper-
crustal deformation is ~150-200 km (Tikoff and
Maxson, 2001; Erslev, 2005). Combining the Bighorn
results with recent results from the Wind River uplift
(Groshong and Porter, 2019), the folded mantle wave-
length is ~450 km (e.g., the mantle anticline is located
below the Powder River Basin, and the mantle syncline
is below the Wind River Basin). The expected fold-
ing wavelength of mantle folding for an old, cold, and
strong lithospheric mantle is ~400-450 m (Cloetingh et
al., 1999). Because upper crust deforms at the inflection
point, it deforms at a wavelength that is approximately
one third (+ 26 km intercept) of the mantle folding, i.e.,
156-175 km, in accord with observations.

4. Lithospheric folding in the foreland provides an expla-
nation for the major differences in shortening direction
found in the Sevier fold-and-thrust belt (e.g., Yonkee
and Weil, 2010) and the basement-cored uplifts (e.g.,
Weil et al., 2014). The orientations of the Sevier fold-
and-thrust belt result from orographic-determined
deformation on a detached system, whereas the short-
ening direction for the Laramide uplifts results from
mantle-guided stresses consistent with an end load.

5. Arch-like, basement-cored uplifts during the Cretaceous—
Paleogene are not limited to Wyoming, but are also
found in the High Plains, Colorado Plateau, and western
Montana. Lithospheric folding is a viable mechanism
for foreland deformation in all these regions.

In summary, the EarthScope Bighorn Project proposed to
investigate the Bighorn Mountains in order to determine how
basement-cored block uplifts formed in the Sevier foreland. The
Bighorns data, together with other regional constraints, are con-
sistent with a lithospheric buckling model, a result that is pos-
sibly extendable to other parts of the eastern Rocky Mountains
and High Plains.
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