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Lithosphere
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Canada, 2Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX, USA, 3Department of
Geosciences, University of Arizona, Tucson, AZ, USA, 4Department of Earth and Environmental Science, New Mexico
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Abstract This paper investigates the causes of the Late Cretaceous transition from “Sevier” to
“Laramide” orogenesis and the spatial and temporal evolution of effective elastic thickness (EET) of the
North American lithosphere. We use a Monte Carlo flexural model applied to 34 stratigraphic profiles in the
Laramide province and five profiles from the Western Canadian Basin to estimate model parameters
which produce flexural profiles that match observed sedimentary thicknesses. Sediment thicknesses come
from basins from New Mexico to Canada of Cenomanian–Eocene age that are related to both Sevier and
Laramide crustal loads. Flexural models reveal an east‐to‐west spatial decrease in EET in all time intervals
analyzed. This spatial decrease in EET may have been associated with either bending stresses associated
with the Sevier thrust belt, or increased proximity to attenuated continental crust at the paleocontinental
margin. In the Laramide province (i.e., south of ~48°N) there was a coeval, regional decrease in EET between
the Cenomanian–Santonian (~98–84 Ma) and the Campanian–Maastrichtian (~77–66 Ma), followed by a
minor decrease between the Maastrichtian and Paleogene. However, there was no decrease in EET in the
Western Canada Basin (north of ~48°N), which is consistent with a lack of Laramide‐style deformation
or flat subduction. We conclude that the regional lithospheric weakening in the late Santonian–Campanian
is best explained by hydration of the North American lithosphere thinned by bulldozing by a shallowly
subducting Farallon plate. The weakening of the lithosphere facilitated Laramide contractional deformation
by focusing end‐loading stresses associated with flat subduction. Laramide deformation in turn may have
further reduced EET by weakening the upper crust. Finally, estimates of Campanian–Maastrichtian and
Paleogene EET are comparable to current estimates indicating that the modern distribution of lithospheric
strength was achieved by the Campanian in response to flat subduction.

Plain Language Summary The western United States and Canada share an organized mountain
belt which runs their length. However, in the United States there is also a series of isolated mountain
ranges to the east of that organized belt. This difference is often attributed to the shallow descent of an
oceanic tectonic plate beneath the western United States between about 90 and 45 million years ago (Ma),
and steeper descent beneath Canada. However, it is unclear why this would produce the differences
observed at the surface. We examine this question by reconstructing the strength of the North American
tectonic plate from 90–45 Ma, by modeling its rigidity (resistance to bending). In the model we apply
random loads and stiffnesses to observe how the modeled plate bends to form sedimentary basins and
accommodate sediment accumulation. We then compare the results of this Monte Carlo model to observed
sediment thicknesses in real basins to determine which set of parameters match observations. Our
results are most consistent with weakening of the USA portion of the North American plate by incorporation
of fluids from the shallowly descending oceanic plate. This weakening focused deformation in the
region directly above the shallow plate leading to spatially limited deformation.

1. Introduction

The strength of continental lithosphere plays a fundamental role in determining the nature of lithosphere
deformation and basin formation. In the North American Cordillera, the strength of the lithosphere has
been correlated with spatial variations in effective elastic thickness (EET) (Bechtel et al., 1990; Bills &
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May, 1987; Fulton & Walcott, 1975; Karner & Watts, 1983; Lowry &
Smith, 1994; Quinlan & Beaumont, 1984; Sheffels & McNutt, 1986;
Tesauro et al., 2015; Walcott, 1970). The region affected by Laramide
deformation (i.e., the “Laramide province,” south of ~48°N), which occu-
pies an area up to 700 km east of the Sevier thrust front in Wyoming and
western Nebraska (Figure 1) (DeCelles, 2004; Dickinson et al., 1988;
Dickinson & Snyder, 1978; Lawton, 2008; Yonkee & Weil, 2015), is char-
acterized today by anomalously low elastic plate thickness
(EET < 30 km) and considered weak (Hyndman et al., 2009; Tesauro
et al., 2015). Here, “thick‐skinned” Laramide deformation involved
basement‐cored uplifts and widely spaced thrust faults that extend to
midcrustal depths (e.g., Wind River Uplift, Stevens et al., 2016). North
of the Laramide province (north of ~48°N), the EET exceeds 100 km
within 50 km of the Sevier thrust front and is described as strong litho-
sphere (Hyndman et al., 2009; Tesauro et al., 2015). “Thin‐skinned”
Sevier deformation in this part of the Cordillera involved internally
deformed, closely spaced thrust sheets composed primarily of upper crus-
tal sedimentary or metasedimentary rocks.

EET is not itself a physical thickness of the lithosphere or anymechanical
layer in the lithosphere. Rather, it is the thickness of an idealized plate
used to model the elastic response of the lithosphere and represents the
integrated brittle, elastic, and ductile strength of the lithosphere (after
Burov & Diament, 1996; Watts & Burov, 2003). Hence, weakening of
any of the rheological layers of the lithosphere or decoupling of the upper
crust and mantle will result in a decrease in EET (Burov &
Diament, 1996). Basins formed by flexure of weak (i.e., low EET) litho-
sphere are short‐wavelength, large‐amplitude structures. In contrast,
lithospheric mantle that is strong and/or lithosphere that is fully coupled
results in high EET, and deformation produces long‐wavelength,
small‐amplitude flexural basins. The geometry of sedimentary basins
thus provides information about the strength of the associated plate.

Although the current EET of the western North American lithosphere is
well known,when it attained this EET distribution is only documented in
the Wyoming segment of the Laramide province. There, the current EET
was established by the Paleocene (Gao et al., 2016). We extend the analy-
sis of Gao et al. (2016) to a region that spans from NewMexico to Canada
to document temporal and spatial changes in effective elastic thickness
and orogenic load of the North American Cordillera. Results of our ana-
lysis are used to discriminate between existing models for EET modifica-
tion during the Laramide (Figure 2).

Models that have been proposed for lithospheric weakening and EET reduction associated with Laramide
deformation can be combined into four groups (Figure 2). These groups of models make unique predictions
about the timing and extent of rheological modification of the North American plate. Hence, the temporal
and spatial distribution of lithospheric strength and orogenic loading is a key discriminant between themod-
els. In Group 1, heating of the North American plate during the inboard sweep of volcanism that accompa-
nied flattening and advance of the Farallon slab weakened the lithosphere (Figure 2) (cf. Coney &
Reynolds, 1977; Constenius et al., 2003; Copeland et al., 2017; Hyndman et al., 2009). Thismodel predicts that
upper plate weakening was synchronous with Farallon slab flattening and advanced toward the continent
interior at the same rate as the inboard sweep of magmatism. In Group 2, weakening of the North
American plate accompanied removal of the flat Farallon slab (Figure 2) (Humphreys, 2009). Removal of
the flat slab reopened the asthenospheric wedge, resulting in magmatism, heating, and potentially weaken-
ing of the upper plate. In this model weakening of the North American plate would have occurred in the
Cenozoic, accompanying or following flat slab rollback. In Group 3, the advancing Farallon flat slab

Figure 1. Map of North America in the Late Cretaceous showing the major
tectonic elements and the location of Figure 3. Abbreviations for states
and provinces: AB, Alberta; AZ, Arizona; BC, British Columbia; CA,
California; CO, Colorado; IA, Iowa; ID, Idaho; KS, Kansas; MB, Manitoba;
MN, Minnesota; MO, Missouri; MT, Montana; NE, Nebraska; ND,
North Dakota; NM, New Mexico; NT, Northwest Territories; NV, Nevada;
OK, Oklahoma; ON, Ontario; OR, Oregon; SD, South Dakota; SK,
Saskatchewan; TX, Texas; UT, Utah; WA, Washington; WY, Wyoming.
Abbreviations for crustal provinces: M.H.B., Medicine Hat block. Cenozoic
extension in the western USA is palinspastically restored. No
palinspastic restoration was applied to Canada. Modified from
DeCelles (2004), Whitmeyer and Karlstrom (2007), Dickinson (2013),
Nelson et al. (2013), Hildebrand (2014), Yonkee and Weil (2015), and
Yonkee et al. (2019).
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thinned the North American lithosphere via ablation or “bulldozing” of
mantle lithosphere material (Axen et al., 2018). This, accompanied by
hydration of the North American lithosphere during flat subduction,
would weaken the lithosphere of the overriding plate during flat subduc-
tion (Figure 2c) (Humphreys et al., 2003). Group 3 predicts that initial
weakening occurred primarily as the lower plate was heated and lost fluids
while in contact with the upper plate. Dehydration of the lower plate, and
therefore weakening of the upper plate, would be delayed relative to the
initiation of flat subduction by the time needed to heat serpentinized ocea-
nic mantle to temperatures of 600–700°C or subduct it to depths
> ~200 km. This provides sufficient time to transport hydrous mineral
phases >1,200 km inboard from the trench (Currie & Beaumont, 2011;
Schmidt & Poli, 2003; Sommer & Gauert, 2011). In Group 4, several pro-
cesses played a role in EET reduction. Gao et al. (2016) suggested that a
southwestward decrease in EET in the Paleogene Wyoming province was
due to a combination of (a) a decrease in the radius of curvature of the
North American plate due to flexure by the Sevier topographic load
(Burov & Diament, 1995), (b) decoupling of the crust and mantle (Burov
& Diament, 1996), and (c) horizontal, contractional stresses transmitted
from the trench across the North American plate (also known as, end‐
loading) due to shallow subduction (Axen et al., 2018; Burov &
Diament, 1995) (Figure 2d). Group 4 predicts plate‐wide upper plate weak-
ening occurred prior to and continued during flat subduction.

In this study, we track the spatial and temporal evolution of EET and oro-
genic loads in western North America via Monte Carlo forward flexural
modeling of stratigraphic profiles. We consider 39 stratigraphic profiles
from the San Juan Basin of New Mexico to the Canadian foreland basin
of southern Alberta (Figure 1) to constrain the spatial evolution of EET.
Profiles span the Cenomanian–Eocene (~95–34 Ma), allowing us to track
temporal changes in EET. For each stratigraphic profile we calculate the
EET and orogenic load that produce a flexural profile which matches the

stratigraphic profile. This approach is different from existing EET estimates in North America, which are
based on rheological and thermal models derived from joint inversion of gravity and seismic tomography
data (Tesauro et al., 2014, 2015), and cross‐spectral analysis of topography and the gravity field (Bechtel
et al., 1990; McKenzie & Fairhead, 1997).

Our analysis shows that there was a spatial gradient in EET in the Cenomanian‐uppermost Santonian (~98–
84 Ma), with lower EET approaching the Sevier thrust front. A major initial decrease in EET between the
uppermost Santonian (~84 Ma) and middle Campanian (~77 Ma) affected the lithosphere in the Laramide
province (Figure 1), but did not impact theWestern Canada Basin. We also find evidence for a second, minor
decrease in EET between the Late Cretaceous and Paleogene (i.e., at ~ 66 Ma) in the middle of the Laramide
province as suggested by Gao et al. (2016).

2. Geological Setting

Jurassic–Paleogene subduction along the western margin of Laurentia resulted in development of an
Andean‐style margin with a forearc, magmatic arc, retroarc fold thrust belt and foreland basin system
(Figure 1) (DeCelles, 2004; Yonkee & Weil, 2015). In the western USA, subduction produced an
Altiplano‐style retroarc plateau in the Late Cretaceous, termed the “Nevadaplano” (Figure 1) (Bonde
et al., 2015; Snell et al., 2014). Subsidence in the retroarc foreland basin (Figure 1) was driven by a combina-
tion of lithospheric flexure due to loading by thrust sheets, sediment accumulation and redistribution, and
dynamic subsidence related to mantle convection (Catuneanu et al., 1997; Gurnis, 1992; Jordan, 1981; Liu &
Nummedal, 2004; Mitrovica et al., 1989). Loading by thrust sheets in the Sevier belt (Figure 1), which
extends from Canada to southeastern California (Armstrong, 1968; Burchfiel & Davis, 1972;

Figure 2. Schematic presentation of four groups (a–d) of models proposed
for weakening of western North American lithosphere (see text for
references). Colored zones correlate to the regions impacted by the
proposed mechanism. Cartoons are intended to depict the geographic
extent, relative impact, and timing of weakening and do not imply that
weakening occurs at the depth indicated.
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Dahlstrom, 1970; DeCelles, 2004; Price & Mountjoy, 1970; Yonkee & Weil, 2015), produced a flexural wave
that migrated eastward in lockstep with the migrating fold‐thrust belt (DeCelles & Giles, 1996). This resulted
in an asymmetric foreland basin which was deepest adjacent to the fold‐thrust belt, shallowed to the east,
and paralleled the Sevier deformation front (Figure 1) (DeCelles, 2004).

Farallon plate subduction proceeded at a high angle from the Jurassic–Late Cretaceous, but shallowed
beneath the present‐day western United States between the Late Cretaceous and early Eocene (Coney &
Reynolds, 1977; Dickinson & Snyder, 1978; Liu et al., 2010). Shallowing of the Farallon plate is supported
by multiple lines of evidence, including a lull in magmatism in the arc, shallow underplating of subduction
zone mélange, and exhumation of basement‐cored uplifts in the former foreland basin (Coney &
Reynolds, 1977; Constenius et al., 2003; Dickinson & Snyder, 1978; Lawton, 2008; Saleeby, 2003;
Strickland et al., 2018). Shallowing of the subducting Farallon plate is inferred to be the result of a combina-
tion of increased trenchward motion of the North American plate, subduction of buoyant oceanic litho-
sphere (i.e., young or with anomalously thick crust such as the conjugate Shatsky Rise), and slab breakoff
at the leading edge of the subducting plate (Engebretson et al., 1985; Liu et al., 2010; Liu & Currie, 2016;
Livaccari et al., 1981; Sigloch et al., 2008; Torsvik et al., 2008; Yonkee & Weil, 2015). Geochemical evidence
points to a hydrated continental mantle lithosphere below the crust of the North American plate (Lee, 2005;
Lee et al., 2001; Li et al., 2008; Livaccari & Perry, 1993). This mantle hydration and associated metasomatism
has been attributed to juxtaposition of oceanic lithosphere beneath North American lithosphere during flat
subduction (Humphreys et al., 2003).

“Laramide” compressional deformation of the North American plate along moderate‐angle (i.e., 25–40°)
crustal ramps may have begun as early as 90 Ma in the northern Green River Basin (Wyoming) and south-
western Montana (Carrapa et al., 2019; Schwartz & DeCelles, 1988; Shuster & Steidtmann, 1988), but peaks
in the Maastrichtian–early Eocene (Clinkscales & Lawton, 2014; DeCelles et al., 1987, 1991; Dickinson
et al., 1988; Fan & Carrapa, 2014; Lawton, 2008; Peyton & Carrapa, 2013; Tindall et al., 2010).
Deformation has been attributed to multiple mechanisms, including basal traction between the flat oceanic
slab and the upper plate (Bird, 1988; Dickinson & Snyder, 1978), horizontal transmission of stress from the
trench during flat subduction (“end‐loading”) (Axen et al., 2018; Livaccari & Perry, 1993), a response to
dynamically driven foreland subsidence (Jones et al., 2011), and transpression due to accretion of an exotic
terrane (Johnston, 2001). This deformation partitioned the Sevier foreland basin into a series of smaller
basins bounded by basement‐cored uplifts (e.g., Erslev et al., 1993) and reactivated some inherited litho-
spheric weaknesses such as the boundary between the Yavapai and Wyoming terranes (Figure 1) (e.g.,
Kelley, 2005; Stone, 2002). Deformation and loading of the lithosphere resulted in formation of flexural stra-
tigraphic wedges adjacent to Laramide uplifts. These basins track the peak of Laramide deformation in the
Maastrichtian, Paleocene, and Eocene, and are used in this study to calculate EET during Laramide orogen-
esis (Figures S1–S25 in the supporting information) (Gao et al., 2016; Jordan et al., 1988; Lynds &
Lichtner, 2016).

In the Eocene–Oligocene, voluminous calc‐alkaline volcanic rocks with subduction‐related geochemical sig-
natures were erupted in the Laramide province (Best et al., 2009; Coney, 1980; Coney et al., 1978). This vol-
canic activity is typically attributed to removal or steepening of the shallowly subducted ocean slab and
impingement of hot asthenosphere on hydrated North American lower lithosphere (Armstrong &
Ward, 1991; Humphreys, 1995; Humphreys et al., 2003; Livaccari & Perry, 1993) as is seen in the central
Andes (DeSilva et al., 2006; Kay & Coira, 2009; Zandt et al., 2003).

3. Methods

Flexural modeling is an established method of determining EET and identifying the drivers of accommoda-
tion creation (e.g., Allen & Allen, 2005; Gao et al., 2016; Lynds & Lichtner, 2016; Lyon‐Caen &Molnar, 1983;
Saylor et al., 2017; Turcotte & Schubert, 1982; Wangen, 2010; Watts, 2001). We developed a two‐dimensional
flexural modeling approach and applied it to 39 stratigraphic profiles from flexural basins spanning southern
Canada to northeastern NewMexico (Figures 3 and 4, Table S1, and Figures S1–S25 in the supporting infor-
mation). Profiles were selected to cross a wedge of sediment which thickens toward a tectonic load: either the
Sevier fold‐thrust belt, or discrete Laramide uplifts. The modeling approach described below, including
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modeling as both an infinite and broken plate (Figure 5), was applied to all 39 stratigraphic profiles. Flexural
modeling inputs and outputs are included in Tables S2, S3, and S4 in the supporting information.

3.1. Modeling Approach

Flexural models were developed for 39 stratigraphic cross sections (Figure 4, locations shown in Figure 3). In
each of the models, the elastic plate bends under the load of a Sevier or Laramide thrust, and the predicted
geometry of the bent plate was compared with (and constrained by) the stratigraphic cross section.
Prescribed parameters of the models included the stratigraphic cross sections, represented by locations
and amounts of subsidence (“control points”); the number of blocks from which the load was constructed;
the density of the mantle and the material that fills the accommodation produced (“infill density”); gravita-
tional acceleration; Young's modulus; Poisson's ratio; and load geometry. The load geometry can be either
rectangular or taper toward the basin (cf. Figures 5a and 5c). For the models presented here, EET was
assumed to be constant over the profile distance. We also modeled several profiles with EETs that randomly
linearly increased or decreased over the profile distance and found that the means of the variable constant
EETs were within uncertainty. Parameters for each model are available as input files (Table S2) for the
FlexMC software package (supporting information Software 1) and are summarized in Table S3.

Unknown parameters of the flexural models which were estimated using Monte Carlo simulation include
load height, width, and density, and the EET of the flexed plate. The software recursively calculates between
104 and 105 model profiles; randomly varying these parameters between specified bounds in each trial. The
combination of parameters that resulted in a deflected profile within a specified vertical uncertainty of the
control points was used to calculate the means and standard deviations of the output parameters. Each stra-
tigraphic cross section is represented by three to five control points. These control points were spaced as
widely as possible and span the distance over which there were constraints on stratigraphic thicknesses.
Stratigraphic thicknesses extrapolated over long distances or interpolated based on adjacent regions were
not used as control points.

In the following paragraphs we identify four potential sources of uncertainty and describe how we address
each. The first two sources of uncertainty are (1) the uncertainty introduced by the datum process described
below and (2) the quality of the stratigraphic correlations and maps on which our analysis relies. Prior to
flexural modeling we applied a datum correction to account for sediment accumulation above the flexural
forebulge which is unassociated with lithospheric flexure (Jordan, 1981; Liu et al., 2014; Liu &
Nummedal, 2004). The datum correction was applied by removing half of the thickness above the shallowest
point on the flexural profile. This approach accounted for sediment accumulation unrelated to flexure and
minimized flattening of the profile in cases where the forebulge was not identifiable. However, it also intro-
duced some uncertainty into the flexural profiles. To account for the uncertainty introduced by the datum
process, we assigned a vertical uncertainty of 10% of the maximum deflection prior to the datum correction
to all stratigraphic‐thickness control points along the profiles (Figure 5). This yielded a consistently applic-
able method where uncertainty was between 1σ and 2σ of the datum correction for almost all (93%) of the
selected profiles. The second source of uncertainty is the quality of the stratigraphic correlations or maps
underlying the profiles. This uncertainty arises from both the reliability of the interpreted surfaces and
the density of the well log and outcrop control points. While this is inherently unquantifiable because it
relies on qualitative assessments, comparison of maps from different sources for a few cases where this is
available indicate that the isopach patterns are reasonably reliable (e.g., Maastrichtian isopach maps from
northeast Green River Basin by Johnson et al. (2004) and Lynds and Lichtner (2016). Additionally, compar-
ison of the uncertainty estimates from above (mean uncertainties of 143 ± 102 m (1σ, range of 21 to 488 m))
to the thickness of Upper Cretaceous–Paleogene stratigraphic correlation units in theWestern Interior Basin
(formations or parasequences within formation) suggests that the quantitative uncertainty subsumes the
uncertainty in the qualitative correlations. This uncertainty is the primary source of uncertainty in the mod-
els. Its greatest impact is on Paleocene–Eocene profiles where enclosed Laramide basins facilitated the
aggradation of a thick, “silled” nonmarine section.

The third potential source of uncertainty is in the horizontal distance between the load and stratigraphic
control points. For profiles where stratigraphic‐thickness control points were affected by postdepositional
shortening, we palinspastically restored them to their predeformational location using shortening estimates
from Yonkee and Weil (2015). This correction increased the wavelength of the restored flexural profile and
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Figure 3. Schematic maps showing the location of flexural profiles relative to tectonic elements in the Late Cretaceous and early Cenozoic Sevier and Laramide
orogenies. Profile numbers are placed at the location of the deepest part of the profile and correlate to stratigraphic profiles shown in Figure 4. Profile details
are available in appendix materials. (a) Cenomanian–Turonian (~98–91 Ma) profiles and the location of Late Cretaceous–Cenozoic uplifts. (b) Turonian–
Santonian (~94–84 Ma) flexural profiles and state or province boundaries. (c) Campanian–Maastrichtian (~77–66 Ma) flexural profiles and basin locations. Note
that Profiles 26 and 27 (marked with an *) include upper Santonian strata. (d) Paleocene–Eocene (~66–64 Ma) flexural profiles and the location of Cenozoic
volcanic centers. Uplifts are based on the approximate location of top Triassic exposures, and basins are based on the approximate location of base Campanian
exposures. Abbreviations: OK, Oklahoma; NM, New Mexico.
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so resulted in greater EET over an uncorrected profile. For Laramide uplift loads, this uncertainty is
generally low, because the load has not experienced any significant postdeformational translation. The
reliability of the constraining information is summarized in the “quality” parameter in Table S1. We also
tested the sensitivity of the model to the distance between the control points and the load by
systematically moving the control points and tracking the effect on modeled EET and load height
(Figure S26).

Finally, there is uncertainty introduced by projection of a three‐dimensional load and basin onto a
two‐dimensional profile. There is a three‐dimensional aspect to all loads and basins. This is particularly
true for Laramide uplifts and wedges due to their relatively short strike‐parallel length. The use of
two‐dimensional models to simulate flexural effects may tend to underestimate loads in the center of
the uplift and overestimate loads on the plunging ends. We assessed the impact of this on load and
EET estimates by comparing five along‐strike stratigraphic profiles for the Wind River Uplift. Profiles
extended southward from the Wind River Uplift parallel to Profile 21 (Figure 3c), which is the central
profile.

3.2. Load Geometries

In flexural models that were related to Sevier fold‐thrust belt loads, the load was pinned at the interpreted
deformation front, the load width was allowed to vary between 25 and 100 km, and a taper into the basin
was assumed (Figure 5). For Sevier loads we also constrained the average surface slope to be no greater than
6°, based on the maximum surface angle for noncohesive granular material with a weak basal decollement
observed in critical taper sandbox experiments (Dahlen, 1990). For flexural models associated with Laramide
uplifts, the load was also pinned at the deformation front, but the load width was fixed using an estimate
developed from geologic maps. The load was assumed to be symmetrical (Figure 5c). For a number of the
Laramide uplifts we also developed models with asymmetric load geometries; the EET results were similar,
but the goodness of fit to the stratigraphic profile was less satisfactory.

Figure 4. Flexure profiles for (a) the Cenomanian–Turonian, (b) Turonian–Santonian, (c) Campanian–Maastrichtian, and (d) Paleocenen‐Eocene from basins
shown in Figure 3. See supporting information Figures S1–S25 for isopach maps which these profiles are based on and Table S1 for data sources.
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3.3. Flexural Equations and MATLAB Code

The stratigraphic profiles (“control points”) were input as a primary constraint into a forward modeling
MATLAB© code, “FlexMC” (Software S1, modified from Saylor et al., 2017). The algorithm uses the equa-
tions set out by Wangen (2010) to model flexed plates that are infinite in the x direction. In this parameter-
ization, the distributed load is treated as a series of rectangular loads of height hi and width wi. The loading
force, calculated as

Vi ¼ ρl g hi di; (1)

is applied at the center of the load. In Equation 1 ρl is the density of the load in kg m−3 and g is gravita-
tional acceleration in m s−2. The deflection of the flexed plate, d, can be calculated as the sum of the
deflection of N individual loads

Figure 5. Example model outputs showing (a) a “Sevier load” which tapers toward the basin with a maximum surface
slope of 6°. Total load width is randomly selected between 25 and 100 km. Flexure is modeled as an infinite plate and
only flexural profiles that pass within the prescribed uncertainty of known subsidence locations (numbers 1–5) are
accepted. (b) A “Sevier load” with flexure modeled as a broken plate. Other parameters as for (a). (c) A “Laramide load”
modeled as rectangular blocks with a fixed width. Flexure is modeled as an infinite plate.
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d xð Þ ¼ ∑
i¼N

i¼1

Vi

2 Δρ g α
exp −lxð Þ coslx þ sinlxð Þ½ � (2)

where

l ¼ x − xcij j
α

(3)

and x is the horizontal dimension, xci is the x location of the center of the ith load block, α is the flexural
parameter, and Δρ is the density difference between the material being displaced and the material filling
the area displaced by the flexed plate. In order to model a plate that is semi‐infinite in the x direction (i.e.,
broken at x ¼ 0) we use the following equations from Hetenyi (1979, chapter 2):

A ¼ exp
−x
α

� �
cos

x
α
þ sin

x
α

� �
(4)

B ¼ exp
−x
α

� �
sin

x
α

� �
(5)

C ¼ exp
−x
α

� �
cos

x
α
− sin

x
α

� �
(6)

D ¼ exp
−x
α

� �
cos

x
α

� �
(7)

Y ¼ Cxci þ 2 Dxcið ÞAx − 2 Cxci þ Dxcið ÞBx þ exp −lxð Þ coslx þ sinlxð Þ½ � (8)

d ¼ ∑
i¼N

i¼1

−Y Vi

2 Δρ g α
(9)

In Equations 4–7 x terms are replaced by either the x dimension or the x location of the center of the ith load
(xci) as indicated by the subscripted terms in Equation 7. All models assume that the load and flexed beam
are infinite in the z direction (i.e., into the plane of the page).

4. Characteristics of the Flexural Profiles

The 34 flexural profiles from the United States western interior display considerable variability in the ampli-
tude and wavelength of flexure, whereas the five profiles of the Western Canada Basin all have long
(>200 km) wavelength and small (<600 m) amplitude (Figure 4 and Table S3). For the upper
Cenomanian–Turonian (~98–91 Ma) interval, five Sevier‐related foredeep profiles have been constructed
from central Utah to southern Wyoming (Profiles 1, 2, 3, 4, and 5). The amplitude of the three northern pro-
files (W. Greater Green River Basin, southern Montana Basin; 1,600–2,000 m) is an order of magnitude
greater than that of the two southern profiles (Uinta Basin, Bighorn Basin; 200–300 m), although the basin
widths are similar (150–200 km). Profile 6 from the eastern Greater Green River Basin, which may be the
result of early Laramide deformation, has a maximum deflection of ~300 m and a basin width of 150–
200 km. The upper Cenomanian–Turonian (~98–91 Ma) profile from southern Montana (8), and
Turonian–Santonian (~94–84 Ma) Western Canada Basin profiles (10, 11, and 12) have long wavelengths
(>250 km). The single, low‐confidence profile that we have from the Green River Basin during the
Coniacian‐Santonian interval (Profile 9, ~91–84 Ma) displays a shorter wavelength (125 km) than any older
United States profiles.

The 27 profiles for the Campanian through Eocene wedges are typically shorter wavelength, but higher
amplitude (50–100 km, 200 to >4,000 m, respectively). However, both parameters are extremely variable.
Nearly all profiles are associated with intraforeland Laramide uplifts; only the Crazy Mountain Basin
(Profile 25) has been identified as a possible Sevier‐related foredeep.

Flexural forebulges are difficult to identify in our profiles because the upward deflection is small; generally
4–7% of the downward deflection of the foredeep (DeCelles, 2012). As a result, complicated 3‐D effects,
bathymetric/topographic relief, or minor errors in stratigraphic thickness estimates can mask the forebulge.
Nevertheless, we identify five forebulges, providing additional confirmation of a flexural subsidence
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mechanism for both the Sevier foreland and Laramide basins. First, a
persistent thin of the Cenomanian–Turonian isopach occurs about
150–250 km east of the Sevier load (Figure S1). This can be recognized
for over 1,000 km, from south to north (DeCelles, 2004; DeCelles &
Giles, 1996; Robinson‐Roberts & Kirschbaum, 1995). A similar thin,
aligning with the subsequent Moxa Arch, occurs in the Coniacian–
Santonian interval in the Green River Basin (Figure S6). Positive features
are indicated by stratigraphic thins in at least three Maastrichtian exam-
ples. The Douglas Creek Arch, separating the Uinta and Piceance Basin,
lies about 80 kmwest of theWhite River Uplift and its associated flexural
wedge (Figure S14). TheMoxa Arch in the western Green River Basin is a
Laramide‐style uplift that displays middle Campanian growth, including
erosion of up to 1 km of older sedimentary section (Devlin et al., 1993;
Roehler, 1965; Rudolph et al., 2015). Over most of its ~200 km extent,
the Moxa Arch has little to no post‐Campanian deformation. However,
at its northern end, the Moxa Arch is rejuvenated and shows significant
Maastrichtian and Paleocene structural relief and thinning (Figure S12).
This has previously been interpreted as related to the interaction of the
encroaching Sevier thrust system (Becker et al., 2010; Becker &

Lynds, 2012; Kraig et al., 1988). Alternatively (or additionally), the rejuvenation of the northern Moxa
Arch may be a forebulge related to the Wind River Mountains, 70 km to the northeast. The fifth example
is a subtle Maastrichtian thin within the Powder River Basin, ~200 km north of the Hartville‐Laramie
Mountains load (Figure S13). These forebulges confirm that load‐induced flexure of the lithosphere is a
widespread and important element of sedimentary accommodation and basin formation throughout the
study interval.

5. Modeling Results

The broken‐plate flexural models produce EETs that are approximately twice those from infinite plate mod-
els (Figure 6). EETs estimated using a broken plate model are poorly correlated with modern EETs regard-
less of the time window considered. For example, 25% (10 of 39) of the broken plate models yield EETs
>70 km, and two yield EETs as high as 300–400 km (Figure 6). The present‐day EET of the North

American Cordillera and Laramide province is generally less than
60 km, with maximum modern EETs in North America ~200 km
(Figure 8 of Tesauro et al., 2015). In contrast, Campanian–Eocene
EETs based on an infinite plate model are well correlated to modern
EETs. The broken plate model assumes that all of the orogenic load is
applied to one limb of the broken plate. We conclude that the implausi-
bly high EETs produced by the broken plate model indicate that this
assumption is not valid. Therefore, the discussion below focuses on infi-
nite plate models, similar to the previous research on the Western
Interior and Laramide basins by Gao et al. (2016) and Lynds and
Lichtner (2016).

5.1. Topographic Loads

Effective elastic thickness and load height vary linearly with distance
between the load and the control points (Figure S26). However, we find
that even significant uncertainties (i.e., ≤10 km) in the relative position
of the load and control points yields EET and load heights that are
within 2σ uncertainty of the mean value.

Sensitivity analysis shows that the estimates of EET are not significantly
impacted by the three‐dimensional nature of uplifts (Figure 7).
Furthermore, model results conform to theoretical predictions with the
greatest topographic height in the center of the load. For example, in

Figure 6. Cross‐plot of effective elastic thickness calculated using an
infinite versus a broken‐plate flexural model. Effective elastic
thicknesses modeled assuming a broken plate are roughly double
those calculated using an infinite plate model and yield unreasonably high
effective elastic thicknesses.

Figure 7. Along‐strike variation in model load heights and effective elastic
thickness on the south side of the Wind River uplift. Polynomial fits
highlight that modeled topography (gray symbols) varies systematically by
a factor of 6, with the greatest modeled topography in the center of the
uplift and modeled topography tapering to the north and south. In contrast,
effective elastic thickness (black symbols) is uniformly between 5 and
10 km, and variability is uncorrelated with modeled topography.
Third‐order polynomial regressions shown in both cases are intended only
to highlight trends within each data set.
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the case of the Wind River Uplift modeled topography varies sys-
tematically by a factor of 6 from north to south. The greatest topo-
graphic height is in the center uplift and modeled topography
tapers to the north and south. In contrast, effective elastic thick-
ness is uniformly between 5 and 10 km, and variability is uncorre-
lated either with modeled topography or the location along strike.

Within the Sevier orogenic belt, the modeled magnitude of
Cretaceous surface loading is variable along strike (Figure 8).
The greatest (i.e., highest elevation) loads for Cenomanian–
Santonian (~98–84 Ma) models are from the Wyoming Salient.
Models from farther south, near the Charleston/Nebo/Pavant
thrust systems, and north in the Helena Salient and Canadian
Rocky Mountains, are characterized by smaller (i.e., lower eleva-
tion) loads (Figure 8). This changes for Santonian–Maastrichtian
(~86–66 Ma) models, which show higher elevation in the
Canadian Rocky Mountains and Helena Salient. Subsidence in
Utah and Wyoming during the Campanian–Maastrichtian does
not conform to amodel of flexural due to loading by the Sevier oro-
genic belt (Kendall et al., 2019; Painter & Carrapa, 2013), and
therefore an estimate of topographic loading during this interval
is not possible.

Modeled topographic loading by Campanian–Maastrichtian (~77–66 Ma) uplifts in the foreland roughly
increases from south to north, with the tallest modeled loads associated with the Granite Mountains and
Laramie Range (42–43°N, Figures 9 and 10), although the correlation coefficient for this trend is very low.
This northward increase in modeled topographic height is more pronounced and better correlated in the
Paleocene–Eocene (Figure 9).

5.2. Effective Elastic Thickness

Estimates of EET display systematic temporal and spatial variations. Modeled EET decreases to the west,
toward the paleocontinental margin and orogenic belt (Figure 11). When we plot predicted EET values
relative to the distance east from the contemporary thrust belt, a general trend of increasing EET to the
east is evident for the Cenomanian–Santonian (~98–84 Ma), Campanian–Maastrichtian (~77–66 Ma),
and Paleocene–Eocene (~66–34 Ma) time intervals (Figure 11). Results show a regional decrease in EET
after the Santonian (< ~84 Ma). Comparing profiles that are approximately the same distance from the
Sevier thrust front, the EET for Campanian–Maastrichtian profiles is ~25–50% of the EET for
Cenomanian–Santonian profiles (e.g., between 0–300 km from the thrust front, Figure 11). The
Paleocene–Eocene models also show a decrease in EET relative to Campanian–Maastrichtian models
between 200–450 km from the coeval thrust front (particularly Profiles 28 and 29 from the Piceance
Basin and 37 from the Wind River Basin, Figure 11). This may be due to the lower reliability of the
Paleocene‐Eocene stratigraphic framework (see section 6.1 below).

6. Discussion
6.1. Uncertainties in Flexural Models

All models are affected to some degree by the datum correction for sediment accumulation that is unrelated
to flexure (Table S3). Of the 39 modeled profiles in the United States and CanadianWestern Interior, 20 have
significant (i.e., >10% of maximum deflection) datum corrections to the modeled profile. Of these, eight (all
Cenozoic profiles except 29, 30, and 32) are Paleocene–Eocene profiles from nonmarine basins. These basins
are interpreted to be ponded or enclosed by uplifts (Dickinson et al., 1988). Such a structural restriction facil-
itates the vertical aggradation of fluvial, alluvial, and lacustrine deposits. Some Laramide basins had exten-
sive restricted hydrology, evidenced by large Paleocene (Wind River Basin) and Eocene (Green River, Uinta,
and Piceance basins) lacustrine systems (Smith et al., 2008). A large number of Cenozoic profiles required a
datum correction; this is associated with greater scatter and uncertainty in the reconstructed EET. Profiles
from the Green River, Uinta, and Piceance basins with large datum corrections are adjacent to profiles

Figure 8. Modeled along‐strike topographic evolution of the Sevier fold‐thrust belt
shows a northward migration of topographic growth. Cenomanian–Turonian and
Turonian–Santonian topographic growth is focused in the Wyoming salient and
decreases to the north and south. Santonian–Maastrichtian topographic growth is
focused in the Canadian Rocky Mountains and decreases southward into the
Helena salient. Numbers adjacent to data points correlate to profile locations in
Figure 3.
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with low datum corrections. Despite the difference in datum corrections, these profiles yield comparable
EET estimates. Moreover, Gao et al. (2016) found similar EET and trends for Wyoming, based on one
Maastrichtian and nine Paleocene–Eocene profiles, and we therefore consider the Late Cretaceous–
Paleogene conclusions robust.

Although changing the horizontal distance between the control points and load changes both the EET and
load height, our analysis indicates that significant displacement (i.e., >10 km) is needed to change EET and
load heights by more than their associated 2σ uncertainty (Figure S26). The temporal and spatial variation in
modeled EET discussed below exceed the modeled 2σ uncertainty. Hence, we rule out uncertainty in the

horizontal location of the control points as the cause of those changes.

Sensitivity analysis of the along‐strike changes in EET and load height for
the Wind River Uplift indicates that load height is significantly impacted
by the Uplift's three‐dimensional geometry (Figure 7). However, EET is
not similarly affected. We therefore consider our conclusions below
regarding changes in EET to be more robust than those related to relief
generation.

We assumed the top of all profiles to be flat, that is, without topographic
or bathymetric relief. This assumption has only aminor effect on the ana-
lysis. For example, using a topographic‐bathymetric slope of 0.03° (as
found in modern systems), would cause about 50 m of elevation change
for a 100 km profile. This small deflection is insufficient to explain the
large differences in topographic height of the modeled loads. EET esti-
mates are unaffected by this assumption because EET is determined by
the wavelength of the deflection, rather than its magnitude.

EET estimates are dependent on the quality of the input stratigraphic
profiles. Most profiles are based on reliable stratigraphic correlations,
tied to good chronostratigraphic control, with maps based on hundreds
of wells. Others are from a single published stratigraphic cross‐section.
Overall, stratigraphic correlations in Paleocene–Eocene sections are the
most problematic, with limited paleontology and often erosion of the
most proximal portions of the basin adjacent to the uplift. The reliability
of the stratigraphic framework is the most important control in the qual-
ity specified in Table S1.

With a few exceptions, the discussion below focuses on trends between
and within groups of flexural profiles and is therefore minimally reliant
on the results of a particular profile which may be subject to the uncer-
tainties described above. The consistent trends in EET and load heights

Figure 9. Comparison of topographic height of model loads in the (a) Campanian–Maastrichtian and
(b) Paleocene–Eocene. Linear trends highlight the northward increase in modeled topography in both time intervals, and
also highlight the increase in magnitude of uplift and northward gradient in uplift in the Cenozoic relative to the
Cretaceous. Numbers adjacent to data points correlate to profile locations in Figure 3.

Figure 10. Distribution of sedimentary thicknesses in Maastrichtian
Laramide basins and modeled topography. Abbreviations: AZ, Arizona;
CO; Colorado; ID, Idaho; NE, Nebraska; ND, North Dakota; NM, New
Mexico; MT, Montana; OK, Oklahoma; SD, South Dakota; TX, Texas; WY,
Wyoming.
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between adjacent locations, and the similarity between our findings and previous work, suggest that the
results of our analysis are robust to a first order.

6.2. Geodynamic Drivers of Uplift and Subsidence

In sections 6.2.1 and 6.2.2 we compare the timing andmagnitude of modeled topographic loading to the ther-
mochronologically determined timing of exhumation and paleoelevation estimates based on stable isotopic
analyses. This leads to an evaluation of geodynamic models for uplift and subsidence in section 6.2.3. The
comparison shows close correlation both in the timing of exhumation and the magnitude of topographic
loading, confirming that flexural modeling can provide insight into the evolution of the load, the basin,
and the lithosphere. Whereas stable isotope paleoelevation estimates are a snapshot of elevation that inte-
grates all surface uplift until that time, flexurally modeled topography represents the topographic growth
between discrete points in time. Flexural modeling also only yields topography above a base level (i.e., relief)
rather than absolute elevation and will result in an underestimate of absolute elevation in the case of a non-
marine base level. Both of these effects will result in flexurally modeled relief which typically underestimates
stable isotope paleoelevation reconstructions. The discussion below does not encompass the Hannah Basin
because this basin has long been recognized as anomalously deep, and likely not primarily driven by flexural
subsidence (Matson & Magathan, 2017). Rather, it is attributed to multiple subsidence mechanisms includ-
ing block rotation and sediment loading (Lefebre, 1988).
6.2.1. Cordilleran Thrust Belt
Cenomanian–Turonian (~98–91 Ma) topographic growth in the Wyoming Salient (Figure 8) coincided with
structural exhumation of major loads associated with motion on the Willard‐Paris‐Meade thrust system
between 125 and 90 Ma (see Figure 3c for locations) (Coogan, 1992; DeCelles, 1994; Eleogram, 2014;
Yonkee et al., 1989; Yonkee & Weil, 2015). This thrust system carries 10–15 km of Proterozoic through
upper Paleozoic‐age passive margin strata in its hanging wall and likely provided the topographic load to
drive flexural subsidence. Subsidence may have been further enhanced by initial development of the
Wasatch anticlinorium (see Figure 3c for location) (Giallorenzo, 2013; Yonkee &Weil, 2015). This deforma-
tion overlaps in time with emplacement of the Sheeprock and Canyon Range thrusts in central Utah (see
Figure 3c for location) (DeCelles & Coogan, 2006). However, flexural modeling indicates that the latter

Figure 11. Comparison of effective elastic thickness relative to distance from the coeval Sevier thrust front shows that
there is a westward decrease in effective elastic thickness in both the Late Cretaceous and Cenozoic. There is also a
regional decrease in effect elastic thickness between the Cenomanian–Turonian and Campanian–Maastrichtian. There is
only minor subsequent decrease between the Campanian–Maastrichtian and the Paleocene–Eocene. Second‐order
polynomial regressions shown are intended only to highlight variation between data sets. Numbers adjacent to data
points correlate to profile locations in Figure 3.
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two did not induce as much subsidence south of the Uinta Mountains as the Willard‐Paris‐Meade system
did to the north.

Continued elevated topography during emplacement of the Wasatch anticlinorium starting at the end of the
Turonian is consistent with the critical taper model proposed by DeCelles and Mitra (1995). In that model,
increased taper drove the orogenic wedge into a supercritical state and led to eastward propagation of the
thrust front resulting in movement on the Crawford, Absaroka, and Hogsback thrusts between 90 and
50 Ma (see Figure 3c for location) (DeCelles, 1994; DeCelles & Mitra, 1995). Flexural modeling results from
this study suggest there was no change in topographic load (i.e., no change in critical taper angle alpha)
between the Turonian and Santonian (~94–84 Ma, Figure 8), implying that the transition to a supercritical
state was caused by an increase in angle of the basal decollement (i.e., an increase in critical taper angle
beta). Such an increase is consistent with impingement of the thrust system on the basement step at the
Wasatch Hinge Zone, where Proterozoic metamorphic rocks are incorporated into the thrust belt to form
the Wasatch aniclinorium (Camilleri et al., 1997; Yonkee, 1992). Our results and conclusions imply that
emplacement of the Willard‐Paris‐Meade thrust system and initial shortening in the Wasatch anticlinorium
created a similar crustal load to subsequent internal shortening in the Wasatch anticlinorium needed to
maintain orogenic taper (DeCelles, 1994; Yonkee & Weil, 2015).

In contrast, post‐Santonian (< ~84Ma) strata from the Uinta and Green River basins (Figure 3) do not record
a flexural foredeep attributable to loading by the Sevier fold‐thrust belt (e.g., Kendall et al., 2019; Painter &
Carrapa, 2013). This indicates a fundamental change in the geodynamic mechanism of subsidence after
initial emplacement of the Wasatch anticlinorium. Possible explanations include (1) movement on the
Crawford, Absaroka, and Hogsback thrusts provided insufficient topographic loading to produce flexure;
(2) erosional unloading of thrust‐belt topography resulted in unconformity development in the wedgetop
and proximal foredeep depozones (Heller et al., 1988; Sinclair et al., 1991); or, more likely, (3) that topo-
graphic loading was compensated at depth, possibly due to uplift associated with flat subduction (Bishop
et al., 2018; Dávila & Lithgow‐Bertelloni, 2015; Flament et al., 2015) as previously suggested for Uinta
Basin (Bartschi et al., 2018; Kendall et al., 2019). A possible exception is the Crazy Mountain Basin in south-
western Montana, which preserves stratal thickening adjacent to the thrust belt (Figure 3c). Here, over 2 km
ofMaastrichtian sediment are in proximity to the Helena Salient (see Figure 3 for location). Ongoing flexural
subsidence in the Crazy Mountain Basin is consistent with its location at the boundary between the
Laramide province and the simple foreland of the Western Canada Basin.

The increase in modeled thrust‐belt topographic loads during the Santonian–Maastrichtian (~86–66 Ma) in
the Helena Salient and the Canadian Rocky Mountains (Figure 8) also coincides with movement on major
thrust systems in these regions. Unlike the Wyoming Salient, Late Cretaceous motion on thrusts in the
Helena Salient and Canadian Foreland‐Fold and Thrust Belt was focused in the late Santonian–
Maastrichtian (Hardebol et al., 2007; Pană & van der Pluijm, 2015). In the Helena Salient, this included
emplacement of several km of Proterozoic–early Paleozoic rocks over a major crustal ramp along the
Lewis thrust between 83 and 75 Ma (Fuentes et al., 2012), and movement on the Jefferson
Canyon‐Lombard fault after 77 Ma (see Figure 3c for locations) (Harlan et al., 2008). In the Canadian
foreland‐fold and thrust belt, the Lewis thrust system deforms and therefore postdates Turonian strata
(< ~90 Ma) (Larson & Price, 2006; Price, 1994). Emplacement of the linked Lewis‐Bourgeau thrust system
spanned 85–59 Ma (Simony & Carr, 2011), with a major pulse in the Campanian (Feinstein et al., 2007;
Pană & van der Pluijm, 2015; van der Pluijm et al., 2006). These interpretations are consistent with previous
attribution of Campanian–Maastrichtian foreland subsidence to enhanced flexural loading (Fanti &
Catuneanu, 2010; Pană & van der Pluijm, 2015).

Modeled relief from the Late Cretaceous Canadian Rocky Mountains is 2.8 ± 0.5 km (sum of Profiles 10 and
26). There are few previous estimates of Late Cretaceous paleoelevation estimates for southern British
Columbia. Fan and Dettman (2009) estimated paleoelevation of 4.3 ± 1.0 km by comparing the oxygen iso-
tope composition paleosol carbonates which record in situ, low‐elevation precipitation to carbonate from
bivalves that lived in rivers interpreted to drain high elevations. Paleoelevation estimates are available from
Eocene strata in the orogenic hinterland in southern British Columbia. These paleoelevation estimates,
which are based on stable isotope compositions of carbonates, volcanic glass, and shear zone micas, and
paleoflora analysis range from 2.2–4.9 km (Foster‐Baril, 2017; Mix et al., 2011; Mulch et al., 2007; Smith
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et al., 2009). Common to all previous estimates is a reliance on proxies that are dependent on isotopic lapse
rates, precipitation amounts, or temperature and so may be influenced by climate change. The flexural
modeling‐based results therefore provide an independent estimate of Late Cretaceous paleoelevation and
favor intermediate paleoelevations in the Late Cretaceous.
6.2.2. Laramide Province
6.2.2.1. Powder River and Bighorn Basins
Apatite fission track (AFT) ages in the Laramie range document Late Cretaceous (82–65 Ma) exhumation,
but lack any evidence for younger, Cenozoic exhumation (Cerveny, 1990; Peyton & Carrapa, 2013). This is
consistent with topographic growth based on flexural modeling which shows a single Late Cretaceous epi-
sode of development of topography in the Laramie range, but none in the Cenozoic. Cenozoic subsidence
in the Powder River Basin is interpreted to be driven by exhumation of the Bighorn Range to the west.
Fan and Dettman (2009) concluded that the late Paleocene Bighorn Range was at a paleoelevation of
4.5 ± 1.3 km, which is comparable to the flexurally modeled topographic relief of 3.2 ± 0.5 km. The data
set presented here does not discriminate between earlier or later uplift of the Bighorn Range relative to
the Beartooth Range (Cerveny, 1990; Omar et al., 1994; Peyton & Carrapa, 2013; Peyton et al., 2012), but
it is consistent with a single episode of latest Cretaceous–Cenozoic exhumation in both cases.
6.2.2.2. Wind River and Northern Green River Basins
The cumulative topographic loading of 3.5 ± 0.5 km between the Campanian and Eocene documented in the
Wind River Basin (Profiles 22, 23, and 36) and attributed to the Owl Creek Uplift is comparable to the
3.4 ± 0.7 km elevation calculated based on stable isotope paleoelevation (Fan et al., 2011). Similarly, the
cumulative loading of 3.2 ± 0.4 km documented in the NW Green River Basin and attributed to the Wind
River Uplift (Profiles 21 and 37) is within uncertainty of the paleoelevation estimated by Fan et al. (2011).
Fan et al. (2011) attribute this entire uplift event to the lower Eocene boundary between the Indian
Meadows and Wind River formations (~54.5–53 Ma). However, AFT ages from the Wind River Uplift docu-
ment cooling in the Campanian–Paleocene (Cerveny & Steidtmann, 1993; Fan & Carrapa, 2014; Peyton &
Carrapa, 2013; Peyton et al., 2012). Combined with the subsidence pattern from the adjacent Green River
Basin, this suggests that topography in the Wind River Range likely grew more slowly during the Late
Cretaceous, with more rapid growth in the Paleocene–early Eocene. We conclude that the stable isotopic
compositions observed by Fan et al. (2011) accurately reflect the topography of the mountains surrounding
the basin, but that the timing of the isotopic shift is likely due to a change in fluvial networks (i.e., a prove-
nance change) rather than directly recording the timing of attainment of high elevations. Campanian AFT
ages from the Granite Mountains in the northeastern Green River Basin support that exhumation was
ongoing in the Maastrichtian, consistent with the model results (Cerveny, 1990). However, the lack of addi-
tional thermochronology or paleoelevation research limits further comparison of this uplift to model results.
6.2.2.3. Southern Green River Basin
In the southwest Green River Basin, flexural modeling indicates that surface loading by the UintaMountains
increased from ~200–400 m in the Campanian to ~1,200 m in the Paleocene–early Eocene before reducing
again to ~650 m in the late Eocene. Preliminary development of topography in the Campanian is consistent
with northward‐oriented paleoflow indicators from the Campanian Ericson Sandstone exposed on the north
flank of the Uinta Mountains (Leary et al., 2015) and with a cessation of delivery of detritus derived from
north of the Uinta Mountains to the Book Cliffs area (Bartschi et al., 2018). The major increase in relative
topography between the Late Cretaceous and Paleogene is also consistent with the findings of Gao and
Fan (2018) based on a decrease in δ18O values of carbonate cement in sandstones. Their record provides
greater resolution than our flexural modeling and indicates that the increase in elevation occurred between
the lower Paleocene lower Fort Union Formation and the upper Paleocene upper Fort Union Formation or
Eocene Wasatch Formation. Nevertheless, the cumulative relative elevation gain between the Late
Cretaceous and Eocene of ~2.1 ± 0.4 km (estimated from Profiles 16, 17, 33, and 34) is within uncertainty
of the 2.5 ± 1.2 km estimated based on stable isotope paleoaltimetry (Gao & Fan, 2018).
6.2.2.4. Piceance Basin
AFT ages from the White River Uplift indicate rapid cooling between 63 and 34 Ma (Landman &
Flowers, 2013; Naeser et al., 2002; Peyton & Carrapa, 2013), consistent with the observed Paleocene–
Eocene subsidence. However, there is no thermochronologic evidence for an earlier, Maastrichtian episode
of loading which is documented in the subsidence record of the Piceance Basin (profile 14). There are several
potential explanations for this anomaly. The first is that exhumation related to Rio Grande rifting (Naeser
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et al., 2002) or regional Neogene dynamic uplift due to mantle upwelling documented by anomalously low
seismic velocities (the Aspen and San Juan anomalies) (Karlstrom et al., 2012; Kelley et al., 2010) resulted in
erosion of rocks recording the earlier exhumation history. Alternatively, Late Cretaceous subsidence may
have been driven by exhumation to the east of the White River Uplift, such as the Park Range which does
document Maastrichtian exhumation (Cerveny, 1990; Kelley, 2005).
6.2.2.5. Denver Basin
AFT ages and models indicate that the onset of exhumation in the Front Range began in the Campanian,
consistent with subsidence modeling (Bryant & Naeser, 1980; Kelley & Chapin, 1997; Kelley &
Chapin, 2004; Naeser et al., 2002). AFT models indicate that the exhumation continued into the Cenozoic.
However, south of ~39.75°N (i.e., south of Denver) the AFT partial annealing zone is preserved along the
eastern Front Range (Kelley & Chapin, 2004). This suggests that there has been less exhumation along the
range front to the south than to the north, consistent with the decreased magnitude of subsidence during
the Eocene relative to the Campanian–Maastrichtian (Raynolds, 2002).
6.2.2.6. Laramide Summary
Consistency among the thermochronologically determined timing of exhumation, the magnitude of surface
uplift based on stable isotope paleoaltimetry, and development of topography based on flexural modeling
lends confidence that modeling produces reasonable constraints on paleotopography. While determining
surface loading based on flexural modeling has inherent caveats (e.g., Royden, 1993), flexural modeling pro-
vides an independent method that compliments techniques of structural restoration, thermochronology,
paleoaltimetry, and basin modeling.
6.2.3. Geodynamic Models of Uplift and Subsidence
Modeled topography shows two stages of uplift, consistent with the observations of Fan and Carrapa (2014):
slow uplift and exhumation in the Campanian–Maastrichtian and more rapid uplift and exhumation in the
Paleocene–Eocene. Below we summarize these new results and compare them with previously published
work to evaluate models for Laramide uplift and basin formation. In both the Campanian–Maastrichtian
(~77–66 Ma) and the Paleocene–Eocene (~66–34 Ma), modeled loads in the Laramide province increased
from south to north, but the uplift gradient is greater and uplift was better correlated with latitude in the
Paleocene–Eocene (Figure 9). During the Campanian–Maastrichtian the greatest loads were associated with
the Granite Mountains, Owl Creek Mountains, and Laramie Range (Figures 9 and 10). Based on modeling,
the greatest Paleocene–Eocene loads were associated with the Beartooth and Bighorn uplifts. Liu et al. (2010)
predict a northward migration of a zone of dynamic subsidence associated with north‐northeast directed
subduction of a conjugate Shatsky Rise. Their model predicts that the region north of 40°N should have tran-
sitioned from absolute uplift to absolute subsidence between the Campanian–Maastrichtian and Paleocene,
which is the opposite of what is observed in the flexural model‐based topography. Heller and Liu (2016)
modified the conclusions of Liu et al. (2010) by comparing the rate of uplift or subsidence to geological phe-
nomena in the western United States. Although the timing of the transition from relative subsidence to rela-
tive uplift matches that observed in the flexure‐based topography model, the geographic pattern does not.
Specifically, the model of Heller and Liu (2016) predicts roughly coeval along‐strike (i.e., north–south) uplift
or subsidence and predicts significant east‐west variability in the timing of uplift. It does not account for the
along‐strike variability or northward increase in uplift seen in both Late Cretaceous and Paleogene flexural
models. Rather, the pattern of uplift observed in the flexural models appears consistent with (1) minor Late
Cretaceous–early Paleocene uplift at the front of a flat slab due to accumulation of bulldozed buoyant con-
tinental mantle lithosphere (Axen et al., 2018) followed by (2) late Paleocene–early Eocene rollback of the
flat slab (Coney & Reynolds, 1977; Constenius et al., 2003; Copeland et al., 2017; Liu & Gurnis, 2010) which
would induce uplift by both isostatic (Humphreys, 2009; Kay & Coira, 2009) and nonisostatic (Buiter
et al., 2002; Liu & Gurnis, 2010; Moucha et al., 2008) mechanisms. Rollback can also drive crustal shortening
as the downgoing plate pulls crustal material into the zone above the rollback hinge, and isostatic rebound
following removal of eclogitized lower crust (Axen et al., 2018) similar to mechanisms associated with dela-
mination of continental lithosphere (Göğüş & Pysklywec, 2008; Krystopowicz & Currie, 2013).

6.3. Temporal Evolution of Effective Elastic Thickness

Comparison of estimates of modern and Late Cretaceous–Paleogene EET of the North American Cordillera
indicates that the modern distribution of EET evolved by the Campanian–Maastrichtian (~77–66 Ma). In the
Laramide province (i.e., south of ~48°N) EET estimates for the Cenomanian–Santonian (~98–84 Ma) are
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approximately 2 times modern EET estimates (Figure 12b). In contrast, Campanian–Maastrichtian EET
estimates are roughly the same as modern EET (Figure 12c). Paleocene–Eocene EET estimates are slightly
lower than modern EET estimates (Figure 12d), consistent with the additional weakening noted above
(Figure 11) and by Gao et al. (2016). We conclude that a significant weakening of the North American
lithosphere occurred between the Santonian and Campanian (i.e., between ~84 and 77 Ma), and minor
additional weakening between the Cretaceous and Paleogene. The lower EET in the Paleocene–Eocene
relative to the modern EET may suggest that there has been some stiffening of the lithosphere via
deepening of the lithosphere‐asthenosphere boundary or thermal or rheological strengthening of the
lithosphere since the Eocene (Burov & Diament, 1995).

During the interval that the lithosphere of the Laramide province was undergoing significant weakening,
the lithosphere beneath the Western Canada Basin underwent a moderate increase in EET from ~70 km
to >100 km (Figure 12a). Following this increase in EET, Santonian–Campanian EETs were extremely thick
and comparable to modern EETs. We conclude that processes responsible for the decrease in EET in the
Laramide province did not affect the Western Canada Basin.

6.4. Mechanisms for Weakening the Upper Plate

At least four groups of mechanisms have been proposed to drive weakening of the North American litho-
sphere: (1) heating of the upper plate as a result of the inboard sweep of volcanism associated with shallow-
ing of the subduction angle; (2) heating of the upper plate due to magma generation following slab
steepening; (3) bulldozing of weak lower lithosphere followed by hydration of the North American litho-
sphere during flat subduction; and (4) a combination of (a) bending stresses due to the Sevier topographic
load, (b) decoupling of the crust and mantle, and (c) end‐loading of the North American plate during flat
subduction. We discuss these hypotheses in light of the new constraints on the temporal and spatial distri-
bution of lithospheric strength below.

Figure 12. Comparison of effective elastic thicknesses through time to modern effective elastic thickness. (a) Effective
elastic thickness in the Western Canada Basin is high in the Turonian–Santonian and increases to near‐modern
values by the Santonian–Campanian. (b) Cenomanian–Turonian effective elastic thicknesses are more than twice
modern. (c) Campanian–Maastrichtian and (d) Paleocene–Eocene effective elastic thicknesses are comparable to
modern. All linear fits were forced through the origin. Numbers adjacent to data points correlate to profile locations in
Figure 3.
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Weakening of the North American plate due to heating of the upper plate associated with an inboard sweep
of Laramide arc‐volcanism related to flat slab advance (Figure 2a) is inconsistent with the temporal and spa-
tial trends in weakening determined from flexural modeling. This mechanism would result in weakening
that was coeval with and progressed inboard at the same rate as the advancing slab. The most recent recon-
struction shows that the inboard sweep of magmatism would have begun by ~100Ma, reached the Laramide
province between 100–80 Ma, and reached its inboard‐most location at ~52 Ma (Constenius et al., 2003;
Copeland et al., 2017). However, at the resolution available based on flexural modeling, there is no spatial
diachroneity in the decrease of EET in the Late Cretaceous. Rather, the regional reduction in the strength
of the lithosphere affected all locations modeled in this study between the Santonian and Campanian (i.e.,
between ~84 and 77 Ma). There was only a minor decrease in EET between the Maastrichtian and
Paleogene between 200–450 km from the Sevier thrust front (Figure 11). Our conclusions are similar to those
of Gao et al. (2016), who found that EET within the Wyoming segment of the Laramide province decreased
spatially to the west, but whose data lacked the temporal spread to observe a trend.

Weakening due to lithospheric heating following removal of the flat slab (Figure 2b) is also inconsistent with
the timing of weakening determined from flexural modeling. This hypothesis predicts that weakening
should postdate slab steepening. Whereas the most significant weakening based on flexural modeling
occurred between the Santonian and Campanian (i.e., between ~84 and 77 Ma), the slab did not begin to
resteepen until the Eocene (Constenius et al., 2003; Copeland et al., 2017). Furthermore, the consistency
between the Late Cretaceous and modern distribution of EET suggests that heating due to the Paleogene
magmatic flare‐up had little effect on the bulk strength of the lithosphere.

Bulldozing and hydration of the North American lithosphere during flat subduction (Figure 2c) provides a
partial explanation for upper plate weakening because it is consistent with the timing and extent of weaken-
ing of the North American lithosphere. Bulldozing may have removed the weak lower lithosphere (Axen
et al., 2018), maximizing lithospheric weakening by direct hydration of strong lithospheric material. In
the inverse convectionmodel of Liu et al. (2010) the crest of the shallowly subducting Farallon plate (defined
as the 179 km contour) arrives in the SW portion of the Laramide province between 88 and 80Ma: coincident
with the timing of the primary reduction in lithospheric strength based on flexural modeling (Figure 11).
The lithospheric mantle at depths of 70–150 km below North America currently has anomalously low S
wave velocities, which may reflect hydration‐induced weakening (Sommer & Gauert, 2011; Van Der Lee
& Frederiksen, 2005). The extent of the weak lithospheric mantle inferred from S wave velocities correlates
to the regions of low Late Cretaceous EET identified flexural modeling as well as low modern EET (Tesauro
et al., 2015). Additional Paleogene weakening in the core of the Laramide province (Figure 11) may have
been due to additional hydration during ongoing flat subduction. Hydration of the lithosphere may also
decrease its density (Humphreys et al., 2003), causing broad uplift and potentially contributing to the demise
of the flexural foreland basin in western Wyoming in the Campanian (Painter & Carrapa, 2013).

The combined hypothesis that includes end‐loading of the North American plate, bending stresses due to
Sevier topographic loading, and decoupling of the crust and mantle (Figure 2d) also provides a partial expla-
nation for the spatial and temporal trends in EET. For example, weakening due to end‐loading alone should
have coincided with transmission of stresses due to the initiation of flat subduction at 93–88 Ma (Saleeby
et al., 2007), whereas it is not observed in flexural models until after 84 Ma. Bending stresses due to Sevier
topographic loading may explain the westward decrease in EET observed in all time slices (Figure 11), but
this could also be explained by weakening approaching the attenuated paleocontinental margin. It is unclear
what would drive decoupling of the crust and mantle as there is no evidence for regional crustal thickening
(as opposed to crustal thickening associated with discreet faults) in the Laramide province in the
Campanian–Maastrichtian.

We propose that the sudden Campanian decrease in Cordilleran EET is best explained by weakening as a
result of bulldozing and hydration of the lithosphere. In this scenario, initiation of compressional stress
throughout the upper plate due to end‐loading associated with the onset of flat subduction (Axen et al., 2018;
Livaccari & Perry, 1993) may have driven early minor deformation in the Laramide province (Carrapa
et al., 2019). Later weakening driven by bulldozing and hydration focused stress and strain above the wea-
kened lithosphere, resulting in the onset of significant deformation in the Laramide province. Uplift of
the proximal (western) foreland basin and development of several tectonic unconformities in the
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Campanian (Moxa unconformities 1 and 2, Rudolph et al., 2015) is consistent with isostatic uplift due to a
decrease in density of the lithosphere associated with hydration (Humphreys, 2009; Humphreys et al., 2003)
or uplift over the crest of the flat slab (Dávila et al., 2010; Dávila & Lithgow‐Bertelloni, 2015; Eakin
et al., 2014; Espurt et al., 2010; Jadamec et al., 2013; Kendall et al., 2019).

Weakening of the North American mantle lithosphere allowed individual Laramide structures to localize
along preexisting crustal heterogeneities which may have served to further weaken the lithosphere. The
Campanian–modern EET of the Laramide province is extremely low compared to theoretical considerations
(e.g., Burov & Diament, 1996). This suggests that deformation may have further reduced the integrated
strength of the lithosphere. This additional deformation‐related weakening is supported by observations that
modern EET estimates decrease from the center of the Green River Basin toward the basin‐bounding faults
(Lowry & Smith, 1994; Lowry & Smith, 1995).

7. Conclusions

Monte Carlo flexural modeling of Late Cretaceous–Eocene basin fill from Cordilleran foreland basins from
New Mexico to southern Canada reveals both spatial and temporal variation in EET. Throughout the Late
Cretaceous–Eocene, we observe an east‐to‐west decrease in EET. This spatial decrease in EET may be asso-
ciated with either bending stresses associated with the Sevier thrust‐belt, or increased proximity to attenu-
ated continental crust at the paleocontinental margin.

Campanian–Maastrichtian focusing of Laramide deformation and basin formation was concurrent with and
was caused by a sudden EET reduction. EET estimated from Campanian–Maastrichtian (~77–66 Ma) sub-
sidence patterns are reduced by about half relative to Cenomanian–Santonian (~98–84 Ma) estimates.
There may have been an additional, minor decrease in EET at the eastern edge of the Laramide province
between the Maastrichtian and Paleocene–Eocene; the latter change in EET is however poorly resolved in
our data set. In contrast, the lithosphere was much stronger in the Western Canada Basin, did not experi-
ence significant weakening as is seen to the south, and did not undergo Laramide deformation. This illus-
trates that in the absence of flat subduction, the upper plate did not weaken, and Laramide deformation
did not occur.

The timing of the sudden decrease in EET is most consistent with weakening of the North American litho-
sphere by hydration following bulldozing of the lower lithosphere by a shallowly subducting Farallon slab.
Hydration and the attendant weakening may have served to focus plate‐wide contractional stress introduced
by end‐loading at the onset of flat subduction. Hydration and weakening of the North American lithosphere
thus controlled both the spatial extent and timing of Laramide deformation. Laramide deformation, in turn,
may have further reduced the EET by reducing the strength of the upper crust. Thus, the Laramide orogeny
was, in part, a consequence of lithospheric weakening. The genetic linkage between flat slab subduction and
the reduction in EET suggests that the extent of flat subduction can be mapped by changes in the EET in the
Late Cretaceous.

Late Cretaceous, Paleogene, and Holocene EET values are similar in our study area, suggesting that the
modern lithospheric structure was developed during Late Cretaceous flat subduction. This evolution pro-
foundly changed the rheology of the western continent, and resulted in a physical state that approaches
the present day in terms of the strength of the lithosphere.

Data Availability Statements

Data sets and results are available at this site (https://doi.org/10.5281/zenodo.3662883). Software is available
at this site (https://doi.org/10.5281/zenodo.3662805).
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