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Location, extent, and magnitude of dynamic topography in
the Late Cretaceous Cordilleran Foreland Basin, USA: New
insights from 3D flexural backstripping
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1 | INTRODUCTION

Foreland basins, which form as elongate troughs par-
allel to fold-and-thrust belts along convergent plate
boundaries, ultimately owe their existence to flexure of
the lithosphere caused by loading (Allen & Allen, 2013;
Watts, 2001). At present, most foreland basin models
emphasize the importance of flexural subsidence caused
by supracrustal loadings, such as orogenically thickened
crust and the sediment and water filling in the basin
(Angevine et al., 1990; DeCelles, 2012). A generic foreland
basin formed dominantly by flexural subsidence consists
of four discrete depozones: wedge top, foredeep, forebulge
and backbulge (DeCelles & Giles, 1996). The width and
geometry of a foreland basin generated dominantly by the
loading of a thrust sheet are subject mainly to the flexural
rigidity of the lithosphere and the size of the orogenic load
(Allen & Allen, 2013; Beaumont, 1981;DeCelles, 2012;
Jordan, 1981). For a given load, the basin developed on
a stiffer lithosphere (higher rigidity) would be charac-
terized by less subsidence and the forebulge located at
a greater distance from the thrust load (DeCelles, 2012;
Jordan, 1981).

In foreland basins, particularly those formed in ret-
roarc settings, the dynamic coupling between the sub-
ducting oceanic plate and the overlying plate is another
important process controlling the basin development
(Burgess et al., 1997; Gurnis, 1992; Mitrovica et al., 1989).
The subsidence and uplift of the lithosphere caused by the
dynamic coupling are collectively termed dynamic topog-
raphy (Mitrovica et al., 1989; Richards & Hager, 1984). For
instance, the downward drag associated with the viscous
mantle corner flow above a subducting plate can result
in dynamic subsidence (Burgess et al., 1997; Davila &
Lithgow-Bertelloni, 2015). Due to the large-scale mantle
flow, the effect of subcrustal loading can translate to much
larger distances (ca. 1000km) from the subduction zone
andlead tosubsidencein areasfarther away(>400 km)from
the fold-thrust belt (Burgess & Moresi, 1999; Catuneanu
et al., 1997; Gurnis, 1992; Mitrovica et al., 1989). Dynamic
uplift may result from slab flattening when an aseismic
ridge with thickened crust on the oceanic lithosphere is
subducted, under which condition the negative buoyancy
of the subducting plate and the dynamic coupling be-
tween the mantle and the lithosphere are greatly reduced
(Déavila & Lithgow-Bertelloni, 2015; Heller & Liu, 2016).
Unlike the flexural subsidence generated by a topographic
load, the effects (e.g., location and magnitude of subsid-
ence/uplift) of mantle-induced dynamic topography re-
main less well understood, largely due to the complex
heterogeneity in the Earth's mantle (Flament et al., 2013;
Koppers et al., 2021; Liu, 2015; Liu et al., 2008; Richards
& Hager, 1984).
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Highlights

« 3D flexural backstripping has been applied to
the Cordilleran foreland basin (CFB) for the
first time.

« Dynamic topography started to influence the
CFB in 90-80 Ma and became the dominant
subsidence mechanism in 80-75 Ma.

» The gross dynamic topography (i.e., subsidence
and uplift) in the Late Cretaceous CFB is 500-
600 m.

« The effects (e.g., location, extent, and rate) of
dynamic topography are transitory.

« 3D flexural backstripping more accurately de-
picts tectonic subsidence and uplift trend than
isopach maps.

Although dynamic topography has been increasingly
recognized as an important subsidence mechanism in
retroarc foreland basins (Chang & Liu, 2020; Davila &
Lithgow-Bertelloni, 2015; DeCelles, 2012; Lazauskien
et al., 2002; Li & Aschoff, 2022a; Liu et al., 2014; Painter
& Carrapa, 2013; Shephard et al., 2010; Tufano &
Pietras, 2017), clear discrimination between tradition-
ally recognized flexural subsidence and dynamic sub-
sidence remains challenging. Considering the North
American Cordilleran foreland basin (CFB) formed by
subduction of the oceanic Farallon plate beneath the
North American plate, it has long been recognized that
the combined effects of flexural loading and eustasy are
not enough to account for the kilometre-thick sedimen-
tary deposits in the interior of the basin (>300km away
from the thrust belt; Bond, 1976; Cross & Pilger, 1978).
The additional subsidence needed to explain the stratal
thickness and the eastward shift in depocenter has
been attributed to dynamic subsidence caused by the
cold oceanic lithosphere being subducted at a shal-
low angle below the overlying continental lithosphere
(Gurnis, 1992; Heller & Liu, 2016; Liu et al., 2011;
Mitrovica et al., 1989; Painter & Carrapa, 2013).
Nevertheless, the spatio-temporal effects (e.g., location,
extent and magnitude) of dynamic topography in the
CFB remains poorly constrained. Although geodynamic
modelling can shed some light on the location and
amount of dynamic subsidence (and uplift) in such con-
vergent systems, results from different models inevita-
bly depart in detail due to many inherent uncertainties
in solid Earth parameters (e.g., the subduction geome-
try, age of the subducted oceanic crust, rheology of the
mantle; Liu & Gurnis, 2010; Humphreys et al., 2015;
Koppers et al., 2021).
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Many studies have attempted to constrain the effects
of dynamic topography (particularly dynamic subsid-
ence) recorded in the stratigraphic record of CFB (Cross &
Pilger, 1978; Li & Aschoff, 2022a; Liu et al., 2011; Painter
& Carrapa, 2013). One of the common methods to ex-
amine the effects of different subsidence mechanisms
is based on isopach maps (stratal thickness). Cross and
Pilger (1978) first attributed the broad depocenter in south-
ern Wyoming, central and northern Colorado and eastern
Utah revealed on the Campanian to Maastrichtian isopach
map to subcrustal loading or cooling associated with the
shallowing subduction of the oceanic lithosphere. Isopach
maps developed from subsequent studies generally agree
with the presence and location of this broad depocenter
during this time (Roberts & Kirschbaum, 1995), and the
distance between the fold-thrust belt and the depocenter
serves as one of the most important criteria to distinguish
dynamic subsidence (long-wavelength) from flexural
subsidence (short-wavelength; Burgess & Moresi, 1999;
Liu & Nummedal, 2004; Spasojevic et al., 2009). More re-
cent isopach maps with more control points indicate that
dynamic subsidence became the dominant subsidence
mechanism in the CFB at ca. 80 Ma (Li & Aschoff, 2022a;
Painter & Carrapa, 2013). Although isopach maps can
portray the long-term tectonic subsidence pattern, and
thus help constrain the location of dynamic subsidence,
they cannot directly reveal the magnitude of different tec-
tonic subsidence mechanisms (regardless of the origin).
This is because stratal thickness represents the compacted
thickness of sediments that once filled the accommoda-
tion generated by the combined tectonic subsidence, eu-
stasy and the weight of the infilling sediments and water
(Angevine et al., 1990; Sclater & Christie, 1980; Steckler &
Watts, 1978).

To extract tectonic subsidence from the stratigraphic re-
cord, the effects of compaction, sediment loading, eustatic
changes and water depth need to be removed through
a process termed backstripping (Allen & Allen, 2013;
Angevine et al., 1990; Sclater & Christie, 1980; Steckler
& Watts, 1978). A number of studies have applied the 1D
backstripping technique based on local (Airy) isostasy (as-
suming the lithosphere has no lateral strength) using geo-
physical well logs to compare the subsidence trend across
the CFB (Heller et al., 1986; Heller & Liu, 2016; Martinson
etal., 1998). Although 1D backstripping is a relatively sim-
ple process and requires far less data (i.e., 1D stratigraphic
sections or geophysical well logs), it is not as accurate for
interpreting basin subsidence as flexural backstripping.
This is especially the case for highly asymmetrical fore-
land basins like the CFB, in which the flexural effects of
the wedge-shaped sediment fill can be too significant to
be ignored (Chang & Liu, 2019; Pang, 1995). Indeed, a few
previous studies have applied 2D flexural backstripping

(based on 2D stratigraphic cross sections) to investigate
the subsidence history of the CFB. Although these stud-
ies all point out that the tectonic subsidence in the CFB
likely is the combined result of flexural subsidence and
dynamic subsidence (Liu et al., 2011; Liu et al., 2014; Pang
& Nummedal, 1995), the magnitude of dynamic subsid-
ence calculated through 2D flexural backstripping is still
not accurate enough because the likely variation in sedi-
ment thickness (i.e., flexure caused by sediment loading)
off the cross-sections was not considered. A more accurate
approach to constrain the magnitude of dynamic subsid-
ence is 3D flexural backstripping, which, to the authors'
knowledge, has not yet been implemented in the CFB.

To better understand the tectonic subsidence history
of the CFB, the 3D flexural backstripping technique was
applied to the Upper Cretaceous strata in the central part
of the CFB (Wyoming, Utah, Colorado and New Mexico).
This stratigraphic interval and geographic area were cho-
sen because: (1) dynamic topography is documented to
have played a significant role in these areas during the Late
Cretaceous (Aschoff & Steel, 2011; Heller & Liu, 2016; Li
& Aschoff, 2022a; Liu et al., 2011; Liu et al., 2014; Liu &
Gurnis, 2010) and (2) the extensive outcrop to subsurface
dataset here allows the development of a series of high-
resolution isopach maps (Li & Aschoff, 2022a), which are
an important prerequisite for 3D flexural backstripping
(Pang, 1995). As the first 3D flexural backstripping study
in the CFB, this study provides a quantitative charac-
terization of the location, extent, magnitude and rate of
dynamic topography through time (including both sub-
sidence and uplift) in the CFB, which is critical to con-
strain and refine the current geodynamic model of mantle
flows and the resulting dynamic topography in oceanic-
continental convergent systems.

2 | GEOLOGIC CONTEXT

The geology of western North America was largely con-
trolled by the subduction of the Farallon plate beneath the
North American plate from Jurassic to Paleogene time.
The compressive forces associated with plate convergence,
combined with conductive heating initiated by subduc-
tion, led to crustal thickening in orogenic belts such as the
Sevier fold-thrust belt (DeCelles, 2004; Livaccari, 1991).
In response to crustal loading, the CFB developed coeval
with the folding and thrusting as a broad retroarc foreland
basin on the eastern margin of the Sevier fold-thrust belt
(Figure 1a; Kauffman, 1985; Kauffman & Caldwell, 1993).
Throughout the Late Cretaceous, the Sevier fold-thrust
belt propagated irregularly eastward, as did the CFB
(DeCelles, 2004; Haque et al., 2020; Liu et al., 2005). In ad-
dition to short-wavelength (<300km) flexural subsidence,
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FIGURE 1 (a)Regional index map of the western U.S. including the Sevier fold-thrust belt, Laramide province and Cordilleran
magmatic arc (modified from DeCelles, 2004; Yonkee & Weil, 2015). The dashed red box indicates the extent of our study area. Approximate
locations of the conjugate Shatsky Rise during 90-65ma from Liu et al. (2010) and Humphreys et al. (2015) are shown. The legend of
different structural features applies to all maps shown in this study. (b) Map of the study area showing the outcrops of Upper Cretaceous
strata and multiple basins and regions. The map also shows Sevier (thin-skinned) thrusts (DeCelles, 2004) and Laramide (thick-skinned)
structures (Dickinson et al., 1988; Yonkee & Weil, 2015) that were active at different times through the Late Cretaceous. Black and red dots
indicate the locations of 627 geophysical well logs in our dataset. Well logs used for decompaction are indicated by red dots.

dynamic subsidence induced by large-scale mantle down-
welling associated with the flat subduction of the Farallon
slab has been increasingly recognized to play an important
role in producing long-wavelength (e.g., >400km away
from the Sevier fold-thrust belt), regional-scale subsidence
in the CFB (Chang & Liu, 2019; Heller & Liu, 2016; Leary
et al., 2015; Li & Aschoff, 2022a; Painter & Carrapa, 2013).

Late Cretaceous subsidence in the CFB is generally
considered to have occurred in three distinct phases.
During Cenomanian to Coniacian time, the CFB was char-
acterized by a narrow, deep depocenter adjacent to the
Sevier orogenic belt (Cross & Pilger, 1978;DeCelles, 2004;
Roberts & Kirschbaum, 1995). Starting in the Santonian,
the isopach pattern characteristic of flexural sub-
sidence becomes diffuse (DeCelles, 2004; Roberts &
Kirschbaum, 1995). By early Campanian, the depocen-
ter in CFB became broader and migrated away from the
thrust front, indicating a greater component of long-
wavelength dynamic subsidence, which has been consid-
ered to be the result of large-scale mantle downwelling
flows associated with the flat subduction of the Farallon
slab under the North America (Chang & Liu, 2020; Li &
Aschoff, 2022a; Liu et al., 2011; Mitrovica et al., 1989;
Painter & Carrapa, 2013). Previous studies have linked

the development of the flat subduction of the Farallon
Plate to the subduction of a buoyant oceanic plateau—
the conjugate Shatsky Rise (Humphreys et al., 2015; Liu
& Currie, 2016; Liu & Gurnis, 2010; Livaccari et al., 1981;
Saleeby, 2003). Despite differences in details, several
geodynamic models have indicated that the conjugate
Shatsky Rise, if it existed, would have collided with North
America near what is now southern California between
90 and 85Ma and generally moved in a northeast arcu-
ate path across the Colorado Plateau, Colorado Rocky
Mountains and the Great Plains between 85 and 65Ma
(Figure 1a; Liu & Gurnis, 2010; Humphreys et al., 2015).
During the late Campanian to Paleogene (starting at ca.
75Ma), deformation within the CFB became dominantly
thick-skinned (i.e., Laramide orogeny), and the CFB be-
came locally segmented by intraforeland Laramide-style
basement-cored uplifts (Bartschi et al., 2018; Dickinson
et al., 1988; Lawton, 2008; Lynds & Xie, 2019; Yonkee &
Weil, 2015) (Figure 1). These Laramide-style uplifts can
cause flexure in adjacent areas and likely would locally in-
terfere with the flexural subsidence caused by loading of
the Sevier fold-thrust belt and mantle-induced dynamic
subsidence (Aschoff & Steel, 2011; Heller & Liu, 2016; Li
& Aschoff, 2022a; Saylor et al., 2020).
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The combined effects of flexural loading, dynamic
subsidence and global eustatic high throughout the Late
Cretaceous resulted in the development of an epicontinen-
tal seaway known as the Western Interior Seaway (WIS;
Kauffman, 1977; Kauffman, 1985; Chang & Liu, 2020).
The most extensive flooding of the seaway occurred in the
early Turonian when the WIS extended from the Arctic
Ocean to the Gulf of Mexico, and more than one-third
of North America was inundated (Figure 1). Deposition
during the early Late Cretaceous was characterized by
fully marine to marginal marine systems fed by nonma-
rine systems derived from the Sevier fold-thrust belt to the
west (Laskowski et al., 2013). After the peak transgression
during the early Turonian, the WIS gradually retreated
from the continental interior but was interrupted by sev-
eral second-order eustatic transgressive-regressive cycles
(Kauffman, 1977). The withdrawal of the WIS led to the
east- to northeast-directed progradation of shorelines and
more widespread nonmarine alluvial-plain to coastal-
plain sedimentation in the foreland basin as nonmarine
depositional systems fed these prograding shorelines
(Bartschi et al., 2018; Li & Aschoff, 2022b). Throughout
the Late Cretaceous, the estimated water depth within
the WIS never exceeded more than a few hundred me-
ters deep (Kauffman, 1985; Sageman & Arthur, 1994;
Weimer, 1984).

3 | METHODS AND DATASET

This study focuses on the Upper Cretaceous strata in
Wyoming, Utah, Colorado and New Mexico (Figure 1)
and is based on the same regional chronostratigraphic
framework used to construct isopach maps in Li and
Aschoff (2022a). The Upper Cretaceous strata in the study
area were divided into four chronostratigraphic intervals
based on ammonite biostratigraphy, sequence stratig-
raphy and geochronologic data, and four isopach maps
spanning 100.5-90.2 Ma, 90.2-80.2 Ma, 80.2-74.6 Ma
and 74.6-66 Ma were produced using a total of 627 geo-
physical well logs (260 of which contain the entire Late
Cretaceous interval; Li & Aschoff, 2022a). The general
workflow of extracting tectonic subsidence through 3D
flexural backstripping is summarized in the following
three steps. For each chronostratigraphic interval: (1) a
decompacted sediment thickness (i.e., total subsidence)
map with a grid resolution of 5 km by 5 km was developed
based on decompaction results of selected well logs, (2)
the spatial distribution of flexure due to sediment load-
ing was calculated from the decompacted sediment thick-
ness map using gFlex (Wickert, 2016), an open-source
Python script that solves the general flexure equation and
(3) the tectonic subsidence was derived by subtracting the

calculated flexure from the total subsidence (Watts, 2001).
The detailed procedures, as well as uncertainties and er-
rors, involved in each step are described below.

3.1 | Decompaction and development of
total subsidence maps

Decompaction corrects the effects of sediment compac-
tion and restores the stratal thickness to the original
depositional thickness in the absence of overburden.
The decompacted sediment thickness, incorporated with
changes in paleowater depth, represents the total subsid-
ence (Allen & Allen, 2013; Angevine et al., 1990; Steckler
& Watts, 1978). With a porosity-depth relationship and
the assumption that the rock grain volume is conserved
during compaction, decompaction is a fairly straightfor-
ward process. This study followed the standard procedure
of decompaction described in Angevine et al. (1990) and
Allen and Allen (2013). The empirical porosity-depth re-
lationships and compaction constants used for different
lithologies are from Sclater and Christie (1980).

Although this study focuses on only the Upper
Cretaceous strata, compaction was not limited to just
these strata; rather, it occurred over the entire sedimen-
tary cover above the crystalline basement. Ignoring the
compaction of overlying and underlying strata would
lead to inaccurate decompacted sediment thickness of the
Upper Cretaceous strata (Pang, 1995). Therefore, 223 rela-
tively deep wells (i.e., wells containing Upper Cretaceous
and post-Cretaceous strata) for decompaction were se-
lected because the thickness of post-Cretaceous strata can
be better constrained. The remaining 404 well logs used in
the dataset either contain incomplete Upper Cretaceous
strata or are located near uplifted areas. The thickness
of pre-Upper Cretaceous strata was determined based
on the difference between the basement depth (Marshak
et al., 2017) and the depth at the base of the Upper
Cretaceous strata. The stratigraphic framework (average
lithology vs. age) used in decompaction differs across the
study area for the Upper Cretaceous strata and is summa-
rized in Appendix A in Supporting Information. For both
the pre- and post-Upper-Cretaceous strata, an average
shaly sandstone lithology was used. The decompaction
results were also divided into the same four chronostrati-
graphic intervals spanning 100.5-90.2 Ma, 90.2-80.2 Ma,
80.2-74.6 Ma and 74.6-66 Ma. The API of all decompacted
well logs and decompaction results are provided in the
Supporting Information.

For the 223 well logs that were decompacted based
on empirical porosity-depth relationships, strong linear
relationships (R*>.92) exist between the stratal thick-
ness and decompacted sediment thickness for all four
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chronostratigraphic intervals (Figure 2). The linear regres-
sion equations between stratal thickness and total subsid-
ence (Figure 2) were then applied to the remaining 404
well logs that contain only partial Upper Cretaceous strata
(due to uplift or shallow well depth) to calculate the de-
compacted sediment thickness from the stratal thickness
of a given chronostratigraphic interval. This step provides
more control points to better constrain the spatial variabil-
ity in decompacted sediment thickness by incorporating
more well logs that cannot be appropriately decompacted.
For each chronostratigraphic interval, the amount of de-
compacted sediment thickness at areas away from the
control points was interpolated in ArcGIS using a natural
neighbour technique to develop a decompacted sediment
thickness map with a grid resolution of 5 km (both hori-
zontal and vertical). The natural neighbour technique was
selected over other interpolation methods (e.g., inverse
distance weighing and kriging) because: (1) the interpo-
lated results best represent the data and are virtually free
of interpolation artefacts and (2) the transitions between
data points are smooth.

Theoretically, once compaction corrections have
been made, the change in water depth (AW,) during a
given chronostratigraphic interval is simply added in to

produce the total subsidence. However, for the purpose of
this study, changes in water depth can be considered neg-
ligible. This is particularly the case for the 90.2-80.2 Ma
and 80.2-74.6 Ma chronostratigraphic intervals because
the paleoshoreline shoreline and the distribution of dif-
ferent paleogeographic environments (intimately linked
to water depth) did not change significantly during these
two time intervals (Li & Aschoff, 2022b)—most part
along the generally north-south-oriented paleoshoreline
shifted <100km laterally (westward or eastward) during
each time interval (Figure 3). For the 100.5-90.2 Ma and
74.6—-66 Ma time intervals, the areas with the largest de-
compacted sediment thickness correspond to continen-
tal to proximal shallow marine environments (<100km
from the paleoshoreline; Li & Aschoff, 2022b)—changes
in water depth at these areas are much smaller in mag-
nitude (<5%) compared to the largest decompacted sedi-
ment thickness.

Admittedly, neglecting changes in water depth
would underestimate and overestimate the total sub-
sidence in the distal (eastern) areas (where water
depth was supposedly the largest) for the 100.5-
90.2 Ma and 74.6-66 Ma time intervals, respectively.
This is because the eastern study area experienced

FIGURE 2 Strong linear relationships exist between the stratal thickness and total subsidence for all four chronostratigraphic intervals
focused in this study. Data points for each plot are the same and from the 223 wells used for decompaction (indicated by red dots in

Figure 1b).
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FIGURE 3 Decompacted sediment thickness (i.e., total subsidence) maps of Cenomanian to late Turonian (100.5-90.2 Ma; a),
late Turonian to middle Campanian (90.2-80.2 Ma; b), middle Campanian to late Campanian (80.2-74.6 Ma; c), middle Campanian to
Maastrichtian (74.6-66 Ma; d). For each map, red dots indicate well logs used for decompaction, whilst the decompacted sediment thickness

at well logs marked by black dots was calculated using the empirical relation shown in Figure 2. The total subsidence pattern resembles the

isopach pattern (Li & Aschoff, 2022a) due to the strong linear relationships between stratal thickness and decompacted sediment thickness
(Figure 2). The shoreline locations at 90.2, 80.2 and 74.6 Ma are shown in (a), (b) and (c), respectively. The study area was dominated by
continental environments at 100.5 and 66 Ma. The legend and abbreviations for structural features can be found in Figure 1.

overall transgression and regression during the 100.5-
90.2 Ma and 74.6-66 Ma, respectively. Still, the mag-
nitude of water depth change in the eastern study
area during these two time intervals is likely <100 m
(Heller & Liu, 2016; Pang, 1995), <10% of the larg-
est decompacted sediment thickness (i.e., ca. 800 m
for 100.5-90.2 Ma and 1800 m for 74.6-66 Ma). Based
on the above reasons, the decompacted sediment
thickness maps were considered good representa-
tions of total subsidence maps for the four time in-
tervals. Another practical reason not to correct water
depth on the map scale is the rather limited number

of unequivocal control points of water depth across
the study area, which may lead to significant and un-
expected errors when interpolating the water-depth
change between control points. Without a confident
map illustrating the change in water depth across the
study area during each chronostratigraphic interval,
it is meaningless to correct the corresponding de-
compacted sediment thickness maps. Therefore, the
decompacted sediment thickness maps were used as
substitutes for total subsidence maps, which served
as input data to calculate the flexure due to sediment
loading in the next step.



LI AND ASCHOFF

Basin EAGE _WI LEYM

TABLE 1 Parameters used to calculate flexure due to sediment loading in gFlex. The corresponding elastic thickness of 10%, 10** and

4x10* Nm are 22.4, 48.3 and 76.6 km, respectively

Parameter

Young's modulus (GPa)
Poisson's ratio

Mantle density (kg/m®)
Sediment density (kg/m?)
Lithospheric rigidity (Nm)

Gravitational acceleration (m/s?)
Computation interval (m)

North, south, west, east boundary condition

3.2 | Flexural unloading of sediment

The original input grid (total subsidence map) was first
expanded (by extrapolating the last values from the edge)
to about 15% from all sides to become a rectangular grid
to avoid edge effects following a similar 3D flexural back-
stripping procedure described in Colleoni et al. (2021).
Next, the flexure due to sediment loading was calculated
from each expanded total subsidence map using gFlex
(Wickert, 2016), a software package designed to compute
flexural deflection for Earth's surface. The expression of
two-dimensional flexure based on the general analytical
solution is (Turcotte & Schubert, 2002):

4 4
DV*wi) =L + D22 45 _p
ox* oy*

0*w
w20y +4pgw =q
where w is the vertical deflection of the plate (m), Ap is the
density contrast (kg/m?) between the mantle and the load-
ing material (water, sediment or a combination of the two),
g is the gravitational acceleration (m/s®) and q (Pa) is the
thrust load function in foreland basin modelling and the
sediment load function in flexural backstripping. D is the
flexural rigidity (Nm) of an elastic plate defined as:

ET?
D=——>"—
12(1-12)

where E is Young's modulus (Pa), v is Poisson's ratio (dimen-
sionless) and T, is the effective elastic thickness (m) of the
plate.

A Young's modulus of 100 GPa was used in this study
for consistency with the estimations of T, of the North
American lithosphere (Bechtel et al., 1990), and the choice
of Poisson's ratio equal to 0.25 is consistent with other sim-
ilar studies (Jordan, 1981; Tufano & Pietras, 2017; White
et al., 2002). Flexural rigidity is an extremely important
parameter in any flexural modelling, but unfortunately, it
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is difficult to constrain because: (1) T, of the continents
has a wide range of values (from 5 to over 100 km; Tesauro
etal., 2015) and (2) it remains poorly known what portion
of the lithosphere behaves elastically on a geological time
scale (Angevine et al., 1990). Therefore, four conditions of
flexural rigidities (equivalent elastic thickness and sources
in parentheses) consistent with those used in previous stud-
ies of foreland basins were used in this study to examine
the effects of flexural rigidity on the flexural backstripping
results. Under the first three conditions, the lithospheric
rigidity was assumed to be constant across the study area
as 102 Nm (22 km; Jordan, 1981; Liu et al., 2014), 10** Nm
(48km; Heller et al., 1988; Pang & Nummedal, 1995),
4x10**Nm (77km; Painter & Carrapa, 2013). Under the
fourth condition, the lithospheric rigidity was assumed
to uniformly increase eastward from 10* to 4x10**Nm
across the study area, consistent with the eastward in-
crease in effective elastic thickness suggested by Bechtel
et al. (1990); Saylor et al. (2020). The effective elastic thick-
ness across the study area was also likely subject to tem-
poral changes (Saylor et al., 2020), highlighting the need
of considering different lithospheric rigidity conditions. A
constant sediment density (2300 kg/m?) was used to calcu-
late flexure caused by loading caused by infilling (partially
compacted) sediments. Input parameters used to calculate
the flexure due to sediment loading in gFlex are summa-
rized in Table 1.

The remaining subsidence was calculated by sub-
tracting the sediment-induced flexure calculated using
gFlex from the total subsidence calculated in step 1
(Watts, 2001). The subtraction was performed only in
the original input grid (total subsidence map without
expansion). It is important to note that the remaining
subsidence still is a composite of tectonics subsidence
(regardless of origin), eustatic sea-level change and re-
lated effects of water loading and water depth. The ef-
fect of ecstatic sea-level change can be neglected based
on two reasons. First, the Late Cretaceous is generally
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considered a period of long-term eustatic high char-
acterized by small changes in sea level. According to
the eustatic history reconstructed from eastern North
America’s passive margin, the magnitude of eustatic
changes during each of the four selected time intervals
is <25m (Miller et al., 2005; Kominz et al., 2008). Such
a small range in sea-level change would only result in
<36 m subsidence based on local (Airy) isostasy. Second,
an unequivocal reconstruction of the Late Cretaceous
eustasy is still lacking. Although many previous studies
have attempted to reconstruct the past eustatic history
at supposedly tectonically stable passive margins, the
lithospheric vertical motions in these areas have been
increasingly documented as subject to dynamic topogra-
phy, the effects of which have not been removed (Morris
et al., 2020; Moucha et al., 2008). Therefore, it is proba-
bly safer to ignore the effects of eustatic changes for the
purpose of this study at this stage. The effects of water
depth and water loading can also be considered negligi-
ble (subtracting water loading from water depth would
even lessen the effects of water depth) based on the rea-
sons outlined in Section 3.1. The remaining subsidence
was therefore attributed mainly to tectonic subsidence.

4 | OBSERVATIONS: SPATIO-
TEM PORAL PATTERNS IN
TECTONIC SUBSIDENCE

For each of the four chronostratigraphic intervals, one
total subsidence map (Figure 3) and four tectonic subsid-
ence maps (Figures 4-7) were developed. Although the
first-order trend revealed by the tectonic subsidence map
is generally consistent with the total subsidence map (or
isopach map) for each time interval, the tectonic subsid-
ence map provides better constraints on the magnitude
and areal extent of tectonic subsidence and uplift. The
subsidence (and uplift) pattern is generally consistent in
the tectonic subsidence maps developed under different
lithospheric rigidity conditions for all four chronostrati-
graphic intervals, with the maximum subsidence/uplift
distinctly changing in areal extent and magnitude de-
pending on the rigidity used—the extent and magnitude
of the maximum subsidence/uplift become larger when
a higher rigidity was used (Figures 4-7).

Cenomanian to late Turonian (100.5-90.2 Ma) tectonic
subsidence maps reveal the maximum tectonic subsidence
(ca. 400m) located in central Utah (Figure 4). Tectonic
subsidence rapidly decreases in magnitude from central
Utah eastward, and the minimum tectonic subsidence (the
smallest positive tectonic subsidence) or even up to ca. 60 m
tectonic uplift (negative tectonic subsidence) depending
on the rigidity scenario was located in northeastern Utah

(Figure 4). This area of minimum tectonic subsidence or
uplift expands further eastward by ca. 100km (to north-
western Colorado) when a higher lithospheric rigidity is
used (Figure 4c). Other than the Moxa Arch area, which
shows up to 30 m of uplift, the Wyoming part of the study
area shows overall low to moderate (<200m) tectonic
subsidence for this time interval (Figure 4), and most of
Colorado is characterized by <100m tectonic subsidence.

Late Turonian to middle Campanian (90.2-80.2 Ma)
tectonic subsidence maps indicate maximum tectonic
subsidence (ca. 1200m) located in north-central Utah,
from where tectonic subsidence generally decreases in
magnitude eastward (Figure 5). An area of moderately
large tectonic subsidence (up to ca. 800m) is located in
southwestern Wyoming. The area of maximum tectonic
subsidence in north-central Utah and the area of moderate
tectonic subsidence are separated by an area of relatively
low tectonic subsidence (<400 m) in the southwestern cor-
ner of Wyoming (the Moxa Arch area). Tectonic subsid-
ence rapidly decreases in magnitude from southwestern
Wyoming eastward (Figure 5). Another area with moder-
ate tectonic subsidence (ca. 400 m) during this time is the
Four Corners area (especially northwestern New Mexico).
Two distinct areas of uplift (or very low tectonic subsid-
ence) are located in southern Utah and northern Colorado
(to southeastern Wyoming). These two areas of uplift (or
very low tectonic subsidence) also expand in extent when
a higher lithospheric rigidity was used (Figure 5).

Middle to late Campanian tectonic (80.2-74.6 Ma)
subsidence maps show a distinctly different tectonic sub-
sidence pattern compared to the earlier two chronostrati-
graphic intervals. The main area of tectonic subsidence
(300-400m) is located in central Colorado to southeast-
ern Wyoming (Figure 6). Three other areas of moderate
tectonic subsidence (200-300 m) seem to be located in the
east of the Moxa arch, southern Utah (the Kaiparowits
Plateau region) and northwestern New Mexico. A local
area of small tectonic subsidence (100-200m) seems to
occur south of the Uinta uplift (Figure 6). All other areas,
especially areas in front of the Sevier fold-thrust belt, are
characterized by very low tectonic subsidence (<100 m) or
even uplift (up to ca. 150m; Figure 6).

Middle Campanian to Maastrichtian (74.6-66 Ma) tec-
tonic subsidence maps show a broad, composite area of tec-
tonic subsidence extending from north-central Colorado to
eastern Wyoming. This composite area comprises at least
four subareas of large tectonic subsidence (>400m), in-
cluding Wind River Basin (up to 1400 m), Washakie Basin
(600-800m), Powder River Basin (400-600m) and western
Denver Basin (400-600m), separated by areas of uplifts or
low tectonic subsidence (<200m). Most areas other than
the broad area of tectonic subsidence show overall low tec-
tonic subsidence (<200 m) or uplift.
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FIGURE 4 Cenomanian to late Turonian (100.5-90.2 Ma) tectonic subsidence maps developed using different rigidity conditions show

the maximum tectonic subsidence (ca. 400 m) is located in central Utah. The lithospheric rigidity is constant in a (10 Nm), b (10**Nm)

and ¢ (4x 10**Nm) across the study area and uniformly increases from west (102 Nm) to east (4 x 10**Nm) in (d). Note the areal extent and

magnitude of tectonic uplift at northeastern Utah become larger when a larger rigidity was used (a-c). The active versus inactive Sevier

thrusts and approximate location of forebulge (thick shaded line) during Turonian are from DeCelles (2004). Well log control points used to

develop all four maps are the same and are only indicated in (d). Red dots indicate well logs used for decompaction. See Figure 1 for legend

of structural features. The colour ramp used in all tectonic subsidence maps (Figures 4-7) is consistent.

5 | INTERPRETATION:
DISCRIMINATION OF DIFFERENT
TECTONIC SUBSIDENCE
MECHANISMS

As the first regional application of 3D flexural backstripping
in the CFB, the new tectonic subsidence maps presented
herein provide more accurate insights into the complex tec-
tonic history of the Late Cretaceous CFB compared to stratal

thickness pattern revealed by earlier isopach maps or flexur-
ally backstripped 2D cross-sections, within which the flexure
due to sediment loading has not been fully removed. In this
section, the temporal and spatial variations in the effects of
different tectonic subsidence mechanisms are first discussed
based on the new tectonic subsidence maps described above
and three tectonic subsidence profiles (Figure 8) across the
central part of the study area (better constrained by control
points). The new and more quantitative constraints of the
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FIGURE 5 Late Turonian to middle Campanian (90.2-80.2 Ma) tectonic subsidence maps developed using different rigidity conditions
reveal the maximum tectonic subsidence (ca. 1200m) is located in north-Central Utah. The lithospheric rigidity is constant in a (10** Nm),

b (10**Nm) and ¢ (4 x 10**Nm) across the study area and uniformly increases from west (10 Nm) to east (4x 10**Nm) in (d). The shape of
the conjugate Shatsky Rise at ca. 80 ma (from Humphreys et al., 2015) is outlined by red dashed lines. Coniacian to Santonian active versus
inactive Sevier thrusts are from DeCelles (2004). Well log control points used to develop all four maps are the same and are only indicated in
(d). Red dots indicate well logs used for decompaction. See Figure 1 for legend of structural features.

effects of dynamic topography revealed in this study are dis-
cussed in the next section (Section 6).

5.1 | Cenomanian to late Turonian
(100.5-90.2 ma)

During the Cenomanian to late Turonian, the tectonic
subsidence pattern in the southern part of the study area

(Utah to Colorado; cross-sections BB' and CC' in Figure 8)
well conforms to the flexural subsidence profile generated
by a topographic loading (DeCelles & Giles, 1996), reflect-
ing dominant flexural subsidence in response to loading
of the Sevier fold-thrust belt. Central Utah (in front of the
Paxton thrust) was located at the foredeep. A distinct fore-
bulge was located in northeastern Utah (to northwestern
Colorado when a larger lithospheric rigidity was used;
Figure 4). Most of Colorado was in the backbulge region
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FIGURE 6 Middle to late Campanian (80.2-74.6 Ma) tectonic subsidence maps developed using different rigidity conditions show

the main area of tectonic subsidence (300-400m) is located from central Colorado to southeastern Wyoming. The lithospheric rigidity

is constant in a (10*Nm), b (10**Nm), and ¢ (4 x 10**Nm) across the study area and uniformly increases from west (10 Nm) to east

(4x10**Nm) in (d). The broad area of tectonic subsidence from north-central Colorado to southeastern Wyoming can be mostly attributed

to dynamic subsidence. Regardless of the lithospheric rigidity, an irregular-shaped (i.e., lunate) subregion (ca. 450 by 150 km) of dynamic

subsidence (>200m) persists (dashed outlines). The shape of the conjugate Shatsky Rise at ca. 80 Ma (from Humphreys et al., 2015) is

outlined by red dashed lines. Campanian active versus inactive Sevier thrusts are from DeCelles (2004). Active Laramide-style uplifts

(Kaibab uplift and moxa arch) during this time interval are from Li and Aschoff (2022b). Well log control points used to develop all four

maps are the same and are only indicated in (d). Red dots indicate well logs used for decompaction. See Figure 1 for legend of structural

features.

(Figures 4 and 8). Meanwhile, a distinct foredeep is not
present in the Wyoming part of the study area, probably
due to the limited extent of the study area (Figure 4). The
Moxa Arch area, characterized by minor uplift, is likely
the forebulge (Figure 8). In this sense, areas east of the

Moxa Arch in Wyoming were interpreted as located in the
backbulge region (Figure 4).

It is interesting to note that the forebulge location re-
vealed by tectonic subsidence maps developed through
3D flexural backstripping, especially if the lithosphere is



LI AND ASCHOFF

132 =
= L wiLEy- Basi veh EAGE

FIGURE 7 Late Campanian to Maastrichtian (74.6-66 Ma) tectonic subsidence maps developed using different rigidity conditions show

a broad, composite area of tectonic subsidence extending from north-central Colorado to eastern Wyoming. The study area was segregated by
common Laramide-style uplifts during this time, which may lead to interpolation artefacts—The pattern in areas far away from control points
should be viewed with caution. The lithospheric rigidity is constant in a (10**Nm), b (10**Nm) and ¢ (4 x 10** Nm) across the study area and
uniformly increases from west (102 Nm) to east (4 x 10**Nm) in (d). Tectonic subsidence from north-central Colorado to eastern Wyoming is
interpreted to be the combined result of flexural subsidence due to lithospheric loading of adjacent Laramide-style uplifts (local sub-depocenters)
and a component of dynamic subsidence in front of the modelled position of the conjugate Shatsky Rise. The shape of the conjugate Shatsky Rise at
ca. 75Ma (from Humphreys et al., 2015) is outlined by red dashed lines. Maastrichtian active versus inactive Sevier thrusts are from DeCelles (2004).
Active Laramide-style uplifts during this time interval are from Li and Aschoff (2022b). Well log control points used to develop all four maps are the
same and are only indicated in (d). Red dots indicate well logs used for decompaction. See Figure 1 for legend of structural features.

relatively less rigid, is slightly west (closer to the thrust sediment loading and extra caution needed when using
front) of that indicated by isopach maps (Figure 4; stratal thickness profile as a proxy for foreland basin
DeCelles, 2004). This highlights the flexural effects of  profile—sediments filling the foredeep would generate
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FIGURE 8 Tectonic subsidence profiles across AA', BB' and CC' based on 3D flexural backstripping results under the fourth condition

of flexural rigidity (i.e., lithospheric rigidity uniformly increases eastward from 10* to 4 x 10** Nm across the study area). The regional

tectonic subsidence pattern for a given time interval is generally consistent regardless of the flexural rigidity condition. Each tectonic

subsidence profile represents the cumulative tectonic subsidence since the Cenomanian (100.5 Ma).

flexure to ‘displace’ the forebulge away from the thrust
front. With the flexure generated by sediment loading
appropriately removed through 3D flexural backstrip-
ping, the more accurate flexural subsidence pattern in
front of the Sevier thrust belt revealed in the new tec-
tonic subsidence maps (e.g., Figures 4 and 5) can provide
useful insights into the spatial restoration of the Sevier
fold-thrust belt (i.e., load scale and its lateral variabil-
ity) during different time intervals. No long-wavelength
subsidence that can be attributed to mantle-induced
dynamic subsidence is present in Figure 4, indicat-
ing mantle-induced dynamic subsidence was likely

negligible in the study area during the Cenomanian to
late Turonian.

5.2 | Late Turonian to middle
Campanian (90.2-80.2 ma)

The main area of tectonic subsidence remained in the
western part of the study area during the late Turonian
to middle Campanian (Figure 5), indicating that flexural
subsidence in response to loading of the Sevier fold-thrust
belt continued to be the dominant subsidence mechanism.
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A distinct foredeep was located in north-central Utah, di-
rectly in front of the Nebo thrust, and a forebulge seems
to be located in northeastern Utah (Figure 5). The fore-
deep in front of the Crawford thrust is, again, probably
not captured by the extent of our study area. The Moxa
Arch area, characterized by relatively lower tectonic sub-
sidence compared to its surrounding areas, can be linked
to the forebulge (Figure 5), which is also consistent with
the results of three-dimensional flexural numerical mod-
elling (Luo & Nummedal, 2012). In this sense, areas east
of the Moxa Arch in Wyoming would be located in the
backbulge zone.

The moderate tectonic subsidence (ca. 400m) at the
Four Corners region most likely represents the long-
wavelength dynamic subsidence because it is located
>400km from the nearest thrust front in southwestern
Utah (Figure 5). Considering the modelled location of
the conjugate Shatsky Rise at ca. 85Ma (Figure 1), the
dynamic subsidence at the Four Corners region can be
attributed to mantle downwelling flows in front of the
buoyant oceanic plateau. Some additional patterns during
this time interval may also hint at the influence of dy-
namic subsidence in the study area. Particularly, the tec-
tonic subsidence pattern in the supposedly forebulge and
backbulge regions during 90.2-80.2 Ma (Figure 8) does not
conform to an idealized flexural profile—uplift or negligi-
ble at the forebulge and minor (a few tens of meters) sub-
sidences in the backbulge region (DeCelles & Giles, 1996).
In both the southern and northern parts of the study area,
the forebulge was relatively stationary (i.e., northeastern
Utah and the Moxa Arch area) since the Cenomanian
(Figure 8). The significant amount of tectonic subsidence,
as well as the eastward increases in the magnitude of tec-
tonic subsidence from the forebulge to ca. 200km east of
it (e.g., from the Moxa Arch area to southern Wyoming
in AA" and from the eastern Uinta Basin to the Piceance
Basin in cross-sections BB’ and CC' in Figure 8), cannot
be explained by only flexural subsidence generated by a
topographic load. Thus, the up to 800 and 500m tectonic
subsidence in southwestern Wyoming and from north-
eastern Utah to the Piceance Basin, respectively, likely
indicates additional subsidence due to dynamic subsid-
ence (Figure 8). In this sense, dynamic subsidence may
have also contributed to the rapid tectonic subsidence in
the foredeep zone in north-central Utah during the late
Turonian to middle Campanian (up to ca. 120m/m.y.),
which had almost tripled from ca. 40 m/m.y. (mostly flex-
ural subsidence) in central Utah during the Cenomanian
to late Turonian, although the increased scale of the Sevier
fold-thrust belt may have also played a role.

Further evidence indicative of dynamic topography in
the study area during this time is the uplift (200 +100m)
in southern Utah, which was located in a supposedly

foredeep region. The uplift here cannot be linked to the ac-
tivity (or quiescence) of the Sevier fold-thrust belt because
the thrust segments in southern Utah (e.g., Blue Mountain
and Iron Springs thrusts) were documented to be active
at this time (DeCelles, 2004). Instead, the uplift in south-
ern Utah can be linked to dynamic uplift, consistent with
the modelled location of the overall buoyant conjugate
Shatsky Rise below this area by 80 Ma (Figure 5).

The tectonic uplift observed in northern Colorado (ex-
tending to southeastern Wyoming) is more enigmatic.
One possible explanation for the tectonic uplift in this
area is the reactivation of basement faults (Weimer, 1984).
It is also possible that the broad area of uplift, as well as
the uplift in southeastern Wyoming, are artefacts caused
by assuming a flexural rigidity that is too high (Figure 5).
Nevertheless, the uplift in northern Colorado persists
regardless of different flexural rigidities. The uplift in
northern Colorado may be linked to a pulse of early (be-
fore 80 Ma) uplift of the northern part of the Front Range,
considering the coincidence in the location and extent
between the depicted uplifted area and the Front Range
(Figures 5 and 8). In this sense, the increased tectonic sub-
sidence in southwestern Wyoming may be linked to flex-
ural subsidence caused by the uplift of the Moxa arch and
the Front Range. In this sense, the broad area of tectonic
subsidence area from central to southwestern Wyoming
may also be an artefact because only two subregions of
moderately large tectonic subsidence (i.e., southwestern
Wyoming and central Wyoming) are constrained by con-
trol points (Figure 5d). And the moderate tectonic sub-
sidence in central Wyoming, therefore, may similarly be
linked to some early basement-involved uplifts (e.g., the
Owl Creek uplift and the Casper arch).

5.3 | Middle to late Campanian
(80.2-74.6 ma)

Tectonic subsidence from central Colorado to south-
eastern Wyoming (area with >100m tectonic subsid-
ence in Figure 6) during the middle to late Campanian
strongly points to the long-wavelength dynamic sub-
sidence based on the large distance (ca. 500 km) away
from the Sevier thrust fronts because a topographic load
is unlikely to generate any distinct flexural topography
at >300km away (DeCelles & Giles, 1996; Jordan, 1981;
Painter & Carrapa, 2013). Moreover, the distinct tec-
tonic subsidence from central Colorado to southeastern
Wyoming cannot be linked to activities of basement
structures (e.g., the Front Range) because the amount of
tectonic subsidence does not distinctly decrease towards
these structures (Figure 8). Considering the recon-
structed locations of the conjugate Shatsky Rise at 80 Ma
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(Figure 6), central Colorado to southeastern Wyoming
were located in front of the buoyant oceanic plateau,
where dynamic subsidence is predicted to be significant.
The coincidence in the timing of the increased subsid-
ence at the east of the Moxa arch and southern Utah
(Figure 6) and uplifts of the Moxa arch and the Kaibab
uplift suggests a possible causal relationship—flexural
subsidence due to loading of these local Laramide-
style uplifts (Heller & Liu, 2016; Rudolph et al., 2015).
For a similar reason, the local west-east trended area
of minor tectonic subsidence south of the Uinta uplift
(Figure 6a,b) could be attributed to the early stage of the
Uinta uplift, consistent with the timing of the Uinta up-
lift (ca. 75Ma) indicated by detrital zircon provenance
data (Bartschi et al., 2018; Lynds & Xie, 2019).

The uplift (or very low tectonic subsidence) in cen-
tral and southwestern Wyoming can be attributed to the
foredeep uplift/rebound during the quiescence phase of
Absaroka thrusts (Liu et al., 2005). This regional-scale
uplift is also supported by the major unconformity at the
base of the Trail Member of the Ericson Formation across
most of Wyoming (Liu et al., 2005; Rudolph et al., 2015).
The uplift (or very low tectonic subsidence) in central
and eastern Utah, however, cannot be explained by fore-
deep rebound because thrusts in central Utah were ac-
tive (DeCelles, 2004). One possible cause of the uplift
in central and eastern Utah is dynamic uplift, consid-
ering that the buoyant conjugate Shatsky Rise migrated
across this area during this time (Figure 7). The uplift
in central and eastern Utah may also be linked to the
San Rafael Swell, the initiation age of which has been
considered as early as ca. 77 Ma (Aschoff & Steel, 2011;
Bartschi et al., 2018).

5.4 | Late Campanian to Maastrichtian
(74.6-66 ma)

The segregated subareas of tectonic subsidence during
the late Campanian to Maastrichtian strongly indicate
flexural subsidence due to lithospheric loading of adja-
cent Laramide-style uplifts because the elongation direc-
tion of these subareas follows the orientation of adjacent
Laramide-style uplifts very well (Figure 7). Still, the broad
composite area of tectonic subsidence extending from
north-central Colorado to eastern central Wyoming,
which has also been revealed in previous studies using
isopach maps (DeCelles, 2004; Jones et al., 2011; Roberts
& Kirschbaum, 1995), likely reflect some degrees of dy-
namic subsidence. Considering the modelled location
of the conjugate Shatsky Rise at 75Ma, the dynamic
subsidence in north-central Colorado to eastern central
Wyoming can be linked to mantle downwelling flows in

front of the oceanic plateau (Figure 8). Another impor-
tant piece of evidence suggestive of dynamic subsidence
is the magnitude of tectonic subsidence in some subareas
(Wind River basin, east Washakie basin) is comparable
to, or even larger than the flexural subsidence in front of
the Sevier fold-thrust belt over the same time duration
(Figures 4 and 5). Considering the relatively local scale of
Laramide-style uplifts, the abnormally large tectonic sub-
sidence in these subareas likely reflects flexural loading
of adjacent basement-involved uplifts and additional dy-
namic subsidence. The magnitude of dynamic subsidence
can be estimated to be 300+100m based on the magni-
tude of ‘background’ tectonic subsidence in the broad area
(Figure 7).

During this time, western Wyoming was located in the
wedge-top zone. The Rock Springs uplift probably also
contributed to the very low tectonic subsidence (<200m)
to even uplift (up to ca. 200m) in southwestern Wyoming
(Figure 7). The low tectonic subsidence and uplift in
northeastern, central and southern Utah are likely re-
sulted from some Laramide-style uplifts (e.g., Uinta uplift,
San Rafael Swell and Circle Cliffs uplift). Another possible
cause of the low tectonic subsidence and uplift in these
areas is dynamic uplift, caused when the trailing part of
the (still buoyant) oceanic plateau migrated below these
areas.

6 | DISCUSSION: NEW
CONSTRAINTS OF DYNAMIC
TOPOGRAPHY IN THE LATE
CRETACEOUS CFB

The effects (e.g., location, extent and magnitude) of
dynamic topography in the CFB are better quantified
through 3D flexural backstripping. The dynamic topog-
raphy can be documented or inferred to have influenced
the study area from 90.2 to 66 Ma based on the new
tectonic subsidence maps. During the late Turonian to
middle Campanian (90.2-80.2 Ma), dynamic subsid-
ence likely influenced areas relatively close (within ca.
300km) to the Sevier fold-thrust belt in combination
with flexural subsidence generated by the Sevier fold-
thrust belt to the west and possibly early activities of
some basement structures (Figure 8). During the late
Campanian to Maastrichtian (74.6-66Ma), dynamic
subsidence mainly influenced areas >400km from the
Sevier fold-thrust belt in combination with the flexural
subsidence generated by different Laramide-style up-
lifts. In the following section, we focus on discussing
the new constraints of dynamic topography (particu-
larly dynamic subsidence) based on the middle to late
Campanian (80.2-74.6 Ma) tectonic subsidence maps
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because the effects of dynamic subsidence were not se-
riously interfered with other tectonic processes during
this time interval.

The influence of dynamic subsidence in the CFB
during the Late Cretaceous is best revealed in the middle
to late Campanian (80.2-74.6 Ma) tectonic subsidence
map. Although (forward) flexural modelling was not con-
ducted here to remove the flexure generated by loading of
the Sevier fold-thrust belt, the >100m tectonic subsidence
in the broad area from north-central Colorado to south-
eastern Wyoming during 80.2-74.6 Ma (Figures 6 and 8)
can be attributed mostly to dynamic subsidence because
flexural loading of the Sevier fold-thrust belt is unlikely
to generate any distinct topography at >300km away
(Jordan, 1981; Liu et al., 2014; Painter & Carrapa, 2013).
Thus, the area influenced by >100m dynamic subsidence
is approximately 400 by 500 km, within which significant
(>200m) dynamic subsidence occurs in a lunate-shaped
subregion (ca. 450 by 150km; area outlined in Figure 6).
This subregion could be attributed to the heterogeneity in
the mantle or downgoing slab or an artefact of data distri-
bution. Still, the irregular shape of the subregion of signif-
icant (>200m) dynamic subsidence (Figure 6b) indicates
the effects of mantle-induced dynamic topography are
more spatially heterogenous than previously considered,
especially compared to the smoothly varying dynamic to-
pography (in terms of magnitude) predicted by different
geodynamic models for the same area and time interval.

Although the location of the dynamic subsidence
in the CFB during 80.2-74.6 Ma—central Colorado to
southeastern Wyoming—is generally consistent with re-
sults of previous studies based on isopach maps (Cross &
Pilger, 1978; Li & Aschoff, 2022a; Painter & Carrapa, 2013),
tectonic subsidence maps developed through 3D flex-
ural backstripping indicate the area subject to strong
dynamic subsidence (>200m) is much more irregularly
shaped compared to which is shown on the isopach map
(Figure 3c; Li & Aschoff, 2022a). When the irregularly-
shaped accommodation produced by dynamic subsidence
during the middle to late Campanian was filled with sed-
iments, the flexure caused by sediment loading would
have broadened and smoothed the area of strong dynamic
subsidence, thus forming a ‘broader depozone’ in isopach
maps or total subsidence maps (Figure 3c). Thus, sim-
ply attributing the broad depocenter revealed on isopach
maps to dynamic subsidence may overestimate the extent
of the area subject to significant dynamic subsidence, as
well as the complex effects of mantle-induced dynamic
topography.

The magnitude of dynamic subsidence can be conser-
vatively estimated to be 300+100m based on the 80.2-
74.6 Ma tectonic subsidence maps (Figure 6). This number
(i.e., 300+ 100m) is consistent with the magnitude of the

background subsidence (which is attributed to dynamic
subsidence) from north-central Colorado to eastern
Wyoming shown in the late Campanian to Maastrichtian
(74.6-66 Ma) tectonic subsidence map (Figure 7). Based
on the uplift in southern Utah during the late Turonian
to middle Campanian (90.2-80.2 Ma), which is consistent
with the modelled arrival of the conjugate Shatsky Rise
beneath this area at ca. 80 Ma, 200-300m appears to be a
good constraint for the maximum magnitude of dynamic
uplift (Figure 5). Therefore, the maximum magnitude of
the gross dynamic topography in the Late Cretaceous CFB
is in the range of 500-600 m.

Tectonic subsidence maps also show the rate of dy-
namic subsidence decreased at ca. 75Ma. Although
both 80.2-74.6 Ma and 74.6-66 Ma isopach maps reveal
dynamic subsidence of similar magnitude (i.e., 300 m),
the dynamic subsidence was generated over different
durations. The rate of dynamic subsidence during 80.2-
74.6 Ma was ca. 60m/m.y. (Figure 6), whilst distinctly de-
creased to ca. 30 m/m.y. during 74.6-66 Ma (Figure 7). The
decrease in the dynamic subsidence rate in north-central
Colorado and eastern Wyoming rate after 74.6 Ma likely
reflects an interference with dynamic uplift when the
(still relatively buoyant) conjugate Shatsky Rise migrated
across these areas during ca. 70 to 65Ma (Figure 7; Davila
& Lithgow-Bertelloni, 2015). The changes in the location
and rate of dynamic subsidence from 80.2 to 66 Ma rein-
force the notion that the effects of dynamic topography
are highly transitory (Li & Aschoff, 2022a; Liu, 2015).

Tectonic subsidence maps developed through 3D flex-
ural backstripping can more accurately characterize the
effects of dynamic topography and other tectonic pro-
cesses. Although detailed isopach maps generally reveal
the spatial variation in subsidence and uplift, and the ap-
proximate location of tectonic subsidence, depocenters
revealed on isopach maps are usually broader than the
area of tectonic subsidence (both flexural and dynamic)
revealed by tectonic subsidence maps developed through
3D flexural backstripping. This is because flexure due to
sediment loading will inevitably broaden and alter the
original extent of tectonic subsidence. More importantly,
by removing flexure caused by sediment loading, tectonic
subsidence maps are also more effective in revealing
areas of tectonic uplift (including dynamic uplift), which
sometimes are not discernible on isopach or total subsid-
ence maps because flexure due to sediment loading may
be larger in magnitude than tectonic uplift (e.g., tectonic
uplifts in southern Utah and northern Colorado during
90.2-80.2 in Figure 5 were not revealed by isopach or total
subsidence maps). Therefore, isopach maps need to be
used with more caution as substitutes for tectonic subsid-
ence maps. However, it seems that as long as flexure caused
by sediment loading is removed, the first-order tectonic
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subsidence (and uplift) trend is generally consistent
amongst conditions with different common lithospheric
rigidities (Figures 4-7). The selection of lithospheric rigid-
ity most distinctly influences the reconstructed location,
extent and magnitude of maximum tectonic subsidence/
uplift (Figures 4-7). Therefore, the application of the 3D
flexural backstripping technique requires enough con-
trol points for high-resolution isopach and total subsid-
ence maps and a fairly good understanding of the spatial
variability in the lithospheric variability. A good under-
standing of the effects of dynamic topography (and the
topography generated by other tectonic processes) in the
CFB and other sedimentary basins is critical to refine or
calibrate the mantle convection model and understand
the link between deep-earth and surficial processes.

7 | CONCLUSIONS

Three-dimensional (3D) flexural backstripping in the
central part of the Cordilleran Foreland Basin (CFB) was
applied to the Upper Cretaceous strata to constrain the
effects (e.g., location, extent and magnitude) of different
subsidence mechanisms (e.g., flexural subsidence and dy-
namic topography). This method is different from previ-
ous backstripping efforts in the CFB because it uses the
3D flexural (versus 1D airy isostasy or 2D flexural) method
in the backstripping calculations, considers overlying
and underlying stratal compaction and integrates more
densely spaced control points (627 total) within a well-
constrained chronostratigraphic framework. The main
conclusions of this study are:

1. Tectonic subsidence maps developed through 3D flex-
ural backstripping, compared to isopach maps, can
provide more stringent constraints of the effects (e.g.,
location, extent and magnitude) of different subsidence
mechanisms (e.g., flexural subsidence and dynamic
topography) in the CFB through the Late Cretaceous.
Flexural subsidence caused by loading of the Sevier
fold-thrust belt is the dominant subsidence mechanism
in the CFB during the Cenomanian to late Turonian
(100.5-90.2 Ma) and is mostly restricted to areas less
than 250km from the thrust belt (foredeep to the
proximal backbulge). During the late Turonian to
middle Campanian (90.2-80.2 Ma), the foredeep to
proximal backbulge regions was likely subject to both
flexural subsidence and dynamic subsidence because
flexural subsidence generated by a topographic load
alone cannot explain hundreds of meters of subsidence
at the forebulge and proximal backbulge regions.

2. The middle to late Campanian (80.2-74.6 Ma) tec-
tonic subsidence maps best reveal the extent and

magnitude of dynamic subsidence (and uplift). The
area of dynamic subsidence covers an area approxi-
mately 400 by 500 km large, within which significant
dynamic subsidence (>200m) occurs in an irregular-
shaped (i.e., lunate) subregion (ca. 450 by 150km).
The maximum magnitude of dynamic subsidence is
300+ 100m, and a good constraint for the maximum
magnitude of dynamic uplift is 200-300 m. Therefore,
the net topography generated by mantle-induced dy-
namic topography in the Late Cretaceous CFB is ca.
500-600 m. The decrease in dynamic subsidence rate
from 60 to 30 m/m.y. after 75Ma is likely due to dy-
namic uplift, which can be linked to the (still relatively
buoyant) conjugate Shatsky Rise as it is modelled to
have migrated from north-central Colorado to eastern
Wyoming.

3. The application of 3D flexural backstripping requires a
large enough number of control points for isopach and
total subsidence maps and a fairly good understand-
ing of the spatial variability in lithospheric rigidities.
Tectonic subsidence maps developed through 3D flex-
ural backstripping are more capable of revealing the
spatial heterogeneity in the effects of dynamic topog-
raphy. The more quantitative constraints of the effects
of dynamic topography provided by the application of
3D flexural backstripping in sedimentary basins world-
wide can help advance the current geodynamic model
of mantle flows and our understanding of the link be-
tween deep-earth and surficial processes.
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