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ABSTRACT

Dynamic topography refers to the verti-
cal deflection (i.e., uplift and subsidence) of 
the Earth’s surface generated in response to 
mantle flow. Although dynamic subsidence 
has been increasingly invoked to explain the 
subsidence and migration of depocenters in 
the Late Cretaceous North American Cor-
dilleran foreland basin (CFB), it remains a 
challenging task to discriminate the effects 
of dynamic mantle processes from other 
subsidence mechanisms, and the spatial and 
temporal scales of dynamic topography is 
not well known. To unravel the relationship 
between sedimentary systems, accommoda-
tion, and subsidence mechanisms of the CFB 
through time and space, a high-resolution 
chronostratigraphic framework was devel-
oped for the Upper Cretaceous strata based 
on a dense data set integrating >600 well logs 
from multiple basins/regions in Wyoming, 
Utah, Colorado, and New Mexico, USA. The 
newly developed stratigraphic framework di-
vides the Upper Cretaceous strata into four 
chronostratigraphic packages separated by 
chronostratigraphic surfaces that can be cor-
related regionally and constrained by ammo-
nite biozones. Regional isopach patterns and 
shoreline trends constructed for successive 
time intervals suggest that dynamic subsid-
ence influenced accommodation creation in 
the CFB starting from ca. 85 Ma, and this 
wave of subsidence increasingly affected the 
CFB by ca. 80 Ma as subsidence migrated 
from the southwest to northeast. During 
100–75 Ma, the depocenter migrated from 
central Utah (dominantly flexural subsid-
ence) to north-central Colorado (dominantly 
dynamic subsidence). Subsidence within the 
CFB during 75–66 Ma was controlled by the 
combined effects of flexural subsidence in-
duced by local Laramide uplifts and dynamic 
subsidence. Results from this study provide 

new constraints on the spatio-temporal foot-
print and migration of large-scale (>400 km 
× 400 km) dynamic topography at an aver-
age rate ranging from ∼120 to 60 km/m.y. in 
the CFB through the Late Cretaceous. The 
wavelength and location of dynamic topog-
raphy (subsidence and uplift) generated in 
response to the subduction of the conjugate 
Shatsky Rise highly varied through both 
space and time, probably depending on the 
evolution of the oceanic plateau (e.g., changes 
in its location, subduction angle and depth, 
and buoyancy). Careful, high-resolution re-
construction of regional stratigraphic frame-
works using three-dimensional data sets is 
critical to constrain the influence of dynamic 
topography. The highly transitory effects of 
dynamic topography need to be incorporated 
into future foreland basin models to better 
reconstruct and predict the formation of 
foreland basins that may have formed under 
the combined influence of upper crustal flex-
ural loading and dynamic subcrustal loading 
associated with large-scale mantle flows.

1. INTRODUCTION

Foreland basins, which form along conver-
gent plate boundaries, are among the largest 
accumulations of sediment on Earth (DeCelles, 
2012). All foreland basins ultimately owe their 
existence to flexural subsidence in response to 
loading by the adjacent thrust belt. In retroarc 
foreland basins, formed on an overriding plate 
in rapidly converging oceanic-continental sub-
duction regimes, mantle-driven dynamic subsid-
ence provides an additional basin-scale subsid-
ence mechanism (Mitrovica et al., 1989; Gurnis, 
1992; Shephard et  al., 2010; Flament et  al., 
2013). At present, most foreland basin models 
emphasize the importance of subsidence caused 
by upper crustal processes, yet subcrustal pro-
cesses such as mantle flow related to subduction 
are also important but are poorly understood.

The Cretaceous North American Cordilleran 
foreland basin (CFB) is one of the best-dated and 

the most extensively studied retroarc foreland 
basins in the world. Within the CFB, short-wave-
length (within ∼200–300 km) flexural subsid-
ence due to loading of the Sevier fold-and-thrust 
belt is relatively well understood and has been 
considered the dominant mechanism responsible 
for the rapid subsidence close to the orogenic 
belt (Jordan, 1981; Pang and Nummedal, 1995; 
DeCelles, 2004). Flexural subsidence alone, 
however, cannot fully explain the regional sub-
sidence in the CFB far eastward of the Sevier 
orogenic belt (Painter and Carrapa, 2013; Liu 
et al., 2011, 2014). Instead, dynamic subsidence 
has increasingly been invoked to account for the 
long-wavelength (∼1000 km) subsidence within 
the CFB because stresses induced by mantle 
flows can translate over much larger distances 
(Mitrovica et al., 1989; Gurnis, 1992; Catuneanu 
et al., 1997).

Geodynamic models have linked the broader 
subsidence in the CFB to the low-angle to flat 
subduction of an oceanic plateau—the conju-
gate Shatsky Rise—on the oceanic Farallon 
plate (Liu et  al., 2010). Recent advances in 
seismic tomography and inverse modeling have 
allowed modeling of dynamic effects on subsid-
ence during the Late Cretaceous based on the 
presumed current location of the Farallon plate, 
plate motion rates, and mantle viscosities (Liu 
et al., 2008; Spasojević et al., 2009; Liu et al., 
2011; Humphreys et al., 2015). Despite differ-
ences in details, several models have indicated 
that the conjugate Shatsky Rise, if it existed, 
would have collided with North America near 
what is now southern California, USA sometime 
between 90 and 85 Ma and generally moved in 
a northeast arcuate path across the Colorado 
Plateau, Colorado Rocky Mountains, and the 
Great Plains between 84 and 65 Ma (Fig. 1; Liu 
et al., 2010; Humphreys et al., 2015). The sub-
duction of a low-density oceanic plateau (i.e., 
the conjugate Shatsky Rise) is thought to have 
played a major role in the development of the flat 
subduction of the Farallon plate starting at ca. 
90 Ma (Liu et al., 2008; Liu and Currie, 2016). 
Most models predicted a broad zone of dynamic †zli20@alaska.edu.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35838.1/5304092/b35838.pdf
by University of Alaska Fairbanks user
on 12 May 2021



Li and Aschoff

2	 Geological Society of America Bulletin, v. 130, no. XX/XX

subsidence above the leading part of the Faral-
lon plate, where both the negative buoyancy of 
the flat slab (due to older age or eclogitization 
of the basaltic crust) and magnitude of dynamic 
coupling between the mantle and the lithosphere 
would be the greatest (Mitrovica et  al., 1989; 
Liu et al., 2010; Liu et al., 2011; Heller and Liu, 
2016). The lithosphere above the trailing part 
of the conjugate Shatsky Rise, however, would 
experience much less dynamic subsidence (or 
even uplift) due to reduced negative buoyancy 
(younger in age) and less dynamic coupling (Liu 
et al., 2010; Heller and Liu, 2016).

Dynamic subsidence is generally considered 
to be an important driver of the broadening and 
migration of the primary depocenter in the CFB 
during the Late Cretaceous. Previous work that 
demonstrated the importance of dynamic subsid-
ence largely relied on isopach maps and 1-D/2-D 
backstripping exercises to allude to the effects 
of dynamic subsidence/topography (Liu et al., 
2010; DeCelles, 2004; Painter and Carrapa, 
2013; Heller and Liu, 2016). Furthermore, some 
authors suggested that stratigraphic architecture 
(Aschoff, 2008), and fluvial and marine shore-

line depositional systems recorded the migration 
of dynamical subsidence/topography in the CFB 
(Aschoff, 2014; Heller and Liu, 2016). Yet, these 
independent methods have not been integrated 
leaving several unresolved issues.

Two key issues regarding the role of dynamic 
topography (including both uplift and subsid-
ence) in the CFB remain unsolved: (1) the exact 
trajectory, footprint, and rate of migration of 
dynamic topography in the CFB associated with 
the subduction of the conjugate Shatsky Rise and 
(2) disentangling the dynamic versus flexural 
components on basin development. The numeri-
cal modeling of the subsidence associated with 
dynamic mantle processes was inevitably lim-
ited by many inherent uncertainties in solid-earth 
parameters, such as the viscosity and thermal 
structure of the mantle and the history of mantle-
surface interactions (Liu et al., 2008; Flament 
et al., 2013). Consequently, results from differ-
ent models of dynamic subsidence departed in 
detail (Liu et al., 2010; Humphreys et al., 2015), 
and need to be independently verified based on 
comparison with regional geology (Painter and 
Carrapa, 2013; Liu et al., 2014; Heller and Liu, 

2016). However, because previous efforts to 
reconstruct the geohistory (i.e., subsidence and 
uplift) in the CFB were commonly based on one-
dimensional or two-dimensional data sets (e.g., 
well logs, stratigraphic sections, or regional 
cross-sections) or rare three-dimensional data 
sets with widely scattered control points (e.g., 
Roberts and Kirschbaum, 1995; Painter and 
Carrapa, 2013; Liu et al., 2014), it is not always 
straightforward to discriminate subsidence gen-
erated by dynamic mantle processes from off-
axis flexural subsidence (e.g., due to loading 
of local Laramide uplifts). Without a detailed 
stratigraphic analysis over a sufficiently large 
area and in a three-dimensional context, the 
spatial variability in the tectonic history (uplift 
and subsidence) across the CFB may have been 
significantly underestimated, posing additional 
challenges to constraining the effects of dynamic 
topography and discriminate different subsid-
ence mechanisms.

The primary goal of this study is to identify 
and characterize the effects of dynamic subsid-
ence (and uplift) based on a higher-resolution, 
more comprehensive reconstruction of the 
geological history of the CFB that integrates 
variability in the stratigraphic architecture, 
stratal thickness trends, and shoreline orienta-
tions with a robust age control. To do this, we 
built a detailed chronostratigraphic framework 
for the CFB based on high-resolution ammo-
nite zonations and sequence stratigraphy, and 
reconstructed the distribution of sedimentary 
systems and sediment accumulation within the 
foreland basin based on regional stratigraphic 
correlations. This work differs from previous 
studies (e.g., Jones et al., 2011; Painter and Car-
rapa, 2013) in two key ways—correlations are 
based on: (1) chronostratigraphic surfaces (i.e., 
time lines) carefully constrained by detailed and 
most updated ammonite zones and sequence 
stratigraphic concepts and (2) much denser con-
trol points including more than 600 geophysi-
cal well logs from multiple basins in the central 
part of the CFB (Wyoming, Utah, Colorado, and 
New Mexico). To provide critical new detail in 
the stratigraphic interval that records dynamic 
subsidence migration we specifically focus on 
the Late Cretaceous (from ca. 100 Ma to 66 Ma). 
During this time dynamic subsidence was pre-
sumed to migrate across interior North America 
in response to the shallow subduction of the 
postulated conjugate Shatsky Rise on the Far-
allon plate, although the exact track is debated 
(Liu et al., 2010; Humphreys et al., 2015). This 
study defines four depositional packages within 
Upper Cretaceous strata of the CFB and presents 
isopach maps with general shoreline trends to 
delineate the spatio-temporal pattern of dynamic 
subsidence migration. Improved understanding 

Figure 1. Regional index map of the western USA including the Sevier fold-thrust belt, 
Laramide province, and Cordilleran magmatic arc (modified from DeCelles, 2004; Yonkee 
and Weil, 2015). Approximate locations of the conjugate Shatsky Rise during 90–65 Ma 
from Humphreys et al. (2015) and Liu et al. (2010) are shown.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35838.1/5304092/b35838.pdf
by University of Alaska Fairbanks user
on 12 May 2021



Dynamic topography in the Late Cretaceous Cordilleran foreland basin

	 Geological Society of America Bulletin, v. 130, no. XX/XX	 3

of the distribution of sedimentary systems and 
migration of depocenters in the CFB across 
space and time could help discriminate the 
effects that crustal and subcrustal loading had on 
the basin dynamics of the CFB. By integrating 
the newly developed isopach patterns, recently 
reconstructed shape and path of the conjugate 
Shatsky Rise beneath North America (Liu et al., 
2010; Humphreys et al., 2015), and timing of ini-
tiation of Laramide structures (DeCelles, 2004; 
Yonkee and Weil, 2015; Heller and Liu, 2016), 
the effects of subcrustal mantle flows on the sub-
sidence in retroarc foreland basins can be better 
constrained. This can provide useful insights for 
future modeling of dynamic subsidence in fore-
land basins formed in other oceanic-continental 
convergent systems.

2. GEOLOGIC CONTEXT

The geology of western North America was 
largely controlled by the subduction of the Far-
allon plate beneath the North American plate 
during Jurassic to Paleogene time. The com-
pressive forces associated with plate conver-
gence, combined with conductive heating initi-
ated by subduction, led to crustal thickening in 
orogenic belts such as the Sevier fold-and-thrust 
belt (Livaccari 1991; DeCelles, 2004). During 
the Late Jurassic and Cretaceous, the Western 
Interior of North America was occupied by a 
broad retroarc foreland basin (i.e., the CFB) that 
developed on the eastern margin of the Sevier 
thrust belt in response to combined flexural load-
ing from the Sevier orogenic belt and dynamic 
subsidence associated with flab slab subduction 
of the Farallon plate (Fig. 1). The subsidence of 
the CFB during the Late Cretaceous is thought 
to mark a critical transition from flexural to 
dynamic subsidence, and several studies have 
suggested that dynamic subsidence migrated 
across the western United States in response to 
subduction of the conjugate Shatsky Rise on the 
Farallon plate during this time (Liu et al., 2010; 
Heller and Liu, 2016). Consequently, the spatio-
temporal subsidence history of the interplay of 
flexure and dynamic subsidence is recorded by 
the Late Cretaceous strata that are the focus of 
this study.

Late Cretaceous subsidence in the CFB is gen-
erally considered to have occurred in three dis-
tinct phases. During Cenomanian to Coniacian 
time, the CFB was characterized by a narrow, 
deep depocenter adjacent to the Sevier orogenic 
belt (DeCelles, 2004). Starting in the Santonian, 
the isopach pattern characteristic of flexural sub-
sidence becomes diffuse. By early Campanian, 
the depocenter in the CFB became broader and 
migrated away from the thrust front, indicating a 
greater component of long-wavelength dynamic 

subsidence induced by large-scale mantle down-
welling flows associated with the flat subduction 
of the Farallon slab under North America (Mitro-
vica et al., 1989; Pang and Nummedal, 1995; 
Catuneanu et al., 1997; Liu et al., 2011; Painter 
and Carrapa, 2013). Beginning at the Late Cam-
panian (ca. 75 Ma) to Maastrichtian, the fore-
land basin became partitioned by intraforeland 
Laramide-style basement-cored uplifts (Fig. 1), 
among which local depocenters started to form 
and disrupt the regional subsidence pattern in the 
CFB (Dickinson et al., 1988; DeCelles, 2004; 
Lawton, 2008; Jones et al., 2011).

The combined effects of flexural loading, 
dynamic subsidence, and global eustatic high 
throughout the Late Cretaceous resulted in the 
development of an epicontinental seaway known 
as the Western Interior Seaway (WIS; Kauffman, 
1977, 1985). 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 (Fig. 1). Deposition dur-
ing the early Late Cretaceous was characterized 
by fully marine to marginal marine systems fed 
by non-marine feeder systems derived from the 
Sevier fold-and-thrust belt to the west. Following 
the peak Turonian transgression to Maastrich-
tian, the WIS was subject to at least four second-
order (2–10 m.y. duration sensu Mitchum and 
Van Wagoner, 1991) regressive-transgressive 
marine cycles, but gradually retreated from the 
continental interior and drained northward into 
Canada and southward into Texas, USA. The 
withdrawal of the WIS led to the east- to north-
east-directed progradation of marine shorelines 
and more widespread nonmarine sedimentation 
in the foreland basin as nonmarine systems fed 
these prograding shorelines.

3. METHODOLOGY AND RATIONALE

3.1. Chronostratigraphic Framework and 
Correlation Criteria

The abundance of well logs and numerous 
previous stratigraphic studies across the CFB 
allow the reconstruction of the geological his-
tory in our study area (Fig.  2) with excellent 
temporal constraints. A comprehensive chro-
nostratigraphic and biostratigraphic framework 
of Upper Cretaceous strata of different basins/
regions in our study area was first developed 
based on compilation of numerous previous 
studies (Fig. 3). The geologic time scale used 
in this study is from Gradstein et  al. (2012). 
Cobban et  al. (2006) first defined Cretaceous 
Western Interior ammonite biozones, the ages 
of which were updated in Ogg et al. (2012). Geo-
chronologic data (e.g., 40Ar/39Ar and detrital zir-

con U-Pb radiometric ages) available in certain 
basins/regions provide additional temporal con-
straints for some lithostratigraphic units in these 
areas. Sources for developing the time-space 
correlation of Upper Cretaceous stratigraphic 
units in Utah, Colorado, and the northern part 
of New Mexico are compiled and summarized 
in Table S11 in the Supplemental Material. A 
similar chronostratigraphic and biostratigraphic 
framework of Upper Cretaceous strata of differ-
ent basins/regions in Wyoming was developed 
by Lynds and Slattery (2017) and is directly 
used herein.

The data set for this study is vastly expanded 
from previous work (e.g., Roberts and Kirsch-
baum, 1995; Jones et  al., 2011; Painter and 
Carrapa, 2013), and it builds on several subre-
gional studies (Kirschbaum and Hettinger, 2004; 
Aschoff, 2008; Edwards, 2011; Rountree, 2011; 
Daniele, 2012; Wiechman, 2013; Rust, 2019). A 
total of 627 geophysical well logs (with gamma 
ray, spontaneous potential, and conductiv-
ity curves) from multiple basin and regions in 
Wyoming, Utah, Colorado, and New Mexico 
were used (Fig. 2). Of all the well logs, 260 con-
tain the entire Late Cretaceous (Cenomanian to 
Maastrichtian) interval. The tops of all forma-
tions (and distinct members) of Late Cretaceous 
age in each well were picked in IHS Petra. Addi-
tionally, five chronostratigraphic surfaces (time 
lines) were selected based on the developed chro-
nostratigraphic and biostratigraphic framework 
to divide Upper Cretaceous strata in our study 
areas into four stratigraphic packages (Fig. 3). 
The most important selection criterion for these 
surfaces is that these surfaces (biozone bound-
aries) can be confidently correlated across all 
basins/regions in the study area. These surfaces 
include: base of Cenomanian (100.5 Ma), top of 
biozone Scaphites whitfieldi (90.24 Ma), top of 
biozone Baculites maclearni (80.21 Ma), top of 
biozone Exiteloceras jenneyi (74.6 Ma), and top 
of Maastrichtian (66 Ma). The numerical ages 
for each biozone boundary were assigned based 
on the Cretaceous time scale from Ogg et  al. 
(2012). It is critical to highlight that, however, 
the absolute ages of some lithostratigraphic units 
and in the Cretaceous time scale are likely to be 
updated when more precise age data become 
available, which could potentially require modi-
fication of the stratigraphic correlation based 
on numerical ages (e.g., ages from geochrono-
logical dating). To avoid this problem, ammonite 

1Supplemental Material. Tables S1 and S2. 
Table S1 includes sources for the chronostratigraphic 
framework in Figure  3 and Table S2 includes 
information of well logs shown in Figure 4. Please visit 
https://doi​.org/10.1130/GSAB.S.14384429 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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biozones, rather than absolute ages, were used 
as the first-order temporal constraints for all the 
selected chronostratigraphic surfaces. In other 
words, as long as the same ammonite biozone 
boundaries were correctly picked and correlated, 
the stratigraphic correlation and developed iso-
pach patterns from this study will remain valid, 
and the assigned ages for our selected biozone 
boundaries (time lines) can simply be updated 
with the newest time scale.

To ensure that the same chronostratigraphic 
surfaces (i.e., time lines) were systematically 
chosen, detailed criteria used to pick all selected 
biozone boundaries at different basins/regions 

were carefully compiled from a large number 
of detailed biostratigraphic studies (Table 1). 
Although biostratigraphic data are not available 
for all well logs within the data set, each basin/
region has at least one region that has robust bio-
stratigraphic control from outcrop or core. Well 
logs containing the same surfaces (i.e., biozone 
boundaries) picked by earlier studies were veri-
fied and incorporated into our data set, and these 
served as control points in our stratigraphic 
framework (Table 1). Sequence stratigraphic 
concepts were used to subsequently correlate 
selected chronostratigraphic surfaces throughout 
each basin/region. It is important to note, how-

ever, that the same chronostratigraphic surface is 
likely to be characterized by different lithostrati-
graphic or sequence stratigraphic relationships 
across different basins/regions because different 
areas within the CFB may experience uplift or 
subsidence at the same time (Table 1). The corre-
lation of five chronostratigraphic surfaces across 
several type logs from different basins/regions 
in Utah, Colorado, and New Mexico is shown 
in Figure 4. After the correlation was done in 
IHS Petra, the thickness between selected chro-
nostratigraphic surfaces can be exported as XY 
grids. These grids were then imported into Arc-
GIS to generate contours. Four isopach maps 

Figure 2. Map showing locations of well log control points from multiple basins and regions in the study area in the North American Cordil-
leran foreland basin, western United States. Mtn.—Mountains.
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spanning ca. 100–90 Ma, 90–80 Ma, 80–75 Ma, 
and 75–66 Ma were produced.

3.2. Discriminating Different Subsidence 
Mechanisms

Accommodation is the space made avail-
able for potential sediment accumulation, by 
sea-level rise, subsidence, or a combination of 
these two processes (Jervey, 1988; Posamentier 
et al., 1988). Because the contribution of eustasy 
to accommodation in the Late Cretaceous CFB 
is comparatively much smaller (<200 m), the 
accommodation creation within the CFB is on 
the first-order controlled by subsidence (Jor-
dan, 1981; Shanley and McCabe, 1994). In this 
sense large scale patterns of sediment accu-
mulation can be used as a proxy for subsid-
ence. Different subsidence mechanisms in the 
CFB can be resolved by integrating the newly 
developed isopach patterns with comprehensive 
reconstructions of the geological history of the 
CFB. The wavelength of subsidence is the most 
important criterion to discriminate between 
flexural subsidence and dynamic subsidence 
(Burgess and Moresi, 1999). Flexural loading 
of the thrust belt typically creates short-wave-
length (<200 km) subsidence close to the oro-
genic belt. A generic foreland basin developed 
under the dominant flexural subsidence contains 
wedge top, foredeep, forebulge, and back-bulge 
depozones (DeCelles and Giles, 1996). In con-
trast, depocenters created by dynamic mantle 
flows are typically broad and long-wavelength 
(>500 km), which may modify or even obliter-
ate the well-organized flexural foreland basin 
geometry (Burgess and Moresi, 1999; DeCelles, 
2012; Tufano and Pietras, 2017). To exclude 
effects of flexural subsidence produced by the 
Sevier fold-and-thrust belt and local Laramide 
uplifts, the timing and location of active Sevier 
thrusts and Laramide structures were compiled 
from various previous studies (Dickinson et al., 
1988; DeCelles, 2004; Yonkee and Weil, 2015; 
Heller and Liu, 2016) and plotted on the isopach 
map of the corresponding time interval. To exam-
ine the effects of the conjugate Shatsky Rise on 
dynamic subsidence within the CFB, recently 
reconstructed locations of the conjugate Shatsky 
Rise (Liu et al., 2010; Humphreys et al., 2015) 
were overlain on isopach maps starting from 80 
to 66 Ma, during which time the oceanic plateau 
was presumed to migrate across the study area.

Two factors may complicate the interpreta-
tion of subsidence from isopach maps con-
structed herein. First, depending on the location 
within the basin or depositional environments, 
accommodation can be overfilled or under-
filled. For sedimentary basins (e.g., CFB) con-
nected to the global ocean, accommodation is F
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typically overfilled in continental environments 
above the sea level, and underfilled in marine 
environments (Catuneanu, 2019). Therefore, the 
distribution of sediment accumulation revealed 

by isopach maps need to be incorporated with 
the distribution of sedimentary systems (e.g., 
paleoshoreline locations) to correctly infer the 
temporal and spatial variations in the creation 

(and destruction) of accommodation within the 
CFB. Second, the original depositional geom-
etry may be distorted by differential compaction 
(Steckler and Watts, 1978). Although isopach 

TABLE 1. CRITERIA TO PICK CHRONOSTRATIGRAPHIC SURFACES ACROSS DIFFERENT BASINS/REGIONS IN OUR 
STUDY AREA, NORTH AMERICAN CORDILLERAN FORELAND BASIN, WESTERN UNITED STATES

Basin/region Stratigraphic location Notes and references

Cretaceous–Paleogene boundary: 66 Ma
Green River, Wind River, Bighorn, and Powder River 

Basins, WY
Top of Lance Fm Connor (1992); Merewether (1996); Finn and Johnson 

(2005); Finn (2007); Finn (2010); Lynds and Slattery 
(2017)

Wasatch Plateau (west of San Ranfael Swell), UT Top of lower North Horn Fm Lawton (1986)
East of San Ranfael Swell in Uinta Basin, UT Top of Price River or Tusher Fm Lawton (1986)
Kaiparowits Plateau, UT Top of Canaan Peak Fm Roberts et al. (2005)
Piceance Basin, CO In Upper Williams Fork Fm Used base of WF600 in Patterson et al. (2003);

Laskowski et al. (2013)
Denver Basin, CO Top of Laramie Fm in Denver Basin Anna (2012)
San Juan Basin, NM and CO Top of Kirkland Shale (base of Ojo Alamo) Molenaar et al. (2002)
Raton Basin, CO Top of Vermejo Fm Molenaar et al. (2002)

Top of Exiteloceras jenneyi (late Campanian): 74.6 Ma
Bighorn Basin, southwestern Powder River Basin, and 

Wind River Basin, WY
SB at the base of Teapot Sandstone Mbr of 

Mesaverde Fm
Merewether (1996); Finn (2007); Finn (2010);

Lynds and Slattery (2017)
Green River Basin, WY SB at the base of Canyon Creek or Pine 

Ridge Sandstone Mbr
Finn and Johnson (2005); Lynds and Slattery (2017)

Western to central Uinta Basin, UT Top of Bluecastle Fm Fouch et al. (1983); Lawton (1986); Hampson et al. (2005);
Aschoff and Steel (2011)

Eastern Uinta Basin, UT Top of Neslen Fm Fouch et al. (1983); Kirschbaum and Hettinger (2004);
Anna (2012)

Kaiparowits Plateau, UT Top of middle unit of Kaiparowits Fm Roberts (2007); Lawton and Bradford (2011)
Piceance Basin, CO FS on top of Rollins Sandstone Schwendeman (2011)
Denver Basin, CO FS on top of Terry (Sussex) Ss. in Pierre 

Shale
Izett et al. (1971); Anna (2012)

San Juan Basin, CO Base of Pictured Cliffs Molenaar and Baird (1989); Molenaar et al. (2002)
San Juan Basin, NM FS on top of Pictured Cliffs Molenaar and Baird (1989); Fassett (2010)
Raton Basin, CO Top of Sussex-equivalent Projected from well logs in the Denver Basin

Top of Baculites maclearni (middle Campanian): 80.21 Ma
Bighorn Basin, WY Close to the top of Cody Shale Time transgressive. Finn (2010); Lynds and Slattery (2017)
Southwestern Powder River Basin, WY In the upper part of Steele Shale Mbr of Cody 

Shale
Merewether (1996); Lynds and Slattery (2017)

Eastern Wind River Basin, WY Top of a sandstone member in Upper Cody 
Shale

Finn (2007); Lynds and Slattery (2017)

Eastern and Southern Rock Spring Uplift, WY In the upper part of Rock Springs Fm Finn and Johnson (2005); Lynds and Slattery (2017)
Washakie Basin, WY In the lower part of Haystack Mtns Fm Finn and Johnson (2005); Lynds and Slattery (2017)
Western to central Uinta Basin Base of Castlegate (sequence boundary) Lawton (1986); Franczyk et al. (1990); Elder and Kirkland 

(1994); Robinson and Slingerland (1998)
Eastern Uinta Basin to Piceance Basin, UT to CO FS above Morapos Ss McGookey et al. (1972); Schwendeman (2011)
Kaiparowits Plateau, UT Top of lower Wahweap FS (base level rise). Jinnah and Roberts (2011);

Mulhern and Johnson (2017)
Henry Mountains Region, UT Top of lower Masuk FS (base level rise). Corbett et al. (2011)
Denver Basin, CO Top of Sharon Springs Izett et al. (1971); McGookey et al. (1972); Tanck (1997);

Lynds and Slattery (2017)
San Juan Basin, NM = CO border FS above lower Cliff House Ss Molenaar and Baird (1989); Molenaar et al. (2002)
Raton Basin, CO Top of Sharon Springs (FS?) Gill et al. (1972); Molenaar et al. (2002)

Top of Scaphites whitfieldi (late Turonian): 90.24 Ma
Green River, Wind River, Bighorn, and Powder River 

Basins
Close to the top of Frontier Fm (SB within the 

Frontier)
Merewether (1996); Finn and Johnson (2005); Finn (2007);

Finn (2010); Lynds and Slattery (2017)
Western to central Uinta Basin, UT FS above Ferron Ss Molenaar and Cobban (1991)
Eastern Uinta Basin, UT Top of Juana Lopez Molenaar and Cobban (1991)
Kaiparowits Plateau, UT Calico SB Shanley and McCabe (1995); Hettinger et al. (2000);

Lawton et al. (2014); Primm et al. (2018)
Henry Mountains Region, UT FS above Ferron Ss Seymour and Fielding (2013)
Piceance Basin, CO FS above Frontier Fm McGookey et al. (1972); Molenaar and Cobban (1991)
Denver Basin, CO Top of Carlile Shale Merewether et al. (2011); Joo and Sageman (2014)
San Juan Basin, CO and NM Top of Juana Lopez Molenaar and Baird (1989); Molenaar et al. (2002)
Raton Basin, CO Top of Carlile Shale Molenaar et al. (2002); Merewether et al. (2011)

Cenomanian Base: 100.5 Ma
Green River, Wind River, Bighorn, and Powder River 

Basins, WY
Top of Mowry Shale Merewether (1996); Finn and Johnson (2005); Finn (2007);

Finn (2010); Lynds and Slattery (2017)
Uinta Basin, UT SB at the base of Dakota Sandstone Molenaar and Cobban (1991)
Kaiparowits Plateau, UT SB at the base of Dakota Sandstone Antia and Fielding (2011); Seymour and Fielding (2013);

Lawton et al. (2014)
Henry Mountains Region, UT SB at the base of Dakota Sandstone Antia and Fielding (2011); Seymour and Fielding (2013)
Piceance Basin, CO FS above Dakota Sandstone Molenaar and Cobban (1991); Anna (2012)
Denver Basin, CO Top of Mowry Shale Higley and Schmoker (1989); Higley and Cox (2007)
San Juan Basin, CO and NM SB at the base of Dakota Sandstone Antia and Fielding (2011); Molenaar and Baird (1989);

Molenaar et al. (2002)
Raton Basin, CO SB at the base of Dakota Sandstone Molenaar et al. (2002); Bush et al. (2016)

Notes: Approximate ages are from Ogg et al. (2012). Fm—Formation; Mbr—Member; Mnts—Mountains; FS—flooding surface; SB—sequence boundary; Ss—Sandstone; 
CO—Colorado; NM—New Mexico; UT—Utah; WY—Wyoming.
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maps constructed in this study do not show 
decompacted thickness, the observed isopach 
patterns are still considered to be reliable indica-
tors of relative subsidence within the study area 
because this study focuses on the distribution 
and relative amount of sediment accumulation 
and accommodation (subsidence) over large 
spatial (>100 km) and temporal (>5 m.y.) 
scales (Chamberlain et  al., 1989; Varban and 
Guy Plint, 2008).

4. TEMPORAL CHANGES IN ISOPACH 
PATTERNS WITHIN THE CFB

4.1. Cenomanian to Late Turonian 
(100–90 Ma) Deposition

Strata deposited during the Cenomanian to 
late Turonian within the CFB form part of the 
2nd-order Greenhorn transgressive-regressive 
sea-level cycle (Fig.  3). Transgression of the 

Greenhorn cycle began in the latest Albian and 
peaked in the early Turonian (Kauffman, 1985). 
As a result of the expansion of the WIS dur-
ing the Greenhorn transgression, sediment fill 
within the CFB consists of widespread offshore 
(hemi-pelagic to pelagic) deposits in an open-
marine environment (e.g., the Tropic Shale and 
the Tununk Shale Member of the Mancos Shale 
in Utah, the Greenhorn Formation in central and 
eastern Colorado; Fig. 3). The regressive phase 

Figure 4. Correlation of five 
selected chronostratigraphic 
surfaces based on some type 
logs from multiple basins/re-
gions in Utah, Colorado, and 
New Mexico, USA. See Table 1 
for criteria to pick these chro-
nostratigraphic surfaces in dif-
ferent basins/regions. The API 
(American Petroleum Institute) 
numbers of all well logs shown 
here can be found in Table S2 in 
the Supplemental Material (see 
footnote 1). The correlation of 
well logs in Wyoming was based 
directly on Upper Cretaceous 
stratigraphic framework devel-
oped by a number of previous 
studies (see Table 1 for sources) 
and therefore was not shown 
here. Ss—sandstone; Sh—shale; 
Mbr.—Member; M.—Mid-
dle; L.—Lower; SB—surface 
boundary.

A

A¢

B B¢
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of the Greenhorn cycle took place during the 
early to late Turonian. The culmination of the 
Greenhorn regression is marked by the Ferron 
Sandstone Member of the Mancos Shale and the 
Frontier Formation, which were deposited as a 
series of delta complexes along the western mar-
gin of the WIS (Figs. 3 and 5C).

The isopach map of Cenomanian to late 
Turonian strata reveals a narrow depocenter 
with the thickest strata (>600 m) in central Utah, 
less than 200 km from the thrust front (Fig. 5). 
Stratal thickness rapidly thins from central Utah 
to eastern Utah. Most of Wyoming is charac-
terized by a broad depocenter with moderate 
accommodation (Fig. 5). Eastern Utah and most 
of Colorado show overall low sediment accu-
mulation (<200 m), and the area with the low-
est sediment accumulation rate (<10 m/ m.y., 
undecompacted) is located at northwestern Utah/
northeastern Colorado (Fig. 5).

Interpretation
The well-developed foredeep, forebulge, and 

back-bulge depozones indicated by the isopach 

map (Fig.  5) suggest that development of the 
CFB during the Cenomanian to late Turonian 
was dominated by flexural subsidence in 
response to loading of the Sevier fold-and-thrust 
belt, and the influence of dynamic topography 
(subsidence or uplift) is negligible everywhere in 
the CFB prior to 90 Ma. The narrow depocenter 
in central Utah represents the foredeep in front 
of the thrust front. The rapidly thinning sediment 
accumulation from central to eastern Utah indi-
cates rapid flexural subsidence in central Utah 
(Fig.  5). Areas with relatively low sediment 
accumulation (e.g., eastern Utah, northwestern 
Utah/northeastern Colorado, and southwestern 
Wyoming) roughly correspond to the location 
of forebulge during this time (Fig. 5; DeCelles, 
2004). During the Cenomanian to late Turonian, 
the forebulge migrated across western Wyo-
ming, resulting in the significant unconformity 
within the Frontier Formation (from early mid-
dle Cenomanian to middle Turonian; Kirsch-
baum and Mercier, 2013). Consequently, almost 
all of Wyoming lay to the east of the foredeep/
forebulge during this time (Liu et al., 2005). The 

relatively low accommodation and high sedi-
ment supply of the Frontier Formation allowed 
the Frontier delta to bypass the forebulge and 
prograde farther eastward (∼500 km from the 
thrust front) into the backbulge zone (Fig. 5). 
Similarly, most of Colorado and northwestern 
New Mexico (San Juan Basin) were located at 
the backbulge zone at this time. Thinner strata 
in these areas most likely reflect limited sedi-
ment supply in hemi-pelagic to pelagic settings 
instead of tectonic uplift (accommodation is 
underfilled).

4.2. Late Turonian to Middle Campanian 
(90–80 Ma) Deposition

Deposition within the CFB during the late 
Turonian to middle Campanian was subject to 
the second-order Niobrara transgressive-regres-
sive sea-level cycle (Fig. 3). Sea-level rise during 
the Niobrara cycle was second largest in magni-
tude only to the Greenhorn cycle. The Niobrara 
cycle is also unique in maintaining a prolonged 
interval of peak flooding (Fig.  3; Kauffman, 

A B

C

Figure 5. (A) Isopach map of Cenomanian to late Turonian (ca. 100–90 Ma) strata in the study area. Solid and dashed barbed lines indicate active 
and inactive thrusts, respectively (from DeCelles, 2004). Black dots represent well log control points. (B and C) are maps showing the approxi-
mate locations of the paleoshoreline (red line) and forebulge (gray line), as well as distribution of sedimentary systems (indicated by formation/
member names) at ca. 96 Ma (Conlinoceras tarrantensee zone) and ca. 91 Ma (Scaphites whitfieldi zone), respectively. The paleoshoreline loca-
tions are from Blakey (2014) and the forebulge locations are from DeCelles (2004). Maps B and C have exactly the same spatial extent as map A.
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1985), resulting in widespread, long-term depo-
sition of offshore mudstones (e.g., Mancos Shale 
in Utah, western Colorado, northwestern New 
Mexico, Baxter/Cody Shales in western Wyo-
ming) and marls and chalks of the Niobrara For-
mation (eastern Wyoming and eastern Colorado) 
within the CFB (Fig. 6B). Prolonged regression 
of the Niobrara Sea (during Santonian to early 
Campanian) has led to deposition of a series of 
eastward-prograding clastic wedges (e.g., Black-
hawk Formation and Muley Canyon Sandstone 
in Utah) along the western margin of the WIS 
(Fig. 6C).

Northeastern Utah, southwestern Wyoming, 
and a small part of northwestern Colorado were 
characterized by high sediment accumulation 
(>1200 m) during the late Turonian to middle 
Campanian (Fig. 6). The overall high sedimen-
tation of this relatively broad area is divided by 
the southwestern corner of Wyoming showing 
moderate sediment accumulation. Eastern Wyo-
ming, central and eastern Colorado, and south-

ern Utah (northern Kaiparowits Plateau) show 
relatively thinner strata (<600 m) (Fig. 6). The 
four corners region shows slightly higher sedi-
ment accumulation rates compared to its sur-
rounding areas (Fig. 6), despite only a limited 
number of control points (upper Turonian to 
middle Campanian strata are missing in this area 
due to erosion).

Interpretation
Flexural subsidence in response to loading of 

the Sevier thrust sheet continued to be the domi-
nant mechanism to create accommodation and 
control the distribution of sediment accumula-
tion during this time interval. The southwestern 
corner of Wyoming, characterized by compara-
tively lower sediment accumulation compared to 
its surrounding areas, likely represents the fore-
bulge (Fig. 6). This is consistent with the pre-
dicted forebulge location in Wyoming (around 
current Moxa Arch) during this time based on 
three-dimensional flexural numerical modeling 

(Luo and Nummedal, 2012). South of Wyoming, 
the forebulge is not well-defined on the isopach 
pattern. Nevertheless, the isopach pattern reveals 
a distinct foredeep showing the highest rates of 
sediment accumulations adjacent to the thrust 
front in northcentral Utah (Fig. 6). The broad-
ening of the depocenter from northcentral Utah 
to northwestern Colorado (∼300 km from the 
thrust front) is also noted in DeCelles (2004) 
and can be explained by an increase in rigid-
ity of the loaded lithosphere without invoking 
dynamic influence (Painter and Carrapa, 2013). 
Different characteristics of the depocenter and 
forebulge between southwestern Wyoming and 
northeastern Utah thus likely reflect laterally 
variable lithospheric flexural rigidities (Tufano 
and Pietras, 2017).

Upper Turonian to middle Campanian strata 
in eastern Wyoming, as well as central and 
eastern Colorado, comprises marls and lime-
stones of the Niobrara Formation. The overall 
low sediment accumulation of this broad area 

A B

C

Figure 6. (A) Isopach map of late Turonian to early middle Campanian (ca. 90–80 Ma) strata in the study area. Solid and dashed barbed 
lines indicate active and inactive thrusts, respectively (from DeCelles, 2004). Black dots represent well log control points. (B and C) are maps 
showing the approximate locations of the paleoshoreline (red line) and distribution of sedimentary systems (indicated by formation/member 
names) at ca. 88 Ma (Scaphites ventricosus zone) and ca. 83 Ma (Scaphites hippocrepis zone), respectively. Paleoshoreline locations are from 
Blakey (2014). The reconstructed location of the conjugate Shatsky Rise at ca. 80 Ma is from Humphreys et al. (2015). See Figure 1 for the 
reconstructed location of the conjugate Shatsky Rise at ca. 80 Ma from Liu et al. (2010). Maps B and C have exactly the same spatial extent 
as map A. MA—Moxa Arch; Sh.—Shale.
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is therefore mainly due to low siliciclastic 
input to the hemi-pelagic to pelagic settings, 
similar to during the Greenhorn cycle. In 
contrast, sediment accumulation in proximal 
areas of southern Utah (Kaiparowits Plateau) 
should not be limited by sediment supply but 
by low accommodation. The relatively low 
accommodation in southern Utah could pos-
sibly be associated with the quiescence phase 
of adjacent thrusting, during which erosion-
ally decaying loads would result in isostatic 
uplift of the thrust belt and foredeep. The 
other possible reason is related to the dynamic 
influence caused by the emplacement of the 
overall buoyant conjugate Shatsky Rise below 
this area by 80 Ma (Fig. 6; Humphreys et al., 
2015). In this respect, the moderate accommo-
dation at the four corners area was likely cre-
ated due to the long-wavelength (∼500 km) 
dynamic subsidence in front of the conjugate 
Shatsky Rise rather than flexural subsidence 
because the four corners area is located rela-
tively far (>400 km) from the thrust front in 
southwestern Utah (Fig. 6).

4.3. Middle to Late Campanian (80–75 Ma) 
Deposition

Middle to upper Campanian strata within the 
CFB was subject to a similar 2nd-order trans-
gressive-regressive sea-level cycle (Fig. 3; the 
Claggett cycle of Kauffman, 1977). Maximum 
flooding of this sea-level cycle was much less 
extensive than during the earlier Niobrara and 
Greenhorn cycles, which collectively mark the 
first-order regression of the seaway from the 
CFB. During the middle to late Campanian, the 
progressive eastward progradation of the shore-
line on the western margin of the WIS led to 
more widespread nonmarine sedimentation in 
western Wyoming and eastern Utah (Fig. 7).

The Sevier fold-and-thrust sheet continued to 
migrate eastward during this time (Fig. 7). The 
conjugate Shatsky Rise was considered to have 
migrated from southern Utah/northern Arizona 
to eastern-central Colorado during 80–75 Ma 
(Fig. 1). Although it is generally accepted that 
widespread Laramide deformation did not start 
until ca. 75 Ma, the basement-cored Kaibab uplift 

(Fig. 7), active between 80 and 76 Ma, may rep-
resent an early manifestation of Laramide defor-
mation within the CFB (Tindall et al., 2010).

The isopach map of the middle to upper Cam-
panian strata reveals a broad depocenter centered 
in northcentral Colorado (∼500 km from the 
thrust front and ∼500 km in front of the conju-
gate Shatsky Rise; Fig. 7). This depocenter cov-
ers an area of ∼500 km × 500 km and shows 
>600 m sediment accumulation. Other than 
southern Utah (Kaiparowits Plateau region), 
areas close to the Sevier thrust front (western 
Wyoming, northeaster to central Utah) are char-
acterized by overall low sediment accumula-
tion (<300 m). The Kaiparowits Plateau region 
shows moderate to high sediment accumulation 
(400–600 m).

Interpretation
Based on the predicted locations of the Shatsky 

Rise (Fig. 7) and the large distance (∼500 km) 
between the Sevier thrust fronts and the main 
depocenter during this time interval, the broad 
depocenter centered in northcentral Colorado is 

A B

C

Figure 7. (A) Isopach map of middle Campanian to late Campanian (ca. 80–75 Ma) strata in the study area. Solid and dashed barbed 
lines indicate active and inactive thrusts, respectively (from DeCelles, 2004). Black dots represent well log control points. (B and C) are 
maps showing the approximate locations of the paleoshoreline (red line) and distribution of sedimentary systems (indicated by formation/
member names) at ca. 80 Ma (Baculites asperiformis zone) and ca. 77 Ma (Baculites scotti zone), respectively. Paleoshoreline locations are 
from Blakey (2014) and Cobban et al. (1994). The shape of the conjugate Shatsky Rise at ca. 80 Ma is outlined by blue dashed lines (from 
Humphreys et al., 2015). Maps B and C have exactly the same spatial extent as map A. KU—Kaibab uplift; MA—Moxa Arch; Sh.—Shale.
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attributed to the long-wavelength dynamic subsid-
ence in front of the conjugate Shatsky Rise. The 
increased subsidence rates (indicated by moderate 
to high sediment accumulation) in the northern 
Kaiparowits Plateau during this time interval is 
also noted in Roberts and Kirschbaum (1995) and 
Heller and Liu (2016). The coincidence in tim-
ing of the increased subsidence and Kaibab uplift 
suggests a possible causal relationship—flexural 
subsidence due to loading of the Kaibab uplift.

During the middle to late Campanian, south-
western Wyoming (Moxa Arch area) and cen-
tral Utah were located at the presumed fore-
deep region in front of the thrust fronts and 
were expected to have large accommodation 
and record thick sediment accumulation when 
the sediment supply is high. The isopach map, 
however, indicates that southwestern Wyoming 
and central Utah are characterized by low sedi-
ment accumulation (Fig.  7), suggesting low 
rates of accommodation creation in these 

areas, because sediment supply should not be a 
limiting factor at areas close to the thrust belt. 
The uplift of Moxa Arch resulted in erosion of 
several hundred meters of strata and a major 
unconformity at the base of the Trail Member 
of the Ericson Formation (Liu et al., 2005). The 
duration of this unconformity coincides with 
quiescence phase of Absaroka thrusts, indicat-
ing the uplift of Moxa Arch is associated with 
foredeep uplift/rebound (Liu et al., 2005). The 
low accommodation creation rates (indicated 
by low sediment accumulation) in central and 
eastern Utah, however, cannot be explained by 
foredeep rebound because thrusts in central 
Utah were active during this time (DeCelles, 
2004). Instead, flexural subsidence generated 
by loading of the thrust sheets in central Utah 
probably interfered with dynamic uplift above 
the conjugate Shatsky Rise, resulting in the low 
accommodation areas in central and eastern 
Utah (Fig. 7).

4.4. Late Campanian to Maastrichtian 
(75–66 Ma) Deposition

Late Campanian to Maastrichtian strata 
record continued first-order regression of the 
seaway (Figs. 8B and 8C). The overall regres-
sion was interrupted by a short-term (2nd-order) 
marine transgression in the early late Maastrich-
tian (Kauffman, 1977). Rapid progradation of 
sedimentary systems with drainage of the basin 
followed as the WIS withdrew from the CFB by 
late Maastrichtian time.

Thrusting in the frontal Sevier belt contin-
ued in western Wyoming, central and southern 
Utah during the late Campanian to Maastrich-
tian (DeCelles, 2004). During 75–66 Ma, the 
conjugate Shatsky Rise continued to migrate 
northeastward from eastern-central Colorado to 
northeastern Wyoming (Fig. 8). Starting from 
the late Campanian, widespread Laramide intra-
foreland basement uplifts began to take place 

A B

C

Figure 8. (A) Isopach map of late Campanian to Maastrichtian (ca. 75–66 Ma) strata in the study area. The moderate to high sedimentation 
rates in the area between the Piceance Basin and Denver Basin are probably artifacts (no control points in this area) based on projections 
of thickness trends from the eastern Piceance Basin and western Denver Basin. Solid and dashed barbed lines indicate active and inactive 
thrusts, respectively (from DeCelles, 2004). Black dots represent well log control points. (B and C) are maps showing the approximate loca-
tions of the paleoshoreline (red line) and distribution of sedimentary systems (indicated by formation/member names) at ca. 74 Ma (Bacu-
lites compressus zone) and ca. 70 Ma, respectively. Paleoshoreline locations are from Blakey (2014). The shape of the conjugate Shatsky Rise 
at ca. 75 Ma is outlined by blue dashed lines (from Humphreys et al., 2015). Maps B and C have exactly the same spatial extent as map A. 
CA—Casper arch; OCU—Owl Creek uplift; GMU—Granite Mountains uplift; RU—Rawlins uplift; SMU—Sierra Madre uplift; RS—
Rock Springs uplift; DC—Douglas Creek arch; FR—Front Range; SRS—San Rafael Swell; CCU—Circle Cliffs uplift; KU—Kaibab uplift.
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within the CFB (Dickinson et al., 1988; Yonkee 
and Weil, 2015).

The isopach pattern of the late Campanian 
to Maastrichtian strata shows a more complex 
depocenter distribution within the CFB (Fig. 8). 
The isopach map reveals a broad depocenter 
(∼500 km × 500 km) centered at ∼300 km in 
front of the conjugate Shatsky Rise extending 
from central Colorado to eastern Wyoming. This 
broad depocenter, however, consists of at least 
four “sub-depocenters” (Wind River Basin, cen-
tral Bighorn Basin, Washakie Basin, and western 
Denver Basin) with high sediment accumulation 
(>1000 m) separated by areas of low sediment 
accumulation (Fig. 8). Most areas, aside from 
this broad depocenter, show overall low sedi-
ment accumulation.

Interpretation
The development of depocenters within the 

CFB during the late Campanian to Maastrich-
tian can be largely attributed to the flexural 
subsidence due to lithospheric loading of adja-
cent Laramide-style uplifts. For instance, the 
elongated depocenter in western Denver Basin 
approximately follows the trend of the adja-
cent Front Range (Fig. 8). The thickness of late 
Campanian to Maastrichtian strata in the eastern 
Washakie Basin thins across the crestal areas of 
the Rock Springs, Granite Mountains, Rawlins, 
and Sierra Madre uplifts, indicating these struc-
tures were active during this time (Fig.  8). A 
more detailed stratigraphic analysis of the Can-
yon Creek Member of the Ericson Sandstone in 
southern Wyoming indicates the Rock Springs, 
Rawlins, and Sierra Madre uplifts were already 
active during the late Campanian (López and 
Steel, 2015; Fig. 8). The rapid southward thin-
ning of late Campanian to Maastrichtian strata in 
the Wind River Basin indicates syn-depositional 
uplifts of the Casper Arch and Owl Creek uplift 
flanking the basin to the north (Fig. 8).

Minimal accommodation in southwestern 
Wyoming indicates this area was located at the 
wedge-top zone during the late Campanian to 
Maastrichtian, as a result of the eastward propa-
gation of the thrust fronts (DeCelles, 2004). The 
broad low accommodation area in central, east-
ern, and southern Utah indicates accommoda-
tion generated by flexural loading (if any) of the 
Sevier thrust sheet was interfered by Laramide 
uplifts (e.g., San Rafael Swell, and Circle Cliffs 
uplift) or by effects of dynamic uplift above the 
migrating conjugate Shatsky Rise across this 
area. Local Laramide uplifts, however, are not 
likely to account for the low accommodation 
over such a broad area, especially lithospheric 
loading of these uplifts may result in high accom-
modation areas nearby (similar to these local sub-
depocenters in Wyoming). Therefore, the broad 

low accommodation area in central and eastern 
Utah are probably produced due to the effects of 
dynamic uplift on the trailing part of the conju-
gate Shatsky Rise. For a similar reason, the broad 
depocenter extending from northcentral Colorado 
to eastern central Wyoming likely reflects some 
degrees of mantle-induced dynamic subsidence 
in front of the conjugate Shatsky Rise. The devi-
ation from an expected broad area of dynamic 
subsidence (e.g., the broad depocenter in Fig. 7) 
is mainly due to overprinting by local uplift/sub-
sidence induced by Laramide structures.

5. DISCUSSION

5.1. Isopach Patterns Representative of 
Flexural Subsidence versus Dynamic 
Subsidence

The observed isopach patterns, based on unde-
compacted isopach maps, are still considered 
to be reliable indicators of relative subsidence 
within the study area, especially on the regional 
scale and temporal scale that are focused in this 
study. Although the sediment accumulation 
(subsidence) rate of shale-rich successions may 
be underestimated based on undecompacted iso-
pach maps, the highest rates of sediment accu-
mulation occur mostly in shale-rich successions 
in all isopach maps (e.g., the primary depocen-
ters in Figs.  5–6 and Figs.  7–8 consist domi-
nantly of the Mancos Shale and Pierre Shale, 
respectively). In other words, the observed iso-
pach patterns may still hold true (and may even 
be more distinct) when the effects of compaction 
have indeed been taken into account.

The 100–90 Ma and 80–75 Ma isopach maps 
can be considered as two end-members repre-
senting CFB developed under the dominant influ-
ence of flexural subsidence and dynamic sub-
sidence, respectively. The 100–90 Ma isopach 
pattern shows well-developed foredeep, foreb-
ulge, and back-bulge depozones (Fig. 5), indicat-
ing accommodation within the CFB was mainly 
created by rapid flexural subsidence in response 
to loading of the Sevier thrust-and-fold belt. 
Although the preservation of forebulge depos-
its (northeastern Utah/northwestern Colorado 
in Fig. 5) can be used as evidence for dynamic 
subsidence that extends more than 1000 km 
inboard (DeCelles, 2012), no diagnostic feature 
of dynamic subsidence (i.e., long-wavelength, 
broad subsidence) is indicated by the 100–90 Ma 
isopach map. Instead, the well-developed and 
preservable forebulge deposits during this time 
probably reflect additional accommodation cre-
ated at the forebulge by sea-level rise during the 
late Cenomanian/early Turonian global eustatic 
highstand. The depocenter distribution revealed 
by the 80–75 Ma isopach map, however, signifi-

cantly departs from the well-organized flexural 
foreland basin geometry. During this time, the 
main depocenter within the CFB is much broader 
(500 km × 500 km) and located >500 km from 
the Sevier thrust front (Fig. 7). Flexural load-
ing models cannot account for the anomalous 
subsidence pattern shown in Figure 7 without 
using unrealistically wide loads or an unrealisti-
cally rigid plate (Burgess and Moresi, 1999). By 
comparing with the reconstructed locations of 
the conjugate Shatsky Rise, the main depocen-
ter (>400 km × 400 km) within the CFB during 
80–75 Ma was located ∼500 km in front of the 
conjugate Shatsky Rise, where the magnitude of 
dynamic coupling is predicted to be the great-
est (Mitrovica et al., 1989; Burgess and Moresi, 
1999; Liu et al., 2010; Liu et al., 2011; Heller 
and Liu, 2016). Therefore, accommodation cre-
ation within the CFB was dominantly controlled 
by the downward sublithospheric mantle flow 
(downwelling) in front of the conjugate Shatsky 
Rise during 80–75 Ma. The transition from dom-
inant flexural subsidence to dominant dynamic 
subsidence occurred at ca. 80 Ma in the CFB.

5.2. Fate of the Conjugate Shatsky Rise and 
Migration of Dynamic Topography

The approximate timing of the transition 
from dominant flexural subsidence to dominant 
dynamic subsidence within the CFB, based on 
new isopach maps developed in this study, is 
consistent with earlier studies investigating the 
subsidence mechanism of the CFB based on 
stratigraphic analysis (Roberts and Kirschbaum, 
1995; Jones et al., 2011; Painter and Carrapa; 
2013). Although the change in the dominant 
subsidence mechanism within the CFB has 
been generally attributed to the flat subduc-
tion of the conjugate Shatsky Rise (Jones et al., 
2011; Painter and Carrapa, 2013), the effect of 
dynamic topography (including both uplift and 
subsidence) associated with the subduction of 
the oceanic plateau on the development of the 
CFB remains poorly constrained, largely due 
to scattered control points, general isopach 
patterns, and/or smaller study areas in earlier 
studies. In this study, the Late Cretaceous strata 
within the CFB was investigated over a much 
broader area based on denser well log control 
points (Fig.  2). By incorporating information 
on the timing and locations of Sevier-style and 
Laramide-style deformation and recent recon-
struction (e.g., shape and path) of the conju-
gate Shatsky Rise (Liu et al., 2010; Humphreys 
et  al., 2015), this study can therefore provide 
additional constraints on the role of dynamic 
topography associated with the subduction of 
the oceanic plateau in the development of CFB 
during the Late Cretaceous.
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Geological reconstructions and seismic 
tomography indicate that an oceanic plateau, the 
conjugate Shatsky Rise, was subducted below 
southern California starting at ca. 90 Ma (Liu 
et al., 2010; Humphreys et al., 2015). The ini-
tially buoyant oceanic plateau crust (basaltic 
in composition), as well as its underlying low-
density depleted mantle layer, have led to the 
formation of a low-angle to flat segment of the 
Farallon plate beneath western North America 
starting at ca. 85 Ma (Fig. 9B; Liu and Currie, 
2016). The magnitude of dynamic subsidence is 
predicted to be the greatest in areas above the 
front of the conjugate Shatsky Rise because, 
first, the more steeply dipping slab in front of 
the flat slab would enhance dynamic coupling 
(downwelling) between the Farallon and North 
American plates, increasing dynamic subsidence 
(Heller and Liu, 2016). Second, the frontal Faral-
lon slab probably has larger negative buoyancy 
because it is older in age and may have under-
gone eclogitization (Liu et al., 2010). In contrast, 
areas above the conjugate Shatsky Rise would 
experience isostatic uplift (or much decreased 
dynamic subsidence) due to the overall buoyant 
oceanic plateau. Therefore, changes in the 
dynamic topography within the Late Cretaceous 
CFB revealed by the newly developed isopach 
maps can provide additional constraints on the 
fate of the conjugate Shatsky Rise through the 
Late Cretaceous.

The earliest influence of dynamic topog-
raphy on the development of CFB appears to 
have been recorded in the 90–80 Ma isopach 
map (Fig. 6). The moderate accommodation at 

the four corners region was likely created due 
to long-wavelength dynamic subsidence in front 
of the conjugate Shatsky Rise (see Fig.  1 for 
the approximate location of conjugate Shatsky 
Rise at ca. 85 Ma). The low accommodation in 
southern Utah is probably related to decreased 
dynamic subsidence (or isostatic uplift) above 
the conjugate Shatsky Rise, which has presum-
ably migrated to beneath northern Arizona by 
80 Ma (Fig. 6; Humphreys et al., 2015). Despite 
the general agreement on the location of the 
conjugate Shatsky Rise at 85 Ma (Fig. 1), the 
isopach pattern shown in Figure  6 (i.e., rela-
tively low and high accommodation at southern 
Utah and the four corners region, respectively) 
is more consistent with the predicted position of 
dynamic topography produced by the conjugate 
Shatsky Rise if it were located beneath northern 
Arizona at 80 Ma as indicated by Humphreys 
et al. (2015).

During 80–75 Ma, the conjugate Shatsky 
Rise passed beneath the Colorado Plateau 
(Fig.  1). The relatively low accommodation 
(indicated by low sediment accumulation) in 
areas above the path of the conjugate Shatsky 
Rise (Fig. 7), as well as uplift of the southwest-
ern Colorado Plateau (Flowers et al., 2008) dur-
ing this time, indicates conjugate Shatsky Rise 
remained relatively buoyant (having a basal-
tic crust). The broad depocenter (>400 km 
× 400 km) shown in the 80–75 isopach map 
lies ∼500 km directly in front of the conjugate 
Shatsky Rise (Figs. 7 and 9C). The elongation 
orientation of the broad depocenter should 
probably be parallel to the migration direc-

tion of the conjugate Shatsky Rise (because 
dynamic subsidence is predicted to be the 
greatest at its front), indicating the location of 
the conjugate Shatsky Rise at 75 Ma is located 
somewhere in between its proposed locations 
at 75 Ma by Liu et al. (2010) and Humphreys 
et al. (2015) (Fig. 7).

From 75 to 66 Ma, the migration path of the 
conjugate Shatsky Rise shows a more north-
ward deflection (Fig.  8). Assuming the dep-
ocenter generated by dynamic subsidence also 
migrated in the same direction, a high accom-
modation area is expected in eastern or north-
eastern Wyoming, which appears to be consis-
tent with the isopach pattern in Figure 8. The 
segregated depocenter distribution revealed by 
Figure  8, however, indicates flexural subsid-
ence caused by local Laramide uplifts signifi-
cantly overprinted the typically broad pattern 
of dynamic subsidence/uplift. For instance, the 
thickness trend of the 75–66 Ma strata in the 
Washakie Basin and Wind River Basin indi-
cates surrounding Laramide uplifts were active 
nearby (Fig. 8). Nevertheless, the accommoda-
tion created in the Washakie Basin and Wind 
River Basin is almost as large in magnitude 
as the accommodation created by loading of 
the Sevier thrust sheets in central Utah dur-
ing 90–80 Ma (Fig. 6). This indicates part of 
the accommodation in these local Laramide 
basins was created by dynamic subsidence 
related to subduction of the conjugate Shatsky 
Rise (Fig. 8). The wavelength of dynamic sub-
sidence, however, seems to have significantly 
decreased during 75–66 Ma (∼250 km in 

Figure 9. Schematic drawings 
showing the temporal change in 
effects of dynamic topography 
in response to the subduction 
of the conjugate Shatsky Rise 
(based on Aschoff and Steel, 
2011; Humphreys et  al., 2015; 
Liu and Currie, 2016; Axen 
et  al., 2018; and results from 
this study). (A) At ca. 90 Ma, 
the conjugate Shatsky Rise 
collided with North America. 
The subduction of the Faral-
lon plate had a normal dipping 
angle. The foreland basin had a 
well-developed flexural profile 
produced by the loading of the 
Sevier fold-and-thrust belt. (B) 

A low-angle to flat segment of the Farallon plate beneath western North America started to form at ca. 85 Ma (Liu and Currie, 2016) due to 
the buoyant oceanic plateau crust. Dynamic subsidence started to influence the subsidence foreland basin, particularly at areas in front of 
the conjugate Shatsky Rise, making the flexural foreland basin geometry more subdued. (C) Dynamic subsidence became the dominant sub-
sidence mechanism at ca. 80 Ma. The conjugate Shatsky Rise remained relatively buoyant, and dynamic subsidence is predicted to be the 
greatest at its front. (D) The conjugate Shatsky Rise was starting to lose its buoyancy by transforming into eclogite at ca. 75 Ma (Humphreys 
et al., 2015). The greatest dynamic subsidence occurs directly in front of, or even above, the leading part of the conjugate Shatsky Rise.

A

C D

B
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front of the conjugate Shatsky Rise) compar-
ing to the 80–75 Ma isopach map. The greatest 
dynamic subsidence occurs directly in front of, 
or even above, the leading part of the conjugate 
Shatsky Rise starting at 75 Ma. The decrease in 
the dynamic subsidence wavelength indicates 
that the conjugate Shatsky Rise was starting to 
lose its buoyancy by transforming into eclog-
ite at ca. 75 Ma (the leading part of the con-
jugate Shatsky Rise would undergo eclogitiza-
tion first). As the eclogitized oceanic plateau 
migrated farther inboard and subducted into 
deeper depth, the magnitude and wavelength 
of dynamic subsidence would have decreased 
because there would have been less coupling 
between the Farallon and North American 
plates (Fig.  9D). At ca. 70 Ma, the conju-
gate Shatsky Rise was approximately located 
beneath the broad depocenter shown in Fig-
ure 8, indicating that all the basalt crust of the 
conjugate Shatsky Rise may have transformed 
into eclogite by 70 Ma. The emplacement of 
the antibuoyant conjugate Shatsky Rise start-
ing at 70 Ma would have caused subsidence 
directly above it, as shown in the isopach pat-
tern (Fig. 8). The timing of eclogitization of the 
conjugate Shatsky Rise indicated by isopach 
analysis is consistent with numerical modeling 
results (Liu et al., 2010) and other geologic evi-
dence (e.g., the initiation of Colorado Mineral 
Belt at 75 Ma; Humphreys et al., 2015).

5.3. Transitory Effects of Dynamic 
Topography: Implications for Geodynamic 
Modeling of Dynamic Subsidence

Most current geodynamic models of 
dynamic subsidence are static in the sense that 
they only consider effects of dynamic subsid-
ence under steady conditions with a limited 
number of variables. Results from this study, 
however, indicate the effects of dynamic 
topography (e.g., wavelength and location of 
subsidence and uplift) generated in response 
to the subduction of an oceanic plateau are 
rather transitory. Dynamic topography started 
to influence creation/destruction of accom-
modation in the CFB from ca. 85 Ma, became 
the dominant subsidence mechanism at ca. 
80 Ma, and was significantly overprinted by 
the flexural subsidence induced by local 
Laramide uplift and loading during 75–66 Ma. 
Although the influence of dynamic subsidence 
in the CFB has been generally inferred based 
on the unexplainable amount of subsidence 
when loading from orogenic belts and sedi-
ments are taken into account, the new isopach 
maps with higher spatial resolution developed 
herein indicate the effects of dynamic topog-
raphy are highly variable through both space 

and time, largely controlled by the evolution 
of the conjugate Shatsky Rise. For instance, the 
area of dynamic subsidence within the CFB, 
as revealed in the 90–80 Ma and 80–75 Ma 
isopach maps, seemed to have migrated from 
the four corners region at 85 Ma (Fig.  6) to 
north-central Colorado at 80 Ma (Fig.  7), at 
an average rate of ∼120 km/ m.y. The area of 
dynamic subsidence subsequently migrated 
from north-central Colorado at 80 Ma (Fig. 7) 
to southeastern/eastern Wyoming at 75 Ma 
(Fig. 8), at an average rate of 60 km/m.y. Addi-
tionally, based on the comparison between the 
80–75 Ma and 75–66 Ma isopach maps, the 
wavelength of dynamic subsidence greatly 
decreased from ∼500 km (Fig. 7) to ∼300 km 
(Fig. 8). The decreases in the migration rate 
and wavelength of dynamic subsidence can be 
largely attributed to the loss of buoyancy of the 
conjugate Shatsky Rise, as the oceanic plateau 
had subducted to deeper depth and undergone 
eclogitization (Section 5.2; Figs. 9C and 9D). 
Therefore, changes in the location, subduction 
angle, and depth, and buoyancy of the sub-
ducting oceanic plateau through the Late Cre-
taceous may lead to changes in the wavelength 
and locations of dynamic subsidence and 
uplift within the CFB. The transitory effects 
of mantle-induced dynamic topography need 
to be taken into account in future geodynamic 
models to better reconstruct and predict the 
development of other retroarc foreland basins.

6. CONCLUSIONS

New isopach maps developed in this study, 
based on the stratigraphic correlation of Late 
Cretaceous strata over a broader area in the 
western United States with stronger temporal 
constraints and denser well log control points, 
provide additional constraints on the effects of 
dynamic topography on the development of Late 
Cretaceous Cordilleran foreland basin (CFB) 
and the fate of the conjugate Shatsky Rise. The 
main conclusions are as follows:

(1) Dynamic topography may have started to 
influence the development of the CFB as early 
as 85 Ma, despite that flexural subsidence was 
the dominant mechanism controlling subsidence 
of CFB during ca. 100–80 Ma. The 100–90 Ma 
isopach map shows well-developed foredeep, 
forebulge, and backbulge. The well-organized 
flexural foreland basin geometry, however, 
becomes more subdued in the 90–80 Ma iso-
pach map, probably reflecting the interference 
between flexural subsidence with mantle-driven 
dynamic subsidence.

(2) Long-wavelength subsidence is the most 
diagnostic feature of dynamic subsidence. Based 
on temporal changes in depocenter distribu-

tions, dynamic subsidence is inferred to influ-
ence accommodation creation in the CFB start-
ing from ca. 85 Ma and became the dominant 
subsidence mechanism in CFB at ca. 80 Ma. 
The effects of dynamic subsidence changed 
significantly in character when the conjugate 
Shatsky Rise began to lose its buoyancy dur-
ing 75–70 Ma. Subsidence within the CFB dur-
ing 75–66 Ma was controlled by the combined 
effects of dynamic subsidence and flexural sub-
sidence induced by local Laramide uplifts.

(3) Large-scale (>400 km ×  400 km) 
dynamic topography (subsidence and uplift) 
significantly influenced the depocenter develop-
ment within the CFB, which is most distinctly 
revealed in the 80–75 Ma isopach map. Prelimi-
nary isopach maps of successive time intervals 
suggest dynamic topography migrated at an aver-
age rate ranging from ∼120 km to 60 km/m.y. in 
the CFB through the Late Cretaceous. The size 
and migration rate of dynamic topography can 
be further constrained in future studies with 
more control points and higher-resolution strati-
graphic correlations.

(4) Dynamic topography generated in response 
to the subduction of an oceanic plateau is rather 
transitory. The effects of dynamic topography 
(e.g., wavelength and locations of subsidence 
and uplift, migration rate) on the development 
of CFB varied through both space and time in 
response to the evolution of conjugate Shatsky 
Rise (e.g., changes in location, subduction angle 
and depth, buoyancy through time). Careful 
reconstruction of regional geologic history based 
on stratigraphic analysis using three-dimensional 
data sets is required to constrain the influence of 
dynamic topography in other retroarc foreland 
basins. A better understanding of how transitory 
effects of dynamic topography may vary through 
both space and time is critical for future geody-
namic models to better reconstruct and predict 
the development of other foreland basins that 
may have formed by an interplay of crustal and 
asthenospheric tectonic processes.
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