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A B S T R A C T   

The stratigraphic record from the North American Cordilleran foreland basin (CFB) serves as a critical archive of how tectonics, sea level, and sediment supply 
interacted throughout the geologic past, providing valuable insights into the formation and filling of foreland basins. By integrating a range of stratigraphic, 
sedimentologic, and geochronological datasets, the roles of various geological processes within the CFB are better constrained, especially more enigmatic subcrustal 
processes probably related to large-scale mantle flows. This study summarizes the complex shoreline evolution of the central part of the CFB (Wyoming, Utah, 
Colorado, and New Mexico) in 25 temporally constrained paleogeographic maps illustrating high-resolution shoreline history (location and migration trend) and 
distribution of gross depositional environments through the Late Cretaceous. Detailed stratigraphic synthesis indicates that sediment fill of the CFB was subject to 
complex interactions of tectonics (both local and regional scale and both crustal and subcrustal processes), eustasy, and sediment supply because stratigraphic 
stacking patterns and shoreline migration trends varied along the coeval shoreline during most of the Late Cretaceous. The spatial variability in the shoreline 
migration trend, as well as changes in the sediment dispersal pattern help to disentangle the effects of subsidence caused by crustal and/or subcrustal processes, and 
provide constraints on the spatial and temporal scales these processes operate on. Subcrustal processes such as mantle flow, possibly associated with enhanced 
coupling by subduction of an oceanic plateau (i.e., the conjugate Shatsky rise) attached to the Farallon plate, were documented as an important mechanism 
influencing the subsidence/uplift and sediment dispersal patterns in the CFB since at least ~85 Ma. The along-strike variation in shoreline migration trend along the 
coeval shoreline is likely the norm, rather than the exception, due to the spatial variation in topographic load, lithospheric strength, mantle-induced dynamic 
topography, and sediment supply across the CFB. Although quantifying the relative roles of different allogenic factors on the architecture of the CFB strata remains a 
challenging task, the chronostratigraphic framework, shoreline trends, and paleogeographic maps compiled herein could provide critical boundary conditions for 
forward modeling, such as geodynamic and landscape models, to better understand the paleogeographic and tectonic evolution of the CFB and other basins 
worldwide, in a more comprehensive way that considers the effect of the mantle on basin-formation. Eventually, high-resolution reconstruction of the geohistory of 
the CFB through holistic approaches will greatly advance our understanding of the roles of different allogenic factors in sediment filling of the CFB and enable us to 
better use the stratigraphic record of foreland basins as important archives of paleoenvironmental evolutions and the interaction between surficial and deep Earth 
processes through geological time.   

1. Introduction 

One of the grand challenges in earth sciences is deciphering how 
various geological processes (e.g., tectonics, sea level, and sediment 
supply) have shaped the Earth's surface. Although these processes can be 
recorded in the stratigraphic record of sedimentary basins, interpreting 
the interaction of tectonics, sea level, and sediment supply from the 
sedimentary basin fill remains a challenging task because it requires a 
comprehensive suite of datasets including a high-resolution chronolog
ical framework, stratigraphic architecture, sediment dispersal pattern, 
sediment provenance data, and the distribution of sediment 

accumulation and depositional environments. These different datasets 
are not always available in sedimentary basins worldwide except for a 
few exceptions. One such exception is the Cretaceous Cordilleran fore
land basin (CFB), probably the best-preserved, best-dated, and most 
intensively studied sedimentary basins in the world (Miall et al., 2008). 
With an extensive subsurface database and excellent outcrops, studies of 
the CFB have significantly contributed to the development of many as
pects of geology and serves as an exemplar for retroarc foreland basins 
(Miall et al., 2008). For instance, geodynamic models for foreland basins 
recognizing the genetic association between crustal loading and basin 
formation were first developed here (Jordan, 1981). The important role 
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of subcrustal loading on the foreland basin subsidence (i.e., dynamic 
subsidence) was also first recognized in the CFB (Bond, 1976; Cross and 
Pilger, 1978; Mitrovica et al., 1989; Gurnis, 1992). Moreover, studies of 
the CFB have greatly enhanced our understanding of the relationship 
between tectonics and sedimentation. The general linkage between the 
active timing and locations of tectonic structures and depocenters within 
the CFB is well constrained by abundantly available stratigraphic sec
tions, sediment composition data, paleocurrent data, isopach maps, and 
geochronological data (Armstrong, 1968; Dyman et al., 1994; DeCelles 
et al., 1995; Pang and Nummedal, 1995; Roberts and Kirschbaum, 1995; 
White et al., 2002; DeCelles, 2004; Horton et al., 2004; Liu et al., 2005; 
DeCelles and Coogan, 2006; Dickinson and Gehrels, 2008; Laskowski 
et al., 2013; Painter and Carrapa, 2013; Painter et al., 2014; Yonkee and 
Weil, 2015; Bush et al., 2016; Heller and Liu, 2016; Quinn et al., 2016; 
Bartschi et al., 2018). High-resolution invertebrate biozones and closely 
spaced datable bentonites within the sediment fill of the CFB, occupied 
by a large epicontinental seaway known as the Western Interior Seaway 
during the Late Cretaceous, significantly contributed to the development 
of the Cretaceous time scale (Obradovich, 1993; Cobban et al., 2006; 
Ogg et al., 2012). Extensive subsurface and surface datasets with 
excellent chronostratigraphic constraints allow much refined strati
graphic analysis, providing critical insights into the roles of allogenic 
controls (e.g., tectonics, sea level, and climate) on sedimentation (Hale 
and Van De Graaff, 1964; Fouch et al., 1983; Lawton et al., 1986; 
Merewether and Cobban, 1986; Van Wagoner et al., 1990; Devlin et al., 
1993; Kauffman and Caldwell, 1993; Gardner, 1995; Krystinik and 
DeJarnett, 1995; Catuneanu et al., 1997; Sageman et al., 1997; Varban 
and Guy Plint, 2008; Hampson, 2010; Aschoff and Steel, 2011; Fielding, 
2011; Zhu et al., 2012; Liu et al., 2014; Rudolph et al., 2015; Van 
Cappelle et al., 2018; Lin et al., 2019; Minor et al., 2021; Li and Aschoff, 
2022). 

Early regional studies of the CFB stratigraphy emphasized the roles 
of long-term (several to tens of million years first- to second-order; 
Fig. 2) tectonic and eustatic cycles on the development of strati
graphic cyclicity and regional unconformities (Hale and Van De Graaff, 
1964; Armstrong, 1968; McGookey et al., 1972; Kauffman, 1977; 
Weimer, 1984). Detailed lithostratigraphic studies constrained by 
ammonite biozones allowed the reconstruction of paleogeography and 
shoreline history within the CFB throughout the Late Cretaceous, 
revealing the widespread presence of shorter-term (less than a few 
million years third- to higher-order; Fig. 2) depositional sequences 
(Franczyk et al., 1992; Cobban et al., 1994; Elder and Kirkland, 1994; 
Gardner, 1995; Krystinik and DeJarnett, 1995; Roberts and Kirschbaum, 
1995; Minor et al., 2021). The presence of third- to fourth-order depo
sitional sequences was further strengthened by the growing application 
of high-frequency stratigraphic analysis (e.g., sequence stratigraphy, 
cyclostratigraphy, and chemostratigraphy), revealing the critical roles 
of high-frequency sea level and climate cycles on sedimentation within 
the CFB (Van Wagoner et al., 1990; Sageman et al., 1997; Plint and 
Kreitner, 2007; Zhu et al., 2012; Joo and Sageman, 2014; Eldrett et al., 
2015; Ma et al., 2017; Lin et al., 2019; Li and Schieber, 2020; Minor 
et al., 2021). 

Despite the various stratigraphic studies that have been conducted in 
numerous areas within the CFB, a comprehensive and detailed under
standing of the relationship between tectonics, sea level, and sedimen
tation within the foreland basin has not been completed. One of the most 
important questions that remains unanswered is how the combined ef
fects of tectonics and sea level generated the apparent synchroneity of 
stratigraphic cycles observed over multiple time scales in the CFB strata. 
Although the ten long-term (first- to second-order) eustatic 
transgressive-regressive cycles (T-R cycles) proposed by Kauffman 
(1977) provided a useful general framework to correlate Cretaceous 
strata over great distances (hundreds to thousands of kilometers) across 
the CFB, careful examinations of the stratigraphic stacking pattern at 
different areas indicate these T-R cycles are not synchronous everywhere 
across the CFB (Molenaar et al., 1988; Schröder-Adams, 2014). By 

integrating stratigraphic stacking patterns with biostratigraphic controls 
(ammonite biozones), Krystinik and DeJarnett (1995) demonstrated 
that most, if not all, observed second- to third-order depositional se
quences in the Campanian to Maastrichtian strata from New Mexico to 
Alberta are not synchronous. The largely asynchronous first- to third- 
order depositional sequences across the CFB strongly indicate the in
teractions between tectonics (regional and local scale) and sea-level 
changes, and their effects on sedimentation are much more complex 
and shorter-duration than generally considered (Krystinik and DeJar
nett, 1995; Hampson, 2010; Gani et al., 2015; Schultz et al., 2020). 

Understanding of the relationship between tectonics, sea level, and 
sedimentation within the CFB has been limited by the lack of a 
comprehensive and regional geologic context at high temporal resolu
tion. Out of necessity, many previous studies tended to focus on only a 
limited temporal or spatial scale and emphasize one dominant type of 
allogenic control rather than the combined effects of multiple processes. 
Although these studies employed robust stratigraphic analyses, deposi
tional sequences were correlated either in a more general way over vast 
areas, or in a very detailed way in smaller subareas. Integrating previous 
local studies into a regional stratigraphic framework is problematic 
because of differences in correlation methods and chronostratigraphic 
constraints of depositional sequences between different subbasins 
within the CFB. Without putting the stratigraphic stacking pattern and 
shoreline trend revealed by a local depositional sequence into a regional 
context with robust chronostratigraphic controls, it is impossible to 
unequivocally determine whether the apparent base-level rise/fall 
inferred from a restricted area was due to tectonic activities, sea-level 
changes, sediment supply or any combination of the above. General 
compilations of the distribution and evolution of depositional environ
ments, stratigraphic stacking patterns, and shoreline history do exist in 
the form of a series of paleogeographic maps at different times or bio
zones (McGookey et al., 1972; Cobban et al., 1994; Roberts and 
Kirschbaum, 1995). These maps, however, typically depict the average 
long-term trend of shoreline history and stratigraphic stacking patterns 
and are not high-resolution enough to allow the discrimination between 
tectonic and sea-level changes over relatively short-term (e.g., third- to 
higher-order) periods, let alone that the combined effects of tectonic 
uplift/subsidence, sea-level changes, and sediment supply tend to vary 
laterally (Krystinik and DeJarnett, 1995; Chang and Liu, 2020; Schultz 
et al., 2020). 

Another factor that may have complicated our understanding of the 
linkage between tectonics, sea level, and sedimentation within the CFB 
is flexural subsidence and uplift related to thrust sheet has been 
considered as the overriding cause of CFB development (Jordan, 1981). 
Although dynamic topography (including subsidence and uplift) asso
ciated with large-scale sublithosphere mantle flows has been increas
ingly recognized as another important mechanism influencing the 
development of retroarc foreland basins, including the CFB (Jones et al., 
2011; Painter and Carrapa, 2013; Liu et al., 2014; Heller and Liu, 2016; 
Li and Aschoff, 2022), the processes of mantle flows and effects (e.g., 
extent and magnitude) of dynamic topography remains relatively poorly 
understood. Consequently, the subsidence/uplift induced by dynamic 
topography has not yet been taken into consideration to explain short- 
term sedimentation and stratigraphic patterns of the strata in the CFB. 

To resolve the complex interactions between tectonics, sea level, and 
sediment supply and their effects on sedimentation within the CFB, this 
review integrates a range of stratigraphic, sedimentologic, and 
geochronological datasets from research over the past more than half a 
century. The main objective of this synthesis is to incorporate the timing 
and locations of active tectonic features (including both thin-skinned 
and thick-skinned structures), stratigraphic stacking patterns, sedi
ment dispersal pattern, sediment provenance data, and the distribution 
of sediment accumulation and depositional environments within the 
CFB into a high-resolution and robust chronostratigraphic framework. 
This study specifically focused on Upper Cretaceous strata in the central 
part of the CFB (i.e., Wyoming, Utah, Colorado, and northern New 
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Mexico) because 1) Upper Cretaceous strata of these areas provide an 
excellent archive of shoreline history (i.e., location and migration 
trend), 2) the Late Cretaceous ammonite biozones in these areas are 
high-resolution (50,000–100,000 yr. scale) and widespread (thousands 
of km) enough to serve as excellent time markers when examining the 
spatial variability in the stratigraphic architecture (Cobban et al., 2006; 
Ogg et al., 2012), and 3) dynamic topography was documented to have 
played a significant role influencing the development of CFB in these 
areas during the Late Cretaceous (Liu and Nummedal, 2004; Liu et al., 
2010; Aschoff and Steel, 2011; Liu et al., 2011; Liu et al., 2014; Heller 
and Liu, 2016; Li and Aschoff, 2022). Based on the reconstructed 
paleogeographic and tectonic evolution of the CFB during the Late 
Cretaceous, this review provides 1) a chronostratigraphically- 
constrained framework that records the relationship between tec
tonics, sea level, and sedimentation within the CFB through the Late 
Cretaceous, 2) a better understanding of the spatial variability in the 
combined effects of allogenic factors on sedimentation and development 
of stratigraphy, 3) additional evidence indicative of the role of dynamic 
topography in sedimentation within the CFB. The much-refined geo
history of the CFB during the Late Cretaceous can also aid in future 
geodynamic and landscape models examining the relationship between 
tectonics (e.g., thrust-load-induced flexural subsidence and dynamic 
topography), sea level, and sedimentation in the CFB and other retroarc 
foreland basins (Liu et al., 2008; Spasojevic et al., 2009; Chang and Liu, 
2020). 

2. Geologic context 

As one of the type examples of retroarc foreland basin developed 
along an ocean-continent convergent plate boundary, the CFB is 
genetically related to the Jurassic-Paleogene subduction of the oceanic 
lithosphere of the Farallon Plate beneath the continental lithosphere of 
western North America. The forces associated with plate convergence, 
combined with conductive heating and slab dehydration associated with 

subduction, led to the formation of a volcanic arc along the western 
margin of the North American continent and thin-skinned Sevier fold- 
thrust belt of the North American Cordillera (Fig. 1) (Livaccari, 1991; 
DeCelles, 2004). In response to crustal loading by the Sevier fold-thrust 
belt, the CFB developed coeval with the folding and thrusting on the 
eastern margin of the Sevier fold-thrust belt (Kauffman, 1985; Kauffman 
and Caldwell, 1993). Throughout the Late Cretaceous, the Sevier fold- 
thrust belt propagated irregularly eastward, as did the CFB (DeCelles, 
2004; Liu et al., 2005). In addition to short-wavelength (< 300 km) 
flexural subsidence, dynamic subsidence induced by large-scale mantle 
downwelling associated with the flat subduction of the Farallon slab has 
been increasingly recognized to play an important role in producing 
long-wavelength (e.g., > 500 km away from the Sevier thrust belt), 
regional-scale subsidence in the CFB (Liu and Nummedal, 2004; Jones 
et al., 2011; Liu et al., 2011; Painter and Carrapa, 2013; Liu et al., 2014; 
Heller and Liu, 2016; Li and Aschoff, 2022). 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 
(Livaccari et al., 1981; Saleeby, 2003; Liu et al., 2010; Humphreys et al., 
2015; Liu and Currie, 2016). The plateau is thought to have collided 
with North America near what is now southern California between 90 
and 85 Ma, and generally moved in a northeast arcuate path across the 
Colorado Plateau, Colorado Rocky Mountains, and the Great Plains be
tween 85 and 65 Ma (Fig. 1) (Liu et al., 2010; Humphreys et al., 2015). 
During the Campanian to Paleogene, deformation within the CFB 
became dominated by thick-skinned in style (i.e., Laramide Orogeny), 
and the CFB became locally segmented by intraforeland Laramide-style 
basement-cored uplifts (Fig. 1) (Dickinson et al., 1988; Lawton, 2008). 

The development of CFB during the Late Cretaceous was accompa
nied by a global eustatic highstand (Miller et al., 2005), leading to the 
inundation of more than one-third of North America by an epiconti
nental seaway known as the Western Interior Seaway (WIS) at its 
maximum extent during the early Turonian (Fig. 1) (Kauffman, 1985). 
During the early Late Cretaceous, deposition within the CFB was 

Fig. 1. Regional index map of the western U.S. 
including the Sevier fold-thrust belt, Laramide prov
ince, and Cordilleran magmatic arc (modified from 
DeCelles, 2004; Yonkee and Weil, 2015). Areas 
focused in this study are indicated by the red dashed 
box. Approximate locations of the conjugate Shatsky 
Rise during 90–65 Ma from Liu et al. (2010) and 
Humphreys et al. (2015) are shown. The migration 
direction of the conjugate Shatsky Rise generally 
parallels to the direction of relative motion between 
the Farallon and North American plates during the 
Late Cretaceous. (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the web version of this article.)   
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characterized by widespread marine mudstone, chalk and minor mar
ginal marine and coastal-plain siliciclastic deposits. After the peak 
transgression during the early Turonian, the WIS gradually retreated 
from the continental interior but was interrupted by several second- 
order eustatic transgressive-regressive cycles (Kauffman, 1977). The 
first-order 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 non
marine depositional systems fed these prograding shorelines. 

During the Late Cretaceous, sediments derived from erosion of the 
rising Sevier fold-thrust belt were generally transported eastward into 
the WIS as a series of wedges of alluvial-plain, coastal-plain, and shallow 
marine siliciclastic deposits (Armstrong, 1968; McGookey et al., 1972; 
Kauffman and Caldwell, 1993; Roberts and Kirschbaum, 1995). Addi
tional sources of sediment supply to the CFB were located to the 
southwest of the CFB, where the rift shoulder of the northwest-southeast 
trending Bisbee rift basin formed the Mogollon Highlands (Fig. 1) 
(Bilodeau, 1986). Sediments derived from the Cordilleran magmatic arc 
and Mogollon Highlands were transported in a dominant northeast 
(axially) direction, approximately orthogonal to the eastward-directed 
(transverse) sediment supply from the Sevier fold-thrust belt (Bilo
deau, 1986; Lawton and Bradford, 2011; Lawton et al., 2014; Szwarc 
et al., 2015). During most of the Late Cretaceous, the circulation within 
the seaway was largely controlled by storms and waves that produced 
dominant southward-directed longshore currents and net sediment drift 
along its western margin, as indicated by paleoenvironmental re
constructions (Barron, 1989; Ericksen and Slingerland, 1990; Slinger
land and Keen, 1999). The general sediment dispersal pattern within the 
CFB became more complex in response to local Laramide-style base
ment-cored uplifts, which served as additional sediment sources for 
newly-formed intermontane basins (Lawton, 2008). 

3. Data and methods 

This paper integrates data including age-control, biostratigraphic 
control, stratigraphic surfaces for correlation, depositional environ
ments, provenance data, sediment dispersal data, outcrop sections, and 
well-logs compiled from research in the CFB over the past more than half 
a century (Fig. 3). A total of 25 paleogeographic maps illustrating 
approximate shoreline locations, sediment dispersal, shoreline migra
tion trends, and distribution of gross depositional environments (GDE) 
through the Late Cretaceous were constructed. Each paleogeographic 
map was developed to depict the paleogeography in the study area at the 
top of selected ammonite biozones. The selection of ammonite biozones 
for paleogeographic reconstructions was largely based on the wide
spread distribution of the ammonite species and the large availability of 
stratigraphic data tied to these ammonite biozones. 

3.1. Paleogeographic reconstructions 

To construct each paleogeographic map a chronostratigraphic 
framework was first constructed based on the robust ammonite 
biostratigraphy and geochronological data (Fig. 4 and Fig. 5). Using this 
framework, previous paleogeographic maps developed for different 
time-intervals based on ammonite biozones were first georeferenced in 
ArcGIS (McGookey et al., 1972; Franczyk et al., 1992; Cobban et al., 
1994; Elder and Kirkland, 1994; Blakey, 2014). Stratigraphic data used 
to construct these previous paleogeographic maps, when available, were 
verified, georeferenced, and incorporated as control points for our 
paleogeographic maps. Additional control points were compiled from 
many other sources, where published detailed stratigraphic sections 
could be tied to ammonite biozones. For a given paleogeographic map, 
each control point includes information such as the Formation/Member 
name, type of gross depositional environment (or hiatus), and reference 
source. To avoid line-interference, control points are not displayed in the 
paleogeographic maps, but all datapoints are available in the 

Supplementary Data section of this paper. 
The paleoshoreline location and distribution of gross depositional 

environments and regional scale unconformities at different times (i.e., 
tops of different ammonite biozones) were constrained and depicted on 
each paleogeographic map based on all control points. Spatial variations 
in the paleoshoreline location and distribution of gross depositional 
environments within the CFB can thus be illustrated on the scale of less 
than one to a few million years through the Late Cretaceous, depending 
on the duration of ammonite biozones. Additionally, the local shoreline 
migration trend (i.e., landward vs. seaward) was illustrated on each 
paleogeographic map based on the stratigraphic stacking pattern (i.e., 
retrogradational vs. progradational) documented in the compiled 
stratigraphic sections. 

Paleocurrent data were also compiled from many previous studies 
and depicted on certain paleogeographic maps. The depicted paleo
current data should be considered as the average dominant paleoflow 
directions (bimodal paleoflow directions were recorded) during the 
geologic stage/substage. Similarly, long-term (substage to stage scale) 
sediment dispersal directions inferred based on petrography and detrital 
zircon provenance data were also compiled and shown on paleogeo
graphic maps of relevant ages. Sources of all paleocurrent data and 
sediment dispersal patterns compiled in this study can be found in 
Supplementary Data. 

Tectonic features, including Sevier thrusts, thrust-sheets, and 
Laramide-style structures, were compiled from multiple sources (Dick
inson et al., 1988; DeCelles, 2004; Yonkee and Weil, 2015; Heller and 
Liu, 2016). The presumed positions of Sevier thrust-sheet segments, 
forebulge, Laramide-style structures that are presumed to have been 
active, and the reconstructed locations of the conjugate Shatsky Rise 
during different times through the Late Cretaceous were overlain on 
each paleogeographic map to show the correspondence of age- 
equivalent geologic features. Similarly, tectonic features were also 
depicted over relatively long-term periods (e.g., on the scale of geologic 
stage or occasionally substage). Legend for structural features, distri
bution of gross depositional environment, sediment dispersal, and 
stratigraphic stacking pattern depicted in all reconstructed paleogeo
graphic maps were summarized in Fig. 6. 

3.2. Resolving the roles of tectonics, eustasy, and sediment supply 

This study discriminated the relative influence of tectonics, eustasy, 
and sediment supply on the third-order (i.e., 0.5–3 Ma; Fig. 2) strati
graphic stacking pattern (i.e., progradation vs. retrogradation) and 
shoreline migration trend, which can be resolved based on the high- 
resolution ammonite biozones within the WIS. On this time scale, the 
stratigraphic stacking pattern of coastal to nearshore deposits is largely 
controlled by allogenic factors such as subsidence, sea level (influenced 
by climate), and sediment supply (influenced by climate) rather than 
autogenic factors (Paola et al., 2018) and can be considered as governed 
by the rate of change of accommodation (i.e., the space available for 
sediment) versus the rate of change of sediment supply; the ratio of these 
is the A/S ratio, which provides a framework to interpret stratigraphic 

Fig. 2. Hierarchy system based on the duration of stratigraphic cycles (Vail 
et al., 1977; Mitchum and Van Wagoner, 1991). The cycle duration focused in 
this study is indicated in red. For reference, the average duration of ammonite 
biozones in the Late Cretaceous WIS is ~0.5 Ma. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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architecture (Schlager, 1993; Muto and Steel, 1997). Accommodation is 
controlled by both tectonics and eustasy. If one of these three allogenic 
factors (i.e., tectonics, eustasy, and sediment supply) can be fairly well 
constrained, the relative roles of the other two factors can then be 
inferred based on the observed stratigraphic stacking pattern at the 
shoreline and the A/S concept: shoreline shifts seaward when A/S < 1 
(progradational), landward when A/S > 1 (retrogradational), and re
mains stationary when A/S = 1 (aggradational). 

Several studies have attempted to reconstruct the Late Cretaceous 
eustasy (Haq et al., 1987; Sahagian et al., 1996; Miller et al., 2005; 
Kominz et al., 2008; Haq, 2014). Despite disparities among various 
eustatic reconstructions, the second- to third-order sea-level changes (i. 
e., rise or fall) through the Late Cretaceous are typically much better 
constrained and correlated globally (Kominz et al., 2008; Ray et al., 
2019). To compile eustatic changes reconstructed by the above previous 
studies (Sahagian et al., 1996; Miller et al., 2005; Kominz et al., 2008; 
Haq, 2014), the time-scale used in these studies was first converted to 
the same time-scale used here (i.e., GTS 2012 sensu Gradstein et al., 
2012; Ogg et al., 2012). The sea-level trend (i.e., rise or fall) at the top of 
selected ammonite biozones was then considered as the sea-level trend 
suggested by the majority of sources at this time (Fig. 7). Using the 
agreed sea level trend as an input, the relative influence of tectonics, 
eustasy, and sediment supply on the observed stratigraphic stacking 
pattern during different time intervals can be determined based on the 
stratigraphic stacking pattern at the shoreline and the A/S concept, the 

workflow of which is summarized in Fig. 8. 

3.3. Discriminating flexural and dynamic subsidence 

In retroarc foreland basins, flexural and dynamic subsidence produce 
very different spatial footprints in terms of their geographic extent, 
shape (i.e., distribution of basin-fill), and relationship to key tectonic 
features such as the fold-thrust belt (Burgess and Moresi, 1999; Liu and 
Nummedal, 2004; Liu et al., 2005; Spasojevic et al., 2009; Chang and 
Liu, 2019; Chang and Liu, 2020). Based on the spatial variability in the 
stratigraphic stacking pattern, reconstructed eustatic changes, and the 
A/S ratio concept, the lateral variability in the effects of tectonics and 
sediment supply on the stratigraphic architecture and shoreline migra
tion history across the CFB through the Late Cretaceous can be deter
mined. These can provide insight into spatial variability in tectonically- 
generated topography (i.e., subsidence and uplift), and sediment 
dispersal patterns. Based on the inferred distribution of topographic 
high and low areas, flexural subsidence caused by loading of the Sevier 
fold-thrust belt can be discriminated from dynamic topography associ
ated with the flat subduction of the Farallon plate beneath the North 
American plate. Specifically, lexural loading of the thrust belt typically 
creates short-wavelength (< 200 km) subsidence adjacent and subpar
allel to the orogenic belt. In contrast, dynamic subsidence is usually 
invoked to account for the long-wavelength (up to ~1000 km) subsi
dence because stresses induced by mantle flows can translate over much 

Fig. 3. Map of the study area showing the outcrops of Upper Cretaceous strata and multiple basins and regions from where stratigraphic sections were incorporated 
to reconstruct paleogeography through the Late Cretaceous. Areas covered by this map is indicated by the red dashed box in Fig. 1. The map also shows Sevier (thin- 
skinned) thrusts (DeCelles, 2004) and Laramide (thick-skinned) structures (Dickinson et al., 1988; Yonkee and Weil, 2015) that were active at different times through 
the Late Cretaceous. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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larger distances (Mitrovica et al., 1989; Gurnis, 1992; Catuneanu et al., 
1997; Burgess and Moresi, 1999). 

Most models predicted a broad zone of dynamic subsidence above 
the leading part of the subducting oceanic plateau—the conjugate 
Shatsky Rise, where both the negative buoyancy of the flat slab (due to 
older age or eclogitization of the basaltic crust) and the magnitude of 
dynamic coupling between the mantle and the lithosphere would be the 
greatest (Mitrovica et al., 1989; Liu et al., 2010; Heller and Liu, 2016). 
The lithosphere above the trailing part of the conjugate Shatsky Rise, 
however, would experience much less dynamic subsidence (or possibly 
uplift) due to reduced negative buoyancy of the younger crust and 
decreased dynamic coupling (Liu et al., 2010; Dávila and Lithgow- 
Bertelloni, 2015; Heller and Liu, 2016). The associated dynamic uplift 
and subsidence along the migration trajectory of the conjugate Shatsky 
Rise, therefore, would potentially create more complex topography 
overprinting the simple, four-depozone foreland basin profile (i.e., 
wedge-top, foredeep, forebulge, and backbulge) produced by dominant 
flexural subsidence (DeCelles and Giles, 1996). With a comprehensive 
understanding of the relative roles of tectonics (both regional and local 
scales, flexural and dynamic subsidence/uplift) and sediment supply 
within the CFB inferred from the observed stratigraphic stacking pattern 
during different time intervals, the footprints of dynamic topography 
during the development of the CFB can be better constrained in terms of 
the subduction and migration of the conjugate Shatsky Rise throughout 
the Late Cretaceous. 

4. Evolution of paleogeography within the CFB 

This section focuses on describing the paleogeography, with an 
emphasis on marine shorelines and their positions within the study area 
at different times. Shorelines were a primary focus in this study because 
they are sensitive to paleotopography, and are more easily dated with 
ammonite assemblages. Each paleogeographic map represents a snap
shot in time illustrating the distribution of different gross depositional 
environments (GDE) at the top of a given ammonite biozone. Addi
tionally, the lateral variability in the stratigraphic stacking pattern and 
the shoreline change trend will be discussed over different time intervals 
(i.e., during an ammonite biozone or between two ammonite biozones). 
For clarification, the term “ammonite biozone time” in the following 
sections refers to the instant at the top of the given ammonite biozone, 
while the “ammonite biozone” refers to the duration of time recorded in 
the specific ammonite biozone. 

4.1. Cenomanian (100.5 Ma - 93.9 Ma) 

During Cenomanian time, the frontal part of the Sevier fold-thrust 
belt began to take shape. Active thrust systems on the margin of the 
CFB included the Willard-Meade thrust in the Idaho-Wyoming-Utah 
salient, the Nebo thrust in the Charleston-Nebo salient in north-central 
Utah, the Pavant thrust in central Utah, and the Keystone thrust sys
tem in southern Nevada (Fig. 7) (DeCelles, 2004; DeCelles and Coogan, 
2006). The Cenomanian was characterized by a long-term warming 
trend and overall eustatic rise (Sahagian et al., 1996; Kominz et al., 
2008; Haq, 2014; Joo et al., 2020), during which the Rocky Mountain 
and Great Plains regions became increasingly inundated by the WIS from 
the north. Cenomanian deposits within the CFB were considered largely 
controlled by the second-order Greenhorn transgressive sea level cycle 
(Kauffman, 1977). 

4.1.1. Early cenomanian: top of Neogastroplites americanus zone (~97.8 
Ma) 

The early Cenomanian records the incursion of a shallow, epiconti
nental sea into the map area (Fig. 9A). At the Neogastroplites americanus 
time (97.8 Ma), the study area was generally divided into a marine 
environment to the north and a nonmarine environment to the south by 
a dominantly northwesterly trending shoreline across the Utah- 
Colorado boundary (Fig. 9A) (Franczyk et al., 1992; Cobban et al., 
1994). Marine mudstones (non-calcareous) of the Mowry Shale and 
Graneros Shale were deposited in Wyoming, a small part of northeastern 
Utah, and northern to central Colorado, which grade southward into the 
nearshore marine deposits of the Dakota Sandstone (Fig. 9A). A coastal- 
plain environment was probably present landward of the shoreline 
(Fig. 9A; the Chalk Creek Member of the Frontier Formation at the 
Coalville area, Utah). Braided fluvial sandstones of the Dakota Sand
stone (early Cenomanian in age) were deposited further landward in 
south-central and southern Utah (Henry Mountains and Kaiparowits 
Plateau regions; Fig. 9A) (Peterson et al., 1980; Uličný, 1999; Antia and 
Fielding, 2011), although the age of the Dakota Sandstone (in terms of 
ammonite biozone) cannot be well constrained because of the absence, 
or scarcity, of age-diagnostic fossils (Peterson et al., 1980; Gustason, 
1989; Uličný, 1999). 

Paleocurrent directions measured from the Dakota Sandstone of the 
early Cenomanian age in southern Utah (Kaiparowits Plateau region) 
show a southeast mean flow direction, perpendicular to the northeast- 
southwest trending part of the Sevier belt (Gustason, 1989; Uličný, 

Fig. 4. Chronostratigraphic and biostratigraphic framework of Upper Cretaceous strata in Wyoming along cross sections AA′, BB′, and CC′. See Fig. 3 for cross 
section locations. 
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Fig. 5. Chronostratigraphic and biostratigraphic framework of Upper Cretaceous strata in Utah, Colorado, and New Mexico along cross sections DD′, EE′, and FF′. See Fig. 3 for cross section locations. Sources for each 
stratigraphic column shown in Fig. 4 and Fig. 5 can be found in the Supplementary Data file. 
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1999). Further (~ 200 km) away from the thrust front, the Dakota 
Sandstone in south-central Utah (Henry Mountains region) shows east to 
northeast directions (Fig. 9A) (Antia and Fielding, 2011). At the Neo
gastroplites americanus time, areas of erosion or nondeposition (lacuna) 

were at least located at central to eastern Utah and the San Juan Basin in 
southwestern Colorado and northwestern New Mexico (Fig. 9A). 

Fig. 6. Legend for structural features, distribution of gross 
depositional environment, sediment dispersal, and strati
graphic stacking pattern depicted in paleogeographic maps. 
For all paleogeographic maps, active vs. inactive Sevier thrusts 
were mainly from Fig. 4 and DeCelles (2004). Information on 
the control points for different gross depositional environ
ments for each paleogeographic maps was provided in the 
Supplementary Data file. Average paleoflow direction was 
from measured paleocurrent data, while long-term sediment 
dispersal pattern was based on detrital zircon and sandstone 
provenance data. Sources for sediment dispersal were also 
provided in the Supplementary Data file.   

Fig. 7. Diagram showing the Late Cretaceous time scale and ammonite zonations used in this study (Ogg et al., 2012), with the second-order transgressive-regressive 
cycles from Kauffman (1977), the kinematic history in five selected segments of the frontal (Sevier belt) part of the Cordilleran thrust belt (DeCelles, 2004), and the 
comparison of Late Cretaceous eustatic changes of Sahagian et al. (1996), Miller et al. (2005), Kominz et al. (2008), and Haq (2014). The second-order transgressive- 
regressive cycles are not tied to ammoniate zonations. The ages of paleogeographic maps reconstructed in this study are indicated by dashed gray lines across the 
figure. The dashed segments in the eustatic curves of Miller et al. (2005) and Kominz et al. (2008) represent inferred eustatic changes during hiatuses. 
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4.1.2. Middle Cenomanian: top of Conlinoceras tarrantense zone (~96.1 
Ma) 

The seaway from the north (Boreal Sea) connected with a seaway 
from the south (Tethys Sea) during the earliest middle Cenomanian. The 
shoreline along the western margin of the WIS established a general 
north-south orientation at the Conlinoceras tarrantense time (96.1 Ma). 
Marine mudstones had increased in extent in the study area, including 
the Belle Fourche Member of the Frontier Formation in central and 
eastern Wyoming and the Graneros Shale in most of Colorado (Fig. 9B). 
The Peay Sandstone within the Belle Fourche Member located at 
northcentral Wyoming represents delta-front deposits deflected by the 
southward-directed geostrophic current along the western margin of the 
WIS (Fig. 9B) (Merewether et al., 1979; Bhattacharya and Willis, 2001; 
Hutsky et al., 2012; Hurd et al., 2014). Nonmarine deposits of this age 
include coastal-plain deposits of the Chalk Creek Member of the Frontier 
Formation in western Wyoming and the Dakota Sandstone in the Henry 
Mountains and Kaiparowits Plateau regions in Utah, and the San Juan 
Basin (Peterson et al., 1980; Uličný, 1999; Antia and Fielding, 2011; 
Kirschbaum and Mercier, 2013). 

Paleocurrent measurements from delta-front deposits of the Peay 
Sandstone show a dominant south-southeast sediment dispersal, 
reflecting deflection by southward-directed geostrophic currents (Hut
sky et al., 2012). Fluvial sandstones of the Dakota Sandstone in the 
Henry Mountains and Kaiparowits Plateau regions show a dominant 
east-southeast and northeast paleoflow direction, respectively (Fig. 9B) 
(Uličný, 1999; Antia and Fielding, 2011). The Dakota Sandstone 
deposited in the San Juan Basin at this time exhibits a retrogradational 
stacking pattern (Fig. 9B). One lacuna was located at northeastern Utah, 
the northwestern corner of Colorado, and southern Rock Springs uplift 
in Wyoming (Fig. 9B). 

4.1.3. Earliest Late Cenomanian: top of Plesiacanthoceras wyomingsense 
zone (~95.5 Ma) 

The WIS continued to expand through the late Cenomanian. At the 
Plesiacanthoceras wyomingsense time (95.5 Ma), marine mudstones 
deposited in the study area include the Belle Fourche Member in most 
Wyoming, the Mancos Shale in western Colorado, and the Graneros 
Shale in northern New Mexico (Fig. 9C). Calcareous mudstone and 
skeletal limestone of the Lincoln Limestone Member of the Greenhorn 

Formation were deposited in eastern Colorado (Sageman and Johnson, 
1985). The Torchlight Sandstone within the Belle Fourche Member was 
deposited as a deflected delta-front sandstone in northern Wyoming 
(Fig. 9C), similar to the middle Cenomanian Peay Sandstone (Hutsky 
et al., 2012). Preserved marine shoreline deposits of this age include the 
Dakota Sandstone around the Utah-Colorado boundary and north
western New Mexico (Fig. 9C). Coeval nonmarine deposits include 
coastal-plain deposits in western Wyoming and south-central to south
ern Utah (Uličný, 1999; Antia and Fielding, 2011; Kirschbaum and 
Mercier, 2013). The lacuna located at northwestern Utah, the north
western corner of Colorado, and southwestern Wyoming (southern Rock 
Springs uplift) persisted (Fig. 9C). 

4.1.4. Shoreline migration trend and sediment dispersal pattern during 
Cenomanian time 

Due to the common hiatus and poor preservation of shoreline de
posits in the study area during the Cenomanian, the lateral variability in 
third-order stratigraphic stacking pattern through this time is not well 
constrained. Nevertheless, since the seaways from the north and south 
connected by the Conlinoceras tarrantense time (earliest middle Cen
omanian), the north-south oriented western shoreline of the WIS had 
generally shifted westward (landward). From the earliest middle Cen
omanian to the earliest late Cenomanian (96.1–95.5 Ma), the western 
shoreline in the southern study area (e.g., southwestern Colorado and 
northeastern New Mexico) migrated landward by ~200 km, distinctly 
longer distance compared to the landward migration distance of its 
northern counterpart in western Wyoming (Fig. 9B and Fig. 9C). Littoral 
deposits of the Dakota Sandstone through the Cenomanian have there
fore been considered to record the first westward expansion of the WIS 
across the Colorado Plateau region during the Late Cretaceous (Peterson 
et al., 1980; Uličný, 1999; Dickinson and Gehrels, 2008; Antia and 
Fielding, 2011). 

During Cenomanian time, sediments deposited within the study area 
were largely derived from the Phanerozoic sedimentary cover strata 
exposed in the growing Sevier fold-thrust belt and the magmatic arc to 
the west (DeCelles, 2004; Laskowski et al., 2013; Bush et al., 2016; 
Lawton et al., 2020). An additional sediment source, particularly for the 
southern study area (Arizona-New Mexico border), was from the Mo
gollon Highlands (Figs. 1 and 9B) (Wolfe, 1989; Dickinson and Gehrels, 

Fig. 8. The workflow to determine the relative influence of tectonics and sediment supply based on eustatic changes and the stratigraphic stacking pattern (ret
rogradational vs progradational) at the shoreline. The eustatic change at a given time was determined by the agreed trend suggested by the majority of eustatic 
reconstructions (the intersection between dashed gray lines and different eustatic curves in Fig. 4). The stratigraphic stacking pattern of deposits around the shoreline 
at the same time was either directly documented from previous stratigraphic studies or based on shoreline migration trend reflected by successive paleogeographic 
maps. A: rate of change of accommodation; S: rate of change of sediment supply. 
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2008; Laskowski et al., 2013). The predominantly northeast-directed 
paleoflow in the Henry Mountains region, parallel to the interpreted 
orientation of the forebulge in that region (Fig. 9B), suggests some 
structural control on the distribution of fluvial drainage of the Dakota 
Sandstone (forebulge uplift) (Antia and Fielding, 2011). 

4.2. Turonian (93.9 Ma - 89.8 Ma) 

During Turonian time, the Willard-Meade thrust in the Idaho- 

Wyoming-Utah salient remained active (Liu et al., 2005). In north- 
central Utah, the Nebo thrust in the Charleston-Nebo salient was 
active during the early Turonian, replaced by the Charleston thrust 
during the middle to late Turonian (Fig. 7). The Pavant thrust sheet 
began to imbricate internally and form the Pavant duplex (DeCelles and 
Coogan, 2006). The Keystone thrust in southern Nevada and the Blue 
Mountain thrust in southwestern Utah remained active through the 
Turonian (Fig. 7). 

More than one-third of North America was inundated by the WIS 

Fig. 9. A) Paleogeographic map at the early Cenomanian Neogastroplites americanus time (97.8 Ma). The global sea-level trend suggested by the majority of various 
eustatic reconstructions, is indicated by the text in the upper right corner. For instance, 4/4 represents that four out of four eustatic reconstructions (Fig. 7) suggest 
global sea-level was rising at the Neogastroplites americanus time. Refer to Fig. 3 for abbreviations of major structures of the Cordilleran thrust belt. B) Paleogeo
graphic map at the middle Cenomanian Conlinoceras tarrantense time (96.1 Ma). One lacuna was located at northeastern Utah, the northwestern corner of Colorado, 
and southern Rock Springs uplift in Wyoming. The extent of lacunas (areas of erosion or nondeposition) in all paleogeographic maps are highly conjectural—active 
deposition might have occurred at the particular time but subsequently eroded or erosion/nondeposition at the particular time. C) Paleogeographic map at the late 
Cenomanian Plesiacanthoceras wyomingsense time (95.5 Ma). The lacuna located at northwestern Utah, the northwestern corner of Colorado, and southwestern 
Wyoming (southern Rick Springs uplift) persisted. D) Paleogeographic map at the early Turonian Pseudaspidoceras flexuosum time (93.5 Ma). An extensive marine 
lacuna was present throughout much of Wyoming, the northeastern corner of Utah, and the northwestern corner of Colorado. The stratigraphic stacking pattern 
differs along the western shoreline. The approximate location of forebulge during this time is from DeCelles (2004). 
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during the early Turonian (Sageman and Arthur, 1994). The timing of 
the maximum transgression corresponds to the highest global sea level 
during the Late Cretaceous indicated by Sahagian et al. (1996) and Haq 
(2014) and overall high global sea level suggested by Miller et al. (2005) 
and Kominz et al. (2008) (Fig. 7). From the early to late Turonian, global 
sea level gradually fell (Fig. 7). Turonian strata within the CFB are 

largely considered as deposited across the maximum Greenhorn trans
gression and from the subsequent Greenhorn regression (Kauffman, 
1985). 

Fig. 10. A) Paleogeographic map at the middle Turonian Collignoniceras woollgari time (92.1 Ma). The marine lacuna became irregular in shape, locating at north- 
central Wyoming, central to southern Wyoming, northeastern Utah, and northwestern Colorado. Deposits along the western shoreline of the WIS show a uniform but 
not completely synchronous progradational stacking pattern. The shoreline at central Utah (west of the Wasatch Plateau) had just reached its landward limit and 
started to migrate seaward/eastward, whereas the seaward migration of shoreline in other areas had taken place for some time. B) Paleogeographic map at the late 
Turonian Prionocyclus hyatti time (91.4 Ma). Several areas of erosion/nondeposition were present at southeastern Wyoming, northern Wyoming, and northwestern 
Colorado. The stratal stacking patterns of shoreline deposits vary along the western margin of the WIS. C) Paleogeographic map at the late Turonian Scaphites 
whitfieldi time (90.2 Ma). The Henry Mountains region at this time was occupied by a lacuna. The paleoflow directions are from the Ferron Sandstone which is slightly 
older than the Scaphites whitfieldi zone and are shown here only to illustrate the overall sediment dispersal pattern in southern Utah. Several lacunas were located at 
up-dip and subparallel to the shoreline in Wyoming and around and landward of the shoreline in southern Utah. Shoreline deposits show along-strike variations in 
stratal stacking pattern between the northern and southern parts of the study area. D) Paleogeographic map at the early Coniacian Scaphites preventricosus time (88.8 
Ma). Only a few local lacunas (those confined to a few thousands of square kilometers) were present in lower Coniacian strata in eastern Wyoming, the Henry 
Mountains region in Utah, and southwest of the San Juan Basin. Nearshore deposits uniformly show a retrogradational stacking pattern along the western shoreline. 
The approximate location of forebulge shown in A) to C) is from DeCelles (2004). 
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4.2.1. Early Turonian: top of Pseudaspidoceras flexuosum zone (~93.5 
Ma) 

The maximum Greenhorn transgression occurred around the Pseu
daspidoceras flexuosum zone (93.5 Ma), when the WIS reached its 
maximum spatial extent (Fig. 9D). The study area at this time comprised 
widespread marine calcareous mudstones in central and southern Utah 
(e.g., the Tununk Shale Member of the Mancos Shale Formation and the 
Tropic Shale) and marine chalks/limestones of the Greenhorn Formation 
in eastern Wyoming, most of Colorado, and northern New Mexico 
(Fig. 9D). The westward migration of shoreline during the Greenhorn 

transgression is reflected by the westward-younging of the Mancos- 
Dakota boundary from western Colorado toward central/southern 
Utah (Fouch et al., 1983). The Sanpete Formation, west of the Wasatch 
Plateau, is probably the only preserved shoreline deposits of this age in 
the study area (Fouch et al., 1983). Preserved nonmarine deposits 
include the Frontier Formation in the westernmost part of Wyoming and 
the Coalville area in Utah (Fig. 9D). 

Due to the extensive deposition of marine mudstones during the 
maximum Greenhorn transgression, few paleoflow data were reported 
in the literature. One distinct feature revealed by the paleogeographic 

Fig. 11. A) Paleogeographic map at the middle Coniacian Scaphites ventricosus time (87.9 Ma). Only the local lacuna in the Henry Mountains region persisted. 
Deposits along the western shoreline show along-strike variability in stratigraphic stacking patterns. B) Paleogeographic map at the late Coniacian Scaphites depressus 
time (86.3 Ma). Deposits along the western shoreline show laterally variable stratigraphic stacking pattern. The stacking pattern of nearshore deposits in central Utah 
(west of the Wasatch Plateau) changed from retrogradational to progradational, becoming the same as those in western Wyoming and northwestern New Mexico. The 
retrogradational stacking pattern in the John Henry Formation in southern Utah persisted. C) Paleogeographic map at the middle Santonian Clioscaphites vermiformis 
time (85.2 Ma). Deposits along the shoreline show laterally variable stratigraphic stacking patterns. The progradation of the Hosta Tongue just began, whereas the 
progradation of the Sohare Formation and John Henry Formation had initiated for some time. The Emery Sandstone in central Utah shows a retrogradational stacking 
pattern. D) Paleogeographic map at the late Santonian Desmoscaphites bassleri time (83.6 Ma). The stratigraphic stacking pattern in central Utah changed from 
retrogradational to progradational, becoming the same as the shoreline deposits in other shoreline segments. 
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map at the Pseudaspidoceras flexuosum time is the extensive marine la
cuna present throughout much of Wyoming, the northeastern corner of 
Utah, and the northwestern corner of Colorado (Fig. 9D). The strati
graphic stacking pattern differs along the western shoreline from north 
to south. The Frontier Formation in western Wyoming and the Sanpete 
Formation in western to central Utah show a retrogradational stacking 
pattern, while age-equivalent strata in central to southern Utah (i.e., the 
Tropic Shale and the Tununk Shale Member) shifts from a retrograda
tional to a progradational stacking pattern (Leithold, 1994; Li and 
Schieber, 2018). 

4.2.2. Middle Turonian: top of Collignoniceras woollgari zone (~92.1 Ma) 
Sediments deposited during the middle Turonian were subject to the 

second-order Greenhorn regressive cycle (Kauffman, 1985). At the Col
lignoniceras woollgari time (92.1 Ma), marine mudstones in the study 
area include the Allen Valley Shale in central Utah, the Tununk Shale in 
southcentral Utah, the Tropic Shale in southern Utah, and the Carlile 
Shale in northeastern Wyoming, western Colorado, and northern New 
Mexico (Fig. 10A). Calcareous mudstones (the Fairport Shale Member of 
the Carlile Shale Formation) were deposited in eastern Colorado. Pre
served coeval shoreline sandstones include the Oyster Ridge Sandstone 
of the Frontier Formation in westernmost Wyoming, and the Tibbet 
Canyon Member of the Straight Cliffs Formation in southern Utah 

Fig. 12. A) Paleogeographic map at the early Campanian Scaphites leei III time (82.7 Ma). Deposits along the western shoreline of the WIS continue to uniformly show 
a progradational stacking pattern. B) Paleogeographic map at the early Campanian Scaphites hippocrepis III time (81.3 Ma). Deposits along the western shoreline show 
different stratigraphic stacking patterns between the northern and southern study area. C) Paleogeographic map at the early Campanian Baculites sp. (smooth) time 
(81.1 Ma). The stratigraphic stacking pattern in shoreline deposits in central Wyoming (Wind River Basin) changed to progradational and became the same as the 
shoreline deposits further south in the study area. The retrogradational stacking pattern in shoreline deposits persisted only in northern Wyoming (Bighorn Basin). D) 
Paleogeographic map at the early Campanian Baculites sp. (weak flank ribs) time (81.0 Ma). The stacking pattern of shoreline deposits in northern Wyoming changed 
from retrogradational to progradation, and therefore deposits along the entire shoreline in the study area show a progradational stacking pattern. 
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(Fig. 10A). The marine lacuna became irregular in shape, locating at 
north-central Wyoming, central to southern Wyoming, northeastern 
Utah, and northwestern Colorado (Fig. 10A). Deposits along the western 
shoreline of the WIS show a uniform progradational stacking pattern. 

4.2.3. Earliest Late Turonian: top of Prionocyclus hyatti zone (~91.4 Ma) 
The Greenhorn regressive cycle continued through the Prionocyclus 

hyatti zone, and the western shoreline migrated seaward/eastward 
within the study area (Fig. 10B). At this time, marine mudstones (largely 

non-calcareous), including the Mancos Shale and the Carlile Shale, were 
deposited in eastern Utah, western Colorado, northeastern Wyoming, 
and the San Juan Basin (Fig. 10B). Age-equivalent, shallow-marine de
posits of the Codell Sandstone Member of the Carlile Shale were 
deposited in eastern Colorado. Preserved shoreline sandstones of this 
age include the Frontier Formation (e.g., Oyster Ridge Sandstone) across 
north-south Wyoming, the Funk Valley Formation in central Utah, and 
the Tibbet Canyon Member of the Straight Cliffs Formation in southern 
Utah (Fig. 10B). The promontory of the Frontier Formation located at 

Fig. 13. A) Paleogeographic map at the middle Campanian Baculites obtusus time (80.7 Ma). Shoreline deposits from Wyoming to eastern Utah continued to show a 
progradational stacking pattern, while shoreline deposits of the Point Lookout Sandstone in northwestern New Mexico were replaced by the Cliff House Sandstone, 
exhibiting a retrogradational stacking pattern. B) Paleogeographic map at the middle Campanian Baculites maclearni time (80.2 Ma). The difference in the strati
graphic stacking pattern between the northern area (Wyoming to eastern Utah) and southern area (northwestern New Mexico) persisted. The number in green and 
gray circles represent the approximate locations of the conjugate Shatsky rise from Liu et al. (2010) and Humphreys et al. (2015). C) Paleogeographic reconstruction 
at the middle Campanian Baculites perplexus time (78.3 Ma). Deposits along the western shoreline uniformly show a progradational stacking pattern. D) Paleo
geographic reconstruction at the middle Campanian Baculites scotti time (76.3 Ma). An extensive lacuna occupied the western one-quarter of Wyoming and a local 
lacuna was located at south-central Wyoming. The shoreline migration trend in the northern study area (central Wyoming to northernmost Colorado) decoupled from 
that in the southern area (western Utah to northwestern New Mexico). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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central Wyoming (Fig. 10B) is also noticed in Kirschbaum and Mercier 
(2013). Coeval nonmarine deposits include the coastal-plain deposits of 
the Frontier Formation in western Wyoming and the Funk Valley For
mation in central Utah. Preserved alluvial-plain deposits of this age 
include the Iron Springs Formation in southwestern Utah. 

Several areas of erosion/nondeposition were present at southeastern 
Wyoming, northern Wyoming, and northwestern Colorado at the Prio
nocyclus hyatti time (Fig. 10B). Erosion of sediments off these potential 
topographic highs represented by the unconformities may have been an 
important sediment source for the widespread shallow-marine offshore 
bars and/or shoreface sandstones of the Codell Sandstone Member of the 

Carlile Shale in northeastern Colorado (Elder and Kirkland, 1994). The 
stratal stacking patterns of shoreline deposits vary along the western 
margin of the WIS—progradational stacking pattern from western 
Wyoming to southern Utah and retrogradational stacking pattern from 
northeastern Arizona to northwestern New Mexico (Fig. 10B). 

4.2.4. Late Turonian: top of Scaphites whitfieldi zone (~90.2 Ma) 
The Greenhorn regressive cycle culminated approximately during 

the Scaphites whitfieldi zone (ca. 90.2 Ma), and the western shoreline in 
the study area migrated further seaward/eastward (Fig. 10C). Marine 
deposits at this time include non-calcareous mudstones of the Juana 

Fig. 14. A) Paleogeographic reconstruction at the late Campanian Exiteloceras jenneyi time (74.6 Ma). The lacuna in Wyoming expanded in extent to occupy the 
western three-quarters of Wyoming. Shoreline deposits from western Colorado to northwestern New Mexico show a progradational stacking pattern. B) Paleogeo
graphic reconstruction at the late Campanian Baculites compressus time (73.9 Ma). The lacuna in the northern map area further expanded to occupy almost the entire 
Wyoming. The coastal-plain deposits in northern Colorado show a progradational stacking pattern, so do those in the San Juan Basin. C) Paleogeographic recon
struction at the late Campanian Baculites reesidei time (73.3 Ma). The extensive lacuna in Wyoming disappeared at this time. A local lacuna was located at the 
Kaiparowits Plateau region in southern Utah. The shoreline migration trend in the northern and southern study area was decoupled again. D) Paleogeographic 
reconstruction at the late Campanian Baculites eliasi time (72.1 Ma). Several lacunas were located at central-eastern Utah, southern Utah, and the San Juan Basin at 
this time. The shoreline migration trend remained decoupled along the western shoreline. 
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Lopez Member in eastern Utah and western Colorado, the Manco Shale 
in the San Juan Basin, and the Carlile Shale in eastern Colorado 
(Fig. 10C). Marine shoreline deposits include the Wall Creek Member of 
the Frontier Formation and the Ferron Sandstone Member of the Mancos 
Shale deposited as a series of deltaic complexes along the western 
margin of the WIS (Fig. 10C). The Turner Sandstone Member of the 
Carlile Shale in the Powder River Basin probably represents shelf 
sandstones deposited in a more offshore setting than the Wall Creek 
Member (Merewether, 1996; Melick, 2013). Nonmarine deposits 
include coastal-plain deposits of the Frontier Formation in western 
Wyoming, Funk Valley Formation in central Utah, and the Smoky Hol
low Member of the Straight Cliffs Formation in southern Utah (Fig. 10C). 

The average paleoflow in the Smoky Hollow Member at the Kai
parowits Plateau region at this time is directed northeast (Primm et al., 
2018). The Smoky Hollow Member prograded as the Ferron Notom delta 
in the Henry Mountains region, the paleocurrent data from which also 
show a dominant northeast flow direction (Fig. 10C) (Primm et al., 
2018). Delta-front sandstones of the Frontier delta in northeastern Utah 
show an average southeast flow direction, offshore and perpendicular to 
the local shoreline orientation (Fig. 10C). Paleocurrent data from 
offshore deposits (0–100 km from the shoreline) are overall oblique to 
parallel to the proximal shoreline orientation, likely reflecting the in
fluence of longshore currents—the paleocurrents are southeast-directed 
from central Wyoming (i.e., Wall Creek Member of the Frontier For
mation), southwest-directed from northwestern Wyoming (i.e., Frontier 
Formation), and southeast-directed at the Four Corners area (i.e., Juana 
Lopez Member) (Fig. 10C). 

Several lacunas were located at up-dip and subparallel to the 
shoreline in Wyoming and around and landward of the shoreline in 
southern Utah at this time (Fig. 10C). Shoreline deposits, again, show 
along-strike variations in stratal stacking pattern between the northern 
and southern parts of the study area. Shoreline deposits from Wyoming 

to northeastern Utah show a retrogradational stacking pattern, whereas 
their counterparts in northwestern New Mexico show an overall pro
gradational stacking pattern (Fig. 10C). 

4.2.5. Shoreline migration trend and sediment dispersal pattern during 
Turonian time 

The lateral variability in third-order stratigraphic stacking pattern of 
shoreline deposits in the study area can be better constrained during 
Turonian time. One of the most distinct features revealed by the 
paleogeographic maps through Turonian is the decoupled (asynchro
nous) shoreline migration trend along the western shoreline. When the 
Greenhorn transgression culminated in the southern study area around 
the Pseudaspidoceras flexuosum time (93.5 Ma), coeval shoreline in the 
northern study area (western Wyoming to central Utah) had not reached 
the landward limit yet and continued to migrate landward/westward 
(Fig. 9D). Despite that deposits along the western shoreline of the WIS 
show a uniformly progradational stacking pattern at the Collignoniceras 
woollgari time (92.1 Ma), the shoreline at central Utah (west of the 
Wasatch Plateau) had just reached its landward limit and started to 
migrate seaward/eastward, whereas the seaward migration of shoreline 
in other areas had taken place for some time (Fig. 10A). At the Priono
cyclus hyatti time (91.4 Ma), the shoreline migration trend in the 
southernmost study area decoupled from that in the rest of study area
—shifting landward/southwestward at south of the Four Corners area, 
whereas seaward/eastward in other areas (Fig. 10B). The shoreline 
migration trend reversed from the Prionocyclus hyatti time to the Sca
phites whitfieldi time (90.2 Ma), but the decoupled shoreline migration 
trend across the western shoreline persisted (Fig. 10C). 

Sediments deposited within the CFB during the early to middle 
Turonian (i.e., around the maximum Greenhorn transgression) were 
likely derived from the Sevier fold-thrust belt due to the proximity of the 
shoreline to the Sevier fold-thrust belt (small transverse transport 

Fig. 15. Paleogeographic reconstruction at the early Maastrichtian Baculites clinolobatus time (69.9 Ma). The two lacunas at central-eastern Utah and the San Juan 
Basin persisted. Shoreline deposits of the Fox Hills Sandstone along the western shoreline consistently show a progradational stacking pattern. 
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distance) when the WIS was much more expansive (e.g., Fig. 9D and 
Fig. 10A). During the subsequent Greenhorn regression (middle to late 
Turonian), marginal-marine deposits associated with regressive pro
gradation of the shoreline in the southern study area record an 
increasing amount of sediment supply from the Mogollon Highlands 
through time, as indicated by the detrital zircon populations in samples 
from the Henry Mountains region (Ferron Sandstone), Kaiparowits 
Plateau (Smoky Hollow Member), Black Mesa (Toreva Formation), and 
San Juan Basin (Gallup Sandstone) (Dickinson and Gehrels, 2008; Las
kowski et al., 2013; Szwarc et al., 2015; Pecha et al., 2018; Primm et al., 
2018; Ferron, 2019). The sediment input from the Mogollon Highlands 

and paleocurrent data indicate the presence of a northeast-flowing, axial 
fluvial system (Fig. 10C), fed by rivers draining the Mogollon Highlands 
and Cordilleran magmatic arc to the south and by transverse drainages 
from the Sevier fold-thrust belt to the west (Szwarc et al., 2015; Pecha 
et al., 2018). Particularly for the southern study area during middle to 
late Turonian, the Sevier fold-thrust belt to the west was probably the 
main source of sediment supply only for the proximal foreland basin, 
whereas areas farther east (e.g., Black Mesa and San Juan basins) were 
largely fed longitudinally from sources along the Mogollon Highlands to 
the south (Dickinson and Gehrels, 2008; Laskowski et al., 2013). 
Nevertheless, detrital zircon populations indicate minor admixtures of 

Fig. 16. Isopach maps of Cenomanian to late Turonian (ca. 100–90 Ma) strata (A), late Turonian to early middle Campanian (ca. 90–80 Ma) strata (B), middle 
Campanian to late Campanian (ca. 80–75 Ma) strata (C), and late Campanian to Maastrichtian (ca. 75–66 Ma) strata (D) in the study area (from Li and Aschoff, 2022). 
Black dots represent well log control points. The well-developed foredeep, forebulge, and back-bulge depozones suggest that development of the CFB during the 
Cenomanian to late Turonian was dominated by flexural subsidence (A). Flexural subsidence in response to loading of the Sevier thrust sheet continued to be the 
dominant mechanism to control the distribution of sediment accumulation during the late Turonian to middle Campanian, although the moderate stratal thickness at 
the four corners area was likely created due to the dynamic subsidence in front of the conjugate Shatsky Rise (B). The broad depocenter centered in northcentral 
Colorado during the middle to late Campanian can be distinctly attributed to the long-wavelength dynamic subsidence in front of the conjugate Shatsky Rise (C). The 
depocenters within the CFB during the late Campanian to Maastrichtian is likely the result of flexural subsidence due to lithospheric loading of adjacent Laramide- 
style uplifts and some degree of mantle-induced dynamic subsidence (D). 
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sand from the Sevier thrust belt are apparent within the CFB at least 500 
km from the thrust belt (e.g., the Four Corners region) (Dickinson and 
Gehrels, 2008; Pecha et al., 2018), suggesting indicate episodic influx 
from the Sevier fold-thrust belt via transverse drainage systems (Primm 
et al., 2018) or redistribution by south-directed longshore currents 
(Fig. 10C). 

4.3. Coniacian to Santonian (89.8 Ma - 83.6 Ma) 

In Coniacian-Santonian time, the Sevier fold-thrust Belt in western 
Utah and eastern Nevada was actively culminating throughout the area 
with eastward-propagation and internal crustal shortening (DeCelles, 
2004). In the Idaho-Wyoming-Utah salient, the Crawford thrust devel
oped during the Coniacian and was active through Santonian (DeCelles, 
1988; DeCelles, 1994). In central Utah, the Paxton thrust sheet was 
initially emplaced during the Santonian (Liu et al., 2005; DeCelles and 
Coogan, 2006). The Charleston thrust in the Charleston-Nebo salient 
and the Blue Mountains thrust and the Keystone thrust system in 
southern Utah and Nevada remained active (Fig. 7) (Goldstrand, 1994; 
DeCelles, 2004). Global sea level during the Coniacian to Santonian was 
characterized by a long period of stasis or a subtle long-term rise with 
some short-term small-magnitude fluctuations (Fig. 7). However, 
deposition within the CFB during the late Turonian to Santonian was 
considered subject to the second-order Niobrara transgressive-regressive 
cycle, which began in the late Turonian and reached maximum trans
gression during the early Coniacian (Fig. 7) (Kauffman, 1977). 

4.3.1. Early Coniacian: top of Scaphites preventricosus zone (~88.8 Ma) 
From the Scaphites whitfieldi time to the Scaphites preventricosus time 

(90.2–88.8 Ma), the western shoreline of the WIS, especially the 
shoreline in the northern study area, significantly shifted landward/ 
westward from central to the westernmost Wyoming over ~300 km 
during the Niobrara transgression (Fig. 10C and Fig. 10D). At the Sca
phites preventricosus time, deposits within the WIS include non- 
calcareous mudstones of the Cody Shale in northwestern Wyoming, 
the Baxter Shale in southwestern Wyoming, and the Mancos Shale in 
eastern Utah (i.e., the Blue Gate Member) and San Juan Basin (Fig. 10D). 
Extensive calcareous mudstones and chalks of the Niobrara Formation 
were deposited in eastern Wyoming, eastern Colorado, and northeastern 
New Mexico (Fig. 10D). Coeval marine shoreline deposits include the 
Funk Valley Formation west of the Wasatch Plateau and the John Henry 
Member of the Straight Cliffs Formation in southern Utah. Coastal-plain 
deposits were located within a thin belt landward of the shoreline, 
including the Dry Hollow Member of the Frontier Formation in northern 
Utah (Coalville area), the Funk Valley Formation in central Utah, the 
John Henry Member in southern Utah, and the Crevasse Canyon For
mation located southwest of the San Juan Basin (Fig. 10D). 

The regionally extensive unconformity present in Turonian strata 
was subsequently annealed during the Scaphites preventricosus time in
terval. In contrast, only a few local lacunas (those confined to a few 
thousands of square kilometers) were present in lower Coniacian strata 
in eastern Wyoming, the Henry Mountains region in Utah, and south
west of the San Juan Basin (Merewether and Cobban, 1986; Molenaar 
et al., 2002). Nearshore deposits uniformly show a retrogradational 
stacking pattern along the western shoreline at this time (Fig. 10D). 

4.3.2. Middle Coniacian: top of Scaphites ventricosus zone (~87.9 Ma) 
The western shoreline in the study area had overall migrated land

ward (westward from western Wyoming to southern Utah and south
westward in northwestern New Mexico during the Scaphites ventricosus 
zone (88.8–87.9 Ma). At the Scaphites ventricosus time, the deposition of 
marine non-calcareous mudstones slightly expanded into western Col
orado (Fig. 11A). Marine calcareous mudstones were still mainly 
deposited in the eastern study area (Fig. 11A). Coeval shoreline deposits 
include the Bacon Ridge Sandstone in westernmost Wyoming, the Upton 
Sandstone Member of the Frontier Formation in the Coalville area, the 

John Henry Member in southern Utah, and the Mulatto Tongue south
west of the San Juan Basin (Fig. 11A). A narrow belt of coastal-plain 
deposits was located landward of the shoreline (e.g., the Funk Valley 
Formation west of the Wasatch Plateau and the John Henry Formation in 
southern Utah) (Fouch et al., 1983; Primm et al., 2018). Only the local 
lacuna in the Henry Mountains region persisted at this time. Regionally 
extensive areas of erosion/nondeposition were not present in the study 
area until middle late Campanian. 

The average paleoflow in the John Henry Formation at the Kaipar
owits Plateau region at the Scaphites ventricosus time was directed east to 
east-northeast (Fig. 11A) (Gooley et al., 2016; Primm et al., 2018; Koch 
et al., 2019). Deposits along the western shoreline show along-strike 
variability in stratigraphic stacking patterns. The Funk Valley Forma
tion in central Utah and the John Henry Formation show a retrograda
tional stacking pattern (Fouch et al., 1983; Gooley et al., 2016). In 
contrast, the Bacon Ridge Sandstone in western Wyoming and the Mu
latto Tongue in northwestern New Mexico show a progradational 
stacking pattern (Fig. 11A). 

4.3.3. Late Coniacian: top of Scaphites depressus zone (~86.3 Ma) 
The shoreline in western Wyoming and northwestern New Mexico 

migrated seaward, whereas the shoreline in central and southern Utah 
shifted landward during the Scaphites depressus zone (87.9 Ma to 86.3 
Ma). During this time, the distribution of different depositional envi
ronments in the study area remained roughly the same. The deposition 
of marine non-calcareous mudstones had slightly expanded in extent at 
the expense of marine calcareous mudstones/chalks (Fig. 11B). 

Deposits along the western shoreline show laterally variable strati
graphic stacking pattern at the Scaphites depressus time (Fig. 11B). The 
stacking pattern of nearshore deposits in central Utah (west of the 
Wasatch Plateau) changed from retrogradational to progradational, 
becoming the same as those in western Wyoming and northwestern New 
Mexico (Fig. 11B). The retrogradational stacking pattern in the John 
Henry Formation in southern Utah persisted at this time (Fig. 11B) 
(Gooley et al., 2016). 

4.3.4. Middle Santonian: top of Clioscaphites vermiformis zone (~85.2 
Ma) 

Most segments of the western shoreline in the study area, except for 
southern Utah, migrated seaward from the Scaphites depressus time to the 
Clioscaphites vermiformis time (86.3–85.2 Ma). At the Clioscaphites ver
miformis time, the western limit of marine non-calcareous mudstones 
slightly shifted eastward, whereas the distribution of marine calcareous 
mudstone remained roughly the same, located in eastern Wyoming, 
eastern Colorado, and northeastern New Mexico (Fig. 11C). Preserved 
coeval marine shoreline deposits include the Emery Sandstone in central 
Utah and the Hosta Tongue southwest of the San Juan Basin (Fig. 11C). 
A narrow belt of coastal-plain deposits was located landward of the 
shoreline, including the Sohare Formation in western Wyoming, the 
Sixmile Canyon Formation in central Utah, and the John Henry Member 
in southern Utah (Fig. 11C). Local alluvial-fan deposits of the Echo 
Canyon Conglomerate were located in the Coalville area, Utah 
(Fig. 11C) (Liu et al., 2005; Painter et al., 2014; Haque et al., 2020). 

Deposits along the shoreline at the Clioscaphites vermiformis time 
show laterally variable stratigraphic stacking patterns (Fig. 11C). 
Shoreline deposits in western Wyoming, southern Utah, and north
western New Mexico show an overall progradational stacking pat
tern—the progradation of the Hosta Tongue just began, whereas the 
progradation of the Sohare Formation and John Henry Formation had 
initiated for some time. In contrast, the Emery Sandstone in central Utah 
shows a retrogradational stacking pattern (Fouch et al., 1983; Edwards 
et al., 2005). 

4.3.5. Latest Santonian: top of Desmoscaphites bassleri zone (~83.6 Ma) 
From the Clioscaphites vermiformis time to Desmoscaphites bassleri 

time (85.2–83.6 Ma), the western shoreline in the study area generally 
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migrated seaward, except for the shoreline in central Utah, which 
migrated landward (Fig. 11D). The overall distribution of different gross 
depositional environments in the study area remained roughly the same. 
Marine non-calcareous mudstones were deposited along a north-south 
belt in the middle of the study area, bounded by coastal-plain and 
shoreline deposits to the west and calcareous mudstones to the east 
(Fig. 11D). 

The average paleoflow in the John Henry Formation at the Kaipar
owits Plateau region at the Desmoscaphites bassleri time remained to be 
directed east to northeast (Gallin et al., 2010; Gooley et al., 2016). 
Shoreface deposits of the Lazeart Member of the Adaville Formation 
show northeast and southeast bimodal paleocurrent directions (Heinzel, 
2000). The stratigraphic stacking pattern in central Utah changed from 
retrogradational to progradational, becoming the same as the shoreline 
deposits in other shoreline segments (Fig. 11D). 

4.3.6. Shoreline migration trend and sediment dispersal pattern during 
Coniacian to Santonian 

The third-order shoreline migration trend varied along the western 
margin of the WIS in the study area during most Coniacian to Santonian. 
Particularly, the migration trend of shoreline in central or southern Utah 
almost always decoupled from that in other shoreline segments during 
this time. Specifically, at the Scaphites ventricosus time (87.9 Ma), the 
shoreline in central to southern Utah was migrating landward/west
ward, whereas other shoreline segments were migrating seaward 
(eastward in western Wyoming to northeastern Utah and northwestward 
in northwestern New Mexico; Fig. 11A). The landward shoreline 
migration in southern Utah persisted through the Scaphites depressus 
time (86.3 Ma), when the shoreline in central Utah had started to 
migrate seaward, together with the shoreline in western Wyoming and 
northwestern New Mexico (Fig. 11B). When the shoreline in southern 
Utah started to migrate seaward by the Clioscaphites vermiformis time 
(85.2 Ma) along with the shoreline in western Wyoming and north
western New Mexico, the shoreline in central Utah started to migrate 
landward (westward) (Fig. 11C). The migration of shoreline in central 
Utah changed from landward to seaward at the Desmoscaphites bassleri 
time (83.6 Ma), when the western shoreline in the study area was uni
formly migrating seaward (Fig. 11D). 

Generalized sediment dispersal data suggest an east-directed 
dispersal in the northern study area (Wyoming) and a mix of east- and 
north- directed dispersal in the southern study area (the Uinta region 
and south thereof) (DeCelles, 2004; Laskowski et al., 2013). Detrital- 
zircon provenance studies and paleocurrent data demonstrate that the 
John Henry Member in southern Utah and the Crevasse Canyon For
mation (Torrivio Member) in the Four Corners region received sedi
ments not only from the Sevier fold–thrust belt to the west but also from 
additional major source areas to the south (Mogollon Highlands) and 
southwest (Cordilleran magmatic arc) (Lawton et al., 2014; Szwarc 
et al., 2015; Ferron, 2019). Sediments derived from the Mogollon 
Highlands were considered to have transported as far as ~1700 km 
through a northeast directed axial system based on detrital zircon 
provenance data from the Mancos Formation in the Uinta region (Las
kowski et al., 2013). 

4.4. Campanian (83.6 Ma - 72.1 Ma) 

The Campanian was a period of increased tectonic activity along the 
Sevier fold-thrust belt, and frontal thrust systems in the Sevier belt were 
characterized by continued eastward propagation and phases of internal 
structural culmination (DeCelles, 2004; Miall et al., 2008). In the Idaho- 
Wyoming-Utah salient, the Absaroka thrust (early) developed during the 
earliest Campanian and remained active until the latest Campanian 
(Fig. 7) (DeCelles, 1994; Liu et al., 2005; Yonkee and Weil, 2015). In the 
Charleston-Nebo Salient, the basal thrust linked with the Uinta Basin- 
Mountain Boundary (UBMB) thrust (DeCelles, 2004). In central Utah, 
a large antiformal duplex formed (the Paxton duplex), and the Gunnison 

thrust developed during the late Campanian (DeCelles et al., 1995; 
DeCelles and Coogan, 2006). In southwestern Utah, the Iron Springs 
thrust developed (Fig. 7) (Goldstrand, 1994). 

Global sea level during the Campanian was characterized by a long- 
term fall interrupted by some shorter-term rises (Fig. 7). Within the CFB, 
the long-term Niobrara regressive cycle ended during the early Cam
panian. Middle to upper Campanian deposits within the CFB were then 
subject to two transgressive-regressive sea-level cycles (Fig. 7; the 
Claggett and Bearpaw cycles of Kauffman, 1977). The maximum trans
gression during these two cycles was much less extensive than that 
during the earlier Niobrara and Greenhorn cycles, largely reflecting the 
first-order regression of the WIS. 

During the Campanian, magmatism swept inboard into the central 
Rocky Mountain region, probably in response to a decrease in the angle 
of subduction of the Farallon plate, which caused a cooling of the mantle 
wedge and cessation of melting (Coney and Reynolds, 1977; Liu and 
Currie, 2016; Copeland et al., 2017). For the first time, Laramide 
intraforeland basement uplifts began to significantly disrupt the 
regional subsidence/uplift pattern in the CFB (Dickinson et al., 1988; 
DeCelles, 2004; Lawton, 2008). The approximate initiation ages of 
incipient Laramide-style uplifts in the study area during the Late 
Cretaceous were compiled and summarized in Table 1. 

4.4.1. Early Campanian: top of Scaphites leei III zone (~82.7 Ma) 
The western shoreline in the study area had overall migrated 

seaward from the Desmoscaphites bassleri time to the Scaphites leei III time 
(83.6–82.7 Ma). At the Scaphites leei III time, marine non-calcareous 
mudstones were distributed along a north-south belt in the middle 
study area (Fig. 12A). Marine calcareous mudstones of the Niobrara 
Formation were deposited in eastern Wyoming, eastern Colorado, and 
the northeastern corner of New Mexico. Coeval shoreline deposits 
include the Star Point Sandstone of the Blackhawk Formation in central 
Utah and the Point Lookout Sandstone southwest of the San Juan Basin 
(Fig. 12A). Coastal-plain deposits include the Sohare Formation in 
western Wyoming, the Adaville Formation in southwestern Wyoming, 
the Sixmile Canyon Formation in central Utah, the Drip Tank Member of 
the Straight Cliffs Formation in southern Utah, and the Menefee For
mation in northwestern New Mexico. At the Scaphites leei III time, de
posits along the western shoreline of the WIS continue to uniformly 
show a progradational stacking pattern (Fig. 12A). 

4.4.2. Early Campanian to early middle Campanian: Top of Scaphites 
hippocrepis III zone to top of Baculites maclearni zone (~81.3 Ma - 80.2 
Ma) 

The entire western shoreline continued to migrate seaward from the 
Scaphites leei III time to the Scaphites hippocrepis III time (82.7 Ma - 81.3 
Ma). Marine deposits in the study area now comprise mostly non- 
calcareous mudstones (Fig. 12B). Preserved coeval shoreline deposits 
include the Rock Springs Formation in southwestern Wyoming, the 
Blackhawk Formation in northeastern Utah, the Muley Canyon Sand
stone in south-central Utah, and the Point Lookout Sandstone in the San 
Juan Basin (Fig. 12B). Landward of the shoreline sediments were 
deposited in coastal-plain to alluvial-plain environments in western 
Wyoming, northeastern-to-southern Utah, and northwestern New 
Mexico (Fig. 12B). The distribution of gross depositional environments 
remained overall the same from the Scaphites hippocrepis III time to 
Baculites maclearni time (81.3–80.2 Ma) and had only slightly changed in 
extent in response to changes in shoreline configuration (Fig. 12B to 
Fig. 13B). 

At the Scaphites hippocrepis III time, rocks deposited in various en
vironments across Utah record a dominant eastward paleoflow direc
tion, away from the Sevier fold-thrust belt (Fig. 12B). Meanwhile, 
deposits along the western shoreline show different stratigraphic 
stacking patterns between the northern and southern study area. 
Shoreline deposits in northern and central Wyoming exhibit a retro
gradational stacking pattern, whereas their counterparts from eastern 
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Utah to northwestern New Mexico show a progradational stacking 
pattern (Fig. 12B). Consequently, by the next ammonite bio
zone—Baculites sp. (smooth)—the shoreline in northern and central 
Wyoming had shifted slightly landward, whereas its southern counter
part migrated seaward (Fig. 12C). At the Baculites sp. (smooth) time 
(81.1 Ma), the retrogradational stacking pattern in shoreline deposits 
persisted only in northern Wyoming (Bighorn Basin). The stratigraphic 
stacking pattern in shoreline deposits in central Wyoming (Wind River 
Basin) changed to progradational and became the same as the shoreline 

deposits further south in the study area (Fig. 12C). 
From the Baculites sp. (smooth) time to the Baculites sp. (weak flank 

ribs) time (81.1–81.0 Ma), the entire western shoreline, other than in 
northernmost Wyoming, had shifted seaward, and the stacking pattern 
of shoreline deposits in northern Wyoming changed from retrograda
tional to progradation (Fig. 12C and Fig. 12D). Consequently, deposits 
along the entire shoreline in the study area show a progradational 
stacking pattern at the Baculites sp. (weak flank ribs) time (Fig. 12D). By 
the Baculites obtusus time (80.7 Ma), the shoreline from Wyoming to 
eastern Utah continued to migrate seaward (Fig. 13A). Meanwhile, 
shoreline deposits of the Point Lookout Sandstone in northwestern New 
Mexico were replaced by the Cliff House Sandstone, which exhibits a 
retrogradational stacking pattern (Fig. 13A). The difference in the 
stratigraphic stacking pattern between the northern area (Wyoming to 
eastern Utah) and southern area (northwestern New Mexico) persisted 
through the Baculites maclearni time (80.2 Ma; Fig. 13B). At this time, the 
dominant paleoflow direction in eastern Utah remained to be eastward 
but distinctly shifted to a north-northeast direction in southern Utah 
(Fig. 13B). 

4.4.3. Middle Campanian: top of Baculites perplexus zone (~78.3 Ma) 
The shoreline in the northern study area migrated seaward, whereas 

its southern counterpart migrated landward from the Baculites maclearni 
time to the Baculites perplexus time (80.2–78.3 Ma). Marine mudstones in 
the study area now include the Pierre Shale in eastern Wyoming, eastern 
Colorado, and northeastern New Mexico, the Buck Tongue of the Man
cos Shale around the Utah-Colorado boundary, and the Lewis Shale in 
the San Juan Basin (Fig. 13C). Preserved shoreline deposits include the 
Parkman Sandstone of the Mesaverde Formation in northern Wyoming, 
the Castlegate Sandstone in eastern Utah, and the Cliff House Sandstone 
southwest of the San Juan Basin. Coeval nonmarine deposits in the study 
area increased in extent, including alluvial-plain and coastal-plain de
posits of the Sohare and Allen Ridge formations in western Wyoming 
and the Castlegate Sandstone, the Masuk and Wahweap formations in 
Utah (Fig. 13C). The dominant paleoflow of the Castlegate Sandstone in 
central Utah at this time was toward east to southeast (Robinson and 
Slingerland, 1998; Bartschi et al., 2018). At the Baculites perplexus time, 
deposits along the western shoreline uniformly show a progradational 
stacking pattern (Fig. 13C). 

4.4.4. Middle Campanian: top of Baculites scotti zone (~76.3 Ma) 
The entire stretch of shoreline in the study area migrated further 

seaward (over 20–100 km) from the Baculites perplexus time to the 
Baculites scotti time (78.3–76.3 Ma). The deposition of marine mud
stones in the study area had decreased in extent due to the seaward/ 
eastward migration of the shoreline. Preserved coeval shoreline deposits 
include the Rock River Formation in southeastern Wyoming, the Sego 
Sandstone around the Utah-Colorado boundary, and the Cliff House 
Sandstone southwest of the San Juan Basin (Fig. 13D). Historically 
interpreted as offshore bars, the Hygiene Sandstone was recently re- 
interpreted as deposited from tide-dominated deltas during regression 
and subsequently reworked during transgression (Plink-Bjorklund and 
Kiteley, 2013). Nonmarine environments further increased in extent in 
Wyoming, including alluvial-plain deposits of the Ericson Sandstone and 
coastal-plain deposits of the Allen Ridge Formation (Fig. 13D). Other 
coeval nonmarine deposits include the Castlegate Sandstone, the Ta
rantula Mesa Sandstone, and the Wahweap Formation in Utah. 

In southern Wyoming, rivers represented by the Ericson Sandstone 
and the Allen Ridge Formation flowed generally to the east (Martinsen 
et al., 1993; Leary et al., 2015). Paleoflow directions from the Castlegate 
Sandstone in central Utah are east- to southeast-directed (Fig. 13D). 
Aschoff and Steel (2011) proposed that over 200 km of progradation of a 
clastic wedge (from the Castlegate Sandstone to Sego Sandstone) 
occurred during this time. Detrital zircon provenance data indicate 
deposition of the Sego Sandstone at ca. 76 Ma marks the introduction of 
a northern source (Canadian Paleozoic passive margin) in addition to a 

Table 1 
Sources on the initiation times of Laramide-style uplifts in the study area during 
the Late Cretaceous.  

Laramide 
Uplifts 

Age 
Range 
(Ma) 

Note Reference 

Casper Arch 75–66 Based on the rapid 
southward thinning of late 
Campanian to 
Maastrichtian strata in the 
Wind River Basin 

Li and Aschoff, 2022 

Circle Cliffs 
uplift 

75–66 Occurred in latest 
Campanian to 
Maastrichtian 

Lawton et al., 1986;  
Goldstrand, 1994;  
Lawton and Bradford, 
2011 

Douglas 
Creek Arch 

74–66 Not active prior to 
deposition of Castlegate. 
Unlike the larger Laramide 
uplifts, the Douglas Creek 
arch was apparently never 
a major positive 
topographic feature 

Cross, 1986; Johnson 
and Flores, 2003;  
Mederos et al., 2005 

Front Range 71–66  Kluth, 1997;  
Sonnenberg and 
Bolyard, 1997; Kelley, 
2002 

Granite 
Mountains 
Uplift 

75–66 Late Campanian to 
Maastrichtian strata in the 
eastern Washakie Basin 
thins against the Granite 
Mountains Uplift 

Li and Aschoff, 2022 

Hogback 
monocline 

74–71 Thickening of the Kirtland 
Formation indicates the 
bordering Hogback 
monocline was active 
during Kirtland deposition 

Lorenz and Cooper, 
2003; Cather, 2004;  
Pecha et al., 2018 

Kaibab Uplift 80–76 Based on ages of 
syntectonic strata 

Tindall et al., 2010 

Owl Creek 
uplift 

75–66 Based on the rapid 
southward thinning of late 
Campanian to 
Maastrichtian strata in the 
Wind River Basin 

Li and Aschoff, 2022 

Rawlins 
uplift 

75–66 Active during deposition of 
the Canyon Creek Mbr 
(area of reduced 
subsidence that probably 
lacked topographic 
expression) 

Wroblewski, 2003;  
López and Steel, 2015 

Rock Springs 
uplift 

76–72 Unconformities in Ericson 
Formation, maximum 
uplift in Maastrichtian 

Mederos et al., 2005;  
Leary et al., 2015 

San Rafael 
Swell 

77 Influenced sedimentation 
as early as ca. 77 Ma based 
on sediment thinning 
patterns. Influenced 
sediment dispersal at ca. 
75 Ma 

Lawton et al., 1986;  
DeCelles, 2004; Aschoff 
and Steel, 2011;  
Bartschi et al., 2018 

Sierra Madre 
Uplift 

75–66 Active during deposition of 
the Canyon Creek Member 
(area of reduced 
subsidence that probably 
lacked topographic 
expression) 

López and Steel, 2015 

Uinta Uplift 75 Based on detrital zircon 
provenance data 

Leary et al., 2015;  
Bartschi et al., 2018  
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thrust-belt source, consistent with the dominant south–southeast pro
gradational direction of tide-dominated deltas of the Sego Sandstone or 
the potential supply of northern sediments by southward-directed 
longshore currents in the marine realm (Bartschi et al., 2018). In 
south-central to southern Utah, paleoflow directions consistently show a 
dominant eastward direction (Fig. 13D), consistent with detrital zircons 
nearly exclusively sourced from the Sevier fold-thrust belt in the capping 
sandstone Member of the Wahweap Formation (Lawton and Bradford, 
2011). 

At the Baculites scotti time, an extensive lacuna occupied the western 
one-quarter of Wyoming and a local lacuna was located at south-central 
Wyoming (Fig. 13D). At the same time, the shoreline migration trend in 
the northern study area (central Wyoming to northernmost Colorado) 
decoupled again from that in the southern area (western Utah to 
northwestern New Mexico). Shoreline deposits in Wyoming and the 
northwestern corner of Colorado show an overall retrogradational 
stacking pattern, whereas their counterparts from eastern Utah to 
northwestern New Mexico show a progradational stacking pattern 
(Fig. 13D). 

4.4.5. Late Campanian: top of Exiteloceras jenneyi zone (~74.6 Ma) 
The shoreline in Wyoming and northern Colorado largely shifted 

landward, whereas its southern counterpart had migrated seaward from 
the Baculites scotti time to the Exiteloceras jenneyi time (76.3–74.6 Ma). 
At the Exiteloceras jenneyi time, marine mudstones deposited in the study 
area include the Bearpaw Shale in northeastern Wyoming and the Pierre 
Shale in eastern Wyoming, most of Colorado, and northeastern New 
Mexico. Preserved coeval shoreline deposits include the Rollins Sand
stone in the Picenace Basin and Pictured Cliffs Sandstone in northeastern 
San Juan Basin (Fig. 14A). Coeval nonmarine deposits were preserved 
only in Utah and New Mexico, including alluvial-plain and coastal-plain 
deposits of the Bluecastle Tongue of the Castlegate Sandstone, the Kai
parowits Formation, the uppermost Neslen Formation, and the Fruitland 
Formation (Fig. 14A). 

Paleoflow directions from the Rollins Sandstone show a dominant 
southeast direction, approximately perpendicular to the local shoreline 
orientation (Kiteley, 1983). The Bluecastle Tongue shows a dominant 
northeast paleoflow direction (Lawton and Bradford, 2011; Bartschi 
et al., 2018). The dominant paleoflow direction in southern Utah (from 
the Kaiparowits Formation) remained generally eastward (Roberts, 
2007). The lacuna in Wyoming expanded in extent to occupy the 
western three-quarters of Wyoming (Fig. 14A). The absence of preserved 
shoreline deposits does not allow the determination of shoreline 
migration trend in Wyoming. Shoreline deposits from western Colorado 
to northwestern New Mexico show a progradational stacking pattern. 
The Uinta Uplift is considered to initiate at ca. 75 Ma, consistent with the 
up-section decrease in contribution from a northern source and increase 
in contribution from a southern source in the Bluecastle Tongue and the 
Neslen Formation (Leary et al., 2015; Bartschi et al., 2018). 

4.4.6. Late Campanian: top of Baculites compressus zone (~73. 9 Ma) 
The western shoreline migrated further seaward/eastward from the 

Exiteloceras jenneyi time to Baculites compressus time (74.6–73.9 Ma). At 
the Baculites compressus time, marine mudstones in the study area 
include the Bearpaw Shale in northmost Wyoming, the Pierre Shale in 
eastern Colorado and northeastern New Mexico (Fig. 14B). Coeval 
shoreline deposits were probably present but were not preserved in the 
stratigraphic record. Nonmarine environments continued to expand 
eastward as the WIS withdrew, resulting in alluvial-plain and coastal- 
plain deposits of the Price River, Kaiparowits, and Farrer formations 
in Utah, the Williams Fork Formation in northwestern Colorado, and the 
Kirtland Shale in the San Juan Basin (Fig. 14B). 

The Price River Formation and the laterally equivalent Farrer For
mation show a northeast flow direction in fluvial channels (Fouch et al., 
1983; Aschoff, 2010), consistent with the distinctly increased proportion 
of axially transported sediments from a southern source in these two 

formations (Bartschi et al., 2018). The Kaiparowits Formation in 
southern Utah received sediment detritus either from the southwestern 
Cordilleran magmatic arc or from the thrust belt to the west (Jinnah 
et al., 2009; Larsen et al., 2010). At this time, rivers recorded by the 
middle and upper units of the Kaiparowits Formation were considered to 
be connected northward to the fluvial system that deposited the Farrer 
Formation based on detrital zircon and petrographic provenance anal
ysis (Fig. 14B) (Goldstrand, 1992; Lawton and Bradford, 2011; Dick
inson et al., 2012). Paleocurrent data from the Kirtland Formation are 
directed to northeast to east (Pecha et al., 2018). 

At the Baculites compressus time, the lacuna in the northern map area 
further expanded to occupy almost the entire Wyoming. The shoreline 
migration trend in Wyoming at this time thus cannot be unequivocally 
determined. Coastal-plain deposits in northern Colorado show a pro
gradational stacking pattern, so do those in the San Juan Basin 
(Fig. 14B). 

4.4.7. Late Campanian: top of Baculites reesidei zone (~73.3 Ma) 
The shoreline in the northern and southern study area migrated 

landward and seaward, respectively, from the Baculites compressus to 
Baculites reesidei time (73.9–73.3 Ma). At the Baculites reesidei time, 
marine mudstones deposited in the study area include the Bearpaw 
Shale and Lewis Shale in northeastern Wyoming and the Pierre Shale in 
southeastern Wyoming, eastern Colorado, and northeastern New Mexico 
(Fig. 14C). Preserved coeval shoreline deposits include only the Twen
tymile Sandstone of the Williams Fork Formation in northwestern Col
orado. Coeval alluvial-plain and coastal-plain deposits include the 
Meeteetse and Almond formations in Wyoming, the Price River and 
Tuscher formations in Utah, the Williams Fork Formation in north
western Colorado, and the Kirtland Shale in the San Juan Basin 
(Fig. 14C). In front of the Absaroka thrust, alluvial-fan deposits of the 
Hams Fork Conglomerate were deposited (Fig. 14C). In northeastern 
Utah, the Tuscher Formation records a dominant northeast flow 
direction. 

At the Baculites reesidei time, the Price River Formation and the 
laterally equivalent Tuscher Formation show a northeast flow direction 
in fluvial channels. The Tuscher Formation likely received sediments 
derived from erosion of foreland basin strata from nascent Laramide 
uplifts (e.g., San Rafael Swell, Circle Cliffs Uplift, or East Kaibab 
Monocline) (Roberts, 2007; Lawton and Bradford, 2011). The angular 
unconformity between the Kaiparowits and Canaan Peak formations in 
the Kaiparowits Plateau region serves as another piece of evidence 
indicative of the initiation of Laramide uplifts in southern Utah 
(Fig. 14C) (Roberts, 2007). 

The extensive lacuna in Wyoming disappeared at the Baculites ree
sidei time. Meanwhile, a local lacuna was located at the Kaiparowits 
Plateau region in southern Utah (Fig. 14C). The shoreline migration 
trend in the northern and southern study area was decoupled again. 
Shoreline deposits in Wyoming show an overall retrogradational 
stacking pattern, whereas shoreline deposits from western Colorado to 
northeastern New Mexico show a progradational stacking pattern 
(Fig. 14C). 

4.4.8. Latest Campanian: top of Baculites eliasi zone (~72.1 Ma) 
From the Baculites reesidei to Baculites eliasi time (73.3–72.1 Ma), the 

shoreline in southern Wyoming had distinctly shifted landward by 
~130 km, whereas its counterpart from Colorado to New Mexico 
migrated further seaward by ~90 km (Fig. 14C and Fig. 14D). At the 
Baculites eliasi time, marine mudstones deposited in the study area 
include the Bearpaw Shale and Lewis Shale in northeastern Wyoming, 
the Pierre Shale in the Denver Basin. Preserved coeval shoreline deposits 
include the Fox Hills Sandstone in central Wyoming and the Trinidad 
Sandstone in the Raton Basin. Coeval nonmarine deposits were distrib
uted in western Wyoming and northwestern Colorado, including the 
Meeteetse, Almond, and Williams Fork formations. Alluvial-fan deposits 
include the Hams Fork Conglomerate in southwestern Wyoming and the 
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North Horn Formation in north-central Utah (Fig. 14D). 
Several lacunas were located at central-eastern Utah, southern Utah, 

and the San Juan Basin at the Baculites eliasi time (Fig. 14D). The uplift of 
the San Rafael Swell caused erosion of as much as 400 m of Cretaceous 
rock and produced the lacuna in central and eastern Utah (Fouch et al., 
1983). The lacunas present in southern Utah and the San Juan Basin can 
also be attributed to adjacent Laramide uplifts (Pecha et al., 2018). The 
shoreline migration trend remained decoupled along the western 
shoreline. Shoreline deposits in central Wyoming and the Raton Basin 
show a progradational stacking pattern, whereas those in southern 
Wyoming show a retrogradational stacking pattern (Fig. 14D). 

4.4.9. Shoreline migration trend and sediment dispersal pattern during 
Campanian time 

The third-order shoreline migration trend varied laterally along the 
western margin of the WIS during most of the Campanian. Although the 
western shoreline overall migrated seaward (eastward from western 
Wyoming to southern Utah and northeastward in northwestern New 
Mexico) from the Scaphites leei III time to the Scaphites hippocrepis III time 
(82.7–81.3 Ma), the shoreline in the northern study area had prograded 
over a distinctly longer distance from western to central Wyoming (~ 
150 km) than its southern counterpart (Fig. 12A and Fig. 12B). Starting 
at the Scaphites hippocrepis III time, the shoreline in Wyoming started to 
shift landward (westward), whereas the shoreline in eastern Utah to 
northwestern New Mexico continued to migrate seaward (eastward and 
northeastward) (Fig. 12B). 

The landward shoreline migration first reversed in central Wyoming 
at the Baculites sp. (smooth) time (81.1 Ma), then in northern Wyoming 
at the Baculites sp. (weak flank ribs) time (81.0 Ma). From the Baculites 
sp. (weak flank ribs) time to the Baculites perplexus time (81.0–78.3 Ma), 
the western shoreline had undergone a clockwise rotation because the 
shoreline from Wyoming to eastern Utah had shifted seaward (east
ward), whereas the shoreline in northwestern New Mexico migrated 
landward (southwestward) (Fig. 12D to Fig. 13C). Although the entire 
western shoreline in the study area started to migrate seaward at the 
Baculites perplexus time, the clockwise rotation of shoreline continued 
till the Baculites scotti time (76.3 Ma) because the shoreline protrusion in 
central-southern Wyoming migrated ~100 km in a southeast direction, 
whereas southern counterpart of the shoreline had only prograded <20 
km during this time (Fig. 13C and Fig. 13D). 

From the Exiteloceras jenneyi time to the Baculites compressus time 
(74.6–73.9 Ma), the exact location of shoreline in Wyoming cannot be 
determined because the extensive lacuna occupied much of Wyoming 
(Fig. 14A and Fig. 14B). During the same time, the shoreline in the 
southern study area continued to migrate seaward (eastward to north
eastward). Starting at the Baculites reesidei time (73.3 Ma), the shoreline 
trend started to rotate counterclockwise, when the shoreline in Wyom
ing started to migrate landward (westward), whereas its southern 
counterpart continued to migrate seaward (eastward and northeast
ward) (Fig. 14C). The landward migration trend of shoreline in northern 
Wyoming reversed at the Baculites eliasi time (72.1 Ma), while in 
southern Wyoming the landward shoreline migration persisted 
(Fig. 14D). 

Detrital zircon provenance data indicate Campanian strata in the 
CFB received sediments from a complex mixture of sources such as the 
Sevier fold-thrust belt, the Cordilleran magmatic arc, the Mogollon 
Highlands to the south, recycled Sevier foreland basin strata, and Pre
cambrian basement uplifts (Lawton et al., 2003; DeCelles, 2004; Dick
inson and Gehrels, 2008; Laskowski et al., 2013; Leary et al., 2015; 
Lynds and Xie, 2019). Fluvial deposits in the study area, particularly in 
southern and central Utah, record interactions of transverse (east- 
directed) and axial (northeast-directed) river systems (Lawton et al., 
2003; Roberts, 2007; Dickinson et al., 2012; Lawton et al., 2014; Bart
schi et al., 2018). During the early Campanian, the dominant paleoflow 
direction in both eastern Utah and southern Utah was directed to the 
east (Fig. 12B), consistent with a dominant thrust-belt source in the 

fluvial strata of the Blackhawk Formation and the Drip Tank Member 
(Lawton et al., 2014; Bartschi et al., 2018). 

By the earliest middle Campanian (~ 80 Ma), the Wahweap For
mation (lower unit) received mixed thrust belt detritus and an 
increasing amount of Mogollon Highlands detritus, indicating the 
presence of an axial drainage system based on both detrital zircon 
populations and the dominant north-northeast-directed paleoflow di
rection in southern Utah (Fig. 13B) (Lawton et al., 2014). At the latest 
middle Campanian (~ 76 Ma), the dominant paleoflow direction of the 
Wahweap Formation (the capping sandstone) in southern Utah shifted 
to eastward again (Fig. 13D), indicating the dominant influence of a 
transverse river system (Lawton et al., 2003). The dominantly east to 
southeast flow direction in the Castlegate Sandstone and the eastward 
flow direction in the Ericson Sandstone also indicate the dominant in
fluence of transverse river systems in central and eastern Utah and 
southern Wyoming (Fig. 13D) (Leary et al., 2015; Bartschi et al., 2018). 

By the late Campanian (~ 75 Ma), an axial drainage system was 
established, connecting the Kaiparowits Plateau to northeastern Utah 
(Fig. 14A). The Bluecastle Tongue contains detrital zircon grains 
dominated by a thrust-belt source with minor contribution from a 
southern source, the proportion of which increases up-section, indi
cating increasing sediment supply from the axial river system (Lawton 
and Bradford, 2011; Bartschi et al., 2018). The disappearance of 
northern-sourced sediments at ca. 75 Ma is consistent with the onset of 
uplift along the southern Uinta Uplift at this time (Leary et al., 2015; 
Bartschi et al., 2018). At the Baculites compressus time (73.9 Ma), the 
axial river system was considered to supply sediments to the Farrer and 
Williams Fork formations (Fig. 14B) (Roberts, 2007; Lawton and Brad
ford, 2011), whereas the Price River Formation, deposited in more 
proximal areas, records a high thrust-belt contribution (Bartschi et al., 
2018). The shift in paleocurrent data from northeast-directed to east- 
directed in the Kirtland Formation indicates the bordering Hogback 
monocline was active during Kirtland deposition (Fig. 14B) (Pecha et al., 
2018). At Baculites reesidei time (73.3 Ma), detrital zircon and petro
graphic provenance analyses indicate Laramide-style uplifts in central 
and southern Utah had become sources of recycled foreland sediments 
(Fig. 14C) (Lawton and Bradford, 2011). Detrital zircon ages of the 
Upper Campanian strata from the Greater Green River and Hanna basins 
in Wyoming also indicate an influx of sediment derived from Precam
brian basement exposed by some Laramide uplifts (e.g., Uinta and Sierra 
Madre Mountains), recycling from multiple preexisting sedimentary 
rocks, and additional contributions from local sources (Lynds and Xie, 
2019). 

4.5. Maastrichtian (72.1 Ma - 66 Ma) 

Both Cordilleran thrusting and Laramide uplifts continued locally 
through the Maastrichtian. In the Idaho-Wyoming-Utah salient, the 
Absaroka thrust remained quiescent through the early Maastrichtian 
and reactivated before Paleocene (Liu et al., 2005). In the Charleston- 
Nebo salient, internal back-thrusting and frontal triangle zone devel
oped (DeCelles, 2004). In central and southern Utah, slip on the Gun
nison and Iron Springs thrusts continued (DeCelles, 2004; Horton et al., 
2004). Maastrichtian (to early Eocene) marked the climax of Laramide 
intraforeland uplift (Dickinson et al., 1988; DeCelles, 2004; Fan and 
Carrapa, 2014). These Laramide basement-cored uplifts reorganized the 
sediment dispersal systems and became important local sediments 
sources (Lawton, 2008; Heller et al., 2013; Bush et al., 2016; Lynds and 
Xie, 2019). 

Global sea level reconstructed by Haq (2014) shows a gradual fall 
during the Maastrichtian, whereas studies of New Jersey margin suggest 
global sea level first rises during the early Maastrichtian and then falls 
during the late Maastrichtian (Fig. 7) (Miller et al., 2005; Kominz et al., 
2008). Within the CFB, Maastrichtian strata record continued first-order 
regression of the WIS, interrupted by a second-order marine trans
gression in the earliest late Maastrichtian (Fig. 7) (Kauffman, 1977). The 
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WIS withdrew from the CFB by late Maastrichtian time. Due to much 
reduced extent of the WIS and limited distribution of ammonite faunas, 
only one paleogeographic map was reconstructed at the top of the 
Baculites clinolobatus zone (latest early Maastrichtian). 

4.5.1. Latest Early Maastrichtian: top of Baculites clinolobatus zone 
(~69.9 Ma) 

From the Baculites eliasi to Baculites clinolobatus time (72.1–69.9 Ma), 
the shoreline in northern Wyoming and southern Colorado had shifted 
seaward, whereas the shoreline across the Wyoming-Colorado boundary 
migrated landward (Fig. 14D and Fig. 15). At the Baculites clinolobatus 
time, marine mudstones of the Pierre Shale were deposited in south
eastern Wyoming and northeastern Colorado. Preserved coeval shore
line deposits include the Fox Hills Sandstone across Wyoming and at 
northwestern Colorado. Record of nonmarine deposits are located in 
western Wyoming, northeastern and southern Utah, northwestern Col
orado, and the Raton Basin (Fig. 15). Alluvial-fan deposits of this age 
include the Hams Fork Conglomerate in western Wyoming, the North 
Horn Formation in northeastern Utah, and the Canaan Peak Formation 
in southern Utah. 

Paleocurrent data from the North Horn Formation exposed along the 
southwest flank of the Uinta Basin show a dominant eastward direction 
(Dickinson et al., 2012). In southern Utah, the Canaan Peak Formation 
was deposited in an east- to northeast-directed braided fluvial system 
(Goldstrand, 1990; Schmitt et al., 1991; Goldstrand, 1992). At the 
Baculites clinolobatus time, the two lacunas at central-eastern Utah and 
the San Juan Basin persisted (Fig. 15). Shoreline deposits of the Fox Hills 
Sandstone along the western shoreline consistently show a prograda
tional stacking pattern. 

4.5.2. Shoreline migration trend and sediment dispersal pattern during 
Maastrichtian time 

From the Baculites eliasi to Baculites clinolobatus time (72.1–69.9 Ma), 
the shoreline in the northern and southern study area (Wyoming vs. 
Colorado and New Mexico) had rotated clockwise and counter- 
clockwise, respectively (Fig. 14D and Fig. 15). This is because the 
shoreline around the Wyoming-Colorado boundary had distinctly shif
ted landward by ~90 km, whereas the shoreline in the northernmost and 
southernmost study area had distinctly migrated seaward by over 100 
km. This >200 km westward retreat of shoreline in southern Wyoming 
from the Baculites reesidei time to Baculites clinolobatus time (73.3–69.9 
Ma) is considered the last major marine transgression of the WIS 
(Fig. 14C to Fig. 15) (Merletti et al., 2018; Minor et al., 2021). 

With the continued Laramide regional crustal shortening, sediment 
dispersal patterns in the CFB were largely influenced by local Laramide 
uplifts (Heller et al., 2013). Maastrichtian strata of the CFB also received 
sediments from a complex mixture of sources (Dickinson et al., 2012; 
Laskowski et al., 2013). The dominant eastward flow direction in the 
North Horn Formation is compatible with the fact that the detrital zir
cons of the North Horn Formation are mostly derived from the Sevier 
thrust belt to the west (Dickinson et al., 2012). The Canaan Peak For
mation in southern Utah received sediment detritus derived from 
erosion of highlands to the west (e.g., southeastern Nevada, south
eastern California, and southwestern Utah). The change in the dominant 
paleocurrent direction from east to northeast indicates deposition of the 
Canaan Peak Formation was influenced by the adjacent Circle Cliff uplift 
(Fig. 15) (Goldstrand, 1992). Detrital zircon data indicate the Vermejo 
Formation in the Raton basin and the Lance Formation in Wyoming 
received additional sediment inputs directly from local basement ex
posures (Bush et al., 2016; Lynds and Xie, 2019). 

5. Discussion 

5.1. Lateral variability in tectonic activities and sediment supply 

The complex lateral variability in the shoreline migration history 

revealed by the reconstructed paleogeographic maps suggests the effects 
of tectonics, eustasy, and climate significantly varied along the western 
margin of WIS (along depositional strike) through the Late Cretaceous. 
Here we discuss the relative roles of tectonics, eustasy, and sediment 
supply on the third-order stratigraphic stacking pattern (shoreline 
migration trend) based on the compiled stratigraphic data. This study 
focused on shorelines, and their third-order stratigraphic stacking 
pattern and lateral variability because third-order eustatic changes 
during the Late Cretaceous have been independently reconstructed and 
are fairly well-constrained, and shorelines are sensitive to developing 
topography (Fig. 7). In turn, this allows the relative roles of tectonics 
and sediment supply to be inferred based on the stratigraphic stacking 
pattern at the shoreline and the A/S concept (Fig. 8). 

Additionally, the lateral variability in the migration trend of the 
western shoreline will be discussed during four time intervals of the Late 
Cretaceous—Cenomanian to late Turonian (100.5 Ma – 90.2 Ma), late 
Turonian to middle Campanian (90.2 Ma – 80.2 Ma), middle to late 
Campanian (80.2 Ma – 74.6 Ma), and late Campanian to Maastrichtian 
(74.6 Ma – 66 Ma). These intervals are the same as those studied in Li 
and Aschoff (2022), in which high-resolution isopach maps of each time 
interval was developed. The integration of stratigraphic stacking pattern 
(shoreline migration trend) with the distribution of depocenters allows 
for a better discrimination of the roles of tectonics and eustasy (and 
potentially sediment supply) in the study area throughout the Late 
Cretaceous. 

5.1.1. Cenomanian to late Turonian (100.5 Ma – 90.2 Ma) 
The shoreline history revealed by the three reconstructed paleo

geographic maps during the Cenomanian generally conforms to the 
long-term Greenhorn transgressive cycle (Fig. 9A to Fig. 9C). Once 
seaway from the north (Boreal Sea) and the south (Tethys Sea) con
nected by the Conlinoceras tarrantense time (96.1 Ma), the western 
shoreline of the WIS developed a north-south orientation (Fig. 9B). From 
the Conlinoceras tarrantense time to Plesiacanthoceras wyomingsense time 
(96.1–95.5 Ma), the western shoreline had overall shifted westward. The 
Dakota shoreline in the southern study area migrated landward over a 
notably longer distance (~ 200 km) compared to the Frontier shoreline 
in Wyoming (Fig. 9B and Fig. 9C). 

Multiple eustatic reconstructions agree that the global sea level had 
slightly fallen (< 30 m) from the Conlinoceras tarrantense time to Ple
siacanthoceras wyomingsense time (Fig. 7). Therefore, the ~200 km 
landward shift of the Dakota shoreline during this time suggests tectonic 
subsidence in the southern map area significantly outpaced sea-level fall 
(A/S ≫ 1). During the same time, the Frontier shoreline in western 
Wyoming had remained largely static or slightly migrated landward (~ 
50 km), indicating accommodation creation by tectonic subsidence in 
western Wyoming is comparable to or slightly outpaced sea-level fall but 
sediment supply rate could somewhat keep up with the accommodation 
creation (A/S ≥ 1). The distinctly large A/S ratio in the southern study 
area (southern Utah) is also reflected by the retrogradational stacking 
pattern of the Dakota Sandstone in the Colorado Plateau region at the 
Conlinoceras tarrantense time when global sea level was falling (Fig. 9B). 
The much larger A/S ratio in the southern study area can be attributed to 
the combined effects of rapid tectonic subsidence in the southern area 
and limited sediment supply to the Dakota shoreline. The forebulge 
located across eastern Utah at this time (indicated by the lacuna located 
at northeastern Utah and the predominantly northeast paleoflow di
rection in the Henry Mountains region) likely prevented the transverse 
river system to deliver sediments from the fold-thrust belt directly to the 
Four Corners region (Fig. 9B and Fig. 9C). 

From the Plesiacanthoceras wyomingsense time to Pseudaspidoceras 
flexuosum time (95.5–93.5 Ma), multiple sources disagree on whether 
global sea level had risen or fallen (Fig. 7). Nevertheless, regardless of 
global sea-level changes, the significantly longer-distance landward shift 
of shoreline in central to southern Utah compared to in western 
Wyoming (500 km vs. < 50 km; Fig. 9C and 12), again, indicates the 
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amount of accommodation generated by tectonic subsidence in southern 
Utah is distinctly larger than that in the northern study area. Considering 
the proximity to the Sevier thrust sheet, the accommodation in southern 
Utah is attributed to flexural subsidence caused by loading of the Sevier 
thrust sheet (e.g., the Pavant thrust/duplex and the Blue Mountain 
thrust; Fig. 9D). The low accommodation (caused by low tectonic sub
sidence or uplift) in Wyoming is also hinted by the extensive lacuna 
across most of Wyoming, the northeastern corner of Utah, and north
western corner of Colorado during the Pseudaspidoceras flexuosum zone 
(Fig. 9D). 

From the Pseudaspidoceras flexuosum time to the Collignoniceras 
woollgari time (93.5–92.1 Ma), the western shoreline had undergone a 
slight counterclockwise rotation (Fig. 9D to Fig. 10A). The seaward shift 
of shoreline in southern Utah can be attributed to global sea level fall 
during this time (A < 0 or 0 < A/S < 1), while the landward shoreline 
migration in western Wyoming and central Utah suggests extra accom
modation was still created by tectonic subsidence in these areas (A/S >
1). From the Collignoniceras woollgari time to the Scaphites whitfieldi time 
(92.1–90.2 Ma), the western shoreline had overall migrated seaward, 
but the Wyoming segment of the shoreline had prograded significantly 
longer distance compared to its southern counterpart (300 km vs. 150 
km; Fig. 10A to Fig. 10C). This indicates larger amount of sediment 
supply to the shoreline in Wyoming, or smaller accommodation (even 
negative) generated in western Wyoming compared to in central Utah to 
northeastern New Mexico, or the combination of both. Considering the 
widespread unconformities in the Turonian strata in Wyoming (Fig. 4), 
low (or negative) accommodation is likely the main cause of the rapid 
seaward shoreline migration in Wyoming. Slow sediment supply rate 
can be ruled out as the dominant cause of the slower seaward shoreline 
progradation in the southern area because exhumation rates of the North 
American Cordillera was consistently rapid (~ 0.9–1 km/m.y.) 
throughout the Cretaceous (Painter et al., 2014). Nevertheless, lower 
amount of sediment supply may still have impeded the seaward shore
line migration in the southern study area to some degree, if the axial 
drainage system presented in southern Utah at this time was less effi
cient as a transverse drainage system in delivering sediments to the 
shoreline (Fig. 10C). 

5.1.2. Late Turonian to middle Campanian (90.2 Ma – 80.2 Ma) 
Following the Greenhorn regression, the rapid Niobrara trans

gression within the WIS by early Coniacian was also subject to dominant 
tectonic subsidence. From the Scaphites whitfieldi time to the Scaphites 
preventricosus time (90.2–88.8 Ma), multiple eustatic reconstructions 
agree that global sea level had fallen slightly (less than a few tens of 
meters). Therefore, the landward shift of the entire western shoreline 
during this time (Fig. 10C and Fig. 10D) indicates accommodation 
created by tectonic subsidence outpaced sea-level fall (A/S > 1). The 
longer-distance landward shoreline migration in western Wyoming 
compared to its southern counterpart (~ 300 km vs. < 50 km) indicates 
the amount of tectonic subsidence in western Wyoming was distinctly 
larger than that in Utah during the Niobrara transgression (Fig. 10C and 
Fig. 10D). The landward shoreline migration trend during the Niobrara 
transgression—longer-distance landward migration shoreline in 
Wyoming compared to the southern study area—is opposite to that 
during the Greenhorn transgression (longer-distance landward shoreline 
migration in the southern study area). Considering the proximity to the 
Sevier thrust sheet (in front of the Idaho-Wyoming-Utah salient) and the 
newly formed Wasatch Culmination during the early Coniacian 
(DeCelles, 2004), the dominant subsidence mechanism in western 
Wyoming during this time can be attributed to flexural subsidence 
(Fig. 10D). 

The landward migration of the western shoreline from the Scaphites 
preventricosus time to the Scaphites ventricosus time (88.8–87.9 Ma) is 
consistent with the slight rise of global sea level (Fig. 10D and Fig. 11A). 
Starting from the Scaphites ventricosus time, deposits along most of the 
western shoreline, except for in central to southern Utah, began to show 

a progradational stacking pattern by the Scaphites depressus time 
(Fig. 11A and Fig. 11B; 87.9–86.3 Ma). However, various sources agree 
that global sea level had risen during this time (Fig. 7), which indicates, 
other than in central and southern Utah, flexural subsidence caused by 
loading of the Sevier thrust sheet had subdued, and sediment supply 
becomes the dominant controlling factor leading to the seaward shore
line migration (0 < A/S < 1; foredeep uplift is unlikely because no 
extensive unconformity occurred) from the Scaphites ventricosus time to 
the Scaphites depressus time. The landward shoreline shift in central and 
southern Utah indicates sediment supply rate in central Utah cannot 
keep pace with the accommodation created by the combined global sea- 
level rise and flexural subsidence due to loading of the Nebo/Paxton and 
Blue Mountain thrusts (A/S > 1). If sediment supply was not varying 
significantly along-strike, the local landward shoreline shift in central 
and southern Utah indicates flexural subsidence in this area was 
distinctly more rapid compared to other places in front of the Sevier 
fold-thrust belt during the late Coniacian. 

The entire western shoreline in the study area migrated seaward 
from the Scaphites depressus time to Clioscaphites vermiformis time 
(86.3–85.2 Ma; Fig. 11B and Fig. 11C). However, due to uncertain global 
sea-level history (Fig. 7), the roles of tectonics and sediment supply 
cannot be unequivocally determined. From the Clioscaphites vermiformis 
time to Desmoscaphites bassleri time (85.2–83.6 Ma), the shoreline in 
western Wyoming, southern Utah, and northwestern New Mexico 
migrated seaward, whereas the shoreline in central Utah had shifted 
landward (Fig. 11C and Fig. 11D). Because most eustatic reconstructions 
suggest that global sea level had risen during this time (Fig. 7), the 
seaward shoreline migration in western Wyoming and northwestern 
New Mexico (Fig. 11C to Fig. 11D) indicates sediment supply outpaced 
the accommodation creation under the combined influence of global 
sea-level rise and tectonic subsidence (0 < A/S < 1; tectonic uplift is 
unlikely based on the absence of hiatus in western Wyoming). The 
concurrent landward shoreline migration in central Utah indicates 
sediment supply cannot keep pace with the accommodation creation in 
this area (A/S > 1), which, again, indicates significant amount of flex
ural subsidence caused by loading of the Nebo/Paxton thrusts because 
limited sediment supply in central Utah is unlikely due to the proximity 
to the Sevier fold-thrust belt. 

From the Desmoscaphites bassleri time to the Scaphites hippocrepis III 
time (83.6–81.3 Ma), the entire western shoreline migrated seaward 
(eastward from western Wyoming to central Utah and northeastward 
from southern Utah to northwestern New Mexico) (Fig. 11D to Fig. 12B). 
All three available eustatic reconstructions agree that global sea level 
had risen during this time (Fig. 7). The seaward/eastward migration 
distance of the shoreline in western Wyoming was distinctly larger than 
that in the southern map area (> 150 km vs. < 100 km), indicating a 
distinctly smaller A/S ratio in western Wyoming compared to the 
southern area. 

From the Scaphites hippocrepis III time to Baculites maclearni time 
(81.3–80.2 Ma), all three available eustatic reconstructions reveal a 
progressively falling global sea level (Fig. 7). From the Scaphites hippo
crepis III time to Baculites sp. (smooth) time (81.3–81.1 Ma), the shoreline 
in northern and central Wyoming migrated landward, whereas its 
southern counterpart continued to migrate seaward (Fig. 12B and 
Fig. 12C). The landward migration of northern shoreline in the study 
area indicates a pulse of accommodation generated by the loading of the 
Absaroka thrust in western Wyoming (A/S > 1). The landward shoreline 
migration persisted in central Wyoming through the Scaphites hippocrepis 
III zone and persisted in northern Wyoming through the Baculites sp. 
(smooth) zone (Fig. 12B and Fig. 12C), indicating the accommodation 
generation rate had decreased first in central Wyoming and then in 
northern Wyoming. At the Baculites sp. (weak flank ribs) time (81.0 Ma), 
the entire western shoreline was uniformly shifting seaward (Fig. 12D), 
indicating either tectonic subsidence is smaller than sea-level fall in 
magnitude (A < 0) or 0 < A/S < 1. By the Baculites obtusus time (80.7 
Ma), the eastward migration of shoreline persisted in Wyoming and 
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central Utah, but the shoreline in the San Juan Basin started to shift 
landward (Fig. 13A). The decoupled shoreline migration trend 
continued till at least the Baculites maclearni time (80.2 Ma; Fig. 13B). 
During the Baculites obtusus time to the Baculites maclearni time, the 
landward migration trend of shoreline in the San Juan Basin indicates 
tectonic subsidence at the shoreline outpaced the sea-level fall and A/S 
> 1 because global sea level was falling during based on the majority of 
existing eustatic reconstructions this time (Fig. 7). 

5.1.3. Middle Campanian to late Campanian (80.2 Ma – 74.6 Ma) 
From the Baculites maclearni time to the Baculites perplexus time 

(80.2–78.3 Ma), two out of three eustatic reconstructions suggest global 
sea level had risen, whereas Haq (2014) suggests global sea level had 
fallen (Fig. 7). During this time, the shoreline in Wyoming and north
western Colorado migrated seaward/eastward, whereas its southern 
counterpart (northwestern New Mexico) had shifted landward/south
westward (Fig. 13B and Fig. 13C). From the Baculites perplexus time to 
the Baculites scotti time (78.3–76.3 Ma), the entire western shoreline 
migrated seaward (Fig. 13C to Fig. 13D); whether this was driven 
dominantly by tectonics, eustasy, or sediment supply is difficult to 
resolve because of the uncertain global sea-level history. 

Generally, the western shoreline in the study area underwent a 
clockwise rotation from the Baculites sp. (weak flank ribs) time to the 
Baculites scotti time (81.0–76.3 Ma), indicating the A/S ratio is distinctly 
smaller in the northern study area, regardless of sea-level change 
(Fig. 12D to Fig. 13D). Meanwhile, the shoreline protrusion migrated in 
a southeast direction from central Wyoming to the Wyoming-Colorado 
boundary (Fig. 13B to Fig. 13D). This southeastward migration of the 
shoreline protrusion may be caused by the southward deflection of large 
sediment supply from the eastward sediment dispersal system by strong 
longshore currents in the WIS or the establishment of a southeast- 
directed sediment dispersal pathway from western Wyoming to north
ern Colorado (Fig. 13D). The clockwise rotation of shoreline in the study 
area played a crucial role in producing the pronounced embayed 
morphology of the Utah Bight, within which tidal range was amplified 
due to tidal resonance, as reflected by the deposition of tide-dominated 
deltas represented by the Sego Sandstone (Fig. 13D) (Van Cappelle et al., 
2018). 

Starting from the Baculites scotti time, the shoreline in the southern 
map area had continued to migrate seaward/northeastward, whereas 
the lacuna in the northern study area expanded to occupy the western 
three-quarters of Wyoming by the Exiteloceras jenneyi time (Fig. 13D and 
Fig. 14A). The extensive lacuna can be attributed to foredeep isostatic 
rebound (i.e., uplift) during the quiescent period of the Absaroka thrust 
and uplifts of the Moxa Arch and Rock Springs uplift (Fig. 14A) (Liu 
et al., 2005). The seaward migration of shoreline in the southern map 
area indicates 0 < A/S < 1 in these areas (A < 0 is unlikely based on the 
absence of hiatus in the southern study area). 

5.1.4. Middle Campanian to Maastrichtian (74.6 Ma – 66 Ma) 
From the Exiteloceras jenneyi time to the Baculites compressus time 

(74.6–73.9 Ma), global sea level remained overall static or had fallen 
slightly (Fig. 7). The further expansion of the lacuna in Wyoming can be 
attributed to the continued foredeep uplift or incipient uplifts of 
Laramide-style structures (Fig. 14B) (Devlin et al., 1993; Liu et al., 2005; 
Leary et al., 2015; Rudolph et al., 2015). By the Baculites reesidei time 
(73.3 Ma), the shoreline in the southern study area continued to move 
seaward (eastward and northeastward), but its northern counterpart 
began to migrate landward/westward (Fig. 14C). From the Baculites 
reesidei time to the Baculites eliasi time (73.3–72.1 Ma), global sea level 
likely had fallen (Fig. 7). Therefore, the landward shift in the shoreline 
in the northern map area (across Wyoming) during this time indicates 
accommodation creation outpaced the sea-level fall (A/S > 1). The 
increased accommodation in Wyoming can be caused by renewed 
loading of the Wasatch Culmination (Yonkee and Weil, 2015), and the 
preservation of the Hams Fork Conglomerate also indicates increased 

accommodation in proximal areas due to flexural subsidence (Fig. 14C 
and Fig. 14D). 

Global sea level had distinctly risen from the Baculites eliasi time to 
Baculites clinolobatus time (72.1–69.9 Ma). The seaward migration of 
shoreline in northern Wyoming (eastward) and southern Colorado 
(northeastward) indicates A/S < 1 in these areas (Fig. 14D to Fig. 15). 
Meanwhile, the continued landward shift of shoreline in southern 
Wyoming indicates A/S > 1. The much-increased A/S ratio in southern 
Wyoming is not likely caused by limited sediment supply considering 
the proximity to the Absaroka thrust, especially lateral equivalent 
shoreline farther away from the thrust sheet (northern Wyoming and 
southern Colorado) was able to prograde despite the rising sea level 
(Fig. 15). Instead, the large A/S ratio in southern Wyoming is interpreted 
to reflect rapid accommodation creation by tectonic subsidence during 
this time. 

5.2. Flexural subsidence versus dynamic topography in the CFB 

The paleogeographic evolution and shoreline history in the study 
area through the Late Cretaceous provide important insights into the 
timing and locations of tectonic subsidence/uplift and therefore can 
help resolve different subsidence mechanisms in the CFB (i.e., flexural 
subsidence vs. dynamic topography). In this section, high-resolution 
isopach patterns through the Late Cretaceous recently reconstructed 
by Li and Aschoff (2022) are incorporated to aid in resolving the rela
tionship between tectonics and sedimentation (Fig. 16). Integrating with 
the spatial variability in the tectonic topography (i.e., subsidence and 
uplift) and sediment dispersal patterns revealed by the paleogeographic 
maps, different tectonic subsidence mechanisms and their effects within 
the CFB through the Late Cretaceous can be better constrained. 

5.2.1. Cenomanian to late Turonian (100.5 Ma – 90.2 Ma): dominant 
flexural subsidence 

The lateral variability in the shoreline migration trend indicates a 
smaller A/S ratio in the northern map area (sediment supply dominated) 
than in the southern map area (tectonic subsidence dominated) during 
the Cenomanian to late Turonian, consistent with the isopach pattern 
(Fig. 16A). The Cenomanian to late Turonian isopach map reveals a 
distinct foredeep in west-central Utah in front of the Pavant thrust, a 
well-developed forebulge around the Utah-Colorado boundary, and a 
backbulge in southeastern Colorado and northeastern New Mexico 
(Fig. 16A), conforming to the subsidence profile generated dominantly 
by flexural loading of the Sevier thrust belt, especially in the southern 
study area (DeCelles, 2004; Li and Aschoff, 2022). The significant 
amount of flexural subsidence in central to southern Utah, rather than 
eustatic rise, played a critical role in producing the large-scale Green
horn transgression in these areas during the Cenomanian to early 
Turonian (Fig. 9B to Fig. 9D). 

However, the well-developed flexural subsidence profile is absent in 
Wyoming during the Cenomanian to late Turonian (Fig. 16A). The 
isopach pattern in Wyoming during this time serves as another piece of 
evidence supporting the dominant role of sediment supply over tectonic 
subsidence (probably flexural subsidence). The smaller A/S ratio, as well 
as the poorly developed flexural subsidence profile in Wyoming, may 
point to a more rigid lithosphere beneath Wyoming. If the loading of the 
Paris-Meade-Willard thrust system were comparable to that of the thrust 
system in Utah in scale, flexural subsidence of the more rigid Wyoming 
lithosphere would be smaller in magnitude but broader in space (Jordan, 
1981; DeCelles, 2012; Painter and Carrapa, 2013; Tufano and Pietras, 
2017). In this sense, sediments derived from the Sevier fold-thrust belt 
would have quickly filled the foredeep in front of the Idaho-Wyoming- 
Utah salient (in western Wyoming), allowing the Frontier delta to pro
grade long-distance away from the thrust sheet, across the forebulge and 
into the backbulge depozone (Fig. 10C and Fig. 16A). The much smaller 
amount of flexural subsidence in Wyoming probably is also consistent 
with the widespread unconformity in the Turonian strata of Wyoming 
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(Fig. 9D to Fig. 10C). The extensive lacuna in Wyoming during the 
Turonian can also be attributed to the forebulge and local intrabasinal 
uplifts (Fig. 9D and Fig. 10C) (Merewether and Cobban, 1986; Ryer and 
Lovekin, 1986), which would have further decreased the accommoda
tion in western Wyoming. 

5.2.2. Late Turonian to middle Campanian (90.2 Ma – 80.2 Ma): 
dominant flexural subsidence and early influence of dynamic subsidence 

The locations of tectonic subsidence inferred from the shoreline 
history during the late Turonian to middle Campanian is well consistent 
with the depocenter locations revealed in the isopach map of this time 
interval (Fig. 16B). The isopach pattern indicates flexural subsidence in 
response to loading of the Sevier fold-thrust belt continued to be the 
dominant mechanism controlling the distribution of sediment accumu
lation during this time (Fig. 16B). The southwestern corner of Wyoming 
(around the current Moxa Arch), characterized by a relatively low stratal 
thickness than the surrounding area, likely represents the forebulge (Luo 
and Nummedal, 2012). Flexural subsidence in the foredeep west of the 
Moxa Arch (in front of the Crawford thrust) probably was responsible for 
the distinct landward shoreline migration in western Wyoming during 
the Niobrara transgression (during late Turonian to early Coniacian; 
Fig. 10C to Fig. 10D). The isopach map also reveals a distinct foredeep in 
front of the Nebo thrust in northcentral Utah (Fig. 16B). Rapid subsi
dence in northcentral Utah is reflected by the landward shoreline 
migration in central Utah during the middle Coniacian and middle 
Santonian, while the shoreline migration trend in this area decoupled 
from that in other shoreline segments (Fig. 11C). 

It is also critical to point out, the depocenter in Wyoming, revealed 
by the isopach map (Fig. 16B) is much broader (spanning ~250 km from 
the Sevier thrust sheet) than that during the Cenomanian to the late 
Turonian. This broadening of the depocenter in southwestern Wyoming 
is also noted in DeCelles (2004) and Painter and Carrapa (2013) and can 
be attributed to changes in the lithospheric rigidity. The broad flexural 
subsidence depocenter serves as another piece of evidence supporting 
the greater rigidity of the loaded lithosphere beneath Wyoming (Painter 
and Carrapa, 2013). 

The moderate accommodation at the Four Corners area is likely 
responsible for the landward shoreline migration at the San Juan basin 
from the Baculites obtusus time to the Baculites maclearni time 
(80.7–80.2; the earliest middle Campanian), when the local shoreline 
migration trend decoupled from that in the northern study area 
(Fig. 13A and Fig. 13B). The moderate accommodation at the Four 
Corners area is attributed to the long-wavelength dynamic subsidence in 
front of the conjugate Shatsky Rise rather than flexural subsidence, 
considering the Four Corners area is located >400 km from the thrust 
front in southwestern Utah (Fig. 16B) (Li and Aschoff, 2022). Another 
possible effect of dynamic topography associated with the landward 
shoreline migration at the San Juan basin during the earliest middle 
Campanian is the decrease in the sediment flux to the San Juan basin 
area. The dominant paleoflow direction in the Kaiparowits Plateau re
gion had changed from east- to northeast-directed by the Baculites 
maclearni time, when the conjugate Shatsky Rise was located beneath 
northern Arizona (Fig. 13B). The shift from an east-directed to a 
northeast-directed paleoflow direction in southern Utah indicates 
northern Arizona (or south thereof) had become a topographic high 
(Fig. 13B), consistent with the predicted area of dynamic uplift above a 
buoyant oceanic plateau and the area of distinctly decreased stratal 
thickness in southern Utah and northern Arizona as indicated by the 
isopach map (Fig. 16B). The transition from a transverse to an axial 
sediment dispersal system could decrease the amount of sediment sup
ply to the San Juan basin area, further increasing the A/S and leading to 
the landward shoreline migration in the Four Corners area during the 
earliest middle Campanian (Fig. 13B). 

5.2.3. Middle Campanian to Late Campanian (80.2 Ma – 74.6 Ma): 
dominant dynamic topography 

The isopach map of the middle to upper Campanian strata reveals a 
broad depocenter (~ 500 km × 500 km) centered in northcentral Col
orado (Fig. 16C). Other than southern Utah (Kaiparowits Plateau re
gion), areas in front of the Sevier thrust belt (western Wyoming, 
northeastern to central Utah) are characterized by overall low stratal 
thickness. Based on the predicted locations of the conjugate Shatsky rise 
and the large distance (~ 500 km) from the Sevier thrust front 
(Fig. 16C), the broad depocenter centered in northcentral Colorado is 
attributed to the long-wavelength dynamic subsidence in front of the 
conjugate Shatsky Rise (Painter and Carrapa, 2013; Li and Aschoff, 
2022). 

The increased subsidence, indicated by the moderate stratal thick
ness, in the northern Kaiparowits Plateau during the middle to late 
Campanian corresponds to the Kaibab uplift in timing, suggesting a 
possible causal relationship—flexural subsidence caused by loading of 
the Kaibab uplift (Heller and Liu, 2016). The overall low stratal thick
ness in western Wyoming can be attributed to foredeep uplift and the 
uplift of Moxa Arch, which resulted in erosion of several hundred meters 
of strata and a major unconformity at the base of the Trail Member of the 
Ericson Formation (Fig. 13D to Fig. 14B) (Liu et al., 2005; Rudolph et al., 
2015). However, the low stratal thickness in central and eastern Utah 
cannot be explained by foredeep rebound because thrusts in central Utah 
were active during this time (Fig. 7). Instead, flexural subsidence 
generated by loading of the thrust sheets in central Utah was probably 
interfered with dynamic uplift above the relatively buoyant conjugate 
Shatsky Rise when it migrated across this area during 80 to 75 Ma 
(Fig. 16C). 

Changes in local sediment dispersal systems also suggest increased 
effects of dynamic topography during this time. Results from paleotidal 
modeling indicates in order for stratigraphic units including the Sego 
Sandstone and Hygiene Sandstone to preserve pronounced tidal influ
ence, the WIS need to have a deep center (~ 400 m) and southern 
entrance (> 100 m) (Dean et al., 2019). The location of the deep center 
of the WIS (central to northern Colorado, eastern Wyoming) (Dean et al., 
2019) well corresponds to the broad depocenter produced by dynamic 
subsidence revealed by the isopach map (Fig. 16C). The increased dy
namic subsidence (and deepening) at north-central Colorado could have 
increased the sediment transport gradient, leading to the southeastward 
migration of the shoreline protrusion from western Wyoming to north
ern Colorado during the middle Campanian (80.2–76.3 Ma; Fig. 13B to 
Fig. 13D). When the buoyant conjugate Shatsky rise migrated away from 
southern Utah by the Baculites scotti time (76.3 Ma), the paleoflow di
rection in southern Utah returned to an eastward direction—away from 
the Sevier fold-thrust belt (Fig. 13D). By ~75 Ma (Exiteloceras jenneyi 
time), the conjugate Shatsky rise was located approximately beneath the 
shoreline across western Colorado. The decrease in accommodation at 
the shoreline due to dynamic uplift above the still buoyant oceanic 
plateau likely promoted the seaward shoreline migration in western 
Colorado starting at the Exiteloceras jenneyi time (Fig. 14A). 

5.2.4. Middle Campanian to Maastrichtian (74.6 Ma – 66 Ma): dominant 
dynamic topography and flexural subsidence produced by Laramide uplifts 

The isopach pattern of the late Campanian to Maastrichtian strata 
shows a more complex depocenter distribution within the CFB 
(Fig. 16D). The isopach map reveals a broad composite depocenter 
consisting of at least four “sub-depocenters” (i.e., Wind River Basin, 
Powder River Basin, Washakie Basin, and western Denver Basin), 
whereas most other areas show overall low stratal thickness (Fig. 16D). 
The development of depocenters within the CFB during the late Cam
panian to Maastrichtian can be largely attributed to the flexural subsi
dence due to loading of adjacent Laramide-style uplifts because the 
elongation direction of these sub-depocenters generally follows the 
trend of adjacent Laramide-style uplifts (Fig. 16D). However, flexural 
loading of Laramide-style uplifts likely is not the sole cause of the 
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composite depocenter during the late Campanian to Maastrichtian, 
considering the rather local scale of these basement-involved uplifts and 
especially that the amount of accommodation of these sub-depocenters 
(e.g., the Washakie basin) can be even comparable to the foredeep ac
commodation generated by loading of the regional-scale Sevier thrust 
sheet (e.g., foredeep in northcentral Utah in Fig. 16B). In this sense, the 
broad depocenter extending from northcentral Colorado to eastern 
central Wyoming reflects some degrees of dynamic subsidence associ
ated with the conjugate Shatsky Rise (Li and Aschoff, 2022). For 
instance, the significant landward shoreline shift in southern Wyoming 
from the Baculites reesidei time to Baculites clinolobatus time (73.3–69.9 
Ma), decoupled from all other shoreline segments in the study area, 
suggests a localized high subsidence rate (Fig. 14C to Fig. 15). The 
abnormally thick stratal thickness in the eastern Washakie basin is likely 
the result of combined dynamic subsidence and flexural loading of the 
Rock Springs, Granite Mountains, Rawlins, and Sierra Madre uplifts 
(Carvajal and Steel, 2011; López and Steel, 2015; Merletti et al., 2018; Li 
and Aschoff, 2022; Minor et al., 2021). 

The combined effects of dynamic subsidence and flexural subsidence 
caused by loading of local Laramide-style uplifts during the late Cam
panian to Maastrichtian may have controlled the retreat of the WIS. It is 
interesting to note, the shoreline at the Baculites clinolobatus time (69.9 
Ma) seems to enclose the broad depocenter during the late Campanian to 
Maastrichtian (Fig. 15 and Fig. 16D). The additional accommodation 
created by flexural loading of local Laramide uplifts and dynamic sub
sidence directly in front of and above the conjugate Shatsky rise when 
the oceanic plateau started to lose its buoyancy since 75 Ma (Liu et al., 
2010; Humphreys et al., 2015; Li and Aschoff, 2022), in some senses, 
delayed the retreat of the WIS (controlled where the WIS receded from). 

5.3. Reconstructing eustatic changes from the stratigraphic record 

Because the observed stratigraphic architecture is produced by the 
complex interaction of several interdependent controls, including tec
tonic movements (both local and regional scale), eustatic changes, and 
sediment flux, the magnitude, rate, and duration of each control are 
challenging to isolate. Taking the interpretation of eustatic changes as 
an example, strata of the CFB have long been considered a critical 
archive of Cretaceous global sea level. However, the complex lateral 
variability in the stratigraphic stacking pattern along the coeval shore
line through the Late Cretaceous revealed in this synthesis indicates 
extracting the global sea-level history from the stratigraphic record is 
anything but straightforward. 

Considering the 22 paleographic maps from the Turonian to Maas
trichtian, the stratigraphic stacking pattern along the western shoreline 
is consistent along strike in just seven maps. The times that show rela
tively consistent along-strike shoreline migration throughout the CFB 
are: the Collignoniceras woollgari (92.1 Ma; Fig. 10A), Scaphites preven
tricosus (88.8 Ma; Fig. 10D), Desmoscaphites bassleri (83.6 Ma, Fig. 11D), 
Scaphites leei III (82.7 Ma, Fig. 12A), Baculites sp. (weak flank ribs) (81.0 
Ma, Fig. 12D), Baculites perplexus (78.3 Ma; Fig. 13C), Baculites clinolo
batus (69.9 Ma; Fig. 15) times. The Exiteloceras jenneyi and Baculites 
compressus times could not be considered because strata of this age were 
missing in Wyoming. Even for these seven times with relatively consis
tent stratigraphic stacking pattern along strike, the stratigraphic stack
ing pattern at the Collignoniceras woollgari, and Baculites sp. (weak flank 
ribs) times is not completely synchronous along the shoreline (Fig. 10A 
and Fig. 12D); the stratigraphic stacking pattern at the Scaphites leei III, 
and Baculites clinolobatus times cannot be solely attributed to a dominant 
eustatic control (Fig. 12A and Fig. 15). For instance, at the Collignoni
ceras woollgari time, the progradation along the shoreline is not perfectly 
in phase—the shoreline in central Utah had just reached its landward 
limit and began to prograde eastward, whereas progradation at other 
shoreline locations had been ongoing for some time (Fig. 10A). Despite 
the fact that global sea level was likely rising at the Scaphites leei III, and 
Baculites clinolobatus times (Fig. 7), the stratigraphic stacking pattern 

along the western shoreline shows a progradational stacking pattern, 
indicating at these times the rate of rising sea level (increase in ac
commodation) is smaller than that of tectonic uplift (decrease in ac
commodation) or sediment supply (filling of accommodation), or due to 
the combination of the two above factors (Fig. 8). 

Careful evaluation of the regional shoreline migration trends high
lighted in this paper show that along-strike variability in the strati
graphic stacking patterns is likely the norm, rather than the exception in 
retroarc foreland basins. The “global” sea-level rises or falls were not the 
overarching factor controlling shoreline migration, rather a complex 
interplay of many factors. This along-strike variability in shoreline 
stacking pattern is especially true when very large (>1000's km) areas of 
a basin, or entire basins, are considered such as the entire western 
shoreline of the WIS (Molenaar et al., 1988; Krystinik and DeJarnett, 
1995). The largely asynchronous stratigraphic stacking patterns along 
the coeval shoreline indicate, at least for the third-order depositional 
cycles, the stratigraphic stacking pattern observed from any local area 
(~100 s km) record the interactions of tectonics, eustasy, and sediment 
supply rather than a sole or dominant eustatic change. To complicate 
matter even further, different tectonic subsidence mechanisms can lead 
to spatial variability in subsidence/uplift. Taking CFB as an example, the 
spatial variability in the loading scale (e.g., width and height) and 
lithospheric strength (i.e., effective elastic thickness) would result in 
lateral variability in the magnitude and scale of flexural subsidence 
(Jordan, 1981; Painter and Carrapa, 2013; Tufano and Pietras, 2017). 
Dynamic subsidence and uplift in front of, and above, a relatively 
buoyant oceanic plateau would cause spatial variability in the vertical 
crustal movement (Dávila and Lithgow-Bertelloni, 2015; Heller and Liu, 
2016). Flexural subsidence caused by local uplifts of Laramide-style 
uplifts would alter local sediment dispersal pattern and affect the 
development of local accommodation. The complex spatial variability in 
tectonic subsidence and uplift, combined with eustatic changes (and 
sediment supply), would therefore almost always result in spatially 
variable stratigraphic stacking patterns along the coeval shoreline, un
less changes in the accommodation caused by eustatic change signifi
cantly outpace those caused by the combined tectonics processes and 
sediment supply. Even under such conditions, the stratigraphic stacking 
pattern along the coeval shoreline may be only apparently consistent (i. 
e., the stacking pattern is not perfectly in phase), considering that the 
combined effects of tectonic processes and sediment supply are likely to 
vary spatially. 

High-frequency sea-level and climate changes driven by Milanko
vitch cycles were also commonly invoked to explain the fourth-order to 
fifth-order (tens to hundreds of thousands of years; Fig. 2) cyclicity, 
particularly in the Late Cretaceous stratigraphic record of the CFB 
(Laferriere et al., 1987; Elder et al., 1994; Sethi and Leithold, 1994; 
Sageman et al., 1997; Laurin and Sageman, 2007; Plint and Kreitner, 
2007; Zhu et al., 2012; Lin et al., 2019; Li and Schieber, 2020). Tectonic 
processes were generally ruled out as a possible cause of such high- 
frequency stratigraphic cyclicity because they were largely thought to 
be long-term processes and thus unable to produce fourth-order base- 
level changes. Nevertheless, shorter-term sea level or climate changes 
can be modulated by long-term base-level rise or fall (Martinson et al., 
1998; Varban and Guy Plint, 2008). If the second- to third- depositional 
sequences across the CFB were not even synchronous, the timing and 
duration of shorter-term stratigraphic stacking patterns were likely to 
vary to some degree (at least in phase) across the CFB, not to mention 
that such high-frequency depositional cyclicity is likely to subject to 
additional autogenic controls (Muto and Steel, 1997). Although high- 
frequency (fourth- to fifth-order) depositional sequences documented 
across the CFB are comparable in their average temporal durations, 
unless the magnitude of shorter-term (fourth- and smaller-order) 
eustatic changes is larger than the rate of tectonic subsidence/uplift or 
sediment supply, these high-frequency sea-level changes will be modu
lated and have different preservation potentials in the stratigraphic re
cord. Moreover, all high-frequency depositional sequences documented 
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by previous studies were mostly based on stratigraphic analysis con
ducted in a local or subbasinal area. The synchroneity of these high- 
frequency depositional sequences across the CFB has never been vali
dated, due to the lack of chronostratigraphic constraints at such high 
temporal resolution—the temporal duration of fourth- to fifth-order 
sequences is smaller than the average duration of ammonite biozones 
in the Late Cretaceous WIS which is ~0.5 Ma. Therefore, simply 
attributing the observed stratigraphic stacking pattern (both long-term 
and short-term) in the stratigraphic record to dominant sea-level 
changes may lead to erroneous interpretations of the eustatic history 
during the geologic past, and the efforts of correlating these high- 
frequency depositional sequences based on their assumed synchrone
ity across the CFB or even the globe might simply be fortuitous. 

Failure to consider the complex spatial variability in the combined 
effects of tectonics (both crustal and subcrustal processes), eustasy, and 
sediment supply is probably why the Late Cretaceous eustatic history 
reconstructed from different regions are not always consistent (Fig. 7). 
For instance, despite the general agreement of the timing of the highest 
global sea level during the earliest Turonian, the magnitude of sea-level 
rise remains controversial, ranging from ~40 m to ~300 m above the 
current sea level (Sahagian et al., 1996; Kominz et al., 2008; Haq, 2014). 
The disparate estimations of eustatic changes are probably caused by the 
fact that the magnitude of eustatic changes were all calculated based on 
the assumption that the study areas were tectonically quiescent. In many 
cases, the effects of dynamic topography are not considered in areas that 
were once considered to be quiescent, thereby affecting sea-level esti
mations. Moreover, various eustatic reconstructions tend to disagree on 
the trend of higher-order (i.e., third- to higher-order) eustatic changes 
on the resolution of ammonite biozones (Fig. 7). This highlights the 
challenge to isolate the eustatic signals from the stratigraphic record, 
which is essentially a product of various allogenic controls. In order to 
reconstruct the most reliable eustatic history, the effects of all other 
allogenic factors (e.g., tectonics, sediment supply) need to be ruled out, 
which can be achieved through careful correlations of stratigraphic 
stacking patterns based on robust time markers (e.g., biozone, 
geochronological data) across different regions. 

5.4. Implication for future work 

A high-resolution reconstruction of the paleogeographic evolution 
and shoreline history is critical to further our understanding of the 
complex interactions of various allogenic factors across space and 
through time. The main objective of this synthesis is to comprehensively 
document how tectonics, eustasy, and sediment supply had collectively 
produced the stratigraphic architecture of the Upper Cretaceous strata 
within the CFB. Based on all paleogeographic maps reconstructed in this 
synthesis, the roles of tectonics, sea level, sediment supply can be 
inferred (at least qualitatively). To quantify the relative role of different 
allogenic factors remains a challenging task and would still require 
future studies conducted through a holistic approach. 

For example, future geodynamic models of the CFB and other ret
roarc foreland basins need to incorporate both flexural subsidence and 
dynamic topography associated with subcrustal processes, such as 
mantle flows. New geodynamic models also need to incorporate tem
poral and spatial variability in the flexural subsidence and dynamic 
topography. The magnitude and scale of flexural subsidence depend on 
the location and scale of active thrust sheets and the rigidity of the 
loaded lithosphere. The wavelength and locations of dynamic subsi
dence and uplift are dependent upon changes in the location, subduction 
angle and depth, and buoyancy of the subducting oceanic plateau 
(Dávila and Lithgow-Bertelloni, 2015; Humphreys et al., 2015; Li and 
Aschoff, 2022). More importantly, different subsidence mechanisms can 
interact with each other, and the effect of one certain subsidence 
mechanism may overprint or even obliterate the signature of other 
subsidence mechanisms in the stratigraphic record. 

To develop a better understanding of the history of the CFB from the 

stratigraphic record, accurate ages of different rock units and a more 
refined Cretaceous time scale are required to allow accurate strati
graphic correlation and produce isopach maps dividing the Late Creta
ceous into smaller intervals. The paleogeographic maps presented 
herein can certainly be further refined with more detrital zircon age and 
provenance data. These high-resolution paleogeographic maps can 
provide critical boundary conditions for forward modeling, such as 
sediment flux modeling (along-strike variability), landscape modeling, 
and paleobathemetric reconstructions, to better understand the evolu
tion of paleogeography and shoreline under the combined influence 
various allogenic processes. Insights from these forward modeling, 
accompanied with high-resolution reconstruction of the geohistory from 
the stratigraphic analysis, are critical to understanding the landscape 
and tectonic evolutions of the CFB. 

The complex interaction of tectonics, eustasy, and sediment supply 
revealed from this study, especially their variability along strike also 
applies for other retroarc foreland basin or sedimentary basins subject to 
similar subsidence mechanisms. Local variability in tectonics and sedi
ment supply will likely produce laterally variable stratigraphic archi
tecture. Eustatic reconstructions requires detailed correlation of the 
stratigraphic stacking patterns of different regions based on robust 
chronostratigraphic markers to rule out of effects of tectonics and 
sediment supply to achieve the most reliable eustatic history. Future 
analysis of the stratigraphic architecture in sedimentary basins (inter
preting ancient stratigraphic record and modeling the development of 
stratigraphy) need to exercise extra cautions and always consider the 
complex interaction of tectonics, eustasy, and sediment supply across 
time and space. 

6. Conclusions 

Based on a range of stratigraphic, sedimentologic, and geochrono
logical datasets, the third-order shoreline history (including location 
and migration trend) and paleogeographic evolution in the central part 
of the CFB through the Late Cretaceous were reconstructed in the form of 
25 paleogeographic maps that emphasize shoreline development. The 
main conclusions drawn from this synthesis are as follows: 

(1) The stratigraphic stacking pattern and shoreline migration trend 
along the coeval western shoreline in the Cordilleran Foreland Basin 
(CFB) were not synchronous during most of the Late Cretaceous, indi
cating the stratigraphic architecture of the CFB is the result of complex 
spatio-temporal interactions of tectonics (including crustal and 
subcrustal processes), eustasy, and sediment supply. 

(2) Crustal and subcrustal tectonic subsidence mechanisms and their 
effects on the central part of the CFB through the Late Cretaceous were 
discriminated by integrating observations of shoreline migration and 
sediment dispersal patterns, paleocurrent data, and isopach patterns for 
well-constrained age-intervals. Specifically, flexural subsidence gener
ated by loading of the Sevier fold-thrust belt was dominantly responsible 
for the subsidence in the CFB during the Cenomanian to the middle 
Campanian (100–80 Ma). Mantle-induced dynamic subsidence, possibly 
associated with the subduction of the conjugate Shatsky Rise, started to 
influence the topography in the Four Corners area during the late San
tonian (~ 85 Ma) and became the dominant subsidence mechanism in 
the CFB during the middle to late Campanian (80–75 Ma). Subsidence in 
the study area during 75 to 66 Ma was controlled by the combined ef
fects of dynamic subsidence and flexural subsidence induced by local 
Laramide-style uplifts. 

(3) The regional spatial variability in the shoreline migration trend, 
as well as changes in the sediment dispersal pattern, helps constrain the 
effects of different subsidence mechanisms. The distinctly different 
shoreline migration distance between Wyoming and the southern study 
area during the Greenhorn transgression, the Greenhorn regression, and 
the Niobrara transgression strongly point to a more rigid lithosphere 
under Wyoming. Local tectonic subsidence in areas adjacent to the 
Sevier fold-thrust belt, inferred from the decoupled shoreline migration 
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trend at a given time, can help constrain the timing of pulses of flexural 
subsidence generation (timing of thrusting events). In additional to 
flexural subsidence, dynamic topography is another important mecha
nism able to influence the topography and paleogeography in the CFB. 
For instance, the southeastward migration of the shoreline protrusion 
from central Wyoming to the Wyoming-Colorado boundary during 
81–76 Ma is in line with the increased dynamic subsidence (and deep
ening) in northcentral Colorado in front of the conjugate Shatsky rise. 
Combined dynamic subsidence and flexural subsidence generated by 
loading of Laramide-style uplifts were responsible for the last major 
transgression of the WIS in southern Wyoming and influenced the 
withdrawal of the seaway from the western US. 

(4) The along-strike variation in shoreline migration trend along the 
coeval shoreline (i.e., concurrent progradation and retrogradation in 
different areas along the same shoreline) is the norm, rather than the 
exception, due to the along-strike variation in subsidence and sediment 
supply. The spatial variation in topographic load, lithospheric strength, 
mantle-induced dynamic topography, and sediment supply would result 
in subregional to regional, asynchronous shoreline migration trends and 
stratigraphic stacking patterns along the shoreline (i.e., along deposi
tional strike). To reconstruct the most reliable eustatic history, the ef
fects of all other allogenic factors (e.g., tectonics, sediment supply) need 
to be ruled out, which requires careful correlations of the stratigraphic 
architecture based on robust time markers (e.g., biozone, geochrono
logical data) across different regions. 

(5) Quantifying the relative roles of different allogenic factors on the 
architecture of the CFB strata remains a challenging task and still re
quires studies with more holistic approaches. Future geodynamic 
models of CFB and other retroarc foreland basins need to incorporate 
both flexural subsidence and mantle-induced dynamic topography, 
especially the complex spatially varying effects of these two mechanisms 
(e.g., the location, extent, and magnitude of subsidence/uplift). The 
compiled chronostratigraphic framework and paleogeographic maps 
that record the relationship between tectonics, sea level, and sedimen
tation need to be refined with more detailed stratigraphic, sedimento
logic, and geochronological data. The high-resolution reconstruction of 
the geohistory of the CFB will allow resolving the complex link between 
tectonic subsidence, stratigraphic architecture, and sediment dispersal 
through landscape modeling and paleobathemetric reconstructions. A 
better understanding of the complex interactions between different 
allogenic factors and their effects on sediment basin fills will enable us to 
better use the stratigraphic record as important archives of paleoenvir
onmental evolutions and the linkage between surficial and deep-earth 
processes. 
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