F THE GEOLOGICAL SOCIETY
‘ OF AMERICA®

Investigating the formation of the Cretaceous Western

Interior Seaway using landscape evolution simulations

Ching Chang’ and Lijun Liu

Department of Geology University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

ABSTRACT

Transient intraplate sedimentation like
the widespread Late Cretaceous Western
Interior Seaway, traditionally considered a
flexural foreland basin of the Sevier orogeny,
is now generally accepted to be a result of
dynamic topography due to the viscous force
from mantle downwelling. However, the rela-
tive contributions of flexural versus dynamic
subsidence are poorly understood. Further-
more, both the detailed subsidence history
and the underlying physical mechanisms
remain largely unconstrained. Here, we con-
sidered both Sevier orogenic loading and
three different dynamic topography models
that correspond to different geodynamic con-
figurations. We used forward landscape evo-
lution simulations to investigate the surface
manifestations of these tectonic scenarios on
the regional sedimentation history. We found
that surface processes alone are unable to ex-
plain Western Interior Seaway sedimentation
in a purely orogenic loading system, and that
sedimentation increases readily inland with
the additional presence of dynamic subsid-
ence. The findings suggest that dynamic sub-
sidence was crucial to Western Interior Sea-
way formation and that the dominant control
on sediment distribution in the Western In-
terior Seaway transitioned from flexural to
dynamic subsidence during 90-84 Ma, coin-
ciding with the proposed emplacement of the
conjugate Shatsky oceanic plateau. Impor-
tantly, the sedimentation records require the
underlying dynamic subsidence to have been
landward migratory, which implies that the
underlying mechanism was the regional-scale
mantle downwelling induced by the sinking
Farallon flat slab underneath the westward-
moving North American plate. The simulated
landscape evolution also implies that promi-
nent regional-scale Laramide uplift in the
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western United States should have occurred
no earlier than the latest Cretaceous.

INTRODUCTION

The tectonic mechanisms that cause formation
of large-scale (>200 km) continental inundation
and intraplate sedimentation (Heine et al., 2008)
remain elusive. Since most of these basins are
situated in tectonically stable continental interi-
ors (Artyushkov, 1992; Milanovsky, 1992), pure
crustal or lithospheric isostasy-driven subsidence
is an implausible mechanism. Dynamic topog-
raphy, i.e., the vertical surface motion induced
by sublithospheric mantle flow (Braun, 2010;
Flament et al., 2013; Liu, 2015), has been pro-
posed as a major cause for these geologic events
(Gurnis et al., 1998; Liu and Nummedal, 2004,
Heine et al., 2008; Liu et al., 2008; Miiller et al.,
2016, 2018; Rubey et al., 2017). However, there
is little consensus on the relative significance
(compared to flexural or isostatic topography),
the spatiotemporal evolution, and the underlying
mechanism of dynamic topography. The Creta-
ceous Western Interior Seaway (Bond, 1976) in
North America serves as an ideal example for
further understanding this problem, where mul-
tiple published models of dynamic subsidence
(Mitrovica et al., 1989; Gurnis, 1993; Liu et al.,
2008; Miiller et al., 2016, 2018; Rubey et al.,
2017) provide a spectrum of possible scenarios
of surface process evolution during formation of
the Western Interior Seaway.

The Western Interior Seaway is geologically
phenomenal in that a massive landmass, span-
ning from the Gulf of Mexico to the Arctic Sea
and more than 2000 km in the east-west direc-
tion at maximum, was inundated, and marine
sediments accumulated during the Late Creta-
ceous in western-middle North America (Rob-
inson Roberts and Kirschbaum, 1995). Earlier
studies have found that neither a base-level rise
due to sea-level change nor foreland basin sub-
sidence due to the Sevier orogeny was sufficient
to explain the spatial extent of the Western Inte-
rior Seaway, and studies have suggested that
dynamic topography, likely related to Farallon
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slab subduction, caused the subsidence neces-
sary to form the Western Interior Seaway (Bond,
1976; DeCelles, 2004). There is an abundance
of recent literature on the presence of dynamic
topography in the sedimentation history of the
Western Interior Seaway (Mitrovica et al., 1989;
Liu and Nummedal, 2004; Liu et al., 2005, 2008,
2014; Leary et al., 2015; Yonkee and Weil, 2015;
Liu, 2015; Heller and Liu, 2016).

Recent efforts in estimating the amount and
pattern of dynamic topography causing the
Western Interior Seaway mostly have utilized
stratigraphic profiles (Liu and Nummedal, 2004;
Liuetal., 2011, 2014; Tufano and Pietras, 2017),
theoretical calculations (Mitrovica et al., 1989),
and geodynamic simulations (Liu et al., 2008;
Spasojevic et al., 2009; Miiller et al., 2016, 2018;
Rubey et al., 2017). The dynamic topography
below the Western Interior Seaway is also sug-
gested to have been geographically migratory
based on the tilted strata and migrating depocen-
ter of Western Interior Seaway stratigraphy (Liu
et al., 2011). A recent study using synthetic for-
ward landscape evolution simulations affirmed
the inference that only a migratory subsidence
profile can lead to these characters of intraconti-
nental basins (Chang and Liu, 2019).

However, a systematic investigation into the
quantitative contributions of flexural (DeCelles,
2004; Painter and Carrapa, 2013; Leary et al.,
2015) versus dynamic subsidence (Liu et al.,
2008, 2011; Rubey et al., 2017; Miiller et al.,
2018) on the sedimentation history is lacking.
There also a lack of comprehensive analyses
on the sediment transport from source to sink
during the Western Interior Seaway formation,
such that the connection of surface processes
to various subsidence mechanisms remains elu-
sive. In addition, both the detailed subsidence
history of the Western Interior Seaway and the
underlying physical mechanisms remain largely
unconstrained. Landscape evolution simulation
can not only quantify the surface responses to
different types of tectonic forcing, but it can
also provide a comprehensive analysis on their
respective significance. Therefore, simulat-
ing surface processes due to both flexural and
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dynamic subsidence can better constrain the
dynamic topography history and its underlying
mechanisms.

In this study, we used forward landscape
evolution simulations to investigate how sur-
face processes respond to different dynamic
topography models and orogenic flexures in
continental North America. Particularly, we
focused on the formation of key features in the
Western Interior Seaway sedimentary records
(Fig. 1; adapted from Robinson Roberts and
Kirschbaum, 1995). These features (Fig. 1)
include (1) spatially widespread sedimen-
tary isopachs, and (2) temporally expanding
and migratory depocenters. We first designed
an orogeny model to investigate the surface
responses to the orogenic effect itself. Then,
we evaluated three dynamic topography mod-
els (Liu et al., 2008; Rubey et al., 2017; Miiller
et al., 2018) that are quantitative predictions
from recent geodynamic models. These mod-
els have different spatiotemporal patterns of
dynamic subsidence during the Western Inte-
rior Seaway formation and underlying physical
mechanisms. By comparing the model results
with the observed sedimentation patterns dur-

ing the formation of the Western Interior Sea-
way, we aimed to provide constraints on (1)
the extent of flexural subsidence in explain-
ing the Western Interior Seaway, and (2) the
dynamic topography history and the underly-
ing mechanisms in the mantle. Based on the
preferred model, we further investigated the
surface manifestations of the dynamic topog-
raphy, including its contribution to the sedi-
mentation of the Western Interior Seaway with
respect to orogenic flexure, and the initiation
of regional Laramide uplift.

METHODOLOGY
Landscape Evolution Model

We used Badlands (Salles, 2016; Salles and
Hardiman, 2016; Salles et al., 2018), an open-
source landscape evolution model accounting
for sediment erosion, transport, and deposition
based on an unstructured mesh and a parallel
framework. In Badlands, the governing equa-
tions describing key surface processes, i.e.,
erosion, sedimentation, diffusion, and flexure,
are explicitly solved. Aside from these func-
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tionalities, Badlands can also simulate fea-
tures such as flexural response with spatially
variable elastic thickness of the plate, oro-
graphic precipitation, and three-dimensional
(3-D) heterogeneous erodibility, which were
not utilized here. This code can effectively
handle problems over various spatial and tem-
poral scales. The capability of Badlands in
simulating continental-scale landscape evolu-
tion over tens of millions of years makes it an
ideal tool with which to test the interactions
between surface processes and tectonic forc-
ing due to different geodynamic histories of
the mantle and the lithosphere.

In our study, we primarily focused on the
interaction between tectonic subsidence (due to
tectonic forcing) and sediment transport (due to
erosion and sedimentation), with the governing
equation of this process being

az_ _ V-g+u, (1)
dt
where Z is elevation (m), u is subsidence rate
(m/yr), and ¢ is sediment flux (m%yr). For
downslope sediment transport, the detachment-
limited case was assumed, and the transport rate



involved channel flow and hillslope diffusion,
following

-V.g=-eA"(VZ)' -xV’Z, )
where ¢ is erodibility (1/yr), A is drainage area
(m?), x is diffusivity (m?/yr), and m and n are
positive constants. The first term on the right-
hand side represents sediment transport by flu-
vial processes, while the second term is diffusion
by soil creep (Chen et al., 2014, and references
therein). Both € and x depend on lithology, pre-
cipitation, and channel hydraulics (Whipple and
Tucker, 1999; Lague et al., 2005) and are scale
dependent (Dietrich et al., 1995). The coef-
ficients m and n indicate how the shear stress
exerted on channel beds scales with discharge
and slope under arbitrary conditions. Since the
term for sediment transport is an empirical equa-
tion, there are no universal values for m and n,
except that they are generally positive, with the
m/n ratio considered to be ~0.5 (Tucker and
Hancock, 2010). In Equation 2, A is a proxy for
discharge that numerically integrates the total
area and precipitation from upstream-connected
nodes. Upstream-connected nodes are defined
using a single-flow direction algorithm (SFD),
where water discharge is routed following the
steepest decent direction (O’Callaghan and
Mark, 1984). The values of these parameters in
our model were consistent with studies at similar
spatiotemporal scales (Salles et al., 2017; Ding
et al., 2019; Chang and Liu, 2019).

In Badlands, while the bedrock erosion rate is
governed by Equation 2, the sediment deposition
is implemented separately. Deposition occurs
when (1) there is a topographic depression (pit),
(2) the elevation is below the base level (sea
level), or (3) the local topographic gradient is
below a critical aggradational slope. These three
conditions also limit the amount of deposition. If
the amount of sediments is not enough to fill an
inland basin at a particular elevation above sea
level, the remainder of the accommodation space
is filled with water up to a user-defined thick-
ness to mimic lakes. Deposited sediment can be
treated differently from bedrock in Badlands.
For example, underwater sediments can be fur-
ther transported downslope by postdepositional
diffusion. Badlands simulates the source-to-sink
process, obeying mass conservation. That is, the
amount of mass due to erosion equals that of
deposition plus outflow.

For simplicity, we neglected sediment com-
paction associated with deposition so the porosi-
ties of the bedrock and the deposited sediments
were made equal. For the simulations, consid-
ering sedimentary porosity would increase the
overall predicted sediment thickness and the
consumption rate of accommodation space.

Western Interior Seaway formation

However, we assumed that the sedimentary
porosity has little effect on the large-scale sedi-
ment distribution, which is controlled mainly by
tectonic forcing. Hence, it is justifiable to ignore
sediment compaction for the focus of this study.

Another important component in landscape
evolution is flexure, i.e., the elastic bending
of the tectonic plate due to loading or unload-
ing. The governing equation for flexural defor-
mation is:

DV*Vw+ Apgw = ¢, 3)
where  is the vertical adjustment of the elas-
tic plate (m), Ap is the density contrast (kg/m?)
between the mantle and the loading material
(water, sediment, or a combination of the two),
g is gravitational acceleration (m/s?), and g, is the
amount of stress (Pa) due to loading or unload-
ing. D is the flexural rigidity (Nm) of an elastic
plate defined as

3
= o @
12(1-v7)

where E is Young’s modulus (Pa), v is Poisson’s
ratio (dimensionless), and 7, is the effective
elastic thickness (m) of the plate. In Badlands,
flexural isostasy is solved using gFlex (Wickert,
2016), a software package designed to compute
flexural deflection for Earth’s surface.

Initial Conditions

Our area of interest in the landscape evolu-
tion simulations covered the continental United
States, southern Canada, and northern Mexico,
discretized with 5 km grid resolution (Fig. 2).
To approximate the mid-Cretaceous topography
of North America at the beginning of the West-
ern Interior Seaway (ca. 100 Ma) as the initial
topography, we took the following steps.

First, we calculated the total flexural-isostatic
adjustment due to the Pleistocene Laurentide
ice sheet based on ICE-5G (Peltier, 2004) and
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removed that from the inferred bedrock topogra-
phy at the Last Glacial Maximum (ca. 21 ka) to
estimate a preglaciated topography. The removal
of the glacial effect would yield a more realistic
paleotopography for eastern North America.

Then, we flattened middle North America,
where the Cretaceous sediments of the Western
Interior Seaway basin now exist, down to ~50 m
in elevation. In doing so, this region was low
enough for a sizeable seaway to form with a
subsidence magnitude as little as a few hundred
meters, which is typical for published dynamic
topography models. We made this region flat
because the paleotopography underneath the
Cretaceous sediments is rather unconstrained,
and a flat topography represents a simple initial
condition, suitable for our focus on the first-
order, regional sedimentation patterns.

Finally, we added a mountain belt peaking
at ~2 km to mimic the Sevier orogen that had
started to develop prior to the mid-Cretaceous
following geological proxies (DeCelles, 2004;
Yonkee and Weil, 2015). The eastern front of the
mountain belt was delineated by the observed
western boundary of the Western Interior Sea-
way sedimentary basin (Fig. 1). We generated
natural-looking river valleys in this mountain
belt by first running the simulation without any
tectonic forcing. In the simulation, this moun-
tain belt had an adjustable height and extended
across the entire west coast of North America.
Note that the region west of this mountain belt
was out of the scope of this study and had essen-
tially no impact on the landscape evolution of the
Western Interior Seaway, because the mountain
belt acted as a topographic barrier.

Boundary Conditions

In the simulations, we implemented two tec-
tonic components: orogeny and dynamic topog-
raphy. The Sevier orogeny was coeval with the
early phase of Western Interior Seaway and is
traditionally considered as the primary source
of sediments for the Western Interior Seaway.

Elevation (m)  Figure 2. Input initial topog-

—T 2000 raphy with an orogen on the
1700 west, flattened continental inte-
L 1400 rior, and modeled preglaciated
L 1100 topography on the east. The
| 800 thick black-white dashed line
500 is the western edge of Western

Interior Seaway sedimentation.

300 Orogenic uplifts in the simula-

200 tion will occur in the western

100 orogen on this map. The color

50 intervals are adaptive to better
0 visualize the low topography.
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Both the orogeny-induced flexural subsidence
and the uplift-induced erosion have impacts on
the Western Interior Seaway sedimentation his-
tory. During its later stage, the Sevier orogeny
transitioned into the Laramide orogeny farther
east. Here, we neglected the local Laramide-
styled uplifts in the simulations because we
focused on investigating the large-scale effects
of dynamic topography on surface processes
during the formation of the Western Interior Sea-
way. In fact, a recent study suggested that most
significant uplift of Laramide ranges occurred
after the Western Interior Seaway (Fan and Car-
rapa, 2014). In addition, inclusion of Laramide
uplift in the topographic history would compli-
cate the Western Interior Seaway sedimentation
pattern, making it difficult to analyze the effects
of dynamic topography.

Orogenic Uplift and Flexural Subsidence
The patterns of the input Sevier orogenic
uplift and flexural subsidence in the simulations

were based on the observed sedimentation in
the Western Interior Seaway over several epi-
sodes of the Late Cretaceous (Fig. 3), assuming
local sedimentation patterns next to the Sevier
belt should reflect orogenic loading. For the
temporal variation of the input orogeny, there
were six depositional episodes provided in the
observational data, so we changed the uplift
pattern from episode to episode and kept it
constant within each uplift episode. We varied
the spatial pattern of the orogenic uplift only
in the north-south direction, along the strike of
the Sevier orogeny. The total orogenic uplift at
each latitude was determined by a linear trans-
formation of the amount of sediment in the
area that extended 250 km (an upper bound)
eastward from the eastern front of the uplift, as
illustrated in Figure 3 (between the two curves
in each isopach map). This represents a maxi-
mum estimate of the orogenic loading for the
observed sediment in the Western Interior Sea-
way foreland basin.
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72-66 Ma

90 - 84 Ma

Figure 3. North-south profiles
of orogenic uplift and the sedi-
ment distributions for the six
episodes as in Figure 1. The
region between the two black
line in each episode indicates
where the total sediment thick-
ness was used to calculate the
orogenic uplift profile.

Below is the mathematical notation for the
calculation of the uplift patterns based on the
sedimentary isopach data:

Uorog (1,7) = F(£)*V (1), 5)
1
F(Z)_ max {V(y,t) :y=L..., N, It}
N >, V(1) - (6)
3,3, V(v.1)
where u,,,, is the total rock uplift in the moun-

tain belt as a function of location and time,
V(y,t) is the sediment volume in the foreland
area nearby, ¢ is the uplift time, F is the function
for the linear transformation in an episode, y is
the node index along latitude, N, is the number
of nodes in the north-south direction, and U is
an adjustable scaling factor to vary the overall
amount of uplift. We also considered the sedi-
ment within ~80 km in the north-south direction
in the actual calculation of the total sediment (V)



at each latitude (y). Such linear transformation
can be validated by comparing the resulting sedi-
mentation pattern with that observed, which is
presented in the “Sedimentation Pattern in SO”
section below. This scheme was used to simplify
the process of varying the amount of orogeny to
a simple number (U), herein named the “uplift
scale,” when testing how orogenic intensity
affects sedimentation pattern. Specifically, the
amount of orogenic uplift, at any location and
time, scales proportionally to the amplitude of
uplift (Equations 5 and 6). In Figure 3, the value
of uplift scale is 18 km.

We assumed that the sediment outlined by the
black curves in Figure 3 represents the foreland
basin sediment. Hence, the volume of foreland
sediment serves as a good proxy for the intensity
of the concurrent orogenic uplift. As the amount
of sediment in the southern Sevier foreland
greatly diminishes after ca. 84-79 Ma (Fig. 3),
the input orogeny uplift along the southern
Sevier belt also diminishes in the simulations.
This approximation of the Sevier uplift history is
also consistent with its transition to the Laramide
orogeny ca. 84-80 Ma, as observed (DeCelles,
2004; Yonkee and Weil, 2015). In the northern
(Canadian) part, uplift in the Sevier belt contin-
ued until the Eocene (Tufano and Pietras, 2017),
so the uplift after the 84—79 Ma episode in the
model input reflects the continued uplift of this
region (Fig. 3). We did not consider the gradual,
~200 km eastward progression of the Sevier
orogeny (Yonkee and Weil, 2015) in the simula-
tions because our orogenic model is based on a
low-resolution sedimentary isopach (Fig. 1) that
does not provide enough resolving power for
the lateral migration of the load. In this case, the
simulations are unable to capture the eastward
progression of the foreland depocenter since
input flexural subsidence is fixed. Neverthe-
less, the distance of such load progression is too
small to affect the much more widespread land-
ward Western Interior Seaway sedimentation or
to explain the ~800 km depocenter migration
(Fig. 1).

For the calculation of flexural subsidence, we
used the pattern of total uplift in each episode
with rock density equal to 2750 kg/m? for the
loading, and 20 km, 60 km, and 120 km for the
lithospheric elastic thickness (7). The chosen
T, values correspond to the flexural rigidities
of 10227, 10?*1, and 10> N-m, respectively.
We used gFlex (Wickert, 2016) to calculate
the flexural isostasy in the foreland due to the
orogenic loading. Since the uplift scale (U)
controls the amount of uplift, which is also
treated as the load in the setup, its value also
determines the magnitude of flexural subsid-
ence in the foreland. We applied this combi-
nation of orogenic uplift in the mountain belt

Western Interior Seaway formation

and flexural subsidence in the surrounding
foreland for each episode in every simula-
tion. Note that this flexural subsidence due to
the orogenic loading is independent from the
flexural-isostatic response due to sediment
loading or unloading. In this study, the former
is an input boundary condition, while the latter
is always implemented in the simulations and
is fully coupled with the evolution of sediment
transport. Note that the flexural subsidence pat-
tern will be reported in the Results section (see
sections on “Landscape Evolution in SO” and
“Sedimentation Pattern in SO”).

Dynamic Topography Models

For dynamic topography, we considered three
different models from recent studies (Liu et al.,
2008; Rubey et al., 2017; Miiller et al., 2018),
all of which predict subsidence in the western
United States during the Late Cretaceous due
to the subduction of the Farallon slab. All three
models are from geodynamic simulations that
assimilate realistic plate reconstructions. How-
ever, these models differ greatly in the predicted
patterns of dynamic subsidence near the Western
Interior Seaway, primarily because of their dif-
ferent approaches in estimating the past configu-
ration of the Farallon slab, related to the methods
for assimilating mantle density features and the
adopted mantle viscosity structures.

Among these dynamic subsidence (DS) mod-
els (Fig. 4), DS1, based on M7 in Miiller et al.
(2018), is constrained by the observed global
paleoshorelines and continental flooding pat-
terns; DS2, the best-fit model in Liu et al. (2008),
is constrained by the observed sediment thick-
ness and paleoshorelines of the Western Interior
Seaway; and DS3, from Rubey et al. (2017), is
constrained by backstripping well data globally.
In particular, the DS1 and DS2 models consider
the flat subduction of the Farallon plate. Figure 4
illustrates the dynamic topography for these
models at 100, 90, 79, and 66 Ma, corresponding
to the temporal boundaries of every two uplift
episodes. Comparatively, DS2 and DS3 have
larger magnitudes (~1000 m) of subsidence, and
DS2 has the strongest signal of eastward motion
but shortest wavelength of the subsidence pat-
tern. The large variations in the spatiotemporal
patterns of subsidence among these models,
when evaluated against the observed sedimen-
tary records, can help us to better understand the
dynamic origin of the Western Interior Seaway
subsidence history.

Note that Figure 4 shows the absolute
dynamic topography at each time step instead
of the uplift rate. To make dynamic topography
a tectonic component in the landscape evolution
simulations, we obtained the uplift rate by taking
the difference between two dynamic topography
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snapshots divided by the corresponding time
interval. Since the dynamic topography at the
present is nonzero for these models, we also cor-
rected the initial topography by accounting for
the difference in dynamic topography between
100 Ma and the present day.

Besides the apparent differences in the pat-
terns of these dynamic subsidence models, the
choice of these models was also based on their
geodynamic implications. DS1 is the latest
model with a parameterized flat slab beneath
the western United States. It takes advantage
of up-to-date global plate reconstructions and
mantle seismic tomography, and it consid-
ers thermochemical mantle layering and hot
plumes (Miiller et al., 2018). DS2 is based
on an inverse convection simulation starting
from present-day tomography that reproduces
flat-slab subduction beneath the Cretaceous
Western Interior Seaway. We emphasize that
the DS2 dynamic topography was constrained
specifically using well data within the Western
Interior Seaway (Liu et al., 2008), and it has
been shown to match the migratory subsid-
ence as well (Liu et al., 2011). Finally, the DS3
model does not consist of flat-slab subduction
below the Western Interior Seaway (Rubey
et al., 2017). Dynamic topography in DS3 rep-
resents broad subsidence above a shallow-dip-
ping slab, similar to an early conceptual model
(Mitrovica et al., 1989).

With these three different dynamic subsid-
ence models, our goal was to (1) quantify the
Western Interior Seaway subsidence history by
further considering the landscape evolution,
and (2) identify the mantle dynamic processes
underlying Western Interior Seaway sedi-
mentation.

Simulations and Parameters

To achieve the research goals, we tested
four tectonic scenarios. The first scenario (S0)
included the orogenic uplift and thus flexural
loading only, while the rest (S1-S3) used a com-
bination of orogenic uplift and a specific dynamic
subsidence history (DS1-DS3). Therefore,
scenario SO helped to investigate the orogenic
effects on the Western Interior Seaway sedimen-
tation pattern without any dynamic subsidence.
We ran all simulations for 35 m.y., covering
the entire Late Cretaceous (100-65 Ma). For
the model parameters of landscape evolution, we
tested three important factors: bedrock erodibil-
ity (¢), elastic thickness (7,), and uplift scale (U).
The values of these parameters were empirically
constrained, and we varied these values to test
their effects. For each simulation, the values for
these parameters were held constant. We used
bedrock erodibility to representvthe general
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offers a detailed description of the model param- TABLE 1. MODEL PARAMETERS FOR THE LANDSCAPE EVOLUTION SIMULATION

eters and their values. Parameter Value Units

gridlsizeI ( ) 5 km

ea level (constant 0 m

RESULTS Underwater flow depth 150 m
hPAreci;I)itEtion rated n 1 m/yr

.. ax. lake water deptl 200 m

Landscape Evolution in S0 Erodibility 1,15, 2, ..., 4.5, 5 (x107) yrt
(S)ritical aggradational slope 104 mz//m
X ubaerial topographic diffusivit 1 ma/yr
Figure 5 demonstrates a result of the land- Marine bedrgcﬁ’ di?fusivity Y 2 mzlgr
: : : _ Marine sediment diffusivity* 10 m2/yr

scape evolution in SQ with t.opography (tTack Elastio thickness 20, 60, 120 K
ground colors), major sediment-rich rivers Uplift scale 12, 15, 18, 21 km

(black lines), and the cumulative orogenic flex- *Marine bathymetric diffusivity refers to diffusion of bedrock, while underwater sediment diffusivity refers to

ural subsidence (red contours) at the ends of alluvial diffusion, both of which are treated separately in Badlands (see “Landscape Evolution Model” section).
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Figure 5. Predicted landscape evolution and rivers in the pure-orogeny tectonic scenario
(S0) at the ends of the six uplift episodes (94, 90, 84, 79, 72, and 66 Ma) with the total flexural
subsidence in each episode (red contours). Here, bedrock erodibility =2 x 10-7 yr-!, elastic
thickness = 120 km, and uplift scale = 21 km. Note that the color interval for the submerged
area (below sea level) is half of that for the subaerial area.

extent of orogenic effects. Figure S1' offers an
SO simulation with less extreme flexural rigidity
(10! N'm; T, = 60 km) and smaller orogenic
uplift (U = 18 km) than those presented in Fig-
ure 5. In this simulation, the uplifted orogen
itself enhances erosion and provides the source
of sediments, while the resulting flexural subsid-
ence creates the depression in the foreland as the
sink for the sediments. Since the orogenic uplift
and the flexural subsidence are confined to the
western region, the topography of the continen-
tal interior and the drainage pattern east of the
flexural forebulge stay rather stable.

The SO landscape simulation demonstrates that
a seaway of more than 1000 km in width, such as

ISupplemental Material. Five additional figures
to support some arguments in the main text and to
aid readers’ understandings. Please visit https://
doi.org/10.1130/GSAB.S.12275144 to access the
supplemental material, and contact editing @ geosociety.
org with any questions.

the Western Interior Seaway (Fig. 1), could not
form from flexural subsidence, and that the rivers
from the west carry sediments only to the foreland
with very limited eastward progression. Mostly,
the predicted inland sea is narrower than 500 km
in the east-west direction, because the width of
the inland sea is limited by the location of the
flexural forebulge. Although the wavelength of
flexural subsidence can increase with increas-
ing flexural rigidity, it can never reach beyond
500 km given the typical values of flexural rigid-
ity. The flexural subsidence achieved this way is
also unable to generate the eastward-migrating
topographic depression as implied from Western
Interior Seaway sedimentation (Fig. 1). Note that
Figure 5 represents a rather extreme case for the
flexural effect. Hence, flexural subsidence due
to orogenic loading cannot explain the forma-
tion of the Western Interior Seaway, consistent
with recent studies claiming the dominant role
of dynamic topography (Liu et al., 2008; Rubey
et al., 2017; Miiller et al., 2018).
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Sedimentation Pattern in SO

Figure 6A demonstrates a representative
result of the sedimentation history in SO (blue
colors) compared to the observed Western Inte-
rior Seaway isopach (red contours; adapted from
Robinson Roberts and Kirschbaum, 1995) for
the six uplift episodes (100-66 Ma). The model
parameters are the same as those in Figure 5. In
general, the sedimentation pattern closely fol-
lows that of the flexural subsidence and explains
why the predicted inland sea remains mostly
shallow, <200 m in depth (Fig. 5). The predicted
sediment distribution and thickness can explain
most of the observed values in the foreland for
each uplift episode in the western United States.
Although the foreland sediments in northern
Alberta, Canada, are underpredicted during
94-84 Ma, they are less significant relative to
the foreland sediments in the southern Western
Interior Seaway. Therefore, these results suggest
that the orogenic uplift inputs are largely valid,
such that foreland basin sediment can be used
as a proxy for orogenic uplift. Particularly, the
predictions nicely capture the observed along-
strike locations of the sediment depocenter.
Moreover, the SO prediction agrees with the
observation (Fig. 3) in that sediment accumu-
lation is distributed within the Sevier foreland
basin during 100-84 Ma for the southern West-
ern Interior Seaway, where subsequent eastward
progression of depocenter is significant. In the
northern Western Interior Seaway, such agree-
ment exists during 79-66 Ma. This implies that
the orogenic effect largely controlled the loca-
tion of most intensive sediment accumulation for
the early stage of the Western Interior Seaway
(100-84 Ma) in the south, but for the later stage
(79-66 Ma) in the north.

However, the predicted basin widths? in gen-
eral and the sediment quantity in the south are
both too small compared to observed sedimen-
tation (Fig. 6A). An additional simulation with
~60 m sea-level rise during 100-92 Ma (Haq
et al., 1987) suggests that the impact of increas-
ing sea level on Western Interior Seaway sedi-
mentation is very minor (Fig. S2 [see footnote
1]). In this case, the flexural forebulge still limits
the extent of sedimentation because its magni-
tude (>100 m) overwhelms that of sea-level
change (<60 m). It is also evident that maxi-
mum sediment accumulation occurs always at
the edge of the input orogenic uplift (Fig. 6A),
rendering ~800 km migration of the depocenter
impossible with only flexural subsidence.

2The basin width is herein defined by the width
of the 200 m sedimentary isopach along the cross
section.
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mentation patterns (grayscale

colors) in the six uplift episodes
compared to those observed
(black contours). Hatched re-
gion shows the orogenic zone.
Black arrow indicates the lati-
tude at which the uncertainty
test was used to evaluate basin
features and where the flex-
ural inputs and responses are
demonstrated. Here, bedrock
erodibility =2 x 107 yr-!, elas-
tic thickness =120 km, and

Sediment isopachs (¥*100m)

V

uplift scale=21km. (B) Un-
certainty test on the total sedi-
ment and basin width (vertical
axes), with bedrock erodibility
(color-coded), flexural rigidity

B Total Sediment (km?) Basin Width (km) (shape-coded) and uplift scale
400 igidi . . .
Observed: 641 km? Observed: 650 km Flexural Rigidity (Nm) (horizontal axes) in the third
episode (90-84 Ma). The in-
- — O 1 22.7
300 0 line text indicates the observed
| v 300 4 g § O 10w value. The basin width is de-
v ¥ v fined by the 200 m sedimentary
g v 4% v isopach.
200+ g 7 v o10%°
v v 200 ¥
v 5
v v o g g g
v g D = B8 Bedrock Erodibility (*107/ year)
o 188 o
= 100+
A 8 1 2 3 £ 5
g & 8 ° 8
00— T T T 0 T T T T
12 15 18 21 12 15 18 21

Uplift Scale (km)

To better understanding the effects of other
model parameters in the formation of the
Western Interior Seaway based on pure oro-
genic loading (Figs. 5 and 6A), we performed
an uncertainty test by further varying bedrock
erodibility and flexural rigidity in this class of
simulations. The uncertainty test was focused
on the third episode (90-84 Ma), during which
the input orogenic effect is most pronounced
and the impact of initial topography should

Uplift Scale (km)

already be relaxed. Figure 6B shows the results
of the predicted area of sediment (left) and basin
width (right) by varying bedrock erodibility,
elastic thickness, and uplift scale, which are all
influential parameters, in the cross section along
the latitude specified by the green arrow in Fig-
ure 6A (upper-leftmost panel). The results dem-
onstrate that both basin width and total sediment
increase with increasing uplift scale and flexural
rigidity, which control the magnitude and the
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wavelength of flexural subsidence, respectively.
Most importantly, this uncertainty test suggests
that all combinations of these parameters fail to
produce either the sediment quantity or basin
width close to their observational values (shown
in Fig. 6B). Hence, we conclude that flexural
subsidence alone is unable to explain the spatial
extent and thickness of Western Interior Seaway
sedimentation, implying that additional subsid-
ence further inland and later in time is required.
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Counterintuitively, the results in the uncer-
tainty test (Fig. 6B) suggest that increasing
bedrock erodibility generally leads to decreas-
ing sediment quantity. The reason is that with
a higher erodibility, the foreland experiences
more flexural-isostatic uplift due to the enhanced
erosion in the orogen, decreasing the orogenic
loading, and so the accommodation space for
foreland sediment is effectively reduced (Fig. 7;
Figs. S1 and S3 [see footnote 1]). This trend is
more prominent when flexural rigidity is smaller
(Figs. 6B and 7) and exists on the condition that
sediment accommodation space is filled. In the
cases with 1020 N-m flexural rigidity, the trend
between erodibility and sedimentation disap-
pears because (1) the condition that accommo-
dation space is filled quickly is invalid (Fig. S3
[see footnote 1]), and (2) the fractional reduction
of accommodation space by erosional unloading
decreases with larger flexural rigidity (Fig. 7). A
key process here is the flexural response due
to erosional unloading, the influence of which
can propagate from the orogen into the foreland
basin, and this behavior is indifferent to flexural
rigidity (Fig. 7). Even though more sediment
is produced via enhanced erosion, the reduced
accommodation space with rapid sediment fill

400

(Supplemental Material [see footnote 1]) lim-
its the total sediment deposition and eventually
results in a smaller basin. As bedrock erodibility
can represent the overall efficiency of surface
processes, this result implies that erosion alone
cannot expand the foreland sedimentation in a
purely orogenic setting. To expand the foreland
basin further inland, it requires a broader pat-
tern of tectonic subsidence, such as that due to
dynamic topography.

Landscape Evolutions in S1-S3

Figure 8 shows the representative results of
the landscape evolution in S1-S3, with topog-
raphy (background colors), major sediment-
rich rivers (black lines), and the total dynamic
subsidence (red contours) at 94, 84, 72, and
66 Ma. The model parameters U, ¢, and T, are
18 km, 3.5 x 107 yr!, and 60 km, respectively,
for a more moderate orogenic load and flex-
ural rigidity and an increased sediment supply
compared to the case in Figures 5 and 6. A wide
seaway (inundation of >1000 km wide) forms
in each simulation over the Late Cretaceous due
to dynamic subsidence. This suggests that all
three dynamic topography models are useful to

Geological Society of America Bulletin

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35653.1/5073618/b35653.pdf
bv lniversitv of lllinois Urbana-Chambpaian user

explain the formation of the Western Interior
Seaway, even though the detailed subsidence
patterns differ. Since rivers are sensitive to
topography, all major rivers in these simulations
respond readily to the dynamic subsidence and
transport sediment to the seaway (sink). Most
of the sediment-rich rivers are from the orogen
on the west, so the orogen is the major source
of the sediment in the Western Interior Seaway.
Therefore, all dynamic subsidence models used
in this study can form a seaway that becomes
the sediment sink.

In comparison, the dynamic topography
in S2, which has relatively large magnitude
and spatial migration, results in an eastward-
moving depression center and eastward shift of
the entire seaway. The seaway in S1 is mostly
shallow (<400 m deep) and shrinks over time,
largely due to the dynamic rebound (Fig. 4A).
In S3, the seaway forms similarly to that in S2,
but with no migration of the depression center
and little shift of the seaway. While the migra-
tion of the depression center depends entirely
on the location of peak dynamic subsidence,
the shift of the seaway depends additionally on
sediment deposition, which increases local ele-
vation and causes shoreline retreat. According
to the predicted topographic depressions, only
S2 can reproduce a depocenter ~800 km east of
the Sevier orogen as observed (Fig. 1) among
the three scenarios.

Furthermore, the shift of the seaway with time
could greatly affect the continental drainage pat-
tern. When the shift is significant enough, the
drainage pattern would become unstable and
adjust to the evolving landscape. Take S2 for
example. The elevated eastern continent and the
submerged middle continent east of the Sevier
orogen create many significant sediment-rich
rivers flowing westward during the early stage
(before 84 Ma) of the predicted Western Inte-
rior Seaway, rendering the eastern continent
a nonnegligible source of the sediment. Dur-
ing the later stage (after 84 Ma), the migration
of dynamic subsidence submerges the eastern
continent and raises the middle continent. This
process decreases the drainage areas of the west-
ward-flowing rivers from the east and increases
those of the eastward-flowing rivers from the
orogen. Therefore, the drainage pattern in S2 is
the most unstable among the three scenarios over
the Late Cretaceous, due to the migration of the
dynamic subsidence.

Compared to S2, the seaways in S1 and S3
are mostly wider over the Late Cretaceous,
a feature that seems more consistent with
the inferred maximum extent of the Western
Interior Seaway (Smith et al., 1994; Liu, 2015).
As a result of the long wavelengths of the sub-
sidence, such wide seaways create more area



S1

for sedimentation, but at the same time, they
hinder the formation of rivers from the eastern
continent and diminish the sediment derived in
that region. In particular, there are also differ-
ences in the size of the predicted seaways over
time among the three scenarios. The seaway in
S1 starts out large and shrinks noticeably after
84 Ma, while those in S2 and S3 grow over time
and start to expand or shift eastward sometime
between 84 and 72 Ma, more similar to obser-
vation (Smith et al., 1994; Liu, 2015). In sum-
mary, even though a large seaway appears in
each scenario, the spatiotemporal evolution
of the predicted seaway varies significantly
from one scenario to another. Consequently,
these differences in landscape evolution lead
to contrasting sedimentation patterns, as dis-
cussed below.

Ching Chang and Lijun Liu
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Sedimentation Patterns in S1-S3

Figure 9 shows the representative results of
the sedimentation patterns for S1-S3 (blue col-
ors), compared with observation (red contours),
during the entire Late Cretaceous (100-66 Ma).
Model parameters (U, €, and T,) are the same as
those in Figure 8, and the SO prediction (only
flexural deformation is allowed) with the same
parameters is shown in Figure S4 (see footnote
1). A common sedimentation feature among
these three scenarios is a larger area with non-
trivial (>100 m) sediment deposition than that in
SO (Fig. 6A), formed mostly after the first uplift
episode. This is because the broad topographic
depression across the middle North America,
caused by the long-wavelength (>1000 km)
dynamic subsidence, is able to accommodate
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Figure 8. Snapshots of land-
scape evolution and river
drainage pattern, with the con-
temporary total dynamic sub-
sidence (red contours) at 94, 84,
72, and 66 Ma in S1 (left), S2
(middle), and S3 (right). Here,
bedrock erodibility = 3.5 x 10-7
yr-l, elastic thickness = 60 km,
and uplift scale =18 km. Note
that the color interval for the
submerged area (below sea
level) is half of that for the sub-
aerial area.

sediments further landward (Fig. 8). In addition,
dynamic subsidence in each scenario provides
accommodation space in the foreland in addi-
tion to the flexural subsidence. The additional
accommodation space allows intense sedimen-
tation during the early stage of Western Interior
Seaway (100-84 Ma) without requiring extreme
flexural subsidence such as that in the pure
orogenic loading case (Figs. 5 and 6A). Such
intense sedimentation in the foreland subse-
quently wanes as the additional accommodation
space from dynamic subsidence is consumed,
and no further space is created over time. Thus,
dynamic subsidence directly facilitates sedimen-
tation within and beyond the foreland.

Notably, both the area with nontrivial depo-
sition and the intensity of sedimentation in S2
are the largest among the three scenarios at all
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100 - 94 Ma

94 -90 Ma

Figure 9. Predicted sedimenta-

90 -84 Ma

tion patterns (grayscale colors)
compared to the observation
8 (black contours) for the six up-
4 lift episodes over the entire Late
) Cretaceous in S1 (left), S2 (mid-
dle), and S3 (right). Hatched
region shows the orogenic zone.

84-79 Ma

The contour values of observed
isopachs are the same for all
three scenarios (across the same
row) and are only shown in the
left panel. Here, bedrock erod-
ibility = 3.5 x 107 yr-l, elastic
! thickness = 60 km, and uplift

79-72 Ma

scale = 18 km.

72 - 66 Ma

V

Sediment thickness (*100 m)

times. Both phenomena can be explained by
the magnitude and migration of dynamic sub-
sidence in model DS2. Most importantly, sedi-
ment accumulation responds proportionally to
the incremental subsidence, instead of the total
subsidence. In turn, incremental subsidence
depends on the change of dynamic topography,
by either increasing the magnitude of subsid-
ence or shifting the depression center. In the
case of S1, model DS1 has a subsidence pattern
that stays largely stationary over time, without
migration or increase in magnitude. So, the lack
of incremental subsidence severely prohibits

sedimentation; once the accommodation space
from the initial subsidence is consumed, the sed-
imentation rate declines drastically after 94 Ma.
Similarly, in the case of S3, the incremental sub-
sidence in DS3 is insufficient to create the size
of accommodation space comparable to that in
S2. However, as the magnitude of subsidence
in DS3 slightly grows larger over time, there is
more incremental subsidence for sedimentation
compared to DS1. In the end, only DS2, with its
magnitude and migration, can constantly gener-
ate large amounts of accommodation space over
time that allows sustained, intense sedimenta-
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tion. Continued migration of DS2 also creates
new accommodation space further eastward,
resulting in the widespread area of inland sedi-
mentation (Fig. 9B).

In a comparison between the prediction and
the observations, the three scenarios perform
similarly in the first two uplift episodes (Fig. 9).
During this time, most of the predicted sedi-
mentation takes place in the foreland, largely
consistent with observations, despite the fact
that the predicted area of nontrivial (>100 m)
sedimentation is slightly smaller than observed
in all scenarios. The predicted depocenters gen-
erally line up well with those observed, suggest-
ing that flexural subsidence was the dominant
control on the sediment distribution at the time.
Meanwhile, the dynamic subsidence enhances
foreland depression and expands the area of
sedimentation. Smaller basin areas in predictions
than those observed may reflect the uncertainty
in dynamic subsidence models and that in the
initial topography.

Starting from the third uplift episode (90 Ma),
only S2 can produce most of the key features
in the observed sedimentation patterns, namely,
the wide area of sedimentation, the continu-
ously intense sedimentation, and the eastward
migration of the depocenter over time. Neither
S1 nor S3 has these features in their respective
predictions. As sedimentation closely follows
the incremental subsidence, these sedimentation
features reflect the increasing magnitude and
eastward migration of DS2. Despite some local
mismatches like those north of Wyoming, there
is good consistency between S2 predictions and
the observations over most of the western United
States (Fig. 8B). Particularly, these include the
agreements on the dispersion of sedimentation
during 90-72 Ma and the apparent eastward dis-
placement of the depocenter in the last uplift epi-
sode (72-66 Ma). Therefore, S2 can best explain
the Western Interior Seaway sedimentation, and
DS2 represents the most likely model for West-
ern Interior Seaway dynamic subsidence. These
results further suggest that the dominant control
on sedimentation transitioned from flexural to
dynamic subsidence after 90 Ma.

Finally, we present an uncertainty test for each
scenario to examine the effects of bedrock erod-
ibility, elastic thickness, and uplift scale on the
output of total sediment, basin width, and the
depocenter location, along the same east-west
Western Interior Seaway cross section indicated
in Figure 6A. The choice of this latitude for the
uncertainty test came from the apparent east-
ward progression of sedimentation over time as
observed. Figure 10 reports the results for each
scenario, with effects of variations of these three
factors measured as numerical quantities, plot-
ted for the corresponding scenario. The model
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values for each output basin feature are com-
pared side by side with those observed allowing
for a 15% tolerance range. The values of these
factors follow those reported in Table 1. Note
that only bedrock erodibility and flexural rigidity
are specified here. The main goal of the uncer-
tainty test was to check if each scenario can cir-
cumstantially reproduce the quantitative features
in the observation by varying the values of these
input factors (U, €, and T,).

The results of this uncertainty test (Fig. 10)
show that the three scenarios perform similarly
during the first two uplift episodes, confirming
that the outcome sedimentation patterns are
largely insensitive to the choice of dynamic sub-
sidence model during this period. The fact that
all three scenarios fail to predict the observed
values of basin width and depocenter location in
the first uplift episode (100-94 Ma) likely indi-
cates inaccuracy of the initial topography, since
the predictions can well fit the observed values in
the second uplift episode (94-90 Ma). Sea-level
change is unlikely to be the cause, given its small
magnitude (<60 m), and it has an insignificant
effect in this case (Fig. S2 [see footnote 1]). For
the later four uplift episodes (90-66 Ma), how-
ever, the results suggest that the S2 predictions
can most consistently fit the observed values
(bottom rows in Fig. 10). This is especially clear
for the total sediment and basin width, due to
the appropriate magnitude and migration of DS2
as previously explained. Depocenter location, on

T
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the other hand, is the least sensitive feature to
the different scenarios of dynamic topography.
Still, the overall trend suggests that after 90 Ma,
dynamic subsidence dominated the sedimenta-
tion patterns, and S2 is the best scenario due to
its likelihood to capture all observed basin fea-
tures. Hence, the S2 scenario still performs the
best after taking into account the variations of
the three factors in landscape evolution.

DISCUSSION
Formation of the Western Interior Seaway

Based on the comparison between the obser-
vations and predictions in SO-S3, dynamic sub-
sidence is a requirement for Western Interior
Seaway formation. For the sheer size of West-
ern Interior Seaway inundation and sedimenta-
tion, flexural subsidence due to orogenic load-
ing alone is evidently insufficient (Figs. 5 and
6). Dynamic subsidence offers the long-wave-
length (>1000 km) subsidence that is required
to explain the Western Interior Seaway forma-
tion and sedimentation (Figs. 8 and 9). In this
study, we used landscape evolution simulations
to further affirm the studies proposing the need
for dynamic topography in explanation of the
Western Interior Seaway sedimentary records
(DeCelles, 2004; Liu and Nummedal, 2004; Liu
et al., 2005, 2014; Heine et al., 2008; Liu, 2015;
Heller and Liu, 2016). We also show that this
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defined by the 200 m sedimen-
tary isopach. The lower-right
section shows the color code
for bedrock erodibility and
the symbol code for flexural
rigidity.

conclusion is indifferent to the parameters of
landscape evolution, particularly the efficiency
of surface processes.

Although orogenic effect alone is unable to
explain the formation of the Western Interior
Seaway, it has significant effect on the West-
ern Interior Seaway sedimentation history. This
study quantitatively attests that (1) in the Sevier
foreland, flexural subsidence primarily con-
trolled the distribution of intensive sedimenta-
tion, even with the presence of dynamic subsid-
ence (Fig. 9), and (2) beyond the foreland, the
orogeny provided the necessary sediment supply
for sedimentation further landward (DeCelles,
2004; Yonkee and Weil, 2015). Particularly,
the results highlight that when constraining the
tectonic history with sedimentary records, both
sediment supply and accommodation space are
crucial considerations, where landscape evo-
lution simulation has an advantage over tradi-
tional methods such as sedimentary backstrip-
ping (Chang and Liu, 2019). This study further
demonstrates that foreland sedimentation history
can serve as a valid proxy for orogenic evolution.
The method herein may be less accurate than a
detailed palinspastic reconstruction, but it pro-
vides a simulation-compatible and quantitatively
constrained orogenic load model at the continen-
tal scale over tens of millions of years. Refining
this orogenic load model, which is beyond the
scope of this study, will be unlikely to change
our main conclusion.



Furthermore, the dynamic subsidence during
the Western Interior Seaway was likely large
in magnitude (~1000 m) and moving eastward
over time, consistent with previous studies (Liu
et al., 2011; Chang and Liu, 2019). Among the
three dynamic subsidence models, only DS2
has these features, and the resulting S2 simu-
lation is the most likely scenario according to
the visual comparison (Fig. 9). Although some
landscape evolution parameters can manufac-
ture the observed eastward migration of the
depocenter in S1 and S3, only S2 can most con-
sistently capture the intensity of sedimentation
and basin width (Fig. 9). Hence, the most likely
geodynamic mechanism for the Western Interior
Seaway is the downward pull from the Farallon
flat slab underneath the westward-moving North
Anmerican plate, as proposed in the correspond-
ing geodynamic models (Liu et al., 2008; Liu,
2015; Miiller et al., 2016, 2018).

We find that the S2 simulation predicts by far
the most sedimentation, and the reason lies in the
continuing change of DS2, which in turn offers
sustained incremental subsidence. We empha-
size that it is the incremental subsidence, not the
cumulative subsidence, that creates new accom-
modation space for sustained, inland sedimen-
tation. We also note that the initial topography
has little effect on the sustainability of inland
sedimentation because the initial accommoda-
tion space will be quickly taken up by early
sedimentation, after which other tectonic forc-
ing will take dominance. Therefore, for dynamic
topography models constrained by residual sub-
sidence from sediment-backstripping, accurate
age and depth information is important for quan-
tifying the signal of incremental subsidence (Liu
etal., 2011).

Since DS2 represents a plausible scenario for
the past dynamic topography, we further inves-
tigated its detailed spatiotemporal impacts on
the sedimentation history in the western-middle
continent. The predicted sedimentation history
can be characterized by three stages based on
the relative importance of dynamic subsidence
in forming the large-scale (>200 km) Western
Interior Seaway sedimentation: (1) moderate
in 100-90 Ma, (2) transitional in 90-84 Ma,
and (3) dominant in 84-66 Ma. First, during
100-90 Ma, the sediment accumulates primar-
ily in the Sevier foreland. The flexural subsid-
ence mainly controls the along-strike depocenter
location (Fig. 6A), while dynamic subsidence
further enhances the depression, leading to
wider sedimentation areas within the foreland
basin (Fig. 9B). Then, during 90-84 Ma, the
sediment accumulation starts dispersing east-
ward with a large portion still localized within
the foreland. This is when dynamic subsidence
begins to move the depocenter away from the

Western Interior Seaway formation

foreland. However, since the subsidence center
is still close to the western orogen, the sedimen-
tation pattern only shows eastward progression,
not displacement. Finally, during 84-66 Ma,
the sediment accumulation migrates eastward,
out of the foreland, and the foreland sedimenta-
tion completely shuts down. The depocenter is
ultimately displaced ~800 km east of the Sevier
front. At this time, the dynamic subsidence dom-
inates the control on sediment distribution.

Identification of the relative importance of
dynamic subsidence in the observed Western
Interior Seaway sedimentation history further
reveals the underlying tectonic drivers for the
Late Cretaceous subsidence in the middle con-
tinent. The timing at which the dynamic subsid-
ence becomes important in the sedimentation
distribution roughly coincides with emplace-
ment of the proposed Shatsky conjugate plateau,
because its initial buoyancy causes slab flatten-
ing at ca. 88 Ma (Liu et al., 2010). By reducing
the slab dip angle, this oceanic plateau causes the
dynamic subsidence, and in turn sedimentation,
to migrate further inland to the continental inte-
rior. While the migration of dynamic subsidence
comes from the relative motion between the sub-
ducting slab and the overriding plate, the tem-
porally increasing subsidence magnitude reflects
the accumulation of slab materials beneath the
continent (Fig. 4). This interpretation is simi-
lar to that inferred from analyzing the residual
subsidence of the Western Interior Seaway
basin (Liu et al., 2011; Heller and Liu, 2016).
However, in this study, we further quantified
the surface manifestations of Farallon flat-slab
subduction through tracking sediment transport
and deposition using realistic landscape evolu-
tion simulations.

There are some notable mismatches present
in the sedimentation patterns between the S2
predictions and the observations. Specifically,
in the Western Interior Seaway region north of
‘Wyoming, the basin width is consistently shorter
than that observed after 90 Ma, and the predicted
pattern poorly resembles the observation after
79 Ma (Fig. 9). Since the dynamic subsidence
largely controls the sedimentation pattern after
90 Ma, these discrepancies mostly originate
from the errors in DS2. Decreasing the efficiency
of surface processes to keep the depocenter
closer the orogen would not fix the mismatches,
because the consequent amount of sedimentation
would be too small. A possible explanation is
the pure-thermal assumption of mantle density
anomalies, which may miss the basalt-eclogite
phase transition in the DS2 calculation, affect-
ing both the local slab geometry and the induced
dynamic subsidence (Liu et al., 2011). Alterna-
tively, this could also be due to inaccurate map-
ping of mantle density structures using seismic
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tomography (Liu et al., 2008). In addition to pos-
sible uncertainties in DS2, the orogenic effect
(e.g., flexural rigidity) after 79 Ma in the north
is likely underestimated in Figure 9 such that
the simulation is unable to match the observed
intense foreland sedimentation.

Despite some local discrepancies, DS2 still
represents the most likely model in this study
for the Late Cretaceous sedimentation history
due to its appropriate subsidence magnitude and
spatial migration. However, we note that DS2
merely represents one possible scenario from a
collection of models that share similar subsid-
ence patterns to that in DS2. Here, we emphasize
that the goal of this study was to investigate the
likely subsidence history causing the Western
Interior Seaway and distinguish its underlying
mechanism, instead of reproducing the exact
Western Interior Seaway sedimentation history.
Further matching of the Western Interior Seaway
stratigraphy would require more sophisticated
subduction models and landscape evolution
simulations.

We further explored the effect of landscape
evolution parameters on the Western Interior
Seaway sedimentation. Figure 10 suggests that
bedrock erodibility, the proxy for the overall
intensity of surface processes, is an important
parameter. In general, the values of all three
features grow with increasing bedrock erod-
ibility. Such a trend is most prominent during
100-90 Ma (upper two subplots in each panel),
regardless of the dynamic topography model,
because the accommodation space exceeds the
sediment supply in the southern Western Inte-
rior Seaway. After 90 Ma (lower four subplots
in each panel), this trend fails for total sediment
quantity in S1 and S3 (top and middle rows in
each subplot), due to the scarcity of incremental
accommodation space in this region. In effect,
a large sediment supply due to high bedrock
erodibility can deplete the initial accommoda-
tion space before 90 Ma, and then without cre-
ation of additional accommodation space due to
increased subsidence after 90 Ma, the regional
sedimentation declines. In contrast, S2 (bottom
row in each subplot) has continuous creation of
accommodation space so the trend holds in every
episode. These results re-emphasize the impor-
tance of the creation of accommodation space
for continued inland sedimentation. However,
this uncertainty test suggests that no universal,
best-fit values exist for any landscape evolu-
tion parameters (Fig. 10; Fig. S5 [see footnote
1]), except that a large (>2.5 x 107 yr!) bed-
rock erodibility is generally preferred in S2. A
detailed analysis of these input parameters is
beyond the scope of this study.

Finally, by differentiating and evaluating sev-
eral plausible dynamic topography models using



landscape simulations, this study highlights the
importance of taking surface processes into
account when constraining past dynamic topog-
raphy. When the sedimentary record represents
the primary constraint for the tectonic history,
comprehensive analysis of source-to-sink sedi-
ment transport is especially important. Conven-
tionally, geodynamic models often rely on lim-
ited geologic constraints, omitting the responses
in surface processes, for calculating dynamic
topography. This study suggests that landscape
evolution simulations can further constrain the
subsidence history by directly examining the
predicted surface responses. Therefore, future
dynamic topography models can make use of
landscape evolution simulations as part of the
constraining process.

Laramide Orogeny and Uplift

The Laramide orogeny succeeded the Western
Interior Seaway ca. 84—80 Ma (Yonkee and Weil,
2015) and is believed to have partly contributed
to the end of the Western Interior Seaway. Once
inundated, the Western Interior Seaway region
was kilometers above sea level. However, it
remains unclear when the long-wavelength
(>200 km) base elevation and the majority of
the Laramide Province (Colorado Plateau and
Wyoming) began rising to the present-day level
(~2 km). The proposed timings range from the
Late Cretaceous (Flowers et al., 2008; Liu and
Gurnis, 2010; Flowers and Farley, 2012) to the
mid-Cenozoic (Moucha et al., 2009). Whether
dynamic topography contributed significantly to
the present-day high topography also remains
debated (Humphreys et al., 2003; Moucha et al.,
2009; Liu and Gurnis, 2010; Becker et al., 2014).
Forward landscape evolution simulations can
directly test the effects of dynamic topography
on the topographic evolution and so quantify
the significance of dynamic topography in the
pre-Cenozoic elevation in the Western Interior
Seaway region.

Significant Laramide uplift events occurred
in the western-middle continent ca. 80-40 Ma
(Yonkee and Weil, 2015), overlapping the West-
ern Interior Seaway both spatially and tempo-
rally. We suggest that localized Laramide uplift
events would not change the overall simulated
Western Interior Seaway sedimentation history
over the Late Cretaceous. For the sedimenta-
tion history, uplifts of distributed Laramide
ranges are unlikely to have been able to make
major differences in the regional-scale sediment
distribution, given their relatively small spatial
scales. These uplifts could, instead, increase the
amount of sedimentation via induced erosion in
the localized uplifts and partly explain the insuf-
ficient sedimentation during 72-66 Ma in S2
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(Fig. 9). Hence, it is justifiable to exclude the
individual Laramide uplifts when considering
the Western Interior Seaway sedimentation his-
tory in this study.

In the case of the regional-scale uplift of
the Laramide Province, it can certainly have
disturbed the large-scale sedimentation pat-
terns. Indeed, the observed sedimentation ca.
72-66 Ma suggests some large-scale effects of
Laramide uplifts on sedimentation in the Colo-
rado Plateau and western Wyoming, where the
observed amount is significantly smaller than
that in the surrounding area. This period is at
least 10 m.y. after the initiation of the Laramide
orogeny (DeCelles, 2004), so its influence
should already have become apparent. Here, the
model results seem to imply that the effect of
such regional-scale uplift should be weaker than
that of contemporary dynamic subsidence prior
to the Cenozoic. On one hand, this is because the
combined effect of dynamic topography change
and sedimentation already raised the regional
topography to above sea level from 72 to 66 Ma
(Fig. 8). On the other hand, additional topo-
graphic rise in the region since the beginning
of the Laramide orogeny would have shut down
sedimentation earlier and reduced the regional
sediment accumulation, which would degrade
the match to observations.

Because the magnitude of regional-scale pre-
Cenozoic Laramide uplift likely was small, the
initial elevation of the Laramide Province would
have grown in the Late Cretaceous mainly due
to dynamic topography and sedimentation com-
bined. In S2, the elevation in this region is already
above sea level at 66 Ma, so the sedimentation
ends. The elevation gain after that could partly
come from changes in dynamic topography,
which can explain ~1 km of the observed ~2 km
background elevation in the region according to
DS2 (Liu and Gurnis, 2010). Hence, additional
Laramide uplift of at least 1 km is required to
raise the regional topography to the observed
present elevation. Recent studies suggest that
Cenozoic dynamic uplift within the western
United States was mostly restricted to the Basin
and Range Province (Becker et al., 2014; Zhou
and Liu, 2019). If true, these results suggest
that the 1 km of additional post—-Western Inte-
rior Seaway uplift beyond the Basin and Range
likely resulted from a buoyancy increase within
the continental lithosphere (Humphreys et al.,
2003; Jones et al., 2015; Schwartz et al., 2019).

CONCLUSION

In this study, we used forward landscape
evolution simulations to test four tectonic sce-
narios for the formation of the Western Interior
Seaway and investigated their associated sur-
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face manifestations with uncertainty tests on
the parameters in landscape evolution. We show
that foreland sediment can be a valid proxy for
orogenic uplift models and that there must have
been dynamic subsidence involved in the forma-
tion of Western Interior Seaway. We also show
that the dynamic subsidence model with 1-km-
scale magnitude and eastward migration can best
explain the Western Interior Seaway sedimenta-
tion history. In particular, only such a model
can reproduce the observed eastward-migrating
depocenter and the intensity of sedimentation.
This suggests that the dynamic subsidence caus-
ing the Western Interior Seaway was most likely
due to regional-scale mantle downwelling asso-
ciated with the sinking Farallon slab underneath
the westward-moving North American plate.
The landscape evolution simulation allowed us
to further quantify the extent of impacts of the
dynamic topography on surface processes. By
comparing the predicted and observed sediment
isopach thicknesses, we demonstrated that the
migratory dynamic subsidence was the domi-
nant control on the sedimentation pattern dur-
ing 90-66 Ma, prior to which Sevier loading
dominated. In addition, the landscape evolution
simulation suggests that regional-scale uplift in
the western United States during the Western
Interior Seaway period was likely small, and the
pre-Cenozoic elevation growth can be attributed
to the effects of dynamic topography and sedi-
mentation.
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