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ABSTRACT

Dynamic topography of Earth’s surface 
occurs in response to hydrodynamic stresses 
due to mantle flow beneath a flexible litho-
sphere. Here, we compare the predicted 
dynamic topography from an inverse-con-
vection model that includes flat slab subduc-
tion with the known geologic history of the 
western United States from Late Cretaceous 
through Paleocene time to evaluate the va-
lidity of the model results. Downwarping 
behind the evolving Cordilleran volcanic arc 
took place after its inception in Late Trias-
sic time, culminating in the formation of the 
Western Interior Seaway in Late Cretaceous 
time. Subsidence behind arcs is a consistent 
prediction of most models of dynamic topog-
raphy. A more-detailed convection model is 
evaluated here by comparing it to the geo-
logic history of the central Rocky Mountain 
region from 100 to 50  Ma. The match of 
predicted and observed tectonic subsidence 
is good up until the time that local deforma-
tion by the Laramide orogeny begins. This 
is most likely due to local flexural effects of 
mountain building overwhelming regional 
dynamic effects.

Maps for successive time intervals show 
that the model matches the geologic his-
tory quite well through time and space; in 
particular, the subduction of the previously 
postulated oceanic plateau—the conjugate 
Shatsky Rise—has a significant impact on 
surface movements. (1) From 95 to 88  Ma, 
the locations of most significant regional un-
conformities match the eastward migration 
of a zone of high topography. (2) From 90 to 
85 Ma, the zone of maximum subsidence co-
incides with the motion of the leading edge 
of the conjugate Shatsky Rise. (3) From 78 
to 60 Ma, the site of initiation of Laramide 
deformation migrates coincidently with 

the position of the center of the conjugate 
Shatsky Rise. (4) From 70 to 60 Ma, the time-
transgressive deposition of thin fluvial con-
glomerate units in the southern part of the 
study area is generally coincident with sur-
face uplift caused by the trailing part of the 
conjugate Shatsky Rise. These results suggest 
that the inverse model approximates the ver-
tical motion history quite well.

Synchroneity of the position of the center 
of the passing conjugate Shatsky Rise, the 
landward limit of the evolving Cordilleran 
volcanic arc, and the initiation of Laramide 
deformation suggests that the Farallon plate 
became coupled with the overlying North 
American plate as the subducted oceanic pla-
teau passed beneath. Progressively enhanced 
mechanical coupling between the plates was 
likely the impetus for Laramide shortening. 
This comparison of model results with sur-
face geologic history provides a means to val-
idate, but not verify, predictions of dynamic 
mantle-flow models.

INTRODUCTION

Dynamic topography is the vertical deflec-
tion of Earth’s surface caused by hydrodynamic 
stresses generated by sublithospheric mantle 
flow. While such deflections must occur on a 
flexible earth, their amplitudes need not be very 
large. Typical calculated deflections reach ampli-
tudes on the scale of 1 km and wavelengths of 
many hundreds of kilometers. Dynamic topog-
raphy has been used to interpret the origins of 
some large-scale uplift and subsidence patterns 
found on Earth today and in the past (Gurnis, 
1993; Lithgow-Bertelloni and Silver, 1998). 
These patterns are seen in the ancient record 
by subsidence analysis, continental flooding 
history, isopach patterns, thermochronology, 
and reconstruction of continental tilting (Bond, 
1976; Mitrovica et al., 1989; Smith et al., 1994; 
Heller et al., 2003; Flowers et al., 2008; Painter 
and Carrapa, 2013; Liu et  al., 2014). In cases 

where there have been past surface deflections 
of large subcontinental scale in places far from 
areas of known tectonism, dynamic topogra-
phy must be considered as a potential cause. 
While not all deflections must have a dynamic 
origin, those regions most likely to have been 
affected by dynamic topography will include 
a broad-wavelength, low-amplitude deflection 
that is necessarily transient in time at plate-tec-
tonic rates.

While different models of dynamic topog-
raphy seem to agree at long wavelengths 
(>1000  km), they can significantly depart in 
detail (Braun, 2010; Flament et  al., 2013). 
This is due to the many uncertainties in solid-
earth parameters that affect model results, such 
as rheologic behavior of the mantle, thermal 
structure, density profiles, and the past history 
of mantle-surface interactions (Flament et  al., 
2013; Liu, 2015). One way to evaluate such 
models is by comparison with regional geo-
logic history (Gurnis et al., 1998). The goal of 
this paper is to compare predictions from one 
such model, that of Liu et al. (2008), with the 
history of vertical motions in a relatively well-
understood region—in this case, the history of 
the U.S. Rocky Mountains between 100 and 
50 Ma. In doing so, we hope to isolate surface 
topography generated by tectonic effects from 
those due to mantle convection.

DYNAMIC TOPOGRAPHY

Dynamic topography refers to the surface 
manifestation of sublithospheric vertical stress 
generated from buoyancy-driven mantle flow. In 
general, downward sublithosphere mantle flow 
(downwelling) leads to dynamic subsidence, 
and upwelling leads to dynamic uplift. In obser-
vation, dynamic topography differs from its iso-
static counterpart (flexural topography included) 
in its spatial and temporal characteristics (Liu, 
2015). Three unique properties may help to dis-
tinguish dynamic topography from topography 
generated by isostatic effects. (1) Because of the 
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highly viscous nature of Earth’s interior, mantle 
flow–induced stresses can translate over large 
distances. As a result, mantle flow usually occurs 
over large spatial scales (>200 km), as does the 
resulting surface dynamic topography. (2) The 
magnitude of dynamic topography is limited to 
~1 km or less, due to strong viscous dissipation 
and redistribution of localized mantle buoyancy 
force over large spatial extents. (3)  Dynamic 
topography evolves at a rate comparable to tec-
tonic plate motions.

In theory, the most fundamental difference 
between isostatic and dynamic topography is 
the source of driving forces. Isostatic topogra-
phy usually originates from buoyancy hetero-
geneities from within the strong lithosphere 
through either lateral density or thickness varia-
tion (Fig. 1A). Due to its shallow compensation 
depth, isostatic topography has a weak gravity 
signature at long wavelengths. Dynamic topog-
raphy, in contrast, is associated with the viscous 
stress in the sublithospheric mantle, where the 
stress originates from buoyancy-driven flow 
(Fig. 1B). Thus, induced dynamic topography is 
usually poorly compensated by shallow density 
structures, leaving a large gravity/geoid signal at 
the surface (Hager, 1984).

Models of mantle convection with the pur-
pose of estimating dynamic topography show a 
trend of convergence on long-wavelength pre-
dictions, especially in regions involving subduc-
tion processes. For example, broad depression 
of the land surface occurs in response to active 
or former subduction, as seen from modeling 
of continental flooding and ocean basin sub-
sidence (Mitrovica et  al., 1989; Gurnis, 1993; 
Liu et al., 2008; Flament et al., 2014). At larger 
scales, regions inboard of volcanic arcs tend 
to dynamically subside (e.g., Billen and Gur-
nis, 2003), but uplift can result if strong lateral 
compression within the overriding plate occurs 
(Capitanio et al., 2011). More debates exist on 
the predictions of dynamic topography for areas 
away from active subduction zones, where the 
various uncertainties would influence dynamic 
topography calculations.

The inverse mantle-convection model of Liu 
et al. (2008) adopts an adjoint inversion method 
in order to reconstruct the past mantle structures 
from present-day mantle seismic images. The 
model assumes that the observed fast seismic 
velocities beneath eastern North America can 
convert to an effective temperature structure, 
i.e., density anomalies. The model includes 
the presence of the U.S. Western Interior Sea-
way of Late Cretaceous age as a constraint on 
the predicted history of the surface deflection 
of North America. Here, we take the predic-
tions of this model and compare them in greater 
detail to the history of part of the U.S. Cordillera 

for the period from Late Cretaceous to Paleo-
gene time (100–50 Ma) in order to validate the 
model results. To the degree that the model fits 
the known geologic history, insight is provided 
into the coupling between the North Ameri-
can and Farallon plate over the period during 
which the Laramide orogeny affected the Rocky 
Mountains.

Based on both the inverse model and a kine-
matic restoration of western Pacific oceanic 
plateaus, Liu et  al. (2010) proposed that the 
conjugate plateau of the Shatsky Rise subducted 
beneath the western United States, causing the 
Farallon plate to subduct as a low-angle, flat 

slab during Late Cretaceous time (Saleeby, 
2003). Interaction of the flat slab around the 
downgoing conjugate Shatsky Rise with the 
overriding North American lithosphere gener-
ated the maximum surface deflections in the 
model of Liu et al. (2008).

MESOZOIC MIGRATORY SUBSIDENCE

A first-order response seen in most models 
of dynamic topography is a general subsidence 
pattern in areas inboard of subduction zones 
(Fig. 1C). The flatter is the subducted slab, the 
broader is the area of subsidence. This response 
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Isostatic uplift
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Figure 1. Diagrams illustrating the differences between (A) isostatic and 
(B) dynamic subsidence mechanisms as discussed in text. In A, addi
tional dense mantle lithosphere (Δρ > 0, shaded) is attached to upper 
plate, causing surface deflection by flexure. In B, a block of mantle 
material is sinking through the asthenosphere, causing downwelling of 
the overlying mantle wedge and generating downward stresses on the 
overlying plate. (C) Dynamic subsidence generated by subduction and 
associated mantle flow (large arrow).
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was manifested in the U.S. Cordillera from the 
onset of Andean-type subduction in Late Trias-
sic time (Armstrong and Ward, 1993) through 
at least Cretaceous time. Sedimentation patterns 
show evidence of downward deflection imme-
diately east of the evolving continental volcanic 
arc throughout Mesozoic time (Fig. 2). Low 
areas were manifested by depositional centers 
in Late Triassic and Early Jurassic time, marine 
incursions during Middle Jurassic and Late Cre-
taceous time, and broad dispersal patterns in flu-
vial systems during Late Jurassic and Early Cre-
taceous times (Fig. 2, and references therein). 
The center of subsidence migrated eastward 
throughout the Mesozoic as eastward subduc-
tion continued and the position of the conti-
nental arc expanded over time. Of course, these 
depocenters could have had other driving mech-
anisms, such as localized flexural subsidence 
or preexisting regional topography, exerting 
primary control (Blakey et  al., 1988; Bjerrum 
and Dorsey, 1995; Allen et al., 2000). However, 
the eastward migration of the depositional cen-
ters, their broad wavelength, and their generally 
low amplitude suggest that dynamic topography 
likely played an important role (Mitrovica et al., 
1989; Lawton, 1994; Allen et al., 2000; Heller 
et al., 2003).

MIDDLE CRETACEOUS TO 
EOCENE RECORD OF SUBSIDENCE 
AND UPLIFT

A more detailed comparison between the 
results of the model of Liu et al. (2008) and the 
history of the Rocky Mountains can be done for 
the period of 100 to 50 Ma, the period during 
which the purported conjugate Shatsky Rise 
passed beneath the region (Saleeby, 2003; Liu 
et  al., 2010). During this period, the region 
underwent shortening. The Sevier orogeny, a 
retroarc fold-and-thrust belt found west of the 
study area (Fig. 3), began during Early Cre-
taceous time and continued until ca. 50  Ma 
(DeCelles, 2004; Yonkee and Weil, 2015). 
During the Laramide orogeny (Late Creta-
ceous–middle Eocene; Dickinson et al., 1988), 
shortening deformation stepped to the east as 
basement-cored uplifts that form most of the 
present ranges of the Rocky Mountains. The 
shift of the locus of shortening between the 
Sevier and Laramide orogenies can be viewed 
as a continuation of eastward deformation of the 
Cordilleran orogenic wedge (DeCelles, 2004). 
However, differences in shortening direction 
between the two orogenic belts suggest that the 
two events may have different, if not related, 
driving mechanisms (Erslev, 1993; Bird, 1998).

The timing of onset of the Laramide orog-
eny has not been well established. Dickinson 

et  al. (1988) compiled syntectonic sedimen-
tary data from Rocky Mountain basins to 
argue that deformation began everywhere in 
Maastrichtian time at 70 ± 5 Ma. Others have 
suggested that Laramide deformation began 
earlier, from 80 to 75  Ma (DeCelles, 2004), 
or even earlier (Schwartz and DeCelles, 1988; 
Steidtmann and Middleton, 1991). In either 
case, the driving force for the Laramide orog-
eny is widely viewed to have been related 
to flat slab subduction of the Farallon plate 
beneath North America and basal traction 
caused by coupling between the plates (Dick-
inson and Snyder, 1978; Bird, 1998). Primary 
evidence for this interpretation came from the 
coincidence of Laramide timing with migra-
tion of the Cordilleran magmatic arc (Coney 
and Reynolds, 1977; Dickinson and Snyder, 
1978). Interpretations of the driving force of 
flat slab subduction include increased plate 
convergence rates (Coney and Reynolds, 
1977; Coney, 1978), and/or increased buoy-
ancy of the Farallon plate by either decreasing 
age (Engebretson et  al., 1985) or subduction 
of a buoyant oceanic plateau (Livaccari et al., 
1981; Saleeby, 2003).

Migration of a flat slab coupled to North 
America would be expected to cause localized 
migratory shortening in the overlying plate 
(Bird, 1998). Alternatively, Laramide deforma-
tion could have resulted from stresses gener-
ated by increased viscous shear coupling across 
the subduction zone. These stresses would then 
be transmitted inboard across the North Amer-
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Figure 2. Maps of western United States 
showing position of the continental arc and 
evidence of retroarc subsidence, which may 
have been partially controlled by dynamic 
topography associated with subduction of 
the Farallon plate beneath North America. 
Arc positions were taken from North Ameri-
can Volcanic and Intrusive Rock Database 
(NAVDAT data, http://​www​.navdat​.org). 
(A) Late Triassic, showing paleogeography 
of the Shinarump Conglomerate Mem-
ber of the Chinle Formation (from Heller 
et  al., 2003). (B) Early Jurassic distribu-
tion of Glen Canyon Group eolian deposits 
(after McKee, 1988). (C) Middle Jurassic 
Sundance seaway (after Peterson, 1972). 
(D) Early Cretaceous fluvial conglomerate 
deposits (from Heller et al., 2003). (E) Late 
Cretaceous Western Interior Seaway (from 
Heller et  al., 2003). State abbreviations: 
UT—Utah, WY—Wyoming, CO—Colo-
rado, NM—New Mexico, TX—Texas, AZ—
Arizona, NB—Nebraska.

 as doi:10.1130/B31431.1Geological Society of America Bulletin, published online on 1 February 2016

http://www.navdat.org


Heller and Lui

4	 Geological Society of America Bulletin, v. 1XX, no. XX/XX

ican plate. This end-loading, whether caused 
by collision of a crustal block or an increase 
in relative velocity between the Farallon and 
North American plates (Livaccari and Perry, 
1993; Maxson and Tikoff, 1996; Tikoff and 
Maxson, 2001), would have led to increased 
compression across the entire upper plate at 
the same time. Such predicted synchronicity is 
consistent with the results of Dickinson et al. 
(1988), which show that the Laramide orogeny 
began at more-or-less the same time across the 
Rockies. Therefore, reconsideration of the tim-
ing of initiation of the Laramide orogeny may 
help to clarify which of these driving forces 
dominated.

Conjugate Shatsky Rise

The oceanic plateau model for the origin 
of the Laramide orogeny is based upon plate 
reconstructions that suggest the Shatsky Rise 
in the Pacific Basin formed along a spreading 
center beginning in Late Jurassic–Early Cre-
taceous time (Smith, 2007). If so, then mir-
ror oceanic plateaus would very likely have 
formed on both sides of the spreading center, 
just as seen in the analogous case of the forma-
tion of Iceland today along the Mid-Atlantic 
Ridge (Lawver and Müller, 1994). With con-
tinued plate spreading, the plateaus on the 
Farallon plate, the conjugate Shatsky Rise, 

would have eventually collided with North 
America in the vicinity of southern California 
sometime between 90 and 85  Ma (Saleeby, 
2003). As the Farallon plate subducted under 
North America, so too would have the attached 
conjugate Shatsky Rise.

The dynamic effect of the migrating conjugate 
Shatsky Rise on the overlying North American 
plate would have changed over time. During the 
initial collision, and soon thereafter, the thick-
ened crust of the Farallon plate was a buoyant 
topographic high due to isostatic compensation, 
promoting direct contact and coupling with the 
overlying plate. This facilitated tectonic erosion 
of North America in southern California dur-
ing Late Cretaceous time (Saleeby, 2003) and 
likely caused isostatic uplift and exhumation 
of the broad region encompassing the south-
ern Sierra Nevada Batholith (Saleeby et  al., 
2007). Farther inboard, the Farallon slab sank 
to greater depths, during which the mechanical 
interaction between the two plates would have 
switched from direct contact to a hydrodynamic 
coupling, with the transition depth dependent 
upon the thickness of the overriding plate. In 
effect, the strong coupling via shearing defor-
mation between the subducting slab and the 
overriding plate transmitted much of the nega-
tive buoyancy of the slab to the surface, lead-
ing to widespread subsidence in the western 
United States.

Meanwhile, the negative buoyancy of the 
flat slab would gradually have increased due to 
eclogitization of the basaltic crust, a well-under-
stood process in specific laboratory experiments 
(Aoki and Takahashi, 2004; Xu et al., 2008) but 
poorly constrained when applied to real tectonic 
scenarios due to uncertainties in rock compo-
sition and thermal states. Part of the debate on 
dynamic topography associated with oceanic 
plateau subduction (cf. Liu and Gurnis, 2010; 
Dávila and Lithgow-Bertelloni, 2015) comes 
from differing assumptions regarding basalt-
eclogite phase transformation within the down-
going plate. Liu et al. (2010) assumed that the 
thickest part of the inverted flat slab correlates 
exactly with the conjugate Shatsky Rise, which 
is consistent with its reconstructed position and 
time of arrival in their plate reconstruction. 
However, an outstanding question remains as to 
whether the slab flattening was caused purely by 
the positive buoyancy of the plateau crust or by 
the hydrodynamic suction from the thick over-
riding plate as well (Taramón et al., 2015). If the 
latter mechanism played an important role, we 
would not necessarily expect a perfect spatial 
correlation between the flat slab and the conju-
gate Shatsky Rise.

During Farallon flat subduction, the magni-
tude of dynamic coupling and, thus, downward 
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pull would be greatest above the leading part of 
the flat slab, especially as the basaltic crust of 
the conjugate Shatsky Rise turned to eclogite. 
This is because, first, the elevated surface of the 
flat slab would reduce the thickness of the over-
lying mantle wedge, leading to higher dynamic 
suction (Fig. 1C; Stevenson and Turner, 1977; 
Manea and Gurnis, 2007). Second, the more 
steeply dipping slab in front of the flat slab 
would induce a strong downwelling, increasing 
dynamic subsidence. As the flat slab migrated to 
the northeast, so too would the center of maxi-
mum subsidence. At the same time, the magni-
tude of subsidence would decrease as the slab 
was subducted to greater depths. By ca. 50 Ma, 
the flat slab moved beyond the Rocky Mountain 
region. As the wave of subsidence migrated, 
surface topography rebounded in its wake (Liu 
et al., 2010).

METHODS

Our specific goal was to compare the dynamic 
topography predictions from the adjoint inverse 
model of Liu et al. (2010) with the records of 
tectonic timing of the Laramide orogeny and the 
history of basin subsidence for Rocky Mountain 
basins (Fig. 3).

Subsidence History

Vertical motions in each of the basins shown 
on Figure 3 were interpreted here by subsidence 
analysis using stratigraphic sections derived 
primarily from wells. These subsidence curves 
have been backstripped, removing subsidence 
effects due to sediment loading (Steckler and 
Watts, 1978) and compaction (van Hinte, 1978). 
Thus, the subsidence history shown is that 
caused by tectonic processes alone. In some 
cases, subsidence analyses had already been 
done (Cather, 2004; Heller et  al., 2013). Most 
of the additional sections used here came from 
published stratigraphic logs (see Appendix A1). 
In all cases, sections were chosen that had the 
greatest number of recognized stratigraphic 
units (Fig. 4). Where well data were used, a sec-
ond well was evaluated if one could be found 
close enough to the first well in order to check 
for consistency of picked stratigraphic horizons. 
In these cases, for simplicity, only one section is 
presented here. In the case of the Hanna Basin, 
multiple measured stratigraphic sections were 

used to show the uncertainties in picking units 
where no deep well exists.

Ages were assigned to biostratigraphic units 
using the Cretaceous Western Interior ammonite 
time scale of Cobban et al. (2006), with modi-
fications made by Scott (2014), which is tied 
to the Cretaceous time scale of Gradstein et al. 
(2012). Tertiary age assignments primarily came 
from palynology (Nichols and Flores, 1993; 
Nichols and Fleming, 2002; Nichols, 2003) and 
land mammal ages (Lillegraven, 1993; Higgins, 
2003). Age assignments and stratigraphic corre-
lations are shown in Figure 4.

We used the stratigraphic sections (Appen-
dix A [see footnote 1]) to complete one-dimen-
sional backstripped subsidence analyses fol-
lowing the approach in Angevine et al. (1990). 
We also used estimates of paleowater depth 
to approximate uncertainty in the resulting 
tectonic subsidence curve (Fig. 5). The paleo
water depth scale is defined here as inner shelf 
(0–50 m), middle shelf (50–100 m), outer shelf 
(100–200 m), upper slope (200–300 m), coastal 
plain (i.e., fluvial system is tied to a known 
shoreline; 0 to –50 m), and nonmarine (–50 to 
–200  m). Water depth assignment was based 
primarily on lithofacies and sedimentology 
as described in the literature or, in rare cases, 
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Figure 4. Stratigraphic correlation of units involved in this study in Rocky Mountain basins. General stratigraphy and age data were 
summarized in Cobban and Reeside (1952); Merewether and Cobban (1986); Kauffman et al. (1993); Heller et al. (2013); and Wyoming 
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1GSA Data Repository item 2016042, Appendix 
A, is available at http://​www​.geosociety​.org​/pubs​
/ft2016​.htm or by request to editing@​geosociety​.org.
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where indicative benthic fossils have been found 
(e.g., Martinson et al., 1998). The range of the 
water depth estimate controls the width of lines 
on the subsidence curves (Fig. 5). Major hia-
tuses are shown as gaps in the resulting curves. 
Minor hiatuses (2 m.y. or less; e.g., Merewether 
et al., 2007) were ignored, since we were most 
interested in the overall pattern.

The abrupt, step-like nature of the resulting 
subsidence curves (Fig. 5) is an artifact of the 
limited data used to construct the curves. We 
only included data from the tops and bottoms of 
identified formations with no control on a finer 
scale. As such, curve segments are long-term 
average rates. The real history of subsidence 
could have changed during the deposition of a 
formation, but this is not seen in our analysis. For 
example, a more detailed history from another 
well in the Denver-Julesburg Basin (Fig. 6) indi-
cates that sediment accumulation rates, a proxy 
for subsidence, were more episodic and seg-
mented during deposition of the Pierre Shale.

Reconstruction of Dynamic Topography

Estimations of past dynamic topography were 
based on a nonlinear inversion algorithm that 
solves for an unknown initial condition by itera-
tively minimizing the mismatch between the 
predicted present-day mantle structure and the 
seismically observed one (Liu et al., 2008). The 
present mantle thermal profile is first converted 
from a global tomography image (Grand, 2002) 
using a constant seismic velocity-to-density 
scaling, during which the uppermost 200 km of 
fast seismic anomalies are removed, assuming 
that continental lithospheres are neutrally buoy-
ant and do not contribute to the temporal varia-
tion of the surface topography. This buoyancy 
structure is used as the starting point for the 
inverse model to retrieve past mantle structures.

Another important constraint on the effective 
mantle buoyancy and viscosity structure is the 
presence of the Western Interior Seaway, which 
requires additional adjustments to the origi-
nal buoyancy and viscosity estimates in order 
to reproduce the formation of this feature (Liu 
and Gurnis, 2008). Reproduction of the overall 
inundation maps over time and representative 
subsidence curves from wells within the West-
ern Interior Seaway limit the range of effective 
mantle buoyancy and viscosity structure (Liu 
et  al., 2008). Apparently, mantle properties 
thus obtained represent values that are consis-
tent with the large-scale dynamic history of the 
western United States and global tomography, 
the spatial resolution of which is not very high 
(~500 km). The range of model results shown 
on Figure 5 is based on the permissible mantle 
properties that fit these constraints (Liu and 

Gurnis, 2010). The calculated subsidence below 
sea level assumes isostatic loading by water.

Since the inverse model only solves for the 
long-wavelength thermal evolution of mantle, 
it may lack the capability of addressing fine-
scale processes, especially those associated 
with changes in density structure through time, 
such as would impact the buoyancy of the 
subducted oceanic plateau (i.e., the conjugate 
Shatsky Rise). These model limitations sug-
gest that further testing with independent data is 
necessary in order to better understand regional 
tectonic processes within the western United 
States. Given that the Western Interior Seaway 
was used to constrain the model, it is no surprise 
to see it reproduced by our results. However, 
here we are comparing the model results to the 
regional geologic history at a much finer level. 
The predicted history of vertical motion at each 
well is included on the subsidence diagrams of 
Figure 5, and the predicted dynamic topography 
maps from the adjoint inverse model are shown 
in Figure 7.

INITIATION OF LARAMIDE 
DEFORMATION

One of the goals of this study is to separate 
subsidence due to mantle dynamics from that 
caused by flexural subsidence by mountain 
building during the Laramide orogeny. In the 
case of the Sevier orogenic belt, discrimina-
tion between flexural and dynamic subsidence 
has been done by predicted subsidence and 
observed isopach patterns (Liu et  al., 2011, 
2014; Painter and Carrapa, 2013). Flexural 
loading produces distinctive, asymmetric sub-
sidence centered under the thrust load, whereas 
dynamic topography is broad, low-amplitude 
subsidence not necessarily tied to surface loads. 

The same approach could be used to identify 
flexural loading by Laramide uplifts. However, 
these individual structural uplifts act as rela-
tively small-scale loads that are broadly distrib-
uted, and their subsidence patterns can interact 
in complex three-dimensional patterns, mak-
ing simple comparison between predicted and 
observed subsidence patterns difficult. In order 
to evaluate the timing of local Laramide uplifts, 
we use evidence independent of subsidence 
rates. Rapid subsidence events that occurred 
coincident with these other lines of evidence 
are then interpreted to be the result of nearby 
Laramide uplifts and, thus, not solely the result 
of dynamic topography.

We have compiled evidence for the timing of 
initiation of Laramide deformation across the 
Rocky Mountain region (Table 1). We are only 
concerned with the time of initiation of orogeny 
because any flexural loading due to mountain 
uplift would interfere with, and likely over-
whelm, vertical motion due to dynamic effects. 
The record of the Laramide orogeny shows 
that deformation began slowly in Late Creta-
ceous time and accelerated in Paleogene time 
(Bird, 1998). Evidence used in the compilation 
includes angular unconformities, changes in 
clastic provenance, shift in paleocurrent direc-
tions, isopach patterns showing local asym-
metric (flexural) subsidence, fault crosscutting 
relationships, thermochronologic evidence of 
rapid unroofing in ranges, introduction of new 
source areas seen in paleocurrents, and influx 
of conglomerate in the proximal parts of basins. 
Of these, the arrival of progradation of con-
glomerate into basins is mostly likely to be a 
trailing indicator, as it takes a while for gravels 
to migrate out into basins (Hoy and Ridgway, 
1997; Jones et al., 2004; Leary et al., 2015). The 
age constraints provided from the stratigraphic 

Figure 5 (on following page). Tectonic subsidence curves for a middle Cretaceous hori-
zon until early Eocene time (black lines) compared to the range of dynamic topographic 
model results (gray dashed line) for various basins in the U.S. Rocky Mountains. Indica-
tors of initial or early movement of nearby Laramide uplifts are from Table 1. Width of 
observed subsidence curve reflects range of paleowater depth. Gaps are major hiatuses. 
Wells/sections used (Appendix A [see text footnote 1]): (A) Bighorn Basin, Sellers Draw well; 
(B) northern Powder River Basin, Scales Fee 1-H-10 well; (C) southern Powder River Basin, 
Kodner W-59968 32–5 well; (D) Great Divide Basin, British American Oil Govt. 1 well; 
(E) Wind River Basin, Key Spring Unit 1-F14 well; (F) Denver-Julesburg (D-J) Basin, Wyo-
ming, Calco Morton King #1 well; (G) Green River Basin, Dagger Unit 1 well; (H) Hanna 
Basin, various measured sections; (I) Denver-Julesburg (D-J) Basin, Colorado, combined 
J.S. Abercrombie State #1 well and the Castle Pines core; (J) Raton Basin, Goemmer #2205 
well; (K) Uinta Basin, section 14 of Johnson and Johnson (1991); (L) Piceance Creek Basin, 
section 35 of Johnson and Johnson (1991); (M) northern Kaiparowits Plateau, field sec-
tions; (N) San Juan Basin, Aztec Oil and Gas Trail Canyon No. 1 well. State abbreviations: 
MT—Montana, ID—Idaho, UT—Utah, WY—Wyoming, CO—Colorado, SD—South Da-
kota, AZ—Arizona, NB—Nebraska.
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records are not as tight as we would wish, 
mostly due to limited availability of biostrati-
graphic data. However, even with age uncertain-
ties, there appears to be a general decrease in the 
age of initiation of Laramide deformation from 
southwestern Utah (ca. 78 Ma) to northeastern 
Wyoming (ca. 60 Ma). The results of the com-
pilation are shown on Figure 5 for uplifts found 
near the sites of the subsidence analysis.

RESULTS

Observed Subsidence History

Figure 5 shows the results of our tectonic sub-
sidence analysis of a 100 Ma–aged horizon until 
50 Ma at locations in Rocky Mountain basins. 
In many cases, the Eocene parts of the curve 
are not shown. This is either because rocks of 
this age are missing, or because the rocks are 
present, but the tops of the Eocene units have 
not been identified, so complete thicknesses are 
not known.

By 100 Ma, tectonic subsidence was already 
in progress at a low or modest rate at all sites. 
Many of the curves, especially in the western 
part of the study area, show a marked increase in 
subsidence rate beginning ca. 88 Ma. This event 
has been noted by others (Jones et  al., 2011; 
Liu et  al., 2011; Painter and Carrapa, 2013), 
and some have interpreted it to denote flexural 
loading by either the Sevier belt to the west or 
early movement on nearby Laramide uplifts 
(Heller et  al., 1986; Shuster and Steidtmann, 
1988). However, this deflection is seen region-
ally and, within the limits of our age resolution, 
penecontemporaneously. These sites include 
those far beyond the flexural wavelength of 
the Sevier belt and any single Laramide uplift. 

So, this deflection is unlikely to be the result of 
flexural loading by these uplifted regions (Liu 
et  al., 2011; Painter and Carrapa, 2013). This 
subsidence could have started a bit earlier or 
later than the 88 Ma date shown, due to the lack 
of detailed age constraints. At sites farther east 
and south, the increase in subsidence is more 
subdued, if present (e.g., Figs. 5B, 5C, 5J, 5M, 
and 5N). By ca. 80 Ma, the subsidence rates had 
decreased at most sites.

Subsidence accelerated again at most sites 
sometime between 78 Ma and 65 Ma. The mag-
nitude and duration of this episode vary consid-
erably from site to site. Where data on the time 
of initiation of the Laramide orogeny nearby are 
independently available, we find that it overlaps 
with the time of increasing basin subsidence 
rates in most basins (Fig. 5). In these cases, we 
interpret the rapid subsidence to be the result 
of flexural loading by nearby mountain build-
ing. The amount of subsidence everywhere 
between 100 Ma and the initiation of Laramide 
deformation is in the range of 800–1400 m. The 
amount of subsidence that follows initiation of 
Laramide deformation is more variable, with 
very little along the Colorado Front Range, and 
possibly more than 2 km in the Hanna Basin.

Somewhat anomalous features in this his-
tory are the most southeastern sites in Colorado, 
especially in the Denver Basin (Fig. 5I), where 
rapid subsidence did not commence until closer 
to 83–80  Ma and continued until ending ca. 
70 Ma. Given that this period is confined to a 
single stratigraphic unit (the Pierre Shale), we 
have few details on possible variations of sub-
sidence within this unit. Evidence that the sub-
sidence rates might have varied during deposi-
tion of the Pierre Shale comes from a study of 
another well (Fig. 6; Higley and Cox, 2007). 
These variations in accumulation rates, which 
we assume are proxies for subsidence rates, sug-
gest there were multiple pulses of subsidence 
starting a bit earlier than 80 Ma, with the last 
major event taking place very close to 70  Ma 
(Fig. 6). We suspect this compound curve may 

reflect multiple origins of subsidence happening 
around the same time at this most eastern site. 
The most recent pulse of subsidence at this site 
is coincident with the thermochronologic evi-
dence of rapid rock uplift in the Front Range ca. 
72–70 Ma (Kelley, 2002).

From the dynamic topography model, we 
are able to generate predicted subsidence his-
tories for the sites where we have calculated 
subsidence curves. Since these predictions only 
include the mantle dynamic effects generated at 
depths below the lithosphere and do not include 
any shallower tectonic effects, this comparison 
allows us to isolate subsidence due to the tec-
tonic effects. Consequently, this study could 
provide new insights on the mechanism of the 
Laramide orogeny.

Predicted Subsidence History Due to 
Dynamic Topography

In Figure 7, we present predicted dynamic 
topography maps from the adjoint model for 
specific times shown. The datum for these 
dynamic topography maps (Fig. 7) is an ideal-
ized global sea level. Note that these maps do 
not include any other effects on land surface 
elevation, such as isostatic perturbations within 
the lithosphere, erosion or deposition of the 
land surface, or changes in eustatic sea level. 
As such, relative changes in elevation are sig-
nificant, but absolute elevations are not well 
constrained. State outlines shown on these maps 
have not been palinspastically restored, but this 
would have limited impact in our study area, 
east of the Sevier belt. These maps also show 
other observed relevant tectonic events that 
occurred within ±2  m.y. of the time shown. 
Events shown include: (1) the initiation of rapid 
subsidence that began after 100 Ma at the sites 
analyzed (Fig. 5); (2) the location of initial 
Laramide deformation through time (Fig. 5); 
(3) the locations where sheet-like conglomer-
ates are found, as described by Heller et  al. 
(2013), the thin, widespread bodies of which 
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Figure 6. Sediment accumulation (burial 
history) from 100 to 50  Ma in the No. 1 
G.W. Steiber Unit well (API 05–123–09592), 
Denver-Julesburg Basin. modified from 
Higley and Cox (2007).

Figure 7 (on following page). Maps of predicted dynamic topography of the study area 
and key observed geologic events from 100 to 60 Ma. Each map shows the reconstruction 
for time noted, but the geologic events include those taking place ±2 m.y. around the time 
shown. Geologic features include: the eastern apparent limit of the Cordilleran volcanic 
arc from North American Volcanic and Intrusive Rock Database (NAVDAT, http://​www​
.navdat​.org); the position of the approximate center of the conjugate Shatsky Rise (CSR; 
interpolated from Liu et al., 2010), including, for 98–88 Ma, the approximate outline of the 
conjugate Shatsky Rise; the initiation of Laramide deformation and the time of increase of 
rapid subsidence from Figure 5. Symbols are the same as in the key for Figure 8. State ab-
breviations: WA—Washington, OR—Oregon, UT—Utah, WY—Wyoming, CO—Colorado, 
CA—California, AZ—Arizona, NV—Nevada, NM—New Mexico. Locations are in north 
latitude and west longitude.
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are interpreted to represent a change in surface 
tilt direction and/or magnitude resulting from 
regional uplift; (4) zones of major hiatus devel-
opment during Cenomanian to Coniacian time 
from Merewether et  al. (2007): although hia-
tuses cover large regional extents, areas shown 
are those of greatest duration (longest lacuna), 
interpreted to reflect areas of greatest erosion 
(Weimer, 1984; Merewether et al., 2007); (5) the 
inboard (eastern) limit of volcanism, assumed to 
be arc derived, taken from ages of intermediate 
volcanics on the North American Volcanic and 
Intrusive Rock Database (NAVDAT) Web site 
(Walker et  al., 2006); (6) the location of col-
lision of the conjugate Shatsky Rise based on 
plate reconstructions and inferred geologic evi-
dence (Saleeby, 2003; Liu et  al., 2008, 2010); 
and (7) the trajectory of the thickest part of the 
inverted fast seismic anomaly (presumably the 
conjugate Shatsky Rise) that generated a flat 
slab (Liu et al., 2010).

Predicted Temporal Changes in 
Dynamic Topography

Given that the elevation of land surface can be 
easily impacted by effects other than dynamic 
topography, as described earlier herein, we also 
show maps of average rates of change dynamic 
topography. These maps were derived by taking 
the predicted dynamic topography at a given 
time and subtracting from it the dynamic topog-
raphy from a time 4  m.y. younger. As such, 
Figure 8 shows the changes in the amount of 
uplift/subsidence for ±2 m.y. around the times 
shown. These maps better show the changes 
in predicted surface motion over relatively 
short time periods that more directly influence 
such things as the history of basin subsidence 
or regional doming. For example, the map at 
98 Ma in Figure 7 shows that predicted dynamic 
topography in the western part of the study area 
was low, and the eastern part was high. How-

ever, the 98 Ma map in Figure 8 shows that areas 
that were high were undergoing net subsidence, 
while the opposite was true for the areas in west-
ern Montana, where topography was the lowest 
(Fig. 7) but was undergoing uplift (Fig. 8). From 
these maps, it is easy to note regions that were 
undergoing uplift over 4 m.y., even if the region 
was below datum (blue areas on Fig. 7).

DISCUSSION

Conjugate Shatsky Rise Collision 
and Underflow

As described by Saleeby (2003) and Liu et al. 
(2010), the conjugate Shatsky Rise, if it existed, 
would have collided with North America in 
the vicinity of what is now southern California 
sometime between 90 and 85  Ma. Continued 
subduction of the conjugate Shatsky Rise would 
have contributed to the formation of a low-angle, 
flat, Farallon slab beneath the western United 
States. As long as the plateau remained a posi-
tively buoyant feature, it would have enhanced 
coupling between the two plates, resulting in 
shortening of the overlying plate. We assume 
that with continued subduction basalt in the 
conjugate Shatsky Rise crust would transition 
to eclogite, so that the feature would change 
from being positively to negatively buoyant. 
Even though the conjugate Shatsky Rise may 
have lost its buoyancy, the initially formed flat 
slab would remain in low-angle subduction due 
to the strong dynamic suction force (Taramón 
et al., 2015). Reconstructed plate motions give 
the Farallon slab a northeastern trajectory rela-
tive to North America, as shown by the position 
of the thickest part of the flat slab on Figure 7. 
Model results suggest that dynamic subsidence 
increases as slab dip angle shallows (Fig. 1C; 
Mitrovica et al., 1989; Liu and Gurnis, 2008), 
producing the map pattern seen in Figure 7. 
The amount of subsidence above the leading 

half of the conjugate Shatsky Rise is accentu-
ated, because to the east, it would have been 
attached to the more steeply subducting part of 
the Farallon slab (Fig. 1C). The overall larger 
degree of negative buoyancy on the leading half 
of the flat slab would have generated greater 
dynamic subsidence.

Above the trailing half of the flat slab, sub
sidence quickly decreased possibly due to sev-
eral processes. First, as the total thickness of the 
flat slab decreased, the top surface of the Faral-
lon slab would become deeper, which reduces 
the magnitude of dynamic subsidence. Second, 
downward forces acting on the trailing part of 
the plateau were also less, since this part of 
the flat slab was farther away from the rapidly 
descending leading part of the subducted Faral-
lon slab. Third, the trailing half of the flat slab 
may have been younger in age (Engebretson 
et al., 1985), resulting in reduced negative buoy-
ancy. Finally, the possibility that this part of the 
basaltic crust had not yet converted to eclogite 
could further reduce the downward dynamic 
force in this part of the slab. In the extreme case, 
an overall buoyant lower plate might even cause 
isostatic uplift. This isostatic effect is not con-
sidered in our model but may explain some of 
the features observed on our maps.

Predicted versus Observed 
Subsidence History

Comparison of the predicted and observed 
subsidence histories shows broad, first-order 
consistency for the period from 100 Ma to the 
beginning of Laramide deformation (Fig.  5). 
This is not surprising given that the model 
includes the presence of the Western Interior 
Seaway as an initial constraint. Since the pre-
dicted dynamic subsidence curves are based 
upon long-term plate interactions coupled to 
relatively slow mantle flow, they only show 
gradual changes in vertical motion. In contrast, 

TABLE 1. DATA SOURCES ON TIME OF INITIATION OF LARAMIDE OROGENY

Basin Type of evidence
Age range

(Ma) Reference
Bighorn Basin Thermochronology in Beartooth Mountains 68–61 Cerveny (1990); Omar et al. (1994)
Bighorn Basin Washakie Range fault offset and overlap 70–66 Taylor (1998)
Denver-Julesburg Basin Thermochronology in Front Range, Colorado 71–68 Kelley (2002); Kluth and Nelson (1988)
Green River Basin Unconformities in Ericson Formation of the Rock Springs uplift 76–72 Mederos et al. (2005)
Hanna Basin Provenance, gravel influx in the Ferris Formation 68–60 Houston (1968); Hajek et al. (2012)
Hanna Basin Thermochronology of Medicine Bow Range 79–60 Kelley (2005)
N. Kaiparowits Plateau Isopach pattern, paleocurrents, fault relationships—Kaibab uplift, 

Circle Cliffs
80–76 Goldstrand (1994); Roberts (2007); Roberts et al. 

(2005, 2013); Tindall et al. (2010)
Piceance Creek Basin Angular unconformity at top of Douglas Creek Arch 72–62 Johnson and Finn (1986); Mederos et al. (2005)
North Powder River Basin Asymmetric isopach in basal Fort Union Formation 66–62 Ayers (1986)
South Powder River Basin Asymmetric isopach in Lance Formation 68–66 Wang et al. (2013)
Black Hills Fault relationships in Black Hills ca. 60 Lisenbee and DeWitt (1993)
San Juan Basin Asymmetric isopach in Lewis Shale 78–75 Cather (2004)
Uinta Basin Paleocurrent shift from San Rafael Swell and erosion history 75–72 Lawton (1983)
Uinta/Piceance/Green River Basins Conglomerate of Currant Creek Formation shed from 

Uinta Mountains
70–60 Bruhn et al. (1983, 1986)

Wind River Asymmetric isopach of Lance Formation 68–66 Keefer (1970)
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observed subsidence reflects not only the deep 
mantle origins, but also any shallower isostatic 
effects. In addition, the observed curves are sub-
ject to artifacts caused by: (1) any changes in 
eustatic sea level from 100 to 50 Ma, likely a few 
tens of meters (Miller et al., 2005; Cloetingh and 
Haq, 2015), which serves as the datum for the 
subsidence curves; (2) uncertainties generated 
by age control and regional chronostratigraphic 
correlations; and (3) abrupt changes of segments 
of the subsidence curve artificially generated by 
picking formation tops with no control within 
stratigraphic units (discussed earlier).

The model predicts on the order of 1 km of 
subsidence for the early parts of the curves, with 
more subsidence at locations farther to the east. 
Later on the predicted curves, all show uplift 
(Fig. 5) as the zone of maximum subsidence 
moves off to the northeast (Fig. 7). Increased 
subsidence to the east is the result of there 
being more downward force applied over time 
as the length of the steeply sinking Farallon 
slab increases with continued subduction. The 
amplitude and duration of early subsidence pre-
dicted by the model are broadly consistent with 
observed subsidence histories. For example, the 
predicted dynamic topography in the northern 
Kaiparowits region of Utah has only ~500  m 
of maximum subsidence with uplift beginning 
ca. 87 Ma, whereas the southern Powder River 
Basin of Wyoming has more than a kilometer of 
subsidence with uplift beginning ca. 65 Ma. The 
model predicts that subsidence rates decrease 
over time.

The model predicts that subsidence rates at 
individual wells decrease over time. Indeed, the 
majority of observed subsidence curves con-
firm this predicted decrease in subsidence rate 
that began earlier to the west (e.g., ca. 82 Ma in 
Figs. 5G and 5K) and later to the east (e.g., ca. 
70 Ma in Fig. 5I). In detail, we see some mis-
matches. The rapid subsidence observed to start 
ca. 88 Ma in the western sections is later than 
the predicted histories suggest. We do not know 
if the uncertainties in the construction of all the 
curves can account for these mismatches. How-
ever, in any case, dynamic topography cannot 
explain any rapid changes in subsidence rate no 
matter the situation. It is possible that the appar-
ent sharp increase in subsidence rate during 
the early history was dictated by the process of 
basalt-to-eclogite phase transformation, which 
is missing in the inverse-subduction model.

The major difference between predicted and 
observed subsidence is found in the younger 
parts of the curves (Fig. 5). The predicted curve 
shows uplift everywhere once the leading edge 
of the flat slab has passed beneath an area. The 
observed data in most locations instead show 
continued or accelerated subsidence. The excep-

tions are locations to the south and to the east 
in the Denver-Julesburg Basin. We ascribe this 
mismatch between the predicted and observed 
vertical motions to increased flexural subsidence 
caused by uplift coincident with the initiation 
of the Laramide orogeny. Laramide uplifts are 
found close to all of the sites used in our analy-
sis. Flexural loading by the uplifts would have 
caused accelerated subsidence throughout all of 
the basins (Beck et al., 1988), although the time 
of onset of this subsidence will vary across the 
region. The rates and magnitude of subsidence 
will also vary with rate and size of load emplace-
ment and proximity of the load to sites analyzed. 
Since our compilation shows that these late epi-
sodes of subsidence are correlative with known 
times of Laramide deformation, we conclude 
that all of these late-stage events are the record of 
nearby thrust loading that overwhelms any uplift 
that might be expected by dynamic processes.

We note that other studies have used the very 
rapid subsidence of the Hanna Basin (Fig. 5H) 
as evidence of focused subsidence by dynamic 
mantle processes (Cross and Pilger, 1978; Jones 
et  al., 2011; Painter and Carrapa, 2013). Our 
analysis shows, instead, that the amount of 
dynamic subsidence in this region is no more 
than seen elsewhere. However, the Hanna Basin 
experienced unusually rapid subsidence during 
the Laramide orogeny. The subsidence history 
in the Great Divide Basin (Fig. 5D), directly 
adjacent to the Hanna Basin, does not show the 
same large magnitude of late-stage subsidence. 
This event is a unique and poorly understood 
feature of this one basin (Lillegraven et  al., 
2004). Both the small size of the Hanna Basin 
and its proximity to several Laramide ranges 
suggest that local three-dimensional flexural 
effects played more of a role in the subsidence 
of this basin than is seen in larger basins of the 
Rocky Mountains.

Vertical Motion of the Rocky Mountains

100–84 Ma
At 100 Ma, most of the Rockies sat over an 

area of a predicted high that lay to the east of 
the volcanic arc (Fig. 7). Over the subsequent 
40 m.y., the topographic high migrated toward 
the east-northeast, followed by a zone of greatest 
subsidence that migrated in its wake. Once the 
conjugate Shatsky Rise arrived, by 85 Ma, and 
was subducted, the zone of greatest subsidence 
rates, in darkest blue on Figure 8, was centered 
above the leading edge of the flat slab where it 
was attached to the steeply dipping slab. Above 
the trailing edge of the flat slab, southwest of 
the thickest part of the conjugate Shatsky Rise 
(Liu et al., 2010), the region underwent gradual 
dynamic uplift (Fig. 8). Subsequently, as the 

entire flat slab began to sink into the mantle by 
84(?)  Ma, maximum subsidence rates abated 
(Fig. 8).

Between ca. 94  Ma and 87  Ma, there were 
regional unconformities that developed across 
the Rocky Mountain region. The zones of 
longest hiatus, shown on Figure 7, migrated 
from west to east as the region of greatest 
dynamic uplift migrated eastward. Previous 
studies (Weimer, 1984; Merewether et al., 2007) 
suggest that these unconformities resulted from 
eustatic sea-level changes. Here, we suggest that 
these features instead resulted from relative sea-
level changes due to the combination of global 
sea level with dynamic topography. Note that 
the zones of greatest unconformity development 
track with the steepest gradient in dynamic 
topography from high to low, and so might be 
tied to surface slope more than elevation alone.

Starting around 90 Ma, the conjugate Shatsky 
Rise collided into the southwest United States. 
Following this collision, a zone of maximum 
subsidence developed along the trajectory of the 
subducted conjugate Shatsky Rise and moved to 
the northeast across the region that was previ-
ously high. This migration was coincident with 
the timing of the first maximum subsidence 
event seen in the curves of Figure 5. However, 
a pulse of increased subsidence is not observed 
in the southernmost sites. This may be because 
these areas were already undergoing rapid 
subsidence rates starting by 100  Ma (Fig.  8), 
whereas the zone of most rapid subsidence 
migrated to th  north and east after that time. By 
84 Ma, the zones of rapid subsidence shifted far-
ther to the east, coincident with the expansion of 
low elevation seen in the model result (Fig. 7). 
Throughout most of this time period, the eastern 
limit of the continental arc did not migrate sig-
nificantly and lay west of the zone of maximum 
subsidence.

84–60 Ma
From 84 to 76 Ma, the center of the conjugate 

Shatsky Rise migrated toward the Four Corners 
area of Arizona, Colorado, New Mexico, and 
Utah (Fig. 7). As the thickest part of the con-
jugate Shatsky Rise moved to the northeast, so 
too did the initiation of Laramide deformation 
and the easternmost limits of arc-related vol
canism. The position of the arc front shown here 
includes magmatism of the Colorado Mineral 
Belt, which began ca. 76 Ma. This magmatism 
abruptly occurred much farther east of the previ-
ous arc position and was spatially restricted. As 
such, the Colorado Mineral Belt was likely not 
the simple result of migratory arc magmatism 
(Jones et al., 2011).

From 80 to 60  Ma, there is general coin-
cidence among the northeastward-migrating 
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zone of maximum dynamic subsidence, the 
initiation of Laramide faulting, the position of 
the volcanic arc front, and the center of the con-
jugate Shatsky Rise. This coincidence strongly 
suggests a coupling of all of these features. 
In particular, Laramide deformation began in 
most places where the average rate of change 
of dynamic topography switched from negative 
(subsiding) to positive (uplifting) as the thick-
est part of the conjugate Shatsky Rise passed 
through (Fig. 8). Once local Laramide defor-
mation began, flexural loading dominated in 
regions near the adjacent uplifts (Fig. 5). This 
flexural subsidence overwhelms any regional 
uplift that would have been caused by dynamic 
topography. Farther east, beneath the west-
ern Great Plains, where there was no nearby 
Laramide uplift, we would predict that Paleo-
gene uplift took place, which might help explain 
the scarcity of latest Cretaceous and Paleogene 
sedimentary rocks in that region.

From 68 to 60  Ma, as regional topography 
began to rise in the wake of the migrating cen-
ter of subsidence, thin, sheet-like conglomerates 
were deposited in the central Rockies. Most of 
these thin conglomeratic units show a shift in 
paleocurrent direction to the north and/or east 
that suggests the region had a downward tilt in 
these directions (Heller et al., 2013), and these 
conglomerates were derived from regions of 
maximum uplift rate (Fig. 8).

The coincidence between the inboard limit of 
volcanism and the transition from areas of sub-
sidence to areas of uplift (Fig. 8) is notable. It is 
not surprising to find this correlation since both 
arc volcanism and dynamic processes are tied to 
the dip and depth of the flat slab. However, since 
arc volcanism was not incorporated into the 
dynamic model, this result reaffirms interpreta-
tions that regional volcanism during Laramide 
time was the result of flat slab subduction.

Subsequent to the maps presented here, 
there was a rapid westward retreat of the arc 
front (Dickinson and Snyder, 1978), along with 
a western migration of continued Laramide 
deformation (Fan and Carrapa, 2014; Smith 
et al., 2014).

Implications for the Origin of 
the Laramide Orogeny

The northeastward migration of the onset of 
Laramide shortening at the same rate as that 
of North America–Farallon plate convergence 
strongly supports the concept that Laramide 
deformation was caused directly, and prob-
ably locally, by basal coupling between these 
plates (e.g., Lawton, 2008). In contrast, models 
of Laramide deformation caused by colli-
sion or other end-loading at the plate margin 

(Livaccari and Perry, 1993; Maxson and Tikoff, 
1996; Tikoff and Maxson, 2001) would not be 
expected to generate this coherent, time-trans-
gressive behavior.

Although it is impossible to know exactly 
the shape of the conjugate Shatsky Rise, the 
reconstructed Farallon slab thickness, based on 
seismic tomography, and timing of emplace-
ment, based on plate motion reconstruction (Liu 
et al., 2010), and the geologic evidence suggest 
that the onset of Laramide shortening did not 
take place as the leading edge of the oceanic 
plateau moved under North America. Instead, 
the initiation of orogeny occurred after much of 
the plateau had already passed by. This might 
indicate that strain accumulated gradually in the 
upper plate prior to fault development or that, 
as thicker parts of the conjugate Shatsky Rise 
passed beneath, there was increased coupling 
with the overriding plate. The coincidence 
among the onset of Laramide deformation, the 
uplifting land surface in the wake of the con-
jugate Shatsky Rise, and the landward limit of 
volcanic arc activity (an indicator of slab depth) 
suggests that the shallowing of the Farallon 
slab directly contributed to the initiation of the 
Laramide orogeny.

As the conjugate Shatsky Rise moved under 
North America, it had less and less impact on 
the upper plate. Farther inboard, the slab was 
deeper, allowing less mechanical coupling with 
the upper plate and resulting in reduced magni-
tude of dynamic topography. By 60 Ma, the slab 
had little impact on the upper plate in generating 
Laramide uplifts. The youngest and most east-
ward Laramide uplift, the Black Hills of South 
Dakota, may represent the last significant direct 
interaction between the Farallon slab and North 
American plate.

CONCLUSIONS

Large-scale, low-magnitude changes in Earth 
topography must take place due to hydrodynamic 
forces generated by a viscous mantle. Dynamic 
topography models indicate that regions behind 
volcanic arcs usually experience broad sub
sidence. A review of the general geologic his-
tory of the western United States shows that 
broad, low-amplitude continental tilting existed 
behind the evolving Cordilleran arc through-
out Mesozoic time. The low region expanded 
and migrated toward the east in concert with 
arc expansion. At a more detailed level, the 
predicted history of dynamic topography of 
the central and southern Rocky Mountains 
in the western United States derived from a 
recent adjoint inverse model compares well 
with our compiled history of vertical motions 
of the region from 100 to 50 Ma. The original 

dynamic model utilized seismic tomography, 
the known history of plate motions, and the tim-
ing and position of the Western Interior Seaway 
in its construction. The comparison we pres-
ent includes many more details of the history 
of vertical movement in the western United 
States, including: site-specific subsidence histo-
ries, the initiation of the Laramide orogeny, and 
tilting of the land surface determined from the 
distribution of fluvial conglomerate units and 
regional unconformities. The predicted history 
of subsidence and uplift in basins of the Rocky 
Mountains fits the observed history well prior to 
the onset of the Laramide orogeny. Our results 
are in general agreement with those of previous 
studies of the likely role of dynamic topography 
on the formation and migration of depositional 
centers in the Rockies during Mesozoic time 
(Lawton, 1994; Liu and Nummedal, 2004; Liu 
et  al., 2011, 2014; Heller et  al., 2013; Painter 
and Carrapa, 2013). All of these results highlight 
the impact of dynamic processes in the mantle 
on the geologic record of surface deformation. 
We note that isostatic changes in elevation due 
to changes in lithosphere density structure and 
thickness likely impacted surface topography 
as much or more than that caused by dynamic 
topography, although at a smaller spatial scale. 
These types of changes are well known, whereas 
the contribution of dynamic topography gener-
ated in the mantle has been less appreciated.

In this study, we find that generally eastward-
migrating areas of regional erosion are found to 
coincide with the passage of an area of predicted 
high and steep topography that migrated across 
the Rockies from 100 to 88  Ma. Behind this 
area, a zone of subsidence is predicted to have 
formed until ca. 60 Ma. This broad region of sub
sidence included a smaller zone of accelerated 
subsidence coincident with the northeastward 
migration of a hypothesized oceanic plateau, the 
conjugate Shatsky Rise, which helped decrease 
the angle of the downgoing Farallon slab. The 
trajectory of the conjugate Shatsky Rise and its 
predicted impact on dynamic topography coin-
cide with the observed migration of accelerating 
subsidence seen in Rocky Mountain basins from 
90 to 80 Ma. Our omission of an initially buoy-
ant oceanic plateau crust might have led us to 
overpredict the amount of dynamic subsidence 
prior to 84 Ma.

In the wake of this migrating depocenter, a 
wave of uplift swept across the region until 
50 Ma, following the passage of the leading edge 
of the flat slab. As the area rose, a wave of defor-
mation, the Laramide orogeny, swept across 
the region coincident with eastward migra-
tion of the Cordilleran volcanic arc. The time-
transgressive nature of the onset of Laramide 
deformation is consistent with localized strain 
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due to coupling between the Farallon and North 
American plates. Once deformation began, 
basin subsidence accelerated, likely due to flex-
ural isostasy adjacent to Laramide uplifts. This 
rapid subsidence overwhelmed any impact that 
dynamic topography might have caused. Finally, 
behind the wave of initial Laramide deforma-
tion, thin, but widespread fluvial conglomeratic 
units were deposited in the Rocky Mountain 
basins of Utah, Colorado, and northwest New 
Mexico. These gravel units likely were derived 
from migrating areas of maximum uplift rate 
that swept across the region as the conjugate 
Shatsky Rise passed through.

The southwest-to-northeast migration of the 
initiation of the Laramide orogeny, coupled with 
the eastern limit of the evolving volcanic arc and 
the thickest part of the underlying flat slab are 
all consistent with the orogeny being caused by 
coupling between the shallowing Farallon slab 
and overlying North American plate. These con-
sistencies between observations and the model 
predictions provide important constraints for 
future more detailed quantitative models aimed 
at understanding the lithospheric deformation of 
the western United States.
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