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Abstract Enigmatic surface deflections occurred in North America starting from the Cretaceous, including
the continental-scale drainage reorganization and the long-wavelength subsidence in the Western Interior
Seaway. These surface undulations cannot be simply explained by sea level change or flexure loading.
Coinciding with the large-scale surface deflection, the Gulf of Mexico (GOM) has an immense Paleocene
sediment deposition probably caused by tectonic subsidence. Increasing evidence indicates a distinct
seismic anomaly localized in the mantle below the GOM. With geodynamic models, we show that the Hess
Rise conjugate coincides with the position of the seismic anomaly. The basalt-eclogite transition in the Hess
conjugate can lead to a localized dynamic subsidence in the GOM, which is superimposed on the broad
surface deflection caused by the Farallon slab. The Hess conjugate, transformed to eclogite, could tilt the
surface southward in the U.S. and help frame the GOM as a main depocenter in the Cenozoic.

1. Introduction

The Gulf of Mexico, an important hydrocarbon-bearing basin in North America, has undergone multiple
stages of subsidence and sedimentation (Figure 1). It formed by Mesozoic rifting and crustal extension, fol-
lowed by Pangea breakup and Late Jurassic-Early Cretaceous seafloor spreading (Pindell, 1985; Salvador,
1991). Thermal cooling and sediment loading are believed to be the causal mechanisms for the subsidence
in the deep Gulf of Mexico (GOM) (Galloway, 1989). However, substantially after the rifting period, an addi-
tional isolated subsidence occurred in the GOM. A backstripping analysis of the deep GOM suggests the tec-
tonic subsidence deviated from the slow thermal-cooling-induced subsidence by ~2 km at some time in the
Late Cretaceous or the Cenozoic (Feng et al., 1994) (Figure 1c). Contemporaneously, the deposition rate pro-
foundly increased in the GOM in the Paleocene, which is ~3 times the Cenozoic average (Galloway et al.,
2011) (Figure 1c). More intriguing, a lateral variation of sediment thickness in Cenozoic strata indicates an
eastward migration of the depocenter in the GOM (Galloway, 2008) (Figure 1d). Before the Paleocene, the
sediment thickness was almost uniform (Feng et al., 1994). But the Paleocene basin fill (sand-rich lower
Wilcox Group) was mainly deposited in the west, then the center of basin infill gradually shifted eastward
in the Neogene and Quaternary. One explanation for the enigmatic subsidence in the GOM is flexure-induced
loading from the Laramide orogeny (Feng et al., 1994). However, the Laramide orogeny loading cannot
explain the eastward migration of sedimentation in the GOM through the Cenozoic.

On a continental scale, several observations point to a large-scale change in the surface topography of North
America starting in the Cretaceous, including continental-scale drainage reorganization with a shift in the
depocenters and the formation of the Western Interior Seaway. Before the dramatic surface deflection, river
networks from the Rocky Mountain fold and thrust belt to the Appalachian Mountains were flowing
northeast to the Boreal Sea. Only a small part of the southern U.S. was shedding sediments to the GOM.
But from the Maastrichtian to the Paleocene, the main routing direction in the U.S. changed from northward
to southward (Blum & Pecha, 2014). Sediments from the Western Cordillera to the Appalachian Mountains
were transported to the GOM (Galloway et al., 2011). In addition, the development of the Western Interior
Seaway began in the Aptian. About 40% of the continent experienced marine inundation in the Late
Cretaceous with >1 km of marine sediments deposited (e.g., DeCelles, 2004 ; Smith et al., 1994). Bond
(1976) estimated that the flooding area requires ~310 m of sea level rise and provides room for ~700 m of
sediments, which is much less than the observed thickness of Late Cretaceous strata. A more detailed analysis
of the marine sediments shows that the depocenter initially resided in the foreland basin in the region of
Utah and then migrated eastward to Wyoming and Colorado during the Late Cretaceous (DeCelles, 2004).
During the Paleocene, the seaway retreated in the continental interior but still prevailed around the GOM.
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The enigmatic surface evolution in North America cannot be simply explained by sea level change or oro-
genic loading/foreland flexure (e.g., Cross & Pilger, 1978; Liu & Nummedal, 2004 ; Painter & Carrapa, 2013).
Instead, mantle stresses have been used to interpret the temporal surface deflection. The broad surface
deflections in North America approximately correlate with the time and space of dynamic topography

A
B

C

10

5

D
ep

th
 (

km
)

0
Elevation (km)

(c)

(d)

(b)

SL

15
100 300 500 700

La
tit

ud
e

(a)

A

B
C

Quaternary

Upper Cretaceous

Thick Trans. Crust

Thin Trans. Crust 

Oc. Crust

Thick Trans. 

Crust

5

7

8

9
080100

D
ep

th
 (

km
)

Tectonic Subsidence 

fold belt
A B C

Thick
transitional crust Oceanic crust

0 100 km

E

Distance (km)

Thin
trans. crust

Thin
trans. crust

Coastline

A

B
C

Florida
Escarpment

Early Cretaceous Cenozoic

50

100

150

S
ed

im
en

t s
up

pl
y 

(k
m

3
3 )

0

La
tit

ud
e

Figure 1. (a) Surface topography and paleo-drainage system. The left plot shows the river network in the early Cretaceous (Blum & Pecha, 2014). The right plot shows
the evolution of drainage system in the Cenozoic. The blue and magenta lines indicate paleo-river systems and the depocenter extent in the GOM in the
Paleogene and Middle Miocene, respectively (Galloway et al., 2011). The black dots (A, B, and C) represent borehole locations. (b) Crustal types in the GOM. The
deep, central part of the Gulf of Mexico basin is underlain by basaltic oceanic crust and filled by generally undeformed Mesozoic and Cenozoic sediments
(Salvador, 1991). The thick and thin transitional (trans.) continental crusts were stretched by Jurassic rifting (Galloway, 2008). (c) Subsidence in the GOM. The grey
shaded area is the range of tectonic subsidence derived from backstripping analysis for locations A, B, and C (Feng et al., 1994) (see Figures 1a and 1b for
locations). The red dashed line shows theoretical thermal subsidence for a 50–150 Myr old oceanic crust (Parsons & Sclater, 1977). The blue line shows the volume
of sediment supply in the GOM during the Cenozoic (Galloway et al., 2011). (d) Cross section showing sediment strata (Feng et al., 1994). The orientation of cross
section is shown in the yellow line (in Figures 1a and 1b).
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generated by the subducted Farallon plate (Liu et al., 2008; Mitrovica et al., 1989; Spasojević et al., 2009). The
GOM could record this dynamic topography signal. However, the ~2 km tectonic subsidence in the GOM is
deeper and more localized than the dynamic topography signal that normally has an amplitude of several
hundred meters over a wavelength of several thousand kilometers (e.g., Gurnis et al., 1998). The surface
can subside more (up to 1 km) when the slab is at shallow depths (e.g., a flat or shallow-dipping slab)
(Gurnis, 1992; Heller & Liu, 2016; Mitrovica et al., 1989). But the GOM is ~1,000 km away from the trench
and there is little evidence for a period of flat-slab subduction affecting the GOM. Therefore, a different force
is needed to explain the GOM dynamics.

Increasing evidence indicates a compositionally distinct anomaly in the mantle below the GOM, which may
have contributed to the geological evolution. Seismic tomography shows three high-velocity patches at
~871 km below the Great Lakes, the northern GOM, and the Caribbean (Simmons et al., 2012) (Figure 2).
The seismic anomaly below the northern GOM is characterized by sharp boundaries with a seismic shear-
wave velocity anomaly (δVs) elevated by 2.5% over a 50 km distance (Ko et al., 2017). This sharp seismic gra-
dient cannot be explained by a cold Farallon slab, as thermal diffusion would reduce the gradient of δVs by ~7
times from that observed. Therefore, the high compressional wave seismic velocities may indicate a
distinct composition.

Themantle anomalies below the northern GOM and the Great Lakes are interpreted to be the Hess conjugate
and the Shatsky conjugate, respectively (Liu et al., 2010; Sun et al., 2017). The Hess Rise formed along the
Pacifica-Farallon ridge at ~110 Ma, with its conjugate on the Farallon plate (Livaccari et al., 1981). The
Shatsky Rise formed at the Pacific-Farallon-Izanagi triple junction between ~135 Ma with the conjugate on
the Farallon and Izanagi plates (Nakanishi et al., 1999). The Hess and Shatsky Rises are still preserved on
the Pacific plate. The oceanic plateaus are characterized by a significant thickness (~20 km) of basaltic crust
(Coffin & Eldholm, 1994; Korenaga & Sager, 2012; Vallier et al., 1983). The buoyancy of the thick crust in the
Shatsky conjugate might have arisen from a flat slab with basement-involved Laramide deformation in the
Late Cretaceous (e.g., Saleeby, 2003). In contrast, the fate of the Hess conjugate has not been discussed
but might have subducted as a normal-dipping slab. As the oceanic plateau enters high pressure and tem-
perature fields, the basaltic crust can undergo a basalt-eclogite metamorphic phase transition. Being rich
in garnet and omphacite, eclogitizied rocks can be 50–300 kg/m3 denser than pyrolite mantle (Cloos, 1993;
Hacker, 1996). Therefore, the eclogitizied oceanic plateau would be denser than the normal slab and

Figure 2. Geophysical observations for North America with the predicted locations of the Hess (purple ellipses) and Shatsky conjugates (orange ellipses) from numer-
ical models. The background is the LLNL-G3Dv3 tomography image at a depth of 871 km (Simmons et al., 2012). The residual depth anomalies are shown with circles
(Hoggard et al., 2016). The orange dashed line shows the extent of Laramide province (DeCelles, 2004).
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contribute to the downgoing negative buoyancy of the slab unevenly. Geodynamic studies have investigated
the surface evolution caused by the low-temperature slab (Mitrovica et al., 1989; Spasojević et al., 2008), but
how the eclogitizied oceanic plateau affects the surface topography is unclear.

Here we investigate the influence of mantle convection on the evolution of sedimentary basins, specifically
the enigmatic subsidence in the GOM and its relation with the Hess conjugate. We aim to study the dynamic
topography arising from the thermally and compositionally induced (eclogitizied oceanic plateau) buoyancy
of the subducted slab.

2. Methods

We compute forward numerical models in a spherical domain, using the finite element code CitcomS (Zhong
et al., 2000), which solves the equations for the conservation of mass, momentum, and energy with the
Boussinesq approximation. Paleogeographical constrains are incorporated into surface velocity fields and
the thermal structure of oceanic plates (Bower et al., 2015). This semiempirical approach ensures the spatial
and temporal distributions, and the buoyancy of downgoing slabs are consistent with the predictions from
plate reconstructions (Bower et al., 2015).

The global mantle convection model has 12 caps, each with 128 × 128 × 64 elements, giving a lateral resolu-
tion of ~50 km at the surface and ~28 km at the core-mantle boundary. Refinement is used in the radial direc-
tion, providing an average resolution of ~45 km, with ~16 km near surface and lower resolutions at greater
depths. The model has a free-slip lower boundary. All materials have a Newtonian viscosity (Table S1 in the
supporting information).

The models span the period from 230 Ma to the present. Initial temperature structures are derived from a
half-space cooling model based on the synthetic ages of the ocean floor and simplified tectono-thermal ages
of continental lithosphere (Flament et al., 2014). To simulate asymmetric subduction, the shallow thermal
structure of slabs (above 350 km depth) is assimilated based on the location and polarity of subduction zones
with a dip angle of 45°. Below 350 km depth, the slab is merged with the thermal structure of mantle, which
evolves dynamically (Bower et al., 2015). To obtain the dynamic topography, we re-solve the Stokes equation
with a no-slip surface boundary and eliminate the buoyancy and lateral viscosity above 250 km depth, then
scale the radial stress on surface (e.g., Flament et al., 2015).

The Hess and Shatsky conjugates are represented by tracers, in order to track their locations and simulate the
density variations induced by the basalt-eclogite phase change. Their positions before subduction are recon-
structed based on the age and kinematic motion of the underlying oceanic plate (Figure S1 in the supporting
information). As the Hess conjugate subducts to depths greater than 100 km, where the temperature and
pressure conditions enter the stability field of eclogite, we increase the density of the upper 20 km of the
Hess conjugate to 3500 kg/m3, which is 200 kg/m3 denser than ambient mantle. In models, the other proper-
ties of plateaus (e.g., rheology) are identical as normal oceanic plates. We aim to investigate the conse-
quences of eclogitizied oceanic plateaus, instead of detailed metamorphic processes.

3. Results

The Farallon plate subducted under the west coast of North America from ~180 Ma. The synthetic Hess con-
jugate subducted under northern Mexico at ~68 Ma (Figure S1). At ~64 Ma, the Hess conjugate entered the
eclogite stability field. We assume the basaltic crust in the Hess conjugate transformed to eclogite and its
density increased (Model 1; Table S2). Subsequently, the Hess conjugate descended rapidly compared to
the normal oceanic plate in response to its extra density. Presently, the Hess conjugate is located below
the northern GOM between 850 and 1150 km depths (Figure 3), which is coincident with the observed seis-
mic anomaly in the mantle (Figure 2).

As the low-temperature Farallon slab subducted, its negative buoyancy depressed the surface and generated
a broad topographic low in western-central North America since the Cretaceous (Figure 4). As the North
American plate moved westward over the subduced Farallon slab, the dynamic surface low migrated east-
ward, consistent with earlier studies (e.g., Liu, 2014; Spasojević et al., 2008). Since ~50 Ma, the dynamic topo-
graphy in western North America gradually uplifted to ~0 km at present.
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The surface deflection is of greater amplitude in the GOM. Since ~60 Ma, the eclogitizied Hess conjugate
migrated beneath the GOM. Because of the extra density, a “bull’s-eye”-shaped, deeper surface low is gener-
ated above the Hess conjugate (Figure 4a), which has a diameter of ~500 km and the maximum amplitude of
~1.8 km. The eclogitizied Hess conjugate makes the GOM the lowest area in the dynamic topography map of
North America. The maximum surface low first entered the western GOM at ~60 Ma, then gradually migrated
eastward along the northern GOM. The predicted dynamic surface topography in the western GOM subsides
to ~1.3 km by 40–30 Ma, with the most rapid subsidence occurring during 60–50 Ma (Figure 5). After adding
the thermal cooling subsidence (Parsons & Sclater, 1977), the total surface subsidence amounts to ~2.3 km.

Without the eclogitizied oceanic plateau, the dynamic topography is only induced by the cold oceanic slabs
(Model 2). The dynamic surface topography has a long-wavelength deflection in an EW direction, without
extra surface tilting toward the GOM (Figure 4b). The surface in the western GOM gradually subsided to
the maximum magnitude of ~0.8 km by ~45 Ma, and the total tectonic subsidence is only ~1.6 km
(Figure 5), indicating that the surface deflection caused by the thermal buoyancy of the slab maybe insuffi-
cient to explain the observation in the GOM.

If the density increase in the Hess conjugate crust is less than 200 kg/m3, such as 100 kg/m3 (Model 3), the
dynamic surface subsidence above the Hess conjugate also decreases (Figure S2a). We also test the case in
which the subducted Shatsky conjugate undergoes eclogitization. Another localized surface low appears
above the eclogitizied Shatsky conjugate in the continental interior (Figure S2b). The surface low passes
across Wyoming at ~52 Ma and arrives at the location of Minnesota and Iowa by 0 Ma. The surface low above
the conjugates gradually attenuates when the density anomalies sink to deeper depths. In the western GOM,
the dynamic topography reduces by ~400 m over the last ~20 Myr.

The influence of the radial viscosity of themantle and the phase change at 660 km depth are tested in Models
5 and 6. When the lower mantle viscosity in Model 1 is reduced by a factor of 2, the magnitude and
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wavelength of the localized surface low increase moderately (Model 5;
Figure S2c). Reducing the density jump at the 660 km discontinuity
from 7% to 3.5% has little effect on the dynamic topography (Model 6;
Figure S2d).

4. Discussion and Conclusions

The sedimentary record suggests an ~2 km subsidence in the GOM
substantially after the rifting event (Feng et al., 1994). This enigmatic
subsidence is within the framework of the continental-scale southward
surface tilting and the eastward migration of the drainage system
(Blum & Pecha, 2014; Galloway et al., 2011). Here we investigate the sur-
face deflection caused by the negative buoyancy of an eclogitizied
oceanic plateau in addition to the low-temperature slab. The Hess con-
jugate subducted under northern Mexico and traveled below the
northern GOM from ~68 Ma. A bull’s-eye-shaped surface low with the
maximum amplitude of ~1.8 km is generated above the eclogitizied
Hess conjugate. This localized surface low embeds within the large-
scale smooth surface deflection produced by the low-temperature
Farallon slab. Since ~55 Ma, the Hess conjugate migrated below the
western GOM; as a result, the tectonic subsidence reaches a total depth
of ~2.3 km (Figure 5).

The dense Hess conjugate also makes the GOM the lowest area on the
dynamic topography map in North America. The timing of the pre-
dicted surface tilting toward the GOM induced by the Hess conjugate
starting from the Cenozoic is coincident when the drainage system in
southern North America started to routed sediments from the

Western Cordillera to the Appalachian Mountains toward the GOM.

As the North American plate migrated westward over the subducted Farallon plate, the surface depression
synchronously shifted eastward in the continental interior and the GOM. This could result in a broad eastward
migration of river networks in North America (Figure 1a). The extra surface depression caused by the eclogi-
tizied Hess conjugate shifts along the northern GOM, which may determine the location where continental
rivers empty into the GOM, and hence relocates the depocenter in the GOM eastward. Presently, the locus
of deposition of the Mississippi river is located above the predicted position of the subducted Hess conjugate.

An eclogitizied oceanic crust controls the extra surface low in the GOM. Eclogite is denser than pyrolite man-
tle in the upper mantle (Aoki & Takahashi, 2004). Perovskite transformation at the transition zone may make
eclogite neutrally buoyant (e.g., Irifune & Ringwood, 1993) and traps the oceanic plate at the 660 km discon-
tinuity (Anderson, 2007; Fukao et al., 2009). However, if the basaltic crust can penetrate the transition zone
and transforms to a perovskitite at ~720 km depth, its density increases and becomes negatively buoyant
again (e.g., Hirose et al., 1999 ; Ono et al., 2005). Numerous seismic studies show that the Farallon plate has
penetrated into the lower mantle (e.g., Ritsema et al., 2011; Simmons et al., 2009; Van der Hilst et al., 1997).
Presently, the residual topography (oceanic topography with normal thermal cooling removed) in eastern
North America is negative, especially in the GOM, which is around �1 km (Hoggard et al., 2016;
Winterbourne et al., 2014) (Figure 2). The long-lasting surface low in North America and the GOM indicates
that the negative buoyancy persists in the Farallon plate and the Hess conjugate.

We investigate the surface expressions of the subducted Farallon plate and the Hess conjugate. Using a sim-
ple model with reasonable physical parameters, we predict the dynamic topography over North America,
which is generally consistent with the observed broad surface deflection in the continental interior and
the regional surface evolution in the GOM. We show that the surface topography mirrors the negative buoy-
ancy and flow in the mantle. As the eclogitizied Hess conjugate adds more negative buoyancy to the Farallon
plate, the surface above the Hess conjugate experiences more subsidence. This could induce the surface tilt-
ing and guide the drainage system to flow southward, which established the GOM as the main sediment sink.
The spatial-temporal correlations between the dynamic topography and the evolution of the GOM basin
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demonstrate a substantial influence of mantle convection on this sedimentary basin, which could have impli-
cations for other mantle-convection-induced transient basins.
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