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Abstract Topography above subduction zones arises from the isostatic contribution of crustal and
lithospheric buoyancy, as well as the dynamic contribution from slab-driven mantle flow. We evaluate those
effects in southwestern Mexico, where a segment of the Cocos slab subducts horizontally. The eastern part
of the volcanic arc—the Trans-Mexican Volcanic Belt—stands at an average elevation of 2.3 km, nearly

1.3 km above the fore-arc. Lateral changes in bulk crustal density are relatively small, and seismic imaging
shows that there is little variation in crustal thickness between these two regions. Thus, the elevation
difference between the arc and the fore-arc should arise from differences in mantle properties. We present
finite element models of flat-slab subduction that provide a simultaneous match to topography, plate
velocities, and stress state in the overriding plate. We find that the dynamic effects are primarily controlled
by the amount of coupling at the subduction interface and in the mantle wedge, the lack of slab anchoring
into the lower mantle, and the absence of continental mantle lithosphere. With a mantle wedge and a
subduction interface that are, respectively, 2 and 4 orders of magnitude weaker than the asthenosphere,
the flat slab exerts a downward pull that can explain most of the elevation difference between the fore-arc
and the arc. We infer that lateral viscosity variations play a significant role in shaping dynamic topography in
complex tectonic settings and that sublithospheric dynamics can influence the topography at wavelengths
that are significantly shorter than previously recognized.

1. Introduction

The topography of the Earth reflects the density structure of the tectonic plates and the underlying mantle.
Mass anomalies at crustal and lithospheric depths are balanced by variations in surface elevation that can
remain stable over long timescales. This is typically referred to as the isostatic topography. Mass anomalies at
greater depths belong to the convecting mantle and give rise to transient changes in surface elevation. This is
typically referred to as dynamic topography. The role of mantle flow in the topography of both continental and
oceanic regions is particularly significant in regions affected by a history of subduction, as inferred from geo-
logical and geophysical data [e.g., Spencer, 1996; Guillaume et al., 2009; Ddvila et al., 2010; Liu et al., 2011]. This
has been discussed in a number of analytical, semi-analytical, and numerical modeling studies [e.g., Mitrovica
etal., 1989; Gurnis, 1990, 1993; Zhong and Gurnis, 1994; Zhong and Davies, 1999; Billen and Gurnis, 2001; Husson,
2006; Zhang et al., 2012; Ddvila and Lithgow-Bertelloni, 2013; Faccenna et al., 2014; Husson et al., 2014], as well
as a few analog modeling studies [Guillaume et al., 2010; Husson et al., 2012]. However, it has been challenging
to compare the results of theoretical models to the “observed” dynamic topography because, as a model itself,
it can be limited by uncertainties in the thermochemical structure of the lithosphere [e.g., Lithgow-Bertelloni
and Gurnis, 1997; Steinberger, 2007; Conrad and Husson, 2009; Flament et al., 2013]. One way of minimizing this
issue is to focus on an area where local geophysical studies have allowed a better structural constraint of the
lithosphere and underlying mantle. Building upon recent, higher-resolution seismic images of southwestern
Mexico, this study aims at understanding the role of the flat Cocos slab and the asthenospheric mantle versus
that of the overriding plate in controlling the local topography. We also aim at understanding the role that
lateral viscosity variations (LVVs) have on dynamic topography. To some extent, long-wavelength topography
can be modeled with a simple 1-D treatment of the rheology (e.g., see reviews by Ddvila and Lithgow-Bertelloni
[2013] and Flament et al. [2013]). However, Kaban et al. [2014] recently demonstrated the significant effect
that lateral viscosity variations (LVVs) have on dynamic topography at plate boundaries, and the role of
LVVs in various aspects of subduction dynamics has long been recognized [e.g., Zhong and Gurnis, 1994;
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Figure 1. (a) Geodynamic context of southwestern Mexico. Topography and bathymetry from ETOPO1 [Amante and Eakins, 2009]. A white curve outlines the
Trans-Mexican Volcanic Belt (TMVB) [Ferrari et al., 2012]. The black lines show the isodepths of the Cocos slab at a 20 km interval, using seismicity up to ~45 km
depth and tomography below [Kim et al., 2012a]. These slab contours show that distinct topographic domains are associated with variations in slab geometry.
The yellow vector shows the relative convergence velocity between the Cocos and North America Plate near Acapulco, holding North America fixed [DeMets

et al., 2010]. The pink circles show the locations of the Meso-America Subduction Experiment (MASE) stations. (b) Moho depth (red) and upper slab limit (blue)
from Kim et al. [2012a, 2013]. The dashed line shows the simplified Moho depth that we used in the numerical models. (c) Measured and smoothed topography
along the MASE profile as a function of the distance from the southernmost seismic station, near Acapulco. The topography is smoothed using three passages of
a rectangular sliding average of width 15 km.

Billen and Gurnis, 2001; Funiciello et al., 2008; Capitanio et al., 2010; Stegman et al., 2010; Alisic et al., 2012; Gérault
etal, 2012; Holt et al., 2015]. In addition, because global computations that account for sharp LVVs remain
numerically intensive [Stadler et al., 2010], we opt for 2-D geodynamic models that can incorporate a detailed
treatment of the structure of local plate boundaries.

Convergence between the Cocos and North America plates in southwestern Mexico is accommodated by
oblique subduction along the Middle America Trench at 6.6 cm/yr near Acapulco [DeMets et al., 2010]. The
Trans-Mexican Volcanic Belt (TMVB), a volcanic arc stretching from the Gulf of California to the Gulf of Mexico,
is located several hundreds of kilometers inland from the Cocos trench (Figure 1). This intracontinental arc
has been active since the mid-Miocene, following the onset of flat-slab subduction [e.g., Ferrari et al., 1999;
Gbémez-Tuena et al., 2007]. The coastal range of the Sierra Madre del Sur corresponds to the ancient arc that
has been inactive since the late Oligocene [Mordn-Zenteno et al., 1996; Ducea et al., 2004].
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In this study, we focus on a transect from Acapulco to Tempoal, through Mexico City and the central
TMVB (Figure 1), where the flat slab is not directly caused by the subduction of thickened oceanic crust
[Skinner and Clayton, 2011; Gutscher et al., 2000] or by interactions with a proximal lithospheric root as sug-
gested for South America [O'Driscoll et al., 2009, 2012]. Structure beneath this transect was imaged down to
~150 km with the Meso-America Subduction Experiment (MASE), a 100-station, ~500 km long broadband
seismic network deployed from 2005 to 2007 [e.g., Pérez-Campos et al., 2008; Husker and Davis, 2009; Chen and
Clayton, 2009; Kim et al., 2010]. The seismic line ran nearly perpendicular to the trench, covering the fore-arc,
the arc (the TMVB), and some of the back-arc. The age of the Cocos slab at the trench is only ~14 Ma in this
region [Miiller et al., 2008]. Husker and Davis [2009] inverted P wave travel time residuals which they used to
infer the thermal parameters of a model and proposed that the slab appears to be ~40 km thick, consistent
with a half-space cooling model [e.g., Turcotte and Schubert, 2002]. Results from the MASE show that the slab
subducts at a ~15° dip angle for the first ~150 km inboard from the trench. Then, at a depth of ~45 km, it
turns flat for another ~150 km and eventually bends toward the deep mantle with a 75° dip angle
[Pérez-Campos et al., 2008; Husker and Davis, 2009; Iglesias et al., 2010; Kim et al., 2010, 2012a]. P wave travel
time tomography [Husker and Davis, 2009] indicates that the slab is not anchored in the lower mantle,
reaching at most ~ 550 km depth. The Cocos slab appears to be truncated in the upper mantle beneath most
of southwestern Mexico [e.g., Ferrari et al., 2012]. It has been proposed that the slab detached following the
termination of subduction beneath Baja California, resulting in a pulse of mafic volcanism that propagated
from west to east [Ferrari, 2004; Orozco-Esquivel et al., 2007; Ferrari et al., 2012]. Along the MASE profile, the slab
reaches a depth that is consistent with the age of the proposed break-off (~7.5 Ma) and the plate convergence
velocities since that time [Ferrari et al., 2012].

The receiver function studies of Pérez-Campos et al. [2008] and Kim et al. [2010] indicate that the mantle litho-
sphere is replaced by the Cocos slab in the fore-arc. The hingeline of the flat slab rolled back from the northern
edge of the TMVB toits current position [Ferrariet al., 2012], which suggests that the mantle lithosphere should
also be missing from beneath the arc and adjacent back-arc. Crustal structure estimates [Molina-Garza and
Urrutia-Fucugauchi, 1993; Urrutia-Fucugauchi and Flores-Ruiz, 1996; Kim et al., 2010, 2012a] indicate that the
depth of the continental Moho is nearly uniform beneath the fore-arc (~45 km) and the arc (~45-50 km). Yet
their mean elevations differ by more than 1 km (Figure 1c¢). Interestingly, variations in topography correspond
to variations in slab morphology: the Sierra Madre del Sur is located at the transition between shallow and flat
subduction; the ~1 km high fore-arc corresponds to the region above the flat slab; and the TMVB (elevations
higher than 2 km) begins where the slab plunges toward the deep mantle.

Seismic activity occurs to depth of ~45 km and does not continue north beyond the flat-slab segment [Sudrez
et al., 1990; Singh and Pardo, 1993]. There is no Wadati-Benioff zone where the slab steepens beneath the
TMVB. Slow slip events have been reported beneath the Sierra Madre del Sur [e.g., Brudzinski et al., 2007;
Kostoglodov et al., 2010; Radiguet et al., 2012; Song and Kim, 2012], and bursts of nonvolcanic tremor [e.g.,
Payero et al., 2008; Kostoglodov et al., 2010] are frequent above the flat slab, which may indicate a relatively low
coupling along the subduction interface. Although flat slabs in South America are associated with increased
seismic activity [Gutscher et al., 2000], the MASE profile is adjacent to the “Guerrero seismic gap,” a ~2000 km?
area where no major thrust earthquakes (M > 6.5) have been recorded since 1911 [Singh et al., 1981; Nishenko
and Singh, 1987; Anderson et al., 1989]. Singh and Pardo [1993] studied small earthquakes in the fore-arc, find-
ing that events near the trench are dominated by thrust mechanisms. In contrast, small earthquakes located
in the crust above the flat slab tend to have normal faulting mechanisms, although evidence for extensional
tectonics at the surface has not been reported. Overall, the fore-arc appears to be in a nearly neutral state of
stress. The TMVB, however, is experiencing a pervasive extension north of the active volcanoes [Suter et al.,
2001]. This tectonic stress state differs from other flat slabs, mainly located in South America, where com-
pressive tectonics occurs above the slab hingeline [e.g., Gutscher et al., 2000; Espurt et al., 2008]. Gravitational
collapse may only partially explain the tectonic regime in the TMVB [Suter et al., 2001] because extension is
more pronounced to the west, closer to the Gulf of California, where the crust is on average ~10 km thinner
[Ferrari et al., 2012], than to the east, where the MASE profile is located.

While large-scale stresses are likely influenced by the dynamics of the North America plate, which are con-
trolled by gravitational potential energy variations and basal tractions from mantle flow [e.g., Humphreys and
Coblentz, 2007; Ghosh et al., 2013], stress patterns in the TMVB appear to be more strongly controlled by vari-
ations in the slab geometry: normal faulting began in the northern, older part of the arc and spread toward
the south as the slab began to roll back (see Ferrari et al. [2012] for a review), suggesting that subduction
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processes have a stronger local effect than the action of far-field plate stresses. A north-to-south migration,
similar to normal faulting, is observed in the age of volcanism [e.g., Gdmez-Tuena et al., 2007; Cadoux et al.,
2011; Ferrari et al., 2012].

Singh and Pardo [1993] proposed that normal faulting in the TMVB might be enhanced by trench rollback,
and several studies have argued in favor of hot material beneath the arc [e.g., Fix, 1975; Molina-Garza and
Urrutia-Fucugauchi, 1993; Mdrquez et al., 1999], perhaps caused by slab-driven corner flow [e.g., Ferrari et al.,
2012; Manea et al., 2013]. The high-Mg basaltic andesites observed in the TMVB require a high volatile content
and temperatures in the range of 1180-1250°C beneath the TMVB [Weber et al., 2012], hinting at relatively low
densities and viscosities. In addition, seismic imaging studies [Pérez-Campos et al., 2008; Iglesias et al., 2010; Kim
etal, 2012a] indicate a reduction in shear wave speed in the mantle beneath the TMVB, and high P [Chen and
Clayton, 2009], P, and S wave attenuation [Chen and Clayton, 2012]. Detailed converted-wave imaging [e.g.,
Kim et al., 2010, 2012a] shows that the shallow mantle beneath the TMVB region corresponds to the mantle
wedge (i.e., the corner of asthenosphere between the steep slab segment and the continental Moho). Similar
mantle wedge properties have been inferred in other subduction zones, although usually below ~100 km
depth [e.g., Barazangi and Isacks, 1971; Wiens et al., 2008].

Iglesias et al. [2010] used a reduction in shear wave velocities in the mantle wedge and the crust above to
infer density variations along the MASE profile. They were able to fit the high TMVB elevations using a Pratt
model and a reasonable ratio of density to shear velocity variations. Hence, they proposed that the TMVB is
supported isostatically. They could not, however, match the topography in both the arc and the fore-arc with
a single conversion factor. In addition to uncertainties in linking shear velocity to density variations, Iglesias
et al. [2010] assumed that the fore-arc’s elevation is isostatic and used it as reference. We show below (see
section 2) that this assumption is likely to be incorrect and that the difference in elevation between the TMVB
and the fore-arc is primarily a consequence of dynamic, as opposed to isostatic, forces.

In summary, the Mexican flat slab differs from other present-day occurrences because (1) it is associated with
abundantarc volcanism, (2) itis associated with extension in the arc and a neutral state of stress in the fore-arc,
(3) it generates relatively low seismic activity, (4) the continental mantle lithosphere is very thin or nonex-
istent, (5) it is not directly caused by the subduction of thickened oceanic crust, and (6) there is no nearby
cratonic keel. In this study, we address the contribution of the subducting slab and resulting mantle flow to
the topography and stress-strain distribution. We first estimate the component of isostatic topography ana-
lytically and then evaluate the relative contribution of the buoyancy from the slab versus the mantle wedge
to the topography with numerical modeling. The mechanical properties of the mantle wedge regulate how
forces are transmitted between the sinking slab and the upper plate [Billen and Gurnis, 2001, 2003; Cadek and
Fleitout, 2003; Krien and Fleitout, 2008], thus exerting first-order control on the topography and stress pat-
terns in overriding plate. Although previous geophysical studies indicate that the nature of the mantle wedge
should contribute to the arc elevation, the quasi-uniform Moho depths suggests that subduction dynamics
may affect the fore-arc topography to a greater extent. We also evaluate the role of lateral viscosity variations
and slab-lower mantle interactions in the topography and stress-strain patterns. The case of southwestern
Mexico allows us to better understand the mechanisms that drive continental dynamic topography above flat
subduction zones, and its unusual setting allows a unique perspective on this.

2. Isostatic Topography

Our estimates of crustal thicknesses rely on gravimetric [Molina-Garza and Urrutia-Fucugauchi, 1993;
Urrutia-Fucugauchi and Flores-Ruiz, 1996] and seismic imaging studies [Kim et al., 2010, 2012a], which also
constrain the mean crustal density as ~2900 kg/m? from the fore-arc to the back-arc. In the back-arc, at the
northernmost MASE station and farther to the north, the crust is ~30 km thick (Figure 1b) and the elevation
is ~150 m (Figure 1). In the TMVB, crustal thickness varies between ~45 and ~50 km, and elevation varies
between the ~2300 m high central plateau and the volcanic edifices that sometimes reach over 3000 m. In
the fore-arg, the crust averages ~45 km thick and topography averages near 1000 m, with short-wavelength
variations of a few hundred meters. Crustal thickness in the Sierra Madre del Sur, where mean elevations are
1500-2000 m, has remained steady since the end of the Oligocene [Ducea et al., 2004].

We compute the isostatic component of the topography following a standard approach [e.g., Crough
and Thompson, 1976; Bird, 1979; Lachenbruch and Morgan, 1990]. The slab (flat and inclined segments) is
never included in our isostasy calculations. Following Becker et al. [2014], we compute the density of the
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asthenosphere so as to minimize the role of dynamic effects in the mean elevation, using an average regional
crustal thickness and ridge depth. We use the mean depth of the East Pacific Rise in the region of —2800 m,
an oceanic crustal thickness of 7 km, the average continental elevation of 1000 m, the assumed crustal den-
sity of 2900 kg/m?3, and an average continental crustal thickness of 38 km along the MASE profile (which we
extended to the Gulf of Mexico). With these values, assuming that the lithosphere has been removed from
across our study area (see section 1) and therefore taking the base of the crust as the compensation depth, we
calculate an asthenosphere density of ~3200 kg/m3. The effect of assuming a greater asthenospheric density
is discussed below.

Assuming Airy isostasy, we compute the expected elevation difference between the fore-arc, the arc, and the
back-arc, using representative crustal thicknesses of 45, 48, and 30 km, respectively, based on the previously
mentioned seismic imaging studies (Figure 1b). Accordingly, the elevation difference between a 30 km and a
48 km thick crustal block is 1860 m. The mean back-arc elevation of ~150 m thus indicates that the expected
isostatic elevation of the TMVB is ~2000 m. This is ~400 m lower than the typical elevation in the central
plateau. Using a mean crustal density of 2850 kg/m? instead would result in an isostatic elevation difference
of 2210 m, close to the actual value, while using a density of 2950 kg/m?3 would yield 1530 m. Using a greater
asthenospheric density of 3250 kg/m? instead would predict an isostatic elevation of ~2300 m for the TMVB,
about the actual value. These calculations suggest that the current elevation of the TMVB could be purely
or nearly isostatic. Following the same numerical approach, we compute a deficit in elevation of the fore-arc
relative to the arc of 310 m (and 370 m using a crustal density of 2850 kg/m3 and 250 m using 2950 kg/m?3).
These results indicate that forces below the fore-arc crust should be responsible for an additional ~1 km drop
in elevation between the fore-arc and the arc.

In order to constrain the effect of the Cocos slab on topography, we compute the difference in isostatic ele-
vation expected between a column of fore-arc and a column of arc, taken from the surface to the base of the
flat slab. In the fore-arc, we use a 45 km thick continental crust, on top of a 4 km thick weak zone of density
3200 kg/m?3 (similar to that of the asthenosphere), and a 7 km thick oceanic crust of density 2900 kg/m3. We
neglect thermal contraction and assign the density anomaly of the subducting mantle lithosphere to a uni-
form 60 kg/m?. Hence, the lowest layer corresponds to a 40 km thick slab [Husker and Davis, 2009] of density
3260 kg/m3. These 4 layers form a 96 km thick fore-arc column. Accordingly, the arc column is composed of
48 km of asthenosphere in addition to 48 km of continental crust. These densities and layer thicknesses are
also used in the numerical models in section 3.2. This calculation predicts an elevation difference of 375 m
between the arc and the fore-arc when accounting for the weight of the slab. Using a greater asthenosphere
density of 3250 kg/m3 predicts an elevation difference of 307 m instead. Using a slab density anomaly of, for
instance, 80 kg/m3 would predict a difference of 625 m, whereas an anomaly of 40 kg/m3 would predict a dif-
ference of 125 m. These estimates range between one tenth and one half of the actual elevation drop between
the arc and the fore-arc. However, they do not include the dynamic effects of subduction-driven mantle flow.
We explore this contribution in the following section.

3. Models of Mantle Flow

3.1. Methods

We use a 2-D cylindrical finite element code adapted from MILAMIN [Dabrowski et al., 2008; Gérault et al., 2012]
that solves for the velocity and pressure fields using a Stokes flow formulation with a Newtonian rheology. The
models are instantaneous, and the density and viscosity fields are assigned and uniform throughout structural
domains (Figure 2 and Table 1). We ran time-evolving models where we simply advected the nodes propor-
tionally to the velocity field. At no point was there a sign of imbalance, such as a significant change in the
velocity field, so we are confident that this geometry, in spite of being imposed, does not cause artifacts. The
upper and lower boundary conditions are free slip. The cylinder is truncated on each side, where the bound-
aries are also free slip. Figure 2 shows the different phases and parameters used in the model, as well as the
full size of the computational domain.

The morphology of the two plates that represent the Cocos and North America plates is based on seismic
images from the MASE profile (see section 1). They are implemented using an unstructured triangular mesh
that allows for an accurate discretization of complex geometries. The numerical resolution (distance between
nodes) is <500 m at the surface and along all phase boundaries (plates, slab, wedge, and weak zones) and
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Figure 2. Structure in (a) density and (b) viscosity with boundary conditions. See also Table 1.

up to 20 km in the lower mantle. Oceanic plate thickness follows a half-space cooling model [e.g., Turcotte
and Schubert, 2002] so as to account for the gravitational effect of the ridge, i.e, ridge push. The slab is 40 km
thick and extends to a maximum depth of 500 km [Husker and Davis, 2009], aside from one model (model C)
where it is anchored in the lower mantle, extending to a depth of 700 km. Compared to the seismic profile,
a short segment of oceanic lithosphere is added to the northern side of the overriding continental plate, as
to mimic the passive margin with the Gulf of Mexico. Our knowledge of the wedge geometry suggests that it
begins below the continental Moho [Chen and Clayton, 2009, 2012; Kim et al., 2012a; Iglesias et al., 2010] and
reaches at least 120 km depth [Chen and Clayton, 2009]. For simplicity, we use the same wedge geometry in all
models. Vertically, it is defined between the base of the overriding plate (45 to 48 km) and a maximum depth
of 150 km; horizontally, it extends 200 km beyond the tip of the flat-slab segment, below the TMVB. On the
basis of the observations described in section 1, we use a uniform crustal thickness of 45 km above the flat
slab (beneath the fore-arc) and 48 km beneath the arc. Farther north, the crust tapers off linearly to 30 km. The
simplified Moho geometry that we use, as well as the original data, are shown in Figure 1b. We use a uniform
crustal density of 2900 kg/m3 for the continental crust [e.g., Molina-Garza and Urrutia-Fucugauchi, 1993; Kim
etal., 2012a]. The fault zone between the subducting oceanic crust and the overriding plate is modeled with a
4 km wide weak zone. The role of that interface depends on both the width and the viscosity of the weak zone.
We eliminate this trade-off by holding the width fixed and as narrow as numerically convenient and test the
effect of the viscosity in the weak zone and in wedge over several orders of magnitude. The slab viscosity is 500
times stiffer than the upper mantle [e.g., Funiciello et al., 2008]. The values of most physical and geometrical
parameters are summarized in Table 1.

3.2. Numerical Results

In our modeling, we hold the density and thickness of the crust and slab fixed. Then, the primary controls on
topography and overall stress state in the upper plate are the viscosities of the subduction interface and the
mantle wedge, and the extent of slab anchoring into the lower mantle. The predicted topography is computed
along the upper boundary using the vertical stress there. The isostatic topography, calculated from the model
crustal density and thickness, is subtracted from the model-predicted topography to obtain our estimate of
dynamic topography.

We present a series of models with different subduction properties, as shown in Table 2. Model A presents
the case in which the mantle wedge viscosity is the same as the rest of the asthenosphere, and the viscosity is
moderate along the shallow and flat subduction interface (Figure 3). Model B differs by the addition of a weak

GERAULT ET AL.

FLAT SLAB AND TOPOGRAPHY IN MEXICO 1897



@ AG U Tectonics 10.1002/2015TC003908

Table 1. Physical and Geometrical Parameters in Numerical Modeling of

Mexico?
Parameters Values
Density (kg/m3)
Continental and oceanic crust 2900
Weak zones (subduction interface) 3200
Asthenosphere, upper and lower mantle 3200
Oceanic lithosphere 3260
Viscosity (Pa s)
Upper mantle (reference) 5.1020
Oceanic lithosphere and continental crust 108
Oceanic crust 5.10'°
Weak zones (subduction interface) 5.10"%to5-10"7
Asthenosphere 5.101°
Mantle wedge (above the slab) 5.10"%t05- 10"
Lower mantle 1022
Geometry (km)
Weak zone thickness 4
Oceanic crust thickness 7
Continental crust thickness 30to 48
Asthenosphere to upper mantle transition depth 300
Upper to lower mantle transition depth 660
Maximum slab depth extent 500 to 700
Slab thickness 40
Flat slab segment length 150
Depth of mantle wedge area 45to 150
Overriding plate length 700
Cocos plate length 600

aSee also Figure 2.

mantle wedge, where the viscosity is intermediate between that in the weak zones and that in the astheno-
sphere. Model C highlights how a slab anchoring into in the lower mantle, which is unlike that observed in
southwestern Mexico, would affect the results. To better understand how the coupling along the flat slab con-
trols the predictions of topography and stress in the overriding plate, we then show two end-member models
where the viscosity is increased (model D) or reduced (model E) by up to 2 orders of magnitude with respect
to model B. The role of lateral viscosity variations is then examined in the isoviscous equivalent of model B.
Lastly, we present our preferred model (model F), which is similar to model B but with a density reduction in
the wedge. For each model, we show the topography and its isostatic and dynamic components, and the devi-
atoric stress and velocity fields. In addition, the dynamic pressure and strain rates are shown in the supporting
information.

3.2.1. Role of the Viscosity in the Mantle Wedge

Model A represents a simple case where the asthenospheric viscosity is uniform, as opposed to reduced
locally in the mantle wedge. Suction in the slab corner causes up to ~1.3 km of negative dynamic topography
(Figure 3a, green curve). This behavior was previously described by Billen and Gurnis [2001, 2003]. Model A
cannot reproduce the step-like transition in the topography between the fore-arc and the TMVB. Some
amount of decoupling in the mantle wedge is required for the TMVB to form a broad plateau that stands close
to its isostatic elevation. While extension is predicted throughout the overriding plate, the deviatoric stress is
significantly larger in the TMVB, suggesting a greater propensity for faulting throughout the arc than in the
fore-arc and the back-arc (Figure 3b). This indicates, unlike previously suggested (see section 1), that exten-
sion in the TMVB can be predicted in a model without a viscosity reduction in the mantle wedge. The location
of the viscosity transition between the horizontal weak zone and the wedge has a small influence on the pre-
dicted topography pattern but does not modify where the apex of the downwarping is located. Below 300 km
depth, the velocity vectors are steeper than the slab dip, indicating a tendency for the deeper part of the slab
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topography [km]

Table 2. Main Variables and Corresponding Models?

Maximum Slab Depth (km) A, e nf Ny
Model A 500 0 10~4 107> 107!
Model B 500 0 104 107> 1073
Model C 700 0 104 107> 1073
Model D 500 0 104 103 1073
Model E 500 0 10~ 1076 10~4
Model F 500 35 104 107> 1073

aMaximum depth extent of the slab (anchored in the lower mantle if <
660 km); A, : density contrast between the wedge and the asthenosphere (in
kg/m3, positive for a positively buoyant wedge); #;: ratio of the weak zone vis-
cosity at the trench to the viscosity of the upper mantle; #: viscosity ratio of
the weak zone above the flat slab to the upper mantle; #,,: viscosity ratio of
the wedge to the upper mantle.

to roll back. At shallower depthes, it is the downgoing motion of the slab that draws mantle flow into the slab
corner, resulting in a gradient in the mantle velocity at the base of the upper plate. The greatest strain rates

(see Figure S1b in the supporting information) occur along the subduction interface and in the mantle wedge,
where the viscosity is the lowest.

The models shown in Figures 4 and 5 incorporate the influence of a viscosity drop in the mantle wedge.
Model Bis the same model as model A, except fora mantle wedge viscosity reduction by 2 orders of magnitude
with respect to the asthenosphere. The buoyancy of the wedge remains neutral (identical to that of the sur-
rounding mantle). This could represent a hypothetical case where the wedge is weakened by fluids from the
slab, but where the temperature remains unchanged with respect to the rest of the asthenosphere. Model B
predicts an abrupt increase in elevation going from the arc to the fore-arc (Figure 4a). The low-viscosity wedge
allows the TMVB to stand near its isostatic elevation (minor dynamic influence), while the mass anomaly from
the flat slab causes the fore-arc to subside by ~700 m. Figure 4a shows that the dynamic topography created
by the flat slab exceeds that induced by an equivalent static density anomaly (cf. section 2) and can account
to a large extent for the elevation difference between the arc and the fore-arc, the rest likely owing to varia-
tions in crustal thickness and mantle wedge buoyancy. The light blue and purple curves in Figure 5 show the
dynamic topography of models A and B, as well as the effect of other mantle wedge viscosities from models
not shown. Figure 5 shows that the elevation of the arc and the adjacent fore-arc is strongly controlled by the
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Figure 4. Role of a viscosity decrease in the mantle wedge (model B). See Figure 3 for detailed caption.

wedge viscosity. While a significant viscosity reduction is required for the arc not to subside, models with a
very low wedge viscosity fail to predict hundreds of meters of elevation difference between the arc and the
fore-arc as observed in southwestern Mexico. In addition to its influence on topography, the addition of a weak
mantle wedge has a modest effect on plate velocities: subduction velocity increases from ~4.5 to ~5 cm/yr.
The modeled convergence velocity is larger than that of DeMets et al. [2010] by less than 1 cm/yr. The addition
of a weak wedge enables in a slightly broader region of high extensional stress, but the maximum amplitude
and general pattern remain similar to the case without a weak wedge.

3.2.2. Role of Slab Anchoring Into the Lower Mantle

Unlike other flat slabs, such as in South America, the Cocos slab does not extend down to the lower mantle. In
model C, we look at the predictions of a model similar to model B, except that the slab extends into the lower
mantle to a depth of 700 km. This has a large impact on the topography and the mantle flow velocities. The
Stokes velocity depends directly upon the viscosity of the surrounding medium and the square of the size of
the sinking body [e.g., Batchelor, 1967]. Increasing the length of the slab tends to increase the sinking velocity,
while greater viscous resistance in the lower mantle tends to lower the velocity. In model C, the average mantle
flow velocities decrease by a factor of ~5. Slab anchoring in the lower mantle results in virtually no subsidence
in the overriding plate (Figures 6a and 7), very slow flow velocities (0.4 cm/yr on average; Figure 6b), and
pervasive extension. This extension is driven by a high gravitational potential energy (the continental crust)
thatis unbalanced by the basal tractions applied by the slab. In models A and B, the dynamically unsupported
slab creates significant fore-arc subsidence, which is necessarily accompanied by a horizontal compressive
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Figure 5. Dynamic topography as a function of the mantle wedge viscosity contrast with respect to the upper mantle.
Each curve corresponds to a different viscosity ratio of the wedge to the upper mantle (reference) viscosity. The light
blue and purple curves show the dynamic topography in models A and B, respectively. For reference, the outline of the
slab, the mantle wedge, and the upper plate are shown in the background in shades of dark, light, and medium grey,
respectively.
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stress component. Hence, negligible fore-arc extension in models A and B results from the combination of
overall upper plate extension with dynamic subsidence localized above the flat slab. In model C, however, the
slab is supported by the lower mantle and has very little effect on stress in the upper plate.

Figure 7 shows dynamic topography as a function of the viscosity ratio of the lower mantle to the upper man-
tle. In these models, the slab is anchored in the lower mantle as in model C and the lower mantle viscosity
varies. The case where the radial viscosity structure of the mantle is uniform (green curve in Figure 7) predicts
both positive and negative dynamic topography, from ~1 km of uplift near the trench to ~1.4 km of subsi-
dence above the flat slab. The stiffer the lower mantle, the smaller the amplitude of the dynamic topography.
The pattern observed in southwestern Mexico between arc and fore-arc elevation can only be predicted by
low (<20) viscosity ratios.

These results suggest that the truncation of the Cocos slab above 660 km depth (1) causes the relatively fast
subduction velocity in spite of the slab’s young age, (2) facilitates the rollback of the deep slab hinge, (3) results
in the increase in elevation from the fore-arc plateau to the TMVB, and (4) gives rise to the nearly neutral state
of stress in the fore-arc.

3.2.3. Role of the Viscosity Within the Subduction Interface

The occurrence of extensional tectonics in the broad fore-arc south of the TMVB suggests a weak coupling
at the subduction interface above the flat-subducting Cocos slab. To investigate the nature of subduction
coupling, we distinguish between two weak zones, one extending from the trench to the beginning of the
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Figure 7. Dynamic topography as a function of the lower mantle viscosity contrast with respect to the upper mantle.
Each curve corresponds to a different viscosity ratio of the lower mantle to the upper mantle (reference) viscosity. For
reference, the viscosity contrast used in model C is 50. The outline of the slab, the mantle wedge, and the upper plate
are shown in the background in shades of dark, light, and medium grey, respectively.
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flat segment, and the other above the flat slab. We consider two models that illustrate end-members of high
versus low coupling.

Model D (Figure 8) is a case where the viscosity of the horizontal subduction interface, at 4 km thick, is weak
but no weaker than in the mantle wedge (i.e,, 2 orders of magnitude stiffer than in the models discussed above,
see Table 2). The viscosity in both the horizontal weak zone and the wedge is 2 orders of magnitude weaker
than the asthenosphere. The viscosity of the subduction interface closest to the trench remains unchanged at
a value 10~* orders of magnitude weaker than the asthenosphere, which is required to let subduction occur.
Here the topography resembles that above a downwelling centered beneath the flat slab (Figure 8a), which
drags the middle of the fore-arc down to sea level (negative dynamic topography > 1.5 km). In the TMVB, the
elevation remains relatively close to isostatic and the stress state remains extensional, although lower than in
models A and B.

The opposite end-member is a model where the viscosity of the entire subduction interface is particularly
weak, as is the wedge (model E, Figure 9). In this case, we use the setup of model B and decrease all weak
zones and wedge viscosities by 1 order of magnitude (see Table 2). The subduction interface remains 4 km
thick to isolate the role of viscosity. This model shows the opposite effect as the high coupling in model D:
it reduces the impact of the slab on the topography. Figure 9a shows that such a viscosity reduction low-
ers the amplitude of the dynamic topography for both positive and negative values. This is consistent with
the idea that the viscosity between the slab and the upper plate controls the transmission of the downward
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subduction forces to the surface. It shows that the slab, although it lays flat ~45 km below the surface, would
not strongly affect the topography if it were drastically decoupled from the upper plate. In addition, ten-
sile stresses are high throughout the fore-arc and the TMVB. This lends support to the argument that in the
fore-arc, the absence of extensional tectonic features and the relatively low elevation are closely related and
induced by the interactions between the subducting slab and the overriding plate. Here as in model C, exten-
sion is predicted throughout the plate, supporting the idea that extension is not a slab-related feature and
that a low-stress fore-arc has to be caused by the flat slab. The reduced viscosities between the slab and the
upper plate result in faster subduction velocities (> 6 cm/yr) and a convergence velocity that is much greater

than at the present day [DeMets et al., 2010].
3.2.4. Role of the Lateral Variations in Viscosity
The results of models A to E differ only in the inclusion of lateral viscosity variations (LVVs). The model shown
in Figure 10 is an isoviscous case that employs the same density distribution as in the other models. To help
visualize the effect of the slab alone, the same isoviscous model with a neutrally buoyant upper plate is shown
in the supporting information in Figure S7. In both isoviscous models, the slab induces a nearly symmetrical
mantle flow pattern. This is typical for weak slabs, in which stress guiding is not effective [e.g., Conrad and
Lithgow-Bertelloni, 2002, 2004; Gérault et al., 2012]. In Figure 10b, the overriding plate extends with divergent
velocities on the edges of the plate. In the absence of viscosity variations, the dynamic pressure in the over-
riding plate is nearly unaffected by the presence of the slab (Figure S6a). Unlike in models A to F, the dynamic
topography created by the slab is very broad and always negative (subsidence) or neutral. Without viscosity
variations, subsidence is the greatest above the center of mass of the steep segment of the slab, whereas it is
otherwise greater above the flat slab because of the enhanced coupling between slab and overriding plate. In
isoviscous models, the dynamic topography above the flat slab is similar to that expected from Airy isostasy
(i.e, <400 m, see section 2), which suggests that in those models the influence of the viscous drag from mantle
flow is minor. We conclude that inclusion of viscosity variations better captures the large deficit in fore-arc ele-
vation with respect to the arc. The amplitude of the deviatoric stress shown in Figures 10b and S7b is smaller
than in models with LVVs by a factor of ~3, presumably owing to an absence of viscous bending stresses and
because resulting stresses are more widely distributed. Deviatoric stress and strain rates (supporting informa-
tion) are maximum above the steep slab segment. Principal stresses indicate horizontal convergence above
100 km and transition to downdip compression at the tip of the steep slab. Accounting for the low density of
the overriding plate has a limited effect on dynamic topography. It does, however, exert a large influence on
the distribution of stresses and strain rates in the upper plate.
3.2.5. Preferred Model
Model F (Figure 11 and Table 2) offers the best match to the topography while also matching the tectonic stress
state. Itis characterized by a moderate viscosity drop along the subduction interface, and a mantle wedge that
is weaker and more buoyant than the rest of the asthenosphere. The setup is the same as in model B, but also
with a density decrease in the mantle wedge. To obtain ~400 m of positive dynamic topography (cf. section 2),
we find that an excess buoyancy of 35 kg/m3 is required for the wedge geometry that we use. The stress
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Figure 11. Role of the wedge buoyancy and preferred model (model F). See Figure 3 for detailed caption. In Figure 11a the dashed green line shows the dynamic
topography from model B (Figure 4) for reference.

pattern in the overriding plate is similar to model B (Figure 4b), but the buoyant wedge induces additional
extension in the TMVB (Figure 11b). The low density of the wedge causes a linear increase in wedge pressure
(see Figure S8ain the supporting information) and upward flow. As a result, a small cell of clockwise convection
develops within the larger, counterclockwise corner flow pattern. This type of small-scale counterflow in a
weak and buoyant wedge was also observed in the models of Davies and Stevenson [1992] and Billen et al.
[2003]. The plate convergence velocity that is nearly equal to that observed [DeMets et al., 2010].

4. Discussion

4.1. The Unusual Characteristics of the Flat Slab in Southwestern Mexico

The Cocos slab is nearly horizontal between Acapulco and Mexico City. Although there are other flat slabs
along the western margin of the Americas, such as Alaska, Peru, and Chile-Argentina, the tectonic setting
surrounding the slab in southwestern Mexico is unique. The absence of thickened oceanic crust [Skinner and
Clayton, 2011; Gutscher et al., 2000], lithospheric mantle [Pérez-Campos et al., 2008; Kim et al., 2012a; Ferrari
et al, 2012], and nearby continental keel results in an unusual density and viscosity structure. It is therefore
an interesting place to study the effects of slab-induced dynamic topography.

Skinner and Clayton [2011] examined the possible reasons for slab flattening and concluded by elimination
that it could come from a low-viscosity wedge, as proposed earlier by Manea and Gurnis [2007]. We briefly
propose an alternative explanation. Although no buoyant seafloor features subducted where the slab is cur-
rently flat [Skinner and Clayton, 2011], it appears that slab flattening occurred during the Oligocene [Ferrari
etal, 2012], a process that would have been promoted by the young age of the Cocos plate and the subduc-
tion of buoyant seafloor features. The current flat slab is located in the middle of two presumed tears [Stubailo
et al., 2012; Dougherty and Clayton, 2014] which may have isolated this portion of slab from those to either

side, where the slab subducts with a more typical dip. The ultimate cause of slab flattening, however, is not
yet understood.

Abundant volcanism in the TMVB contradicts the usual assumption that flat slabs shut down arc magmatism
[e.g., Isacks and Barazangi, 1977; Jorddn et al., 1983; Bird and Baumgardner, 1984]. This, and the apparent weak
coupling at the subduction interface [Song et al., 2009; Kim et al., 2010, 2012b, 2013], could result from an
increased water input into the mantle with respect to other flat slabs. There may be several reasons for this.
The slab flattens at the shallow depth of 45 km, perhaps transporting the hydrated slab to the mantle wedge
before much of the water has been released through metamorphic reactions. Also, the fact that the flat slab
is not associated with the subduction of thickened oceanic crust implies that it is not related to an anoma-
lous melting event, which would have left the crust and the underlying mantle dry. In addition, Skinner and
Clayton [2011] note that significant tectonic erosion has taken place since the Oligocene and that the sub-
ducted erosion products should transport large amounts of water to the mantle. This compares favorably

with our dynamic models that suggest that a low-viscosity subduction interface is required to match the
topography.

GERAULT ET AL.

FLAT SLAB AND TOPOGRAPHY IN MEXICO 1904



@ AG U Tectonics 10.1002/2015TC003908

4.2. The Role of the Mantle Wedge and the Subduction Interface Properties

Our numerical results suggest that low-viscosity regions are required in both the mantle wedge and along
the subduction interface to capture the upstepping topography as the TMVB is approached, and the nearly
neutral stress across the fore-arc plateau. Too much coupling between the overriding plate and the slab
causes the topography in the arc and fore-arc to drop below its actual value; too little coupling and the
influence of the slab on the fore-arc topography becomes negligible, leaving the fore-arc at a similar alti-
tude as the TMVB, as dictated by its crustal buoyancy. It is the low viscosity of the wedge that prevents
the TMVB from being pulled down by the sinking slab [e.g., Billen and Gurnis, 2001], while it is the viscos-
ity of the subduction interface that controls the elevation in the fore-arc. We conclude that a weak channel,
as previously imaged seismically, is required between the flat slab and the overriding plate to avoid hori-
zontal compression in the fore-arc, in agreement with the study of Manea and Gurnis [2007]. We show in
section 2 that a few hundred meters of the TMVB elevation could arise from dynamic support, perhaps owing
to the presence of melt in the crust beneath the arc or in the mantle wedge. For simplicity, we focus on the
wedge buoyancy and find that a density decrease of 35 kg/m? creates a good match to the TMVB elevation
(see Figure 11). Such a density reduction is larger than the values found by Billen and Gurnis [2003] in the
Tonga-Kermadec and Central Aleutian subduction zones (20 and 10 kg/m3, respectively). However, our study
uses a slightly different wedge geometry and involves a different setting. Furthermore, there is a trade-off
between the density reduction and the volume of the wedge; the results are only sensitive to the net buoy-
ancy. Unlike Billen and Gurnis [2001], we find no difference in the topography predicted by models where
the viscosity reduction is localized in the wedge as opposed to throughout the asthenosphere (models with
a weaker asthenosphere not shown because their results are essentially the same). However, seismic obser-
vations discussed in section 1 and the additional buoyancy required to support the TMVB elevation lend
support to the presence of a rheologically distinct region between the steep Cocos slab segment and the
continental Moho.

4.3. Model Assumptions and Limitations

Our study is designed to identify the mechanisms that control the elevation distribution and crustal stress at
the scale of southwestern Mexico, and the trends that we describe are robust in terms of how the viscosity in
the wedge and the weak zones affects the topography and stress in the overriding lithosphere. However, the
short-wavelength (flexurally supported) topographic features such as the Sierra Madre del Sur and volcanic
edifices in the TMVB are absent from our analysis, and we use uniform crustal density and viscosity values
throughout the arc system, including uniform crustal thicknesses in each the arc and the fore-arc. Also, if our
assumption that there is no mantle lithosphere beneath the TMVB is incorrect, our calculation of the isostatic
TMVB elevation would be correspondingly in error. The density of our modeled slab is independent of age.
Series of tests with end-member slab density anomalies show that our results can be reproduced using differ-
ent absolute viscosities for the weak zones along the subduction interface (higher slab densities require less
coupling to produce similar subsidence and vice versa). We modeled the slab using a viscosity increase of 500
with respect to the upper mantle [e.g., Funiciello et al., 2008]. However, the Cocos slab is young and could be
less viscous than average. We show in the supporting information (Figure S9) that a model where the slab vis-
cosity is 1 order of magnitude lower than in our preferred case provides a similarly good fit to the topography
when using a weak zone viscosity 1 order of magnitude higher above the flat slab (keeping other parameters
unchanged). Because of these types of trade-off, and because we use a purely viscous Newtonian rheology,
the viscosity values that we used are simply representative of effective viscosity trends. Our model profile,
located at the center of the flat slab rather than near the slab edges, has the advantage of minimizing the 3-D
effects [e.g., Piromallo et al., 2006]. However, the geometry of the Cocos slab varies along the Middle America
Trench, suggesting that a 3-D model could place additional constraints on the mechanisms required to match
the topography and tectonics in the arc and fore-arc. Our 2-D geometry allows for a detailed treatment of
the subduction zone geometry (>500 m numerical resolution) in purely dynamic models (plate motions are
driven by buoyancy anomalies only, as opposed to prescribed). These aspects of our modeling are crucial to
the questions that we address.

4.4. General Implications

Modeling studies of dynamic topography at subduction zones rarely include a detailed treatment of the
lithosphere density and viscosity variations. As a result, constraining dynamic topography amplitudes has
proven difficult [Ddvila and Lithgow-Bertelloni, 2013; Flament et al., 2013]. In this study, we are able to infer
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the magnitude of the dynamic response to flat slab subduction by focusing on a present-day example where
the properties of the slab and the upper plate are reasonably well constrained. Topography is primarily
controlled by the density field, including that of the sublithospheric mantle, but at a subduction zone it
also depends significantly on the viscosity structure including the subduction interface, mantle wedge, and
the shallow and deep slab. Many previous studies of dynamic topography at subduction zones and else-
where have involved Stokeslet types of semi-analytical models (see reviews by Ddvila and Lithgow-Bertelloni
[2013], Flament et al. [2013]) in which only radial viscosity variations are used, and these models have been
successful at explaining the first-order topography. At wavelengths > 500 km, the amount of subsidence
predicted by our isoviscous and LVVs models is in broad agreement with these models. Nevertheless, our
results highlight the significant role of plate boundary rheology in controlling the surface elevation response
to mantle flow. In particular, our models only capture the regional topographic variations in southwest-
ern Mexico when lateral viscosity variations (i.e., the more viscous slab, and the weak subduction interface
and mantle wedge) are included. This is in agreement with the recent study of Kaban et al. [2014] who
found that LVVs at plate boundaries have a significant effect on the geoid, mostly through their impact
on dynamic topography. While it is often assumed that dynamic topography mostly plays a role at long
wavelengths (i.e.,, beyond ~300 km [Ddvila and Lithgow-Bertelloni, 2013]), our results show that there is an
important shorter-wavelength correspondence between dynamic topography and subduction geometry in
southwestern Mexico. This suggests that mantle dynamics can influence topography at wavelengths as short
as a few tenth of kilometers, but that previous geophysical models lacked the spacial resolution to capture
this behavior.

5. Conclusions

We propose that a combination of characteristics specific to southwestern Mexico—flat-slab subduction
without buoyancy anomaly on the Cocos plate, presence of a weak and perhaps buoyant mantle wedge, lack
of slab anchoring into the lower mantle, absence of mantle lithosphere beneath the continental crust, and a
weak subduction interface—is responsible for a neutral to extensional state of crustal stress and the abrupt
elevation increase going from the fore-arc to the arc. We provide numerical models that capture these aspects
when lateral viscosity variations from the wedge, subduction interface, and slab are taken into account. The
physical properties of the wedge primarily control the topography in the arc (TMVB), whereas those of the
subduction interface control the topography and state of stress in the crust.

We attribute the overall extensional stress in the TMVB to its high gravitational potential energy, which is a
result of its thin or absent mantle lithosphere. A density reduction in the wedge, while being a contributing
factor, is not required for the models to predict extension. Extension is negligible in the fore-arc, where the
continental lithosphere is clearly missing and is replaced by the flat Cocos slab. The gravitational potential
energy in this region, while large [Humphreys and Coblentz, 2007], is kept from being exceptionally great by the
weight of the flat slab, which induces subsidence and hence creates a component of horizontal compression
in the overriding plate. This results in a nearly neutral fore-arc stress state.

The mass anomaly from the flat slab causes dynamic subsidence of the fore-arc, which accounts for most
of its kilometer-scale elevation deficit with respect to the TMVB. The greater the coupling in the wedge and
along the subduction interface (i.e., the higher the viscosity), the greater the dynamic subsidence. The fore-arc
stands nearly 1 km below its predicted isostatic elevation, which we explain by (1) the lack of slab anchoring
into the lower mantle (the Cocos slab stopping at ~500 km depth), (2) an absence of buoyancy anomaly on
this flat-slab segment, and (3) low to moderate coupling along the subduction interface. We estimate that the
central plateau of the TMVB stands several hundred meters above its crustally predicted isostatic elevation,
which requires a low-viscosity mantle wedge to decouple the upper plate from the downgoing slab, and
perhaps some contribution from a low-density mantle wedge.

More generally, our study suggests that accurately modeling the wavelength and the magnitude of dynamic
topography in a complex geological setting requires a detailed treatment of both the density and the vis-
cosity field. While the tectonic setting of southwestern Mexico is unusual, these results have implications for
both regional and global studies that aim at understanding mantle-lithosphere interactions and their surface
response, such as sea-level change and the vertical motions of continents.
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