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Lateral Variations of Interplate Coupling along the Mexican Subduction Interface:
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Abstract—Although patterns of interseismic strain accumula-
tion above subduction zones are now routinely characterised using
geodetic measurements, their physical origin, persistency through
time, and relationships to seismic hazard and long-term deforma-
tion are still debated. Here, we use GPS and morphological
observations from southern Mexico to explore potential mechanical
links between variations in inter-SSE (in between slow slip events)
coupling along the Mexico subduction zone and the long-term
topography of the coastal regions from Guerrero to Oaxaca. Inter-
SSE coupling solutions for two different geometries of the sub-
duction interface are derived from an inversion of continuous GPS
time series corrected from slow slip events. They reveal strong
along-strike variations in the shallow coupling (i.e. at depths down
to 25 km), with high-coupling zones (coupling >0.7) alternating
with low-coupling zones (coupling <0.3). Coupling below the
continent is typically strong (>0.7) and transitions to uncoupled,
steady slip at a relatively uniform ~ 175-km inland from the
trench. Along-strike variations in the coast-to-trench distances are
strongly correlated with the GPS-derived forearc coupling varia-
tions. To explore a mechanical explanation for this correlation, we
apply Coulomb wedge theory, constrained by local topographic,
bathymetric, and subducting-slab slopes. Critical state areas, i.e.
areas where the inner subduction wedge deforms, are spatially
correlated with transitions at shallow depth between uncoupled and
coupled areas of the subduction interface. Two end-member
models are considered to explain the correlation between coast-to-
trench distances and along-strike variations in the inter-SSE cou-
pling. The first postulates that the inter-SSE elastic strain is
partitioned between slip along the subduction interface and
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homogeneous plastic permanent deformation of the upper plate. In
the second, permanent plastic deformation is postulated to depend
on frictional transitions along the subduction plate interface. Based
on the location and friction values of the critical state areas iden-
tified by our Coulomb wedge analysis, we parameterise frictional
transitions in plastic-static models of deformation over several
seismic cycles. This predicts strong shear dissipation above fric-
tional transitions on the subduction interface. The comparison of
modelled surface displacements over a critical zone at a frictional
transition and over a stable area with no internal wedge deforma-
tion shows differences of long-term uplift consistent with the
observed along-strike variations in the coast-to-trench distances.
Our work favours a model in which frictional asperities partly
control short-term inter-SSE coupling as measured by geodesy and
in which those asperities persist through time.

Key words: Middle America Trench, global positioning sys-
tem, inter-SSE coupling, critical taper theory, plastic deformation,
coastal morphology.

1. Introduction

Interseismic coupling maps derived from geodetic
observations (e.g. CHLIEH et al. 2014) are now widely
used to represent 2D variations in strain along seis-
mogenic zones and are providing increasingly
detailed views of interseismic strain accumulation
along major subduction zones (e.g. MAzzOTTI et al.
2000; BURGMANN et al. 2005; Franco et al. 2012;
NocQUET et al. 2014). Although geodetic observa-
tions are now precise enough to distinguish fully
coupled, locked sections of a fault from uncoupled or
partially coupled sections, the physical origin, per-
sistency through time, and hazard implications of
geodetically derived coupling variations are still
incompletely understood. Coupled areas appear to be
roughly spatially correlated with rupture areas of
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major earthquakes, as shown for Mw8+ subduction
earthquakes like in Sumatra (CHLIEH et al. 2008),
Japan (LoveLess and MEeaADe 2011) or the Andes
(CHLIEH et al. 2011; METoIS et al. 2012). Along some
subduction interfaces, areas that produce earthquakes,
also called asperities, seem to be separated by areas
of low coupling that may slow or arrest propagating
rupture fronts. Large ruptures may break through
such barriers (Konca ef al. 2008) due to dynamic
effects (Kaneko et al. 2010; CuBas et al. 2015). Most
authors interpret variations in interseismic coupling,
which may persist for a few decades or longer, as
variations of frictional properties that may result from
or influence other characteristics of a subduction zone
such as its geology, morphology, and gravity, which
may persist for millions of years. Features on the
down-going plate such as seamounts or oceanic rid-
ges may give rise to local variations in coupling along
some subduction zones (e.g. SINGH et al. 2011),
whereas morphological features of the overriding
plate may control coupling variations elsewhere
(BEjar-Pizarro et al. 2013). A correlation between
trench-parallel negative gravity anomalies and rup-
ture areas of great earthquakes, as well as between
positive gravity anomalies and aseismic creeping
areas, is also observed (SonG and Simons 2003). All
of these observations suggest that the seismogenic
behaviour of subduction zones may be stationary over
long time scales. Consistent with this idea, critical
taper theory (DAHLEN 1984) postulates that the
structure and morphology of a forearc prism depend
on its mechanical properties, including its basal and
internal friction angles and pore fluid pressure.
Applied to subduction wedges in Chile and Japan
(CuBas et al. 2013a, b), this theory shows that parts
of the wedge that are in a stable state are located
above past earthquake rupture zones and strongly
coupled areas of subduction interface, whereas areas
that are at critical state (i.e. parts of the wedge that
are affected by internal deformation) are associated
with lower interseismic coupling and contour the
stable areas.

In this study, we further explore the mechanical
link between interseismic coupling, the characteris-
tics of the slab interface and accretionary prism, and
the long-term deformation of the overriding plate,
possibly accumulated through non-elastic processes.
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We focus on the Mexican subduction zone where the
Cocos plate subducts below the North American
plate. This area has been extensively studied from
geodetic and seismological observations since the
discovery of slow slip events (hereafter abbreviated
“SSE”) and tremors both in Guerrero and Oaxaca
regions (e.g. Lowry er al. 2001; BRupzINSKI ef al.
2007; CorREA-MORA et al. 2008, 2009; KosToGLoDOV
et al. 2010; WALPERSDORF et al. 2011; RADIGUET et al.
2012; Husker et al. 2012; GRAHAM et al. 2014a). To
date, most studies of the spatio-temporal behaviour of
slip along the Mexican subduction zone have focused
separately on Guerrero and Oaxaca. With the increase
of the GPS network density during the past years,
especially in the Oaxaca region (GRAHAM et al.
2014b), a more regional analysis has become possi-
ble, as presented in this study.

Below, we use an interseismic GPS velocity field
for southern Mexico measured in between SSE (inter-
SSE velocity field) to retrieve a regional map of inter-
SSE coupling from the Guerrero to the Oaxaca seg-
ments of the Mexico subduction zone. We first
compute forward models to extract first order char-
acteristics (downdip limit of coupling and data
sensitivity to along-strike variations of coupling at
shallow depth). We then invert for the 2D distribution
of inter-SSE coupling on the subduction interface.
We quantify along-strike variations in the shallow
(depths of 0 to 25 km) coupling and compare them to
along-strike variations in the coast-to-trench dis-
tances. Through a mechanical analysis of the long-
term morphology of the accretionary wedge, follow-
ing CuBas et al. (2013a), we locate the critical state
areas on the slab interface. This allows us to discuss,
for the first time in this region, the persistency
through time of inter-SSE coupling patterns and the
mechanisms involved in the coastal long-term
deformation of subduction zones.

2. Seismic and Aseismic Behaviour

Compared to other subduction zones, the Mexican
subduction zone in the Guerrero-Oaxaca (Fig. 1) area
has a narrow seismogenic zone, extending downdip
by ~ 60 km (SuArez and SANCHEZ 1996) to approx-
imate depths of 25 km. Two areas devoid of
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Inter-SSE GPS site velocities corrected for silent slip events as determined from GPS position time series. Velocities are relative to a
stationary North America plate. Orange and purple vectors show horizontal velocities that are used in this study (54 stations) and by RADIGUET
et al. (2012) (18 stations), respectively. Confidence ellipses (1 — ) are shown for this study only. Vertical thick bars show the vertical site
rates used in this study (blue for subsidence and red for uplift). The thin, vertical, black lines indicate the 1 — ¢ uncertainty. The black vectors
offshore show convergence velocities predicted by the PVEL Cocos—North America angular velocity (DEMETs et al. 2010). The four black
rectangles with a coloured side delineate the groups of GPS stations that are used for our forward modelling. The topography and bathymetry
are combined from SRTM (Farr et al. 2007) and ETOPO1 (AMANTE and EakiNs 2009) measurements. Inset at top right corner shows
geodynamic setting, with convergence of Cocos (CO) towards North America (NA) plates. Adjacent plates are the Pacific (PA), the Riviera
(RA) and the Caribbean (CA) plates. The Trans-Mexican Volcanic Belt (TMVB) is shown in orange

seismicity were defined as seismic gaps: the
Michoacan and the Guerrero gaps (Astiz and Kana-
MorI 1984). The first was filled by the destructive M,,
8.1 Michoacan earthquake in 1985. The 200 km-long
Guerrero Gap ruptured in 1957 and 1962 in its
southeastern half (Ortiz et al. 2000), while its
remaining 100 km-long northwestern part has not
broken since at least 1911 (KostoGLobov et al. 1996).

Five SSEs have been detected in the Guerrero
area since the installation of continuous GPS stations:
in 1998, 2002, 2006, 2009 (Lowry et al. 2001; Kos-
TOGLODOV et al. 2010; VERGNOLLE 2010; W ALPERSDORF

et al. 2011; RADIGUET et al. 2011), and the most
recent event in 2014. They recur approximately every
4 years (CotTE et al. 2009) and are among the largest
SSEs in the world, with equivalent magnitudes of 7.5
(RADIGUET et al. 2012). Models of the 2006 event
from GPS and InSAR data (RaDIGUET et al. 2011;
CAVALIE et al. 2013; BEKAERT et al. 2015) show that
the SSE is located at the transition between the stick-
slip and steady slip areas, with the SSE partly
intruding updip into the seismogenic zone. From an
analysis of 12 years of interseismic strain, RADIGUET
et al. (2012) show that SSEs release about 75 % of
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the elastic strain energy that is stored during the inter-
SSE period. In the Oaxaca region, M,, 6.6-6.9 SSEs
have been observed every 1-2 years since 1993,
when continuous GPS measurements began there
(Brupzinski et al. 2007; MARQUEzZ-AzuA and DEMETS
2009; GrAHAM et al. 2014a). SSEs below Oaxaca do
not appear to propagate updip into the seismogenic
zone. Differences between Guerrero and Oaxaca
regarding the location of the SSEs with respect to the
potential seismogenic zone may be related to differ-
ent phases of the seismic cycle for these two regions
as suggested by seismic cycle modelling (e.g.
Lapusta et al. 2000; Liv and Rice 2007). The 2011/
2012 SSE below Oaxaca migrated ~ 200 km along
strike and may have triggered the 2012, M,, 7.2,
Ometepec earthquake (GRAHAM et al. 2014Db).

Seismic tremors have also been detected both in
Guerrero (KostogLopov et al. 2010) and Oaxaca
(Brupzinski et al. 2010). Although peak tremor
activity below Guerrero is recorded during SSEs,
smaller energy bursts are detected between major
SSEs, possibly associated with smaller, barely
detectable SSEs (VERGNOLLE 2010; Frank et al.
2015). Husker et al. (2012) describe two tremor
sweet spots below southern Mexico, one at ~215 km
from the trench, downdip from the region populated
by SSEs, where tremors are relatively continuous,
and the other at 180-200 km from the trench, over-
lapping the SSE sweet spot and where tremor is more
intermittent. Complementary studies of low fre-
quency earthquakes (Frank et al. 2013) localise the
low frequency events within the two tremor areas on
the subduction interface, with a temporal behaviour
similar to that of tremors and thrust focal mechanisms
compatible with the subduction motion.

3. Analysis of Inter-SSE Coupling in Southern
Mexico

3.1. GPS Data

Several continuous GPS networks are running in
Mexico, operated by the Geophysical Institute (IG)
and the National Seismological Service (SSN) of the
National ~Autonomous University of Mexico
(UNAM), and one GPS network by the Mexican
National Institute of Statistics and Geography
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(INEGI). Data presented in this paper cover the
period 2005-2011, with a progressive densification of
stations through time. Stations are mainly localised
along the coast and along a profile going from
Acapulco to Mexico City in the Guerrero region. In
the Oaxaca region, stations are more sparse (Fig. 1).
Extraction of the inter-SSE velocities, representing
the strain accumulation between slow slip events,
consists of fitting a site position time series via a
linear regression that has been modified to also
estimate and remove step functions due to earth-
quakes, slow slip events, and hardware changes and
to mask periods when slow slip events occur. All
continuous data employed for this study were
processed using an identical methodology, which is
fully described by GrRAHAM et al. (2014a, b). The
best-fitting inter-SSE velocities relative to a station-
ary North America plate are plotted in Fig. 1 and are
projected onto profiles in Fig. 2a, b. Horizontal
velocities are maximal in the coastal area and
decrease progressively. The site velocities are con-
sistent with northeast-directed convergence of the
Cocos plate with North America, as expected. The
vertical rates show rapid subsidence along the littoral,
a pattern that mimics the long-term morphology,
which includes several large coastal lagoons. Inland,
a band of present-day uplift at ~ 125 km from the
trench coincides with a high mountain range, the
Sierra Madre del Sur. The inter-SSE vertical veloc-
ities taper to zero at ~ 250 km from the trench.
Compared to RADIGUET et al. (2012), our study
presents an increased number of GPS observations,
and incorporates data from the Oaxaca region. At
stations that are common to our studies, the GPS site
velocities are consistent (compare orange and purple
arrows on Fig. 1). We interpret this as evidence that
the velocity estimates are robust given that different
approaches were used in the two studies to extract the
inter-SSE signal.

3.2. Forward Models

We begin with simple forward backslip modelling
to approximate the downdip location of the transition
between the coupled (or partially coupled) area and
the deep, steady creeping area. We also test the
sensitivity of the GPS velocities to along-strike
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Trench-perpendicular profiles of the horizontal a and vertical b components of the 54 GPS site velocities used in this study and illustrated in
Fig. 1. The coloured dots correspond to the groups of stations defined in Fig. 1. Grey dashed lines show three forward models with coupling
values between the coast and trench of O (light grey), 0.35 (mid grey), and 0.7 (black). Velocities shown for those models are computed on
GPS sites. ¢ Forward modelling parameters along Profiles 1 to 4. The top panel shows the tested coupling values and the bottom panel shows a
profile of the chosen fault plane geometry. Note that the lateral extension of these two planes is the same as the one used for static inversions
in Fig. 3a. Offshore coupling values are set to 0, 0.35, or 0.7, as colour coded in a. The coupling from the coast inland to distance D is set to

0.7 and drops to 0 beyond point D

variations in the coupling offshore, a topic that we
focus on in later sections (Fig. 2). To relate the slip
on a given patch of the subduction interface to the
surface displacements, we build Green’s functions

following the discrete wave number method (Bou-
cHoN 1981, 2003) in an elastic stratified medium,
assuming the HERNANDEZ et al. (2001) velocity model
and using AXITRA software (CouTanT 1989).
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The geometry of the subduction interface that we
adopt for the forward modelling is similar to
Geometry B from RADIGUET ef al. (2012). The
interface consists of two planar segments, one that
initiates at the trench and dips 15° to the northeast
and the other continuing inland beneath the conti-
nent at a horizontal angle (Fig. 2c). This geometry is
referred to as the 2D flat-ramp geometry in the
following. A discussion about the effect of the slab
geometry on the coupling is made in Sect. 3.3. We
constrain the rake angle to be 80° everywhere along
the subduction interface, representing the best com-
promise rake angle found by RADIGUET et al. (2012)
for the inter-SSE period.

The vertical component of inter-SSE velocities is
sensitive to the location and depth of the transition
between partially coupled and steadily slipping areas
of the subduction interface (e.g. Kanpa and SiMoNs
2012). Simple forward models in which we varied
both the coupling and distance D from the trench to
the coupled—uncoupled transition best fit the GPS site
velocities for a transition that is ~ 175 km from the
trench (See supplementary materials for details).

We also use elastic forward modelling to evaluate
whether the differences between the site velocities
that are predicted for average coupling values of 0,
0.35, and 0.7 along the shallowest (offshore) part of
the subduction interface are large enough to be
resolved by GPS measurements at coastal and near-
coastal sites. Each model applies uniform interface
coupling of 0.7 between the coast and distance D
(175 km) (Fig. 2c). The elastic velocities that are
predicted by these three forward models span the
range of the observed velocities (Fig. 2), suggesting
that to first order, coupling coefficients between 0 and
0.7 are necessary to fit the horizontal velocities and,
to a lesser degree, the observed vertical rates. Stations
along Profiles 2 and 4 (in orange and purple in Fig. 2)
are best matched for shallow coupling values of 0.35
to 0.7, whereas stations along Profiles 1 and 3 (in
yellow and red in Fig. 2) are best matched by
coupling values smaller than 0.35. We conclude that,
despite the parameter cross-correlation not investi-
gated in those forward models, significant variations
in coupling across the shallowest part of the subduc-
tion interface are detectable with the GPS velocities
that are available for this study.
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3.3. Static Inversions

While forward models highlight first-order char-
acteristics of the coupling distribution,
inversions provide a more precise view of its spatial
variations. Following the approach of RADIGUET et al.
(2012), we use the least square formulation for linear
problems (TaranToLA 2005) to invert the 3D GPS
velocities for the optimal 2D distribution of coupling
along the subduction interface (Fig. 3a, b). The
geometry of the Mexican subduction interface,
imaged over the Guerrero area by the Meso-America
Subduction Experiment (MASE) (KM ef al. 2012),
reveals a flat subduction interface at ~ 40 km depth
and ~ 100 km from the trench. But the lateral
extension of this flat interface is not known. The
recent Slab1.0 (HAYEs et al. 2012) model based on a
large compilation from earthquake catalogues to
active seismology profiles and bathymetry presents
a 3D geometry for the whole subduction zone. This
geometry is well constrained at depths below 20 km
and interpolated at larger depths with few constraints
from deep earthquakes. It is not well constrained at
intermediate depths and is not consistent with the
geometry derived from receiver functions analysis in
the Guerrero area (Fig. 3c). To assess the effect of the
slab interface geometry on our coupling results, we
test two different geometries: the 2D flat-ramp
geometry presented in the forward approach and
compatible with receiver functions analysis and the
3D interface of HaYEs er al. (2012) (Fig. 3c). Note
that both are consistent at shallow depths offshore,
where the Slabl.0 geometry shows very little

static

Figure 3
Best-fit inter-SSE coupling solutions for 2 slab geometries from our
GPS site velocities inversion. a Best coupling solution for a
uniform ramp-flat slab geometry. b Best coupling solution for the
3D Slabl.0 geometry from HAYEs et al. (2012). The four bold
coloured lines along trench coincide with the four GPS station
groups that are defined in Fig. 1. Contours of historical earth-
quakes, GPS-recorded slow slip events and tremor activity are in
dark blue (SonG et al. 2009), light blue (RADIGUET et al. 2012;
Brupzinski et al. 2007; GRAHAM et al. 2014a) and purple (BRUDZIN-
ski et al. 2010), respectively. Notable offshore bathymetric features
are shown (F.Z. Fracture zone, MAT Middle America Trench).
¢ Slab geometry profiles used in models a and b. The black profile
shows the flat-ramp 2D geometry used in model a, while the four
colour profiles show the 3D geometry used in model b (profiles
correspond to the central section of boxes in Fig. 1, with same
colour code)
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Figure 4
Comparison of observed horizontal (fop) and vertical (bottom)
inter-SSE GPS velocities to those predicted by best-fitting coupling
solutions shown in the previous figure. Top Orange and grey
vectors show the observed and predicted horizontal velocities,
respectively. Light grey corresponds to the 3D slab geometry
solution while dark grey corresponds to the 2D one. Bottom Red
and blue boxes show the observed uplift and subsidence rates,
respectively. Errors on vertical rates are shown by a fine black line
on top of each box. As for horizontal rates, light grey boxes
correspond to the 3D slab geometry solution while dark grey boxes
correspond to the 2D one

variations in dip angle along strike. The precise
configuration and resolution of the inversion are
detailed in supplementary materials.

Preferred coupling solutions are shown in Fig. 3a,
b together with the location of SSEs, tremors and
historical earthquakes. The horizontal and vertical
components of the observed GPS velocities are well fit
by both models (Fig. 4) except for stations in Mexico
City that are subsiding due to non-tectonic ground
water extraction and compaction of lake sediments, as
documented by InSAR (Lopez-Quiroz et al. 2009).
The estimated coupling values are relatively homoge-
neous at intermediate depths of the slab, but vary along
strike at shallow depths. The location of the transition
between deeper, uncoupled areas of the subduction
interface and partly-to-fully coupled shallow areas is
consistent with that found by forward models, at
~ 175 km from the trench. The shallowest part of the
subduction interface consists of three strongly cou-
pled and two weakly coupled areas (Fig. 3),
consistent with our forward modelling results
(Fig. 2). The westernmost strongly coupled area,
however, is constrained by only one GPS station
velocity and is thus less reliably determined (also see
the resolution analysis presented in the supplemen-
tary materials). The two geometries tested show only
slight differences. The coupling is more important at
intermediate depths in Oaxaca with the 3D geometry
and the downdip transition between highly coupled
and fully uncoupled areas is sharpest with the 3D
geometry due to its higher dip angle at depth.

Slow slip events occur below ~ 10 km depth in
partially coupled areas (<0.6), slightly overlapping at
places with historical earthquakes areas (Fig. 3). As
SSEs are located only below the continent, the
interseismic coupling distribution, sum of the inter-

SSE coupling and SSEs contributions, still presents
offshore coupling variations [GRaHAM ef al. 2015,
(Figure 11)], on which we focus on in the following.
The most strongly coupled area in southern Mexico is
off the coast of Oaxaca, where finite element mod-
elling of inter-SSE velocities from a dense, mixed-
mode GPS network (CorRREA-MORA et al. 2008) pre-
viously demonstrated that the most strongly coupled
part of the subduction interface coincides with the
rupture area of the 1978 M,, 7.6 earthquake (STEWART
et al. 1981). The area is therefore of high seismic
hazard. Tremor activity located on the inland/deepest
part of the flat slab coincides with low coupling (<0.3),
presumably because the interface is silently sliding
during the inter-SSE period.

4. Relation Between Short-Term Coupling and Long-
Term Morphology

Inter-SSE surface deformation depends on varia-
tions of slip at depth that we model as lateral variations
of coupling on the subduction interface. Earthquakes
and SSEs induce surface displacements in the opposite
direction as does inter-SSE, elastic shortening and
release accumulated elastic strain. In the case of an
homogeneous elastic medium, earthquakes and other
phenomena that accommodate slip along the subduction
interface release all of the accumulated elastic strain
(Savace 1983). No long-term surface deformation such
as topography is thus created. Conversely, observations
of surface morphology along subduction zones (coastal
shape, crustal faults) show that lateral variations of these
features coincide with geodetically derived coupling
patterns at depth in some cases (e.g. BEjAR-PizARRO
et al. 2013), indicating that some interseismic or inter-
SSE deformation may be non-reversible.

Along the Mexican Subduction Zone, we compare
the shape of the coastline with the distribution of inter-
SSE coupling as modelled in the previous section. We
compute distances between the trench and the coast in
the direction of convergence, using the ETOPO1 Digital
Elevation Model (DEM) at 1’ resolution (AMANTE and
Eakins 2009) for the offshore part, combined with the
SRTM DEM at 90 m resolution (FARrr et al. 2007) for
the inland part. Figure 5a compares the trench-to-coast
distances corrected from a linear trend with lateral



R. Baptiste et al.

>

90

I

]

o
.

Averaged Offshore Coupling

-200-150-100 -50 0 50 100 150 200 250

Distance perpendicular to the convergence,
from ACAP station (km)

Detrended Trench - to - Coast Distance (km)

Pure Appl. Geophys.

—_

0.9} 1
0.8 Rsq = 0.57 1
0.7} Rsq = 0.51 . |
0.6} . . —
05} :
0.4}
0.3}

0.2}

Averaged Offshore Coupling

0.1} 1

66 68 70 72 74 76 78 80
Detrended Trench - to - Coast Distance (km)

82

Figure 5
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variations of coupling below the accretionary prism
between the trench and the coast. The noteworthy cor-
relation for long wavelengths shows that weakly
coupled areas coincide with lesser trench-to-coast dis-
tances while strongly coupled areas correspond to
greater trench-to-coast distances. The linear regression
coefficients between trench-coast distances and off-
shore coupling values are on the order of 0.5 for both
geometries used in the coupling modelling (Fig. 5b).
The correlation between the coastal shape and lateral
coupling variations may be evidence for a mechanical
relation between slip on the subduction interface and
long-term surface deformation. To test this hypothesis
and explore potential mechanisms involved, we use an
independent analysis based on the mechanics of the
accretionary wedge to determine the relationships
between the long-term deformation of the forearc, its
frictional properties and the coupling pattern.

5. Contribution of the Critical Taper Theory
Coulomb wedge theory (Davis et al. 1983) relates

the mechanics of a 2D wedge submitted to a constant
force applied on the backstop to the morphology of the

wedge and its internal mechanical parameters. To pre-
serve the static stress equilibrium, the wedge evolves
into a critical geometry for which every point of the
wedge is on the verge of failure (i.e. the Mohr circle is
tangent to the Coulomb failure envelope on a normal
stress versus shear stress diagram) which means that the
wedge undergoes internal deformation while sliding.
For the critical state, the stress in the wedge can be
explained by 1, the angle between the maximum
principal stress axis and the bottom of the wedge
(Fig. 6a), and y,, the angle between the maximum
principal stress axis and the top of the wedge. Y, is a
function of the basal friction angle ¢, and the internal
Hubbert-Rubey pore pressure ratio /4, as defined in
CuBas et al. (2013b), and v, depends on the internal
friction angle ¢;, and 1. We consider that the pore
pressure is the same in the bulk of the wedge and on the
bottom interface. Frictional angles ¢ are related to the
friction u by p = tan¢ and to the effective friction by
p" = tang™™ = (1 — J)tangp. DamLen (1984) and
LEnHNER (1986) derived the constitutive relation that
holds for the stress equilibrium of the wedge, the
Coulomb yielding and the frictional sliding along the
basal interface. This relation links v, ¥,, the topo-
graphic slope o and the basement slope f§ (Fig. 6a):
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a Vertical cross section of the accretionary prism/upper plate that shows the model parameters used in critical taper theory (DAHLEN 1984). o

and  are topographic and slab slopes, respectively. (£, /. and ¢, are the effective friction on the subduction interface, the Hubbert-Rubey

pore pressure and the internal friction angle, mechanical parameters considered in this study. Black, orange and green lines show the extents
of the outer wedge, inner wedge and inland areas that are plotted in ¢. b Topographic slope as a function of slab dip derived from Dahlen’s

model for three various sets of mechanical properties (continuous line ,uf,ff = 0.25, 1 = 0.65; dashed line usz =0.09, 42 = 0.65; pointed-

dashed line ufff = 0.25, 4 = 0.40). Stable, unstable and critical domains are shown. Red line is for profile of a. ¢ Topographic slope as a

function of slab dip for the 146, two-hundred-km-long trench-perpendicular profiles used for our study (see text for details). Each profile is

shifted along X and Y axes from the previous one, by 0.2° and 0.5°, respectively (the bottom left profile is not shifted). Red bold lines identify

the sections of the profiles that satisfy the conditions necessary for critical state areas. Dashed red lines contour critical state areas, where the
mechanical parameters should be relatively uniform. Colours refer to location along profile as defined in a

use the 1-min resolution ETOPO1 DEM (AMANTE and
Eakins 2009) to compute the topographic slope o. We
estimate the basement megathrust slope f from the slab
geometry model Slab1.0 (HAYEs et al. 2012), also used
for the coupling static inversion. Figure 6a displays o
versus f for 146 two-hundred-km-long serial profiles
perpendicular to the trench, where the slab geometry is
well constrained. At distances greater than 200-km
inland from the trench, the lack of micro-seismicity on
the flat part of the slab, which is otherwise well
described by receiver functions analysis (PEREZ-CAM-
pos et al. 2008; Kim et al. 2012), prevents an accurate
determination of lateral variations of the slab geome-

atB=v, =y, (1)

Thus, given measurements of « and f, we can esti-
mate the mechanical parameters of the wedge for
morphologies consistent with critical state wedge
conditions. For (a,8) couples located inside the
critical enveloppe, the wedge is defined as being at
stable state (Fig. 6b), which means that sliding can
occur along the subduction interface without internal
deformation.

Critical taper theory was first used to estimate
average mechanical parameters for sub-aerial wedges
such as Taiwan and submarine wedges (Davis et al.

1983; DAHLEN 1984; LALLEMAND et al. 1994). With try. We manually selected critical state segments for all

improvements in resolution of the topography and
slab geometry, CuBas et al. (2013a, b) used the co-
variation of o and f to retrieve mechanical properties
along subduction zones and their spatial variations.
Here, we apply the method developed by CuBas
et al. (2013b) to the Mexican subduction forearc. We

146 o versus f profiles. In the Mexico subduction zone,
where f ranges from 0° to 20°, compressive branches
of Dahlen’s model correspond to straight lines with
negative slopes. Thus, finding a critical state segment
in our data consists in finding linear trends that match
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Table 1

Best estimates of mechanical parameters for the eight critical state areas described in the text and identified in Fig. 7

Critical state areas 1. 2. 3. 4, 5. 6. 7. 8.

i 0.13 0.46 0.20 0.29 0.09 0.32 0.13 0.13
7 0.67 0.47 0.78 0.45 0.73 0.58 0.68 0.73
int 0.60 0.85 0.98 0.63 0.48 0.87 0.45 0.48

straight lines of Dahlen’s model (Fig. 6b). After find-
ing critical state segments in all profiles, we define 3D
critical state areas by contouring compatible neigh-
bours critical state segments (Figs. 6¢, 7). The eight
critical state areas that we identified are either narrow
and elongated along the trench or are wider and extend
from the trench to the coast, at morphological transi-
tions. Critical state zones are all located at the
transition between coupled and uncoupled areas, fol-
lowing a coupling contour of ~ 0.4-0.5.

To get a validation for the criticality of these areas
as well as an estimate of their mechanical parameters
165, 2 and g4, we compute a misfit function for all
critical state segments that we minimise following a
L2 norm. Results are shown in Table 1. To evaluate

the robustness of the estimated parameters, we com-
pute the probability density distribution of the model
parameters and integrate it over one parameter to get
2D marginal probabilities. We compute them for each
critical state segment on all profiles and average them
to get the probability for a given critical state area
(Fig. 8). The marginal probabilities are consistent
between all eight critical state areas. Within 1o, the
@i probabilities range from 20° to 45°, the A prob-
abilities indicate that the parameter is poorly
constrained, from 0.4 to 0.8, and d)sz is better con-
strained and ranges from 3° to 25° depending on the
critical area that is evaluated. The best fits for ¢;,, all
lie within the 1o contour, between 25° and 45°
(Wine = 0.47 to 1). These agree with laboratory
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measurements of quartzo-feldspathic materials,
which find internal frictions from 0.6 to 0.85 (BYER-
LEE 1978). Though poorly constrained, the best fits for
A include values that are close to the hydrostatic pore
fluid pressure (1 = 0.4). Best fits for qbsz show sig-
nificant lateral variations, with most values for (,bsz
between 6° and 17° (15" = 0.1 to 0.3). ¢S peaks at
25° (£ = 0.46) in critical area 2, which corresponds
to the Guerrero seismic gap.

Applying critical taper theory to the Mexican
subduction wedge thus reveals lateral variations of
mechanical properties, with some parts of the wedge
in the critical state, i.e. with internal deformation. The
basal frictions are mainly low excepted in the Guer-
rero critical state area (area 2) that shows higher basal
friction, in agreement with the presence of SSEs in
this area. The long-term morphology of the Mexican
margin might thus be driven by spatial variations of
friction properties on the subduction interface, with

critical state areas marking frictional transitions.

6. Discussion

In this study, we describe the Mexican subduction
wedge with two models that describe deformation at
different, but complementary timescales. Inter-SSE
coupling (Sect. 3), which is a proxy for strain accu-
mulating in the upper plate, operates over decadal
time scales and varies significantly along strike. The
morphological approach based on the critical taper
theory (Sect. 5) describes average mechanical prop-
erties of the wedge on timescales that span several
hundred seismic cycles (millennia or longer). The
latter model enables to identify stable-state parts of
the wedge, with no internal deformation, and critical
state areas, where internal wedge deformation is
likely to occur. All eight areas that we identified as
critical state coincide with transitions between
weakly coupled and strongly coupled areas of the
subduction interface. This may indicate a persistency
of mechanical properties through time, as is also



R. Baptiste et al.

suggested by the correlation between the trench-to-
coast distance and lateral coupling variations
(Sect. 4).

None of the above invoke particular physical
mechanisms to describe the dynamics of the defor-
mation that the present-day wedge
morphology. In much of the following discussion, we
explore the possible influence of plastic deformation
on the observed morphology, beginning with an
examination of whether some inter-SSE elastic strain
may be homogeneously transferred into plastic upper
plate deformation and continuing with an evaluation
of the possible influence of frictional transitions along
the subduction interface, using values derived from
the critical taper model, on localisation of plastic
deformation and morphological evolution of the
wedge. Our discussion concludes with a description
of two end-member and one intermediate set of
mechanical wedge conditions that encompass a broad
range of relations between interface coupling and
surface morphologies observed along subduction
zones.

leads to

6.1. Distributed Transfer of Elastic Inter-SSE Strain
into Plastic Deformation of the Accretionary
Prism

One hypothesis to explain the correspondence
between the present-day pattern of inter-SSE coupling
in southern Mexico and the long-term coastline mor-
phology is that inter-SSE strain that accumulates due to
partial-to-full locking of the subduction interface is not
completely released by slip along the interface, includ-
ing coseismic rupture, postseismic fault afterslip, and
SSE. A fraction of the strain may instead be transferred
into non-reversible, plastic deformation of the upper
plate (LE PicHON et al. 1998). Horizontal inter-SSE
velocities at locations near and along the coast are ~ 3
times faster than vertical rates, as illustrated by
forward models (Fig. 2). By implication, if long-term
plastic deformation mimics the pattern of what
inferred elastic inter-SSE deformation models, the
trench-to-coast distance is more sensitive to the
horizontal than vertical components of the elastic
deformation (and its variations along the trench). A
simple calculation can be made to estimate the
minimum time required to give rise to the observed

Pure Appl. Geophys.

~ 20 km variations in the trench-to-coast distance for
the Guerrero and Oaxaca segments (Fig. 5) if we
simplistically assume that all of the present-day elastic
inter-SSE strain is transferred into homogeneous
plastic deformation of the upper plate. Given that the
observed horizontal inter-SSE velocities vary along
the trench by ~ 15 mm year™' (15km Myr~") (Fig. 2),
aminimum of 1.3 Myr would be required to give rise to
20-km variations in the trench-to-coast distances.
LE PicHON et al. (1998) instead suggest that only 5 %
of the elastic deformation is transferred to plastic upper
plate deformation in the case of the Japanese subduc-
tion zone. If so, to 27 Myr would be required to give
rise to the 20-km trench-to-coast distance variations
observed in southern Mexico. The millions of years
that are required to shape the upper plate morphology
is comparable to estimates made by BEJAR-P1IZARRO
et al. (2013) for the Chilean subduction zone from a
kilometre-scale correlation between a coastal scarp
and the location of the transitional zone between
coupled and uncoupled areas.

6.2. Localised Strain Transfer Associated
with Frictional Transitions

An alternative scenario for permanently deform-
ing the upper plate is if plastic, upper plate
deformation occurs during sliding episodes (coseis-
mic or aseismic slip) in response to variations of
mechanical properties on the slab interface or within
the wedge and overriding plate. Such variations could
be of geological or geometrical origin as discussed
before. With no direct information on sub-surface
geological and geometrical structures in our study
area, our considerations are indirect, based on the
results from the critical taper analysis. To quantify
how frictional transitions might produce brittle
deformation during slip episodes, as already explored
by other studies (e.g. Hu and WanG 2008), we ran a
mechanical model based on the limit analysis method
(CHANDRASEKHARAIAH and DEBNATH 1994; SALENCON
2002). The limit analysis method is a static approach
that predicts the localisation of brittle deformation
from the frictional properties distribution. It is based
on the weak formulation of the force equilibrium (the
principle of virtual powers) and the theorem of
maximum rock strength (MaiLLot and LeEroy 2006).
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Table 2

Frictional parameters used in plastic deformation models HM and TM

Model Gine ) Hing A ¢Zf1fld/ (@) M;f/fld]' ¢;f1fd_[ @) uiflfd/'
HM 35 0.7 0.4 NA NA 5.7 0.1
™ 35 0.7 0.4 20 0.4 5.7 0.1

HM (Homogeneous Model) and TM (Transitional Model) are representative of profiles A and B in Fig. 7, respectively. Indices 1df and hdf

refer to low dynamic friction and high dynamic friction, respectively

For our simulations, the Coulomb criterion is used to
define the maximum rock strength. The simulations
were run using the Optum-Geo software (OpTUMGEO
2013). Two different setups were investigated. The
first one assumes that the subduction interface is
homogeneously, strongly coupled, representative of
Profile A in Fig. 7. Below, we refer to this as Model
HM (Homogeneous Model). For the second, repre-
sentative of Profile B in Fig. 7, we assume that the
shallowest area of the subduction interface is uncou-
pled and then transitions downdip to a region of
strong coupling coinciding with the critical state area
we identified (Area 2 in Fig. 7). We refer below to
this as Model TM (Transitional Model). We use the
2D slab geometry for these models.

The mechanical properties assumed for each
model (Table 2) are consistent with those estimated
for the eight critical state areas identified earlier in
the analysis. We distinguish effective frictions for
aseismic sliding and seismic sliding, corresponding to
weakly coupled areas and strongly coupled areas,
respectively. For aseismic areas, the effective friction
of the slab interface is constrained by critical taper
results: we use the friction obtained within a critical
area near the transition zone, and extrapolate it to the
whole aseismic area at shallower depths. It corre-
sponds to a quasi-static friction since the slip is very
slow. For seismic areas, since deformation is assumed
to be acquired during sliding episodes, we use
dynamic friction values consistent with values found
for other subduction earthquakes (e.g. Kimura et al.
2012; CoNIN et al. 2012; FuLtoN et al. 2013; Ume
et al. 2013; Cusas et al. 2013a, b). Exact values for
quasi-static or dynamic friction are not well con-
strained, but the important point is that dynamic
friction is always way lower than quasi-static friction
(e.g. Rice 2006; Toro et al. 2011).

We first plot the shear dissipation (Fig.9),
showing areas where the wedge is on the verge of
brittle failure. In the HM model, a hinge associated
with the transfer of material from the horizontal to the
steeper portion of the slab is developed. Models that
assume progressively more gradual slope transitions
predict progressively more diffuse shear zones. In the
TM model, a back-thrust develops at the frictional
transition in addition to the slab kink hinge. Since the
basal effective friction is larger along the uncoupled,
shallow area of the subduction interface than along
the more strongly coupled interface farther downdip,
the frontal part of the wedge is uplifted along the
predicted back-thrust. Increasing the frictional value
that is imposed along the strongly coupled area of the
interface increases the dip angle of the back-thrust.

The limit analysis approach provides virtual
velocities on all nodes of the model. To retrieve
surface displacements, we assume that the ratio
between virtual velocities of two segments projected
along their fault is equal to the ratio of actual
displacements between those segments. All surface
displacements are normalised to the surface horizon-
tal displacement at the backstop. In that case,
considering 1 m of displacement at the backstop,
i.e. for 1 m of convergence, the forearc is uplifted by
63 cm in the TM model and 27 cm in the HM model
(top panel Fig. 9). Those uplifts should obviously be
balanced by erosion which is not quantified here.
However, considering an homogeneous erosion rate
along the coast, the larger uplift built in the TM
model in comparison with the HM model would
contribute to reduce the trench-to-coast distance,
which is consistent with the observations made in
Fig. 5. Contrary to the first scenario presented in
Sect. 6.1, the coastal shape is there mostly built from
differential vertical displacements (differences in
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Figure 10

Sketches showing the influence of the effective basal friction ,u‘sz on the average topographic slope o. Other parameters are set constant

(B =15° ¢,y = 35°,4=0.4). Cases b and c are similar to models a and b in Fig. 9

horizontal displacements between models TM and and diminished trench-to-coast distances agrees with
HM are very small, top panel Fig. 9). a similar correlation described for other subduction

Although homogeneous, upper plate plastic defor- zones, particularly in the eastern Pacific. Weakly
mation that is proportional to the elastic strain coupled trench segments often coincide with promi-
accumulation (Sect. 6.1) and localised upper plate nent peninsulas (and hence very short trench-to-coast
deformation due to frictional transitions on the subduc- distances) such as the Arauco Peninsula in Chile
tion interface (Sect. 6.2) may both contribute to shaping (MELNICK et al. 2009) and the Piura peninsula in
coastlines, too few observational constraints are available northern Peru (NocQuET et al. 2014). Based on this
to estimate their relative proportion, such as seismic correlation, we propose to distinguish three types of
profiles to identify splay faults which would attest of behaviours along subduction zones depending on
internal deformation in the prism. how frictional properties vary downdip along the

subduction interface (Fig. 10).

The first corresponds to subduction interfaces
where coupling is weak between the trench and the
downdip limit of the seismogenic zone (Fig. 10a). In

The evidence described above and shown in this case, critical wedge theory predicts that the
Fig. 5a for an along-strike correlation between areas average topographic slope angle is high (4.2° for
of weak coupling on the shallow subduction interface p =15° and ,ugff = 0.4) and continual thickening of

6.3. Coastal Morphology as a Function of Frictional
Variations Along Fault Dip
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the upper plate (wedge), possibly including forethrust
sequences. These processes favour the genesis of
peninsulas and decrease trench-to-coast distances.

The second corresponds to a strongly coupled slab
interface from the trench to the downdip limit of the
seismogenic zone (Fig. 10b and Profile A of Fig. 7),
as assumed for the HM model described in Sect. 6.2.
In this case, the entire subduction interface may
rupture at very low dynamic friction. This results in
low average topographic slope angles (<4.2° for
B=15° and g =0.1), including negative slope
angles that may be associated with extension of the
forearc and the formation of sedimentary basins.
Sedimentary basins in forearc settings have been
detected by their free-air gravity anomalies and are
spatially correlated with large seismic asperities that
broke during the 20th century (WELLS et al. 2003;
SonG and Smmons 2003). Larger trench-to-coast dis-
tances are expected in this scenario.

The intermediate case consists of a subduction
interface with frictional transitions within the seis-
mogenic zone (Fig. 10c and Profile B of Fig. 7), as
described for the TM model of Sect. 6.2. These
frictional transitions may produce localised upper
plate deformation, that may result in different topo-
graphic slope angles for the outer and inner wedges.
The resultant trench-to-coast distance is intermediate
between that expected for the two end-member
scenarios described above.

7. Conclusion

Our analysis of the inter-SSE velocities of con-
tinuous GPS sites in southern Mexico reveals that
significant variations in inter-SSE coupling occur
along the Oaxaca and Guerrero segments of the
Mexico subduction zone. The along-strike variations,
alternating between areas where coupling is less than
0.3 and areas where it is more than 0.7, are mostly
offshore. Coupling at depths below 25 km is more
homogeneous and transitions to steady creep at dis-
tances of ~ 175 km from the trench. Variations in
shallow coupling along the trench are strongly cor-
related with trench-to-coast distances, the latter of
which may be a proxy for the mechanical state of the

subduction wedge. Using critical taper theory to
relate the morphology of the subduction wedge to its
average long-term mechanical properties, we identify
eight critical state areas where internal deformation
of the wedge is expected. All eight are located at
transitions between weakly and strongly coupled
areas of the subduction interface. An inversion of
mechanical parameters for these critical state areas
gives values that are consistent for 7 of the 8 critical
state areas, with the lone exception coinciding with
the Guerrero seismic gap, where anomalously high
basal friction estimated from our inversion overlaps
the region where silent slip events occur. Two
mechanisms are proposed to explain how trench-to-
coast distances have evolved to their present geom-
etry in southern Mexico: (1) homogeneous plastic
deformation of the upper plate may occur in response
to inter-SSE elastic strain associated with the locked
subduction interface (over time scales of Myrs), (2)
frictional transitions on the subduction interface may
produce localised shear zones in the upper plate and
may cause differential uplift and/or subsidence along-
strike in the upper plate. Our results suggest that the
geometry/morphology of the subduction wedge can
be related to its long-term mechanical parameters. To
address in further detail how permanent deformation
accumulates over one seismic cycle, dynamic mod-
elling that incorporates rupture mechanics processes
and of fault deformation could be appropriate.
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