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8 September earthquake did not occur on the contact between the Cocos and North American plates. The
centroidal hypocentral depths reported by different agencies, including the National Seismological Service,
range from 45 to 47.4 km, placing it immediately beneath the down-dip limit of the interplate locked
zone. The source mechanism reflects down-dip tensional faulting. The inversion of the fault process

Keywords: shows a rupture that initiated at the bottom of the lithosphere and propagated upward, breaking through
Middle American Trench the entire subducted lithosphere. An unusually long, complex and copious aftershock sequence followed
Tehuantepec the main event. The relocated aftershocks, in the first 20 days following the main event, delineate a
8 September 2017 earthquake 160-km-long fault, sub-parallel to the oceanic trench, immediately beneath the interplate contact. The
lithospheric detachment aftershocks also concentrate in secondary intraslab faults ~50 km down-dip from the mainshock rupture,

intraslab earthquake revealing that pervasive tensional stresses are present within the subducted plate. This deformation

pattern suggests a large-scale tensional regime in the slab, apparently induced by its own gravitational
weight that pulls it away from the strongly coupled interplate contact. Other large intraplate earthquakes
in the vicinity, in 1931 (M, 7.8) and 1999 (M,, 7.5), also reflect this detachment of the downgoing Cocos
plate that sinks into the mantle under its own gravitational weight. The slab detachment suggests that
the up-dip segment of the plate interface near the Isthmus of Tehuantepec is locked and possibly primed
for a megathrust earthquake, such as the M,, 8.6 that took place in 1787, on an adjacent segment of the
Mexican subduction zone.

© 2019 Elsevier B.V. All rights reserved.

1. Tectonic setting of the Tehuantepec subduction zone stood, the TR marks also the border where the subducted Cocos
plate changes dip from sub horizontal subduction beneath Cen-
tral Mexico to one dipping at ~45° beneath south-eastern Mexico
try and in seismic behaviour from the rest of the Mexican sub- and Central America (Pardo and Suarez, 1995; Bravo et al., 2004;

duction zone. One of the more salient features in this region is  ronce etal, 1992). . .
the subduction of the bathymetric feature known as the Tehuan- Where the TR subducts beneath the North American plate, it
tepec Ridge (TR). The TR is a long and linear bathymetric high sharply deflects the trench and the. cqastlme inland (Fig. ].). The
that separates the Cocos plate into two zones of different age  lehuantepec segment of the MAT is identified as a seismic gap

and tectonic characteristics (Manea et al., 2005). At its intersec- where no large earthquakes are known to have occurred on the

tion near the Middle American Trench (MAT), the highly asym- plate contact at least since 1902 (Fig. 1) (Kelleher et al., 1973;
metric TR rises 400 to 1,100 m above the average ocean floor Kelleher and McCann, 1976; Nishenko, 1991). The crustal earth-

depth (Manea et al., 2005). Although the reasons are not under- quakes of moderate magnitude in the northern part of the Isthmus

of Tehuantepec have been attributed to the deformation of the

overriding plate in response to the compressive stress induced by

* Correspondence to: Instituto de Geofisica, UNAM, Ciudad Universitaria, CDMX th.e S‘Ubqution of this bathymEtr_ic high (Sudrez and Lopez, 2015).

14010, Mexico. It is in this complex tectonic setting that the great 2017 Tehuante-
E-mail address: gerardo@geofisica.unam.mx (G. Sudrez). pec earthquake took place.

The Gulf of Tehuantepec shows drastic differences in geome-

https://doi.org/10.1016/j.epsl.2018.12.018
0012-821X/© 2019 Elsevier B.V. All rights reserved.
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Fig. 1. Major tectonic features of the subduction zone in the Isthmus of Tehuantepec. The red ovals indicate the rupture areas of the more important subduction earthquakes.
Red stars indicate the location of the 1931 and 1999 normal faulting earthquakes; gold star the 8 September 2017 and orange star the 19 September 2017 event. The dotted
yellow line shows the rupture zone of the 1787 earthquake (Suarez and Albini, 2009). Contours indicate the dip of the subducted slab beneath the North American plate
(Pardo and Suarez, 1995) and red dots are in-slab earthquakes in the subducted Cocos plate.

2. Inversion of the kinematic behaviour of the fault rupture

The kinematic rupture history of the Tehuantepec earthquake
was studied using body and surface waves recorded by the global
seismic networks, using a simulated annealing, wavelet method
(Ji et al., 2002a, 2002b; Shao et al, 2011), which minimizes the
weighted difference between wavelet coefficients of observed and
synthetic seismograms. In order to determine the temporal and
spatial distribution of slip on the fault plane, the far-field seismo-
grams were deconvolved to obtain displacement.

We used records of stations located at distances from 30° to
90°. The observed seismograms were filtered and windowed into
two data sets: 1) The body-waves were band-pass filtered between
1 and 100 s; 2) surface waves, were band-pass filtered between
170 and 250 s, in a time window between O and 3600 s. The
inversion is performed using the Fast Finite Fault (FFF) inversion
algorithm (Ji et al., 2002a; Shao et al., 2011). The slip on each fault
has an asymmetric time function and smoothing is applied both
to the slip distribution and to the rupture contours (Shao et al.,
2011).

The results of the inversion show an inhomogeneous slip dis-
tribution on the near vertical fault (dip = 81°) on which the
Tehuantepec earthquake occurred. The rupture initiated at a depth
of ~57 km and the fault rupture propagated updip and to the
northwest on a fault with a strike of 315°. Near the hypocentre,
both the slip and the areal extent of the rupture are relatively
small, reaching a maximum slip of ~3 m (Fig. 2). The main rupture
took place in the upper part of the Cocos lithosphere, at depths of
25 to 45 km. Here, the maximum slip reaches ~15 m.

The large slip in the upper part of the slab induced deformation
also in the overriding plate. Interferometry data suggest subsidence
of up to 20 cm of the coast near the northwestern end of the
rupture zone (NASA, 2017). This coastal deformation generated a
tsunami observed along the Tehuantepec coast with a maximum
runup height of 3 m (Ramirez-Herrera et al., 2018).

Compared to scaling laws of shallow depth, normal faulting
earthquakes, the slip is much larger than expected (Wells and Cop-
persmith, 1994; Wesnousky, 2008). Also, the empirical relations

between source dimensions of intraslab events and moment mag-
nitude (Strasser et al., 2010) suggest that the rupture area for an
earthquake of this magnitude should be about four times larger
than the fault area where the main slip occurred. Thus the rupture
of the 2017 earthquake is very energetic, in agreement with ob-
servations that intraslab earthquakes tend to radiate more energy
than interplate events (Ye et al., 2017).

3. Relocation of aftershocks and the complex stress distribution
in the slab

The Tehuantepec earthquake was followed by an unusually long
and active aftershock sequence. A worldwide comparative anal-
ysis of aftershocks showed that the MAT has a relatively small
number of aftershocks after large subduction earthquakes (Singh
and Sudrez, 1988). In contrast, over 30,000 aftershocks have been
recorded in the twelve months following the 2017 Tehuantepec
earthquake. Admittedly, the analysis of aftershocks of large subduc-
tion earthquakes in the MAT (Singh and Suarez, 1988) should not
be compared directly with this intraplate earthquake. Nevertheless,
the number of aftershocks after the Tehuantepec earthquake is un-
usually copious and complex. Also, the majority of the aftershocks
were located outside the main rupture area, as we show below.

Most of the aftershocks were smaller than magnitude 5.5. The
epicentral locations of these earthquakes and, in particular, the
hypocentral depths reported by the Seismological Service of Mex-
ico (SSN), are very poorly controlled due to the location of the
aftershock sequence offshore and the dearth of seismic stations in
the Isthmus of Tehuantepec (Fig. 3). We relocated the aftershocks
reported by the SSN within the first 20 days after the main event
using the double difference algorithm (Waldhauser and Ellsworth,
2000). The relocations were calculated using a flat-layered S-wave
velocity model obtained from the analysis of the group velocity
of Rayleigh wave dispersion curves, using a multiple filter tech-
nique. The flat-layered, S-wave velocity model used to relocate the
aftershocks was inverted from the dispersion curves using a simu-
lated annealing scheme (Dziewonski et al., 1969; Berteussen, 1977;
Iglesias et al., 2001).
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Fig. 2. Results of the kinematic inversion of the rupture process of the 2017 Tehuantepec earthquake. The colour swath on the map is the fault extent in plan view. The inset
in the lower left shows the slip distribution on the fault; black dots are the relocated hypocentres in the first 48 h after the main event. The source time function is shown

in the upper right corner.

The arrival times of P- and S-waves reported by the Mexican
Seismological Service were used in the algorithm, which makes use
of the residuals between observed and theoretical travel-time dif-
ferences and minimizes this observation for pairs of earthquakes at
each station. The least-squares solution is found by iteratively ad-
justing the differences between hypocentral pairs. In the analysis
we eliminated the aftershocks that took place after the 23 Septem-
ber 2017 earthquake. This is a crustal earthquake at a depth of
10 km. Although it is probably related to the shallow deformation
of the North American plate due to the rupture of the 8 Septem-
ber earthquake, it is not part of the seismicity occurring within
the subducted slab. Being a crustal earthquake, outside of the main
rupture, it is the subject of a separate study.

A total of 305 aftershocks were relocated. Their distribu-
tion shows a complex spatial pattern. Although some aftershocks
clearly map the 150-km long fault that ruptured during the great
September earthquake, the majority of the events lie outside of the
main fault (Fig. 3). The rupture area of the mainshock is clearly de-
lineated by aftershocks occurring on a fault plane oriented north-
west southeast, which extend from depths of approximately 20
to 60 km (Figs. 2-4). The hypocentre of the main shock lies at
the bottom of the almost vertical aftershock alignment. This is
in agreement with the fault plane determined in the finite fault
model and the focal mechanism of the Tehuantepec earthquake
(Sections BB’ and CC/, Fig. 4).

The majority of the earthquakes on the main rupture occurred
within the first week after the mainshock (Fig. 3). Both the after-
shock distribution and the finite fault model strongly suggest that
the fault broke the entire Cocos plate lithosphere. The thickness
of the slab is estimated to be approximately 35 km, assuming the
transition temperature at the bottom of the lithosphere is ~1300°
(Fig. 3) (Caldwell and Turcotte, 1979; Manea and Manea, 2006).

Besides the number of aftershocks and its unusually long du-
ration, an unusual observation in the case of the Tehuantepec
earthquake is that most of the aftershocks are located off the main
rupture in five separate clusters within the slab (Fig. 3). Three of
these clusters (Sections AA’, BB, and CC/, Fig. 4) are located 30 km
down-dip of the mainshock within the subducted slab. They reveal
secondary faulting within the subducted Cocos plate, on parallel
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Fig. 3. Relocated aftershocks during the first 20 days after the 2017 Tehuantepec
earthquake are shown as a function of their time of occurrence (see colour code).
Focal mechanisms of the main shock (red symbol) and of the aftershocks (black
symbols) are shown on a lower hemispheric projection where the dark quadrants
indicate compressional first motions. The boxes labelled AA’, BB’, CC’ and DD’ indi-
cate in plan view the cross sections on Fig. 4. The green triangles are the seismo-
logical stations of the Seismological Service of Mexico. Slab contours as on Fig. 1.

faults located 30 km down-dip of the main 8 September rupture.
These aftershock sequences suggest faults that extend also through
the whole oceanic lithosphere. Although these aftershocks do not
define a single and continuous fault parallel to the main rupture,
they suggest the activation of individual faults within the slab,
down-dip of the main fault where the Tehuantepec earthquake oc-
curred. Unfortunately, there are no unambiguous focal mechanisms
of aftershocks in these clusters.

Another group of aftershocks is located to the northeast of the
M,, 8.2 epicentre (Section DD’, Fig. 4). This earthquake sequence
became active approximately one week after the mainshock and
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Fig. 4. Cross-sections AA’, BB/, CC’ and DD’ (Fig. 3). The colour code of the hypocentres shows the time of occurrence of the aftershocks after the main event. The source
mechanism of the 2017 Tehuantepec earthquake (red) and of the relocated aftershocks (black) is shown on side-looking lower hemispheric projections, where the dark
quadrants are compressional first motions. The cross-sections are drawn based on the dip of the slab (Pardo and Sudrez, 1995; Bravo et al., 2004; Ponce et al., 1992). The
thickness of the downgoing plate is estimated assuming a 1300° isotherm at the bottom of the elastic lithosphere (Caldwell and Turcotte, 1979; Manea and Manea, 2006).
The down dip extent of the megathrust plate contact is shown as a red line and assumed to have a maximum depth of 20 km, as observed for the 19 September 1985
earthquake (M,, 8.1) (Sudrez and Sanchez, 1996; UNAM Seismology Group, 1986) and for other large earthquakes in the Mexican subduction zone (UNAM Seismology Group,

2015).

ranges in depth from 25 to 85 km. These aftershocks follow the
dip of the subducted Cocos plate (Pardo and Suarez, 1995; Bravo
et al., 2004; Ponce et al., 1992).

For the larger aftershocks (M, > 4.3) reported by the Seismo-
logical Service of Mexico (SSN), moment tensors were determined
using a regional moment tensor inversion (Pasyanos et al., 1996).
The Green functions were calculated with a spacing of 5 km on
the horizontal and vertical directions. The algorithm searches the
data in combinations of three seismic stations based on distance
criteria determined by the magnitude of the earthquake. Each in-
version is weighted by a function that is inversely proportional
to the azimuthal gap of the recording stations. Thus the station
combination with the smallest gap is given preference. For each
station combination, a grid search is conducted using a spacing
average of £30 km. A quality estimation of the moment tensor in-
versions is based on the inverse function of the azimuthal gap and
the variance reduction resulting from the inversion. Here we use
only moment tensors showing a 60% reduction in variance.

Due to the poor azimuthal coverage of local seismic stations,
only two earthquakes in this cluster of aftershocks (Section DD/,
Fig. 4) attain the prescribed variance reduction of 60%. These
mechanisms show that the T-axes of both events are aligned with
the dip of the slab, suggesting the pervasive down-dip tensional
deformation of the subducted Cocos plate.

Some aftershocks are apparently located in the upper plate at
depths of ~12 km. These aftershocks began about one week after
the mainshock. Unfortunately, it is unclear whether these events
occurred within the subducted Cocos plate or whether they reflect

deformation of the upper North American plate. We were unable
to determine reliable source mechanisms for these clusters of af-
tershocks.

The shallow aftershocks (Sections BB’ and CC’ on Fig. 4) are lo-
cated above the main rupture, suggesting they may be interplate
earthquakes on the downdip end of the megathrust plate con-
tact. In the Mexican subduction zone, the maximum depth of the
seismogenic plate contact is shallow and does not extend below
20 km (Suarez and Sanchez, 1996; UNAM Seismology Group, 1986;
UNAM Seismology Group, 2015). The focal mechanisms deter-
mined for two events indicate thrust faulting, probably related to
the relative motion of the Cocos plate beneath North America.

4. Coulomb failure stress changes induced by the Tehuantepec
earthquake

We computed the static stress field change associated with
our finite source solution (Nikkhoo and Walter, 2015) and calcu-
lated the Coulomb Failure stress change (ACFS) induced by the
main event on thrust-like faults on the plate interface consider-
ing a 3D local geometry of the region (Pardo and Sudrez, 1995;
Bravo et al., 2004; Ponce et al., 1992) following:

ACFS = AT + [/ Aoy,

where, At represents the change of the shear stress in the direc-
tion of the fault slip, Aoy is the change of the fault normal stress
(positive for tension), and w’ is the apparent coefficient of friction
assumed to be 0.4.
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Fig. 5. Changes in the Coulomb Failure stress induced by the M,, 8.2 Tehuantepec
earthquake on the plate interface. The red and blue colours represent the regions
where failure is enhanced and inhibited, respectively. The yellow circles are the re-
located aftershocks described in the text. The focal mechanism of the main event is
represented by a lower-hemispheric projection where the red areas indicate com-
pressional first motions.

The Coulomb stress change analysis (Nikkhoo and Walter, 2015)
suggests that most of the aftershocks fall where the main rup-
ture induced positive Coulomb failure stresses (Fig. 5). Thus these
earthquakes may be shallow-thrust events on the seismogenic
plate interface, apparently induced by the slip on the main fault
(Sections BB’ and CC/, Fig. 4).

5. Implications of the 2017 Tehuantepec earthquake

As mentioned, this segment of the Mexican subduction zone
is a seismic gap where no great earthquakes are reported in the
instrumental and historical catalogues. The last great earthquake
occurred in 1902 and its location is very uncertain (Kelleher et al.,
1973; Kelleher and McCann, 1976; Nishenko, 1991). The Tehuan-
tepec ridge offshore the subduction zone is a bathymetric high
that appears to be deforming and deflecting the trench and the
overriding plate (Figs. 1), suggesting strong coupling on the plate
interface. Additional evidence comes from the regional slip deficit
observed in the Tehuantepec region from geodetic studies (Franco
et al, 2012; Nikkhoo and Walter, 2015). The absence of great
earthquakes and the buoyant nature of the Tehuantepec ridge indi-
cate that this segment of the Mexican subduction zone is a mature
seismic gap where seismic energy is accumulating.

The 8 September 2017 earthquake broke through the entire
subducting lithosphere suggesting that: (1) the seismogenic zone
of the plate interface in the Gulf of Tehuantepec is strongly locked
and (2) the slab is being detached by its own gravitational weight.
The large-scale tensional deformation within the subducted Cocos
plate, revealed by this unusual aftershock sequence, emphasizes
that the subducting slab is under extensive tensional down-dip
stress. This suggests that the seismogenic zone on the plate in-
terface is highly coupled, preventing the slab penetration into the
asthenosphere. As a result, the subducting slab undergoes massive
extensional detachment due to its gravitational pull.

Stress transfer in strongly coupled subduction zones is inter-
preted as the reason for large earthquakes to occur down-dip of
the coupled interface segment (Astiz et al., 1988; Christensen and
Ruff, 1988; Lay et al., 1989; Mikumo et al., 2002). The 1977 Tonga
earthquake (M,, 8.1) is a similar example of an intraplate event

occurring down-dip of a strongly coupled subduction zone, where
the Louisville ridge subducts (Christensen and Ruff, 1988). It is
worth noting that in this part of the Mexican subduction zone, two
other large, normal-faulting earthquakes took place with similar
tectonic characteristics, immediately beneath the seismogenic plate
contact: the 15 January 1931 Oaxaca (M, 7.8) and the 30 Septem-
ber 1999 (M, 7.5) (Singh et al., 1985, 2000). Other authors have
suggested bending stresses in the downgoing slab as the cause
for the large Tehuantepec earthquake (Okuwaki and Yagi, 2017;
Chen et al., 2018).

Large intraplate earthquakes in the subducted slab are rela-
tively uncommon in subduction zones. We speculate that the high
tensional stresses suggested by the presence of these great earth-
quakes that break the shallow part of the slab, reflect a strongly
coupled plate contact in the Gulf of Tehuantepec. The locked
plate interface would transfer the stress to the subducted slab.
A megathrust earthquake (M., ~ 8.6) took place in this same area
in 1787, producing the largest tsunami recorded in the Central
American subduction zone (Sudrez and Albini, 2009). This earth-
quake was much larger than the average M,, 7.9 to 8.1 thrust
events recorded by the instrumental seismic catalogue during the
last 120 years. The length of the MAT segment encompassing these
tensional, intraplate events in the Cocos slab is similar to that esti-
mated for the 1787 earthquake (Fig. 1), leaving open the possibility
that a similar event could occur in this region with potentially dev-
astating consequences.
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