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ABSTRACT

The historical record of large subduction earthquakes in Guer-
rero, Mexico, reveals the existence of an ~230—km length seg-
ment below the coast where no major rupture has occurred in
the past 60 years. Reliable quantification of the hazard associated
with such a seismic gap is urgently needed for risk mitigation
purposes by means of state-of-the-art observations and model-
ing. In this article, we introduce and quantitatively assess the first
seismogeodetic amphibious network deployed in Mexican and
Central American soils that will provide the opportunity to
achieve this goal in the near future. Deployed in 2017, the net-
work is the result of a collaborative effort between Mexican and
Japanese scientists. It consists of 15 onshore broadband and 7
ocean-bottom  seismometers, 33 Global Positioning System
(GPS) stations, 7 ocean-bottom pressure gauges, and 2 GPS-
acoustic sites, most of them installed within the Guerrero seismic
gap. Initial data from the network revealed the occurrence of a
6-month-long slow-slip event in Guerrero, starting in May and
ending in October 2017. To illustrate the performance of the
various instruments, we also present the first ocean-bottom pres-
sure and GPS-acoustic measurements in Mexico; the latter was
obtained by means of an autonomous Wave Glider vehicle. The
ground motion of the devastating 19 September 2017 M, 7.1
carthquake in central Mexico is presented as well. Nominal
resolution of the seismogeodetic network is estimated through
different synthetic inversion tests for tomographic imaging and
the seismic coupling (or slow-slip) determination on the plate
interface. The tests show that combined onshore and offshore
instruments should lead to unprecedented results regarding the
seismic potential (ie., interface coupling) of the seismic gap
and the Earth structure from the Middle America trench up
to 70-km depth across the Guerrero state.

INTRODUCTION

Three major subduction thrust earthquakes since 2004 with
M,, > 8.8 (Lay et al, 2012) and the associated humanitarian
tragedies around the world have raised fundamental questions
in the communities devoted to understanding hazard assessment
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and the physics of earthquakes. Among the lessons learned from
these events include accepting the possibility of future ruptures
much larger than those documented in the historical records of
any subduction zone. Disaster risk assessment and prevention
from these kinds of scenarios require new and more sophisti-
cated observational facilities aiming to monitor any tectonic
manifestation related to the seismic cycle. Data recorded in
the vicinity of the seismogenic faults may lead to unprecedented
quantification of the carthquake potential and constraints for
physics-based models (i.e., models integrating constitutive laws
for the fault friction, the fluids thermal pressurization, and
the rocks rheology), leading to more reliable hazard assessments.

As revealed by past events (Fig. 1), seismicity along the
Pacific coast of Mexico produced by the interaction of the sub-
ducting Cocos plate and the overriding North American plate
represents a high risk of disaster related to megathrust earth-
quakes and tsunamis (e.g., 1985 M, 8.0: Anderson ez al., 1986;
and 1787 M, ~ 8.6: Sudrez and Albini, 2009). In particular, an
~230—km—long segment of the Mexican subduction zone oft-
shore and below the coast of the state of Guerrero has not bro-
ken in a significant rupture (M,, > 7.2) in at least 60 years.
Recent earthquakes that occurred in April (Papanoa, M, 7.3)
and May (M, 6.5 and 6.1) 2014 on the Costa Grande of the
state (west from Acapulco, Figs. 1 and 2) are a reminder of what
has been preparing for more than 106 years in that 130-km-long
segment of the seismic gap between Acapulco and Papanoa
(Fig. 2). Whereas the main event initiated outside the gap and
halted right in its western edge, the May events broke within the
gap (National Autonomous University of Mexico [UNAM]
Seismology Group, 2015). East of Acapulco, below (and
offshore) the Costa Chica of the state (Fig. 2), another
~100—km—long segment extends where the last major ecarth-
quake occurred in 1957 (Duke and Leeds, 1959; Singh ez al,
1982). Considering that (1) the return period by segment for
major (M, > 7.2) subduction earthquakes in Mexico ranges be-
tween 30 and 60 years (Singh ez 4/, 1981) and that (2) only
between 1899 and 1911, a sequence of seven large and very large
carthquakes occurred in the Costa Grande region (all of them
with a magnitude larger than or equal to 7 and a maximum
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A Figure 1. Map showing the tectonic setting of central Mexico and the main rupture areas and epicenters of large earthquakes since

1900 (modified from Kostoglodov and Pacheco, 1999).

magnitude of 7.9) (UNAM Seismology Group, 2015), the
specialists believe that an M, ~ 8.2 carthquake with an
~230—km—long rupture in the extended Guerrero seismic
gap (GGap) (Fig. 2) is a severe but plausible scenario for the
near future. Such a rupture could produce pseudospectral veloc-
ities for periods around 3 s in Mexico City two to three times
larger than those experienced during the devastating 1985
M, 8.0 Michoacdn earthquake (Kanamori ez 4/, 1993), which
killed ~10, 000 people in the capital where more than 22 mil-
lion people live today.

Detailed investigations of the three worldwide megathrust
earthquakes referred to earlier have revealed that most of the
seismic moment in all cases was released in the offshore part
of the plate interface, close to the trench where seismic coupling
is supposed to be relatively low, raising fundamental questions
about the nature of the rupture process in subduction zones (see
Lay et al., 2012, and references therein). We know little about
the plate-interface processes taking place between the Middle
American trench and the coast of Mexico, where the expected
large rupture in Guerrero may produce a disastrous tsunami sim-
ilar to the one in 1787 along the coast of Oaxaca caused by an
M, ~ 8.6 event (Nufez-Cornt et al., 2008; Sudrez and Albini,
2009), as revealed by paleoscismological data suggesting that
large tsunamis could have happen in the late Holocene along
the coasts there (Ramirez-Herrera ez al,, 2007). In Japan and
Chile, for example, offshore slow-slip transients have occurred
prior to major events (Kato ez 4/, 2012; Ito e al, 2013; Ruiz

et al., 2014). The same could happen with the occurrence of
tectonic tremor and very low-frequency earthquakes (Ito ez 4/,
2015; Yamashita e al., 2015). Thus, slow earthquakes seem to
significantly affect the strain accumulation in the seismogenic
zone. In the state of Guerrero, long-term slow-slip events (SSEs)
occur approximately every 3.5 years (Cotte ez al., 2009) and re-
present the largest documented aseismic events in the world,
with equivalent moment magnitudes up to 7.6 (Kostoglodov
et al., 2003). Estimates of the seismic coupling in the plate inter-
face suggest that the long-term strain-rate accumulation in the
Costa Grande segment of the GGap is 75% lower than in the
adjacent regions (e.g, the Costa Chica; Radiguet ez al, 2012).
Remarkably, the stress perturbation induced by these transients
could also lead to the rupture of dynamically mature asperities, as
suggested during the April 2014 M, 7.3 Papanoa carthquake
(Radiguet ez al, 2016), for which the rupture began during
the development of an SSE in the region (UNAM Secismology
Group, 2015). Tectonic tremor, low-frequency, and very low-
frequency earthquakes have also been observed in Guerrero close
to the plate interface at 40- to 45-km depth during the occur-
rence of SSEs (Payero et al., 2008; Kostoglodov ez al., 2010;
Husker ¢f al., 2012; Frank er al., 2014; Cruz-Atienza et al.,
2015; Maury ez al., 2016; V. M. Cruz-Atienza et al., unpublished
manuscript, 2018, see Data and Resources), suggesting that such
phenomena are causally related (Villafuerte and Cruz-Atienza,
2017) as postulated for other subduction zones (e.g., Hirose
and Obara, 2010; Bartlow et 4/, 2011).
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A Figure 2. (a) Seismological and (b) geodetic amphibious network in the Guerrero
seismic gap (GGap) and nearby regions. Broadband seismic stations provided by
Japan (red triangles), broadband seismic stations from Mexico-National Autono-
mous University of Mexico (UNAM) (purple triangles), broadband and strong motion
from the Servicio Sismoldgico Nacional (SSN)-UNAM (black triangles), ocean-
bottom seismometers (0BSs) from Japan (pink triangles), strong-motion stations
from the Institute of Engineering-UNAM (green squares), and strong-motion stations
from Centro de Instrumentacién y Registro Sismico (CIRES)-SASMEX (yellow
circles). Global Positioning System (GPS) stations from Japan (red circles), GPS sta-
tions from Mexico-UNAM (blue circles), GPS stations from the SSN-UNAM (black
circles), GPS stations from TLALOCNet Mexico-UNAM (green circles), ocean-bottom
pressure gauges (OBPs) stations from Japan—Mexico (yellow triangles), and GPS-
acoustic (GPS-A) arrays from Japan—Mexico (pink circles). Shaded areas represent
the approximate rupture areas from large earthquakes since 1911 (modified from
Kostoglodov and Pacheco, 1999), and the white star indicates the epicenter of

the 19 September 2017 M,, 7.1 intermediate-depth earthquake.
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this

which is present in different subduction zones

Understanding phenomenology,
around the globe, results in the critical impor-
tance to produce reliable hazard assessments for
future earthquakes and tsunamis and thus to
mitigate the associated risk. Achieving this goal
in Guerrero requires addressing fundamental
questions such as, how does the long-term seis-
mic coupling evolve with time from the trench
up to 40-km depth? Do SSEs, tectonic tremor,
and small (e.g., repeating) ecarthquakes occur
near the trench? How do they behave? How
far do the long-term SSEs penetrate into the
seismogenic zone of the GGap? What are the
mechanical properties of the plate interface in
the shallow transition zone? Are there pressur-
ized fluids in it? What are the clastic properties
and geometry of the subducting Cocos plate?
What is the probability of a next megathrust
event in the GGap? What could be its maxi-
mum slip near the trench, and how large would
be the associated ground motion and tsunami?
Robust answers to these questions are only pos-
sible using data from a seismogeodetic network
overlying the plate interface from the trench
(offshore) to inland regions far enough from
the coast. This is by means of seismic and geo-
detic stations encompassing the seismogenic
zone and both the up-dip and down-dip tran-
sition zones of the plate interface.

Physics-based earthquake and tsunami sce-
narios in the GGap constrained by state-of-the-
art observations, both onshore and offshore, are
thus urgently needed for disasters mitigation
caused by future megathrust earthquakes in
the Pacific coast of Mexico. To achieve this
goal, we installed in 2017 a seismogeodetic
amphibious network in the region. The net-
work is composed of scismic (Fig. 2a) and geo-
detic (Fig. 2b) instruments installed offshore
and onshore as a part of the 2016-2021
international collaborative research  project
Hazard Assessment of Large Earthquakes and
Tsunamis in the Mexican Pacific Coast for
Disaster Mitigation funded by the Japanese
and Mexican governments through different
agencies and institutions. Results from this col-
laboration should significantly contribute to
risk mitigation in Mexico and to the identifica-
tion of similarities (and differences) between
the subduction zones of Japan and Mexico,
leading to a better understanding of the physical
mechanisms of megathrust earthquakes and
tsunamis in subduction margins.
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SEISMOGEODETIC AMPHIBIOUS
NETWORK

Our observational network consists of seis-
mometers and geodetic instruments without
telemetry that have been installed both offshore
and onshore around the GGap. The set of
seismological stations (Fig. 2a) consists of 15
broadband seismometers (red and purple trian-
gles) and 7 ocean-bottom seismometers (OBSs)
(pink triangles). There are three different types
of geodetic stations (Fig. 2b). Onshore, the net-
work consists of 33 Global Positioning System
(GPS) stations (red, blue, and black circles).
Offshore, it consists of 7 ocean-bottom pressure
gauges (OBPs) (yellow triangles) and 2 GPS-
acoustic (GPS-A) sites (pink circles). Figure 3
shows some of the instruments and installation
infrastructure of the network. It is worth men-
tioning that, to our knowledge, this is the first
deployment of OBP and GPS-A stations in
Mexico and Central America. Each GPS-A site
is composed of three ocean-bottom transpon-
ders describing a triangle, as shown in Figure 4,
in which we present an overview of the whole
submarine network. Because the whole network
was installed in 2017, we do not have enough
data yet to pursue scientific goals. However,
initial data-recovery efforts have allowed us to
verify the good performance of several sites. Fig-
ure 5 shows, for instance, the first ocean-bottom
pressure records with sampling rate of 30 min
obtained a few days after the deployment of
the two OBP stations collocated with the
GPS-A sites (yellow triangles within pink circles
in Fig. 2b). Daily tide effects nicely correlate in
both sites, although they lie at very different
depths (i.e., mean pressure values are 99.99 and
240.02 bar at OBPs 2305 and 2306, respec-
tively). The most prominent data gap at station
2306 in 17 November was caused by station
configuration difficulties that were solved.

To perform GPS-A measurements, we ac-
quired an autonomous Wave Glider (WG) ve-
hicle (Fig. 3b,d) equipped with cutting-edge instrumentation
composed of two differential GPS antennas, an optical fiber
gyroscope, an acoustic transducer, a control unit, and solar pan-
cls based on a design by the University of Singapore (Sylvain
Barbot, personal comm., 2017) and Seatronics Co., following
the concept from University of California San Diego (Spiess
et al., 1998; Chadwell and Spiess, 2008; David Chadwell, per-
sonal comm., 2016). To determine the geographic position of
the ocean-bottom transponders array of each GPS-A site, the
WG communicates acoustically with each transponder while de-
termining the exact position of its transducer by means of both
GPS antennas and the gyroscope. To avoid interference of the

Wave Glider
UNAM

A Figure 3. Some instruments and infrastructure of the seismogeodetic network.
(a) Typical steal case with concrete base and 1.5-m-deep borehole (not shown)
used for the installation of onshore broadband seismometers, (b) deployment of the
Wave Glider vehicle from the R/V El Puma of UNAM, (c) acoustic configuration of
deep-water OBPs, (d) operation of the Wave Glider in open ocean, and (e) different
ocean-bottom instruments in the R/V E/ Puma during the network deployment in
November 2017.

two-way traveling acoustic signals, we configured the transpon-
ders so that they respond to the WG pings with a precise differ-
ential delay. The vehicle makes a circular path of 100-m radius
above the center of the array during the whole observational
period (i.e., 12 hrs of continuous measurements), so the tran-
sponder answering delays were set considering the periodic time
delays associated with the WG circular path. Figure 6 shows the
travel times per transponder obtained in the deepest GPS-A site
(2400 m depth, Figs. 2b and 3) during the first 12-hr observa-
tional period. Many different configuration tests via satellite
communication were done in the WG unit control and tran-
sponders until we managed to find the right setup (around
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A Figure 4. Schematic illustrating the ocean-bottom instruments deployed in the GGap, which consists of seven 0BSs, seven 0BPs, and
two GPS-A sites (see Table 1 for details). Notice that each GPS-A site is composed of an array of three transponders. In the surface, we
illustrate both the R/V El Puma and the Wave Glider used for the GPS-A measurements.

05:00 a.m. in the figure). About 7000 individual measurements
were obtained in each GPS-A site that are now being processed
to determine their geographical positions with an expected
uncertainty smaller than 5 ¢cm (Kido e# 4/, 2006).

Figure 7a shows the north-south GPS displacements re-
corded in eight stations from our onshore network during the
past two years (see Fig. 2b for the stations location). There we
can see the crustal elastic rebound caused by the occurrence
of an SSE in 2017, characterized by southward displacements
(i.e., negative slopes that reveal trenchward movement) in all
stations. The 19 September 2017 M, 7.1 intermediate-depth
earthquake, which caused large damage in Mexico City, is in-
dicated in the figure (dashed line), in which we clearly see the
coseismic displacement in at least five stations up to a distance
180 km away from the epicenter (i.c., up to DOAR station, see
Fig. 2b). To better estimate the duration of the SSE (Fig. 7b),
displacements at stations CAYA, ARIG, and YAIG were de-
trended by removing the secular inter-SSE strain field (Kosto-
glodov ez al., 2003) and then averaged (gray line) and fitted
with a sigmoid function (purple curb). The average displace-
ment field reveals the occurrence of a 6-month-long SSE in
Guerrero beginning in May and ending in October 2017.

Compared with previous SSEs in the region (e.g., Radiguet
et al., 2012), this ~2.2 cm signal suggests that the 2017 SSE
event is significantly smaller. GPS data from the rest of the
stations are now being recovered in the field and processed
to invert applying the method described in the Slow-Slip and
Seismic Coupling Resolution section in terms of slip on the
plate interface.

Figure 8 shows the north—south velocity seismograms
recorded in four broadband stations of the network (Fig. 2a)
for the 19 September M, 7.1 intraslab earthquake. Since the
event occurred only 120 km south of the city and 57 km below
the boundaries of the Morelos and Puebla states, induced
velocities saturated most of the seismometers. Records of
smaller events in the region, including aftershocks of that
carthquake, will allow us to image the crustal structure using
different tomographic techniques (see the Crustal Tomogra-
phy Resolution section) and study the seismotectonics of the
region.

Deployment and operation of the offshore instruments are
being conducted using the UNAM research vessel £/ Puma. The
seismogeodetic amphibious network instruments specifications
are given in Table 1. Scientists involved in the Mexico—Japan
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A Figure 5. First ocean-bottom pressure records obtained in the
two OBP stations collocated with the GPS-A sites. Station depths
are 1000 and 2400 m for 2305 and 2306 OBPs, respectively. Var-
iations of ~40 hPa correspond to sea level changes caused by
daily tides of ~40 cm.

collaborative project will analyze data from this network. Only
S yrs after the end of the project (i.c., from March 2026), the
data will be opened to the international community. The whole
data set is being preprocessed and stored in a database at
UNAM that is replicated in the University of Kyoto.

GPSA-1

Our observational network in Guerrero is complemented
by three permanent networks belonging to UNAM and the
Centro de Instrumentacién y Registro Sismico (CIRES). From
UNAM, one belongs to the Servicio Sismolégico Nacional
(SSN) and consists of 10 observatories, each equipped with
a Trimble GPS station, a STS-2 broadband seismometer, and
a force-balance seismic sensor (FBA)-23 accelerometer (black
triangles and circles in Fig. 2a,b, respectively). The other belongs
to the Institute of Engineering, with 35 Kinemetrics FBA-23
accelerometers (green squares in Fig. 2a). From CIRES, the in-
frastructure consists of 42 strong-motion 23-bit stations (yellow
circles in Fig. 2a). In total, the GGap and nearby regions (i.c., a
region of ~400 km along the coast and ~250 km in the trench-
perpendicular direction) are instrumented with 31 seismometers
(most of them broadband), 48 geodetic stations, and 83 accel-
erometers. Data access from these three permanent networks is a
prerogative belonging to the institutions in charge. However,
broadband continuous data from the SSN are currently opened
to the world upon request.

Seismogeodetic amphibious networks have only been de-
ployed recently in a few regions of the globe such as Japan, New
Zealand, Turkey, Chile, and the United States, producing
unprecedented observations leading to a much deeper under-
standing of the plate-interface processes (e.g., Kanazawa ez al.,
2009; Toomey ez al., 2014; Yamashita ez al., 2015; Wallace
et al., 2016). As discussed in the next section, our network
design responds to the current knowledge we have of the seis-
motectonic activity in the GGap and surrounding regions and

represents the best achievable compromise be-
tween resolution of future scientific studies
and practical constrains imposed by inaccessible
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regions. Deployment of the network was com-
pleted in November 2017. Data from the net-
work will allow pursuing different scientific
goals for which the network has been designed
in the framework of our Mexico—Japan collabo-
ration, which involves about 73 researchers and
27 students from both countries. Among these
goals are the (1) detection and imaging of
any aseismic deformation processes in the plate
interface; (2) mapping the temporal evolution
of the seismic coupling; (3) generating reliable
carthquake and tsunami scenarios for hazard
assessment; (4) detection and analysis of slow,
repeating, tsunami, and/or conventional earth-
quakes; (5) different scismotectonic  studies;
(6) determination of the crustal structure through
tomographic studies using double-difference
arrival times, regional events, and correlation of
seismic noise; (7) detection and analysis of tem-
poral variations of the crustal properties from
noise correlations; and (8) receiver functions
analysis. In case a large earthquake takes place in
the region, the data will also be valuable for im-
aging the rupture process from local or regional
strong-motion records and the static-strain field.
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A Figure 7. North-south GPS displacements recorded in some of the onshore geodetic stations (locations of the stations are shown in
Fig. 3). (a) Secular and the 2017 slow-slip event (SSE) displacements. The dashed line indicates the date of the 19 September M,, 7.1
earthquake that caused serious damage in Mexico City. (b) Detrended and averaged displacements (gray curve) from stations YAIG, ARIG,

and CAYA fitted with the sigmoid function (purple) in which we

RESOLUTION OF THE OBSERVATIONAL
NETWORK

The data provided by the observational network will allow for
addressing a diversity of scientific problems. Relevance of a
given geophysical network relies on its capability of answering
specific questions. To quantify the scientific potential of our
network, in this section, we present resolution tests considering
the final instruments configuration for two methodological
strategies that are essential to achieve important scientific
and disaster prevention goals. Results from similar tests helped
us to decide the best locations for the seismic and geodetic sites
to maximize the resolvability of both tomographic and SSE/
coupling imaging (e.g., thanks to those tests, we concluded
that several coast-parallel lines of geodetic instruments with
~20 km separation were necessary to resolve the penetration
of SSEs into the seismogenic segment of the megathrust). The
tests also give us an idea of the characteristic lengths that will

estimated a duration of 6 months for the 2017 Guerrero SSE.

theoretically be resolved when the data are available, which are
significantly smaller than those achieved in the region from
previous investigations (e.g., Iglesias ¢z 4/, 2010; Radiguet ez al.,
2012, 2016).

Crustal Tomography Resolution

Determining the continental and oceanic crustal structures from
the trench to inland regions of Guerrero is essential to character-
ize both seismicity and the associated hazard. For instance, a
well-resolved structure allows reliable scenario-earthquake simu-
lations to quantify the ground motion in vulnerable population
centers. The network provides the opportunity to generate to-
mographic images with unprecedented resolution. Here, we
present resolution tests for two different imaging techniques
that will be used to interpret the data from the network. Method
1 is based on double differences of relative and absolute arrival
times from passive sources, and method 2 is based on dispersion

Seismological Research Letters Volume 89, Number 4 July/August 2018 1441
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A Figure 8. North—south velocity seismograms recorded at four broadband stations of the onshore network for the 19 September M,, 7.1

earthquake that caused serious damage in Mexico City.

curves determined from the correlation of ambient noise and
regional earthquakes.

Method 1: Seismic tomography based on the double-
difference method (Zhang and Thurber, 2003). The algorithm

determines 3D velocity models of p and Vg jointly, combin-

ing the absolute and relative event locations. This approach has
the advantage of integrating relative arrival times between pairs
of events with error estimates along with absolute arrival times,
thereby retaining valuable information often dismissed when

only adjusted picks are considered. The final models may be

Table 1
Technical Specifications of the Equipment Composing the Seismogeodetic Amphibious Network in the Guerrero Seismic Gap
(GGap) Provided by the Mexico—Japan Collaborative Project

Onshore

Offshore

14 seismological stations consisting of:
1 Kinemetrics STS-2.5 sensor with Quanterra Q3308 digitizer

6 RefTek 151B-120 sensors with 6 RefTek 130-01 digitizers

5 Giiralp CMG-40T and 2 RefTek 151-60 sensors with
7 RefTek 130-01 digitizers

33 Global Positioning System (GPS) stations consisting of:
11 Zephyr 2 and 3 geodetic antennas, and Trimble

NetR9 receivers

22 Leica AT504 and Trimble Zephyr 2 geodetic antennas,
and Trimble NetR9, Leica GRX1200 receivers

Seismic

Geodetic

7 ocean-bhottom seismometers (OBS) consisting of:

7 Katsujima 1-Hz 3D sensors with HDDR-5 digitizer,
and Tokyo Sokushin 1-Hz 3D digitizer with TOBS-24N

7 ocean-bhottom pressure gauges (OBP) consisting of:

4 Sonardyne FETCH with Paroscientific pressure sensor
(3000 and 6000 m)

3 0BPs Paroscientific Inc., 8B4000-2-005, with data logger,
Hakusan LS-9150

2 GPS-acoustic (GPS-A) stations consisting of:
4 Sonardyne FETCH without pressure sensor (3000 and 6000 m)
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refined by applying the weighted average model method (Calo
et al., 2012, 2013), which is a postprocessing technique useful
for any tomographic inversion method to overcome some lim-
itations of the velocity models yielded by standard tomographic
codes. The postprocessing method is based on sampling models
compatible with data sets using different input parameters.
New and more reliable models are then achieved by means
of weighting functions based on the ray density (derivative
weight sum; Toomey and Foulger, 1989).

To assess the minimum resolution lengths of the tomo-
graphic model, we set up a checkerboard test using a plausible
carthquakes distribution expected to be recorded in the net-
work during the next three years. We used the catalog of events
reported by the SSN since 2000, assuming that the event rates
and locations will not significantly change in the near future.
We considered only events with M, > 3.9 and declustered
the catalog to remove seismic sequences leading to anomalous
carthquake concentrations. Then we randomly selected the
hypocenters to obtain a representative distribution of the
foci with 442 events in a 3-yr lag time (Fig. 9). For the test,
we assumed that at least 80% of the seismic stations would record
the events. We considered 29 stations, from which the
international project supplied 21 and the rest belong to the SSN.
To make our resolution tests even more conservative, we did not
to include the strong-motion stations from the Institute of
Engineering and the Sistema de Alerta Sismica Mexicano
(SASMEX) belonging to the Centro de Instrumentacidn y
Registro Sismico (CIRES) (green and yellow symbols in Fig. 2a).

The checkerboard model is characterized by alternating
positive and negative velocity changes of £5% with respect
to the initial 1D velocity model. Each patch has a size of
20 x 20 x 10 km? in the X, Y, and Z directions, respectively.
This model was then used to calculate synthetic travel times
using the selected earthquake locations and stations. Possible
travel-time errors were integrated by adding Gaussian distrib-
uted noise with standard deviations of 0.02 and 0.04 s to the P
and § travel times, respectively, which correspond to the largest
expected picking error for local or regional data sets digitalized
at 100 samples per second (Chiarabba and Moretti, 2006).
Figure 9 shows the resulting model from the inversion, in
which we conclude that the crustal and the upper mantle struc-
tures are well resolved in a large region surrounding the GGap
at least for velocity anomalies with characteristic lengths sim-
ilar to the dimensions of the checkerboard patches tested here
(20 km horizontally and 10 km vertically).

Method 2: Seismic tomography based on surface-wave
dispersion curves obtained from noise cross correlations of
pairs of stations. To obtain dispersion curves, we follow the
standard procedure proposed by Bensen ez al. (2007). Data
from pairs of inland broadband stations (BB-BB) provide
dispersion curves from ~1 to 50 s depending on the intersta-
tion distances (e.g., Spica ez al., 2014).

Dispersion curves can be computed for pairs of stations
offshore (OBS-OBS) and combinations onshore-offshore
sites (BB—OBS) that are expected to have a limited bandwidth
between ~1 and ~10 s given the short-period flat response of

the OBSs. In addition, dispersion curves can also be computed
for local and regional earthquakes recorded in the network.
This mixed data set not only contributes to improving the res-
olution of tomographic images but also to obtain tomographic
images for longer periods (> 10 s). Individual dispersion
curves for cach pair of station-station and/or carthquake-
station can be inverted in a tomographic sense using the fast-
marching method developed by Rawlinson and Sambridge
(2005). See Iglesias ez al. (2010) and Spica ez al. (2014) for
details.

To assess the nominal resolution of tomographic images
considering only noise correlation between pairs of stations
close to the coast, we performed a checkerboard test assuming
that it is possible to obtain velocity group measurements for
some period between all stations. This hypothesis is only valid
for wavelengths smaller than the interstation distances. Of
course, for period longer than those distances, the tomographic
resolution would be lower. The study area was subdivided into
20 x 20 cells of 0.1° (~11 km). For the checkerboard test, cells
are set with alternating positive and negative velocity changes
of 8% with respect to a reference initial homogeneous model
(2.6 km/s). Figure 10 shows the results from the synthetic in-
version using the checkerboard model. The inversion scheme
recovers, reasonably well, the target configuration for the area
surrounded by the stations up to distances smaller than 5 km
from the trench (not shown).

Slow-Slip and Seismic Coupling Resolution

The evolution of both slow-slip transients and the seismic cou-
pling in Guerrero has critical implications in the mechanics of
the plate interface and the seismic hazard. Observations from
our geodetic amphibious network will lead to unprecedented
results in these matters across the state of Guerrero by making
possible reliable estimates of the seismic potential leading to
realistic earthquake scenarios, for instance. In this section,
we assess the nominal resolution for the slip (or back-slip)
inversion in a constrained optimization framework using
the adjoint method for a simple and efficient gradient evalu-
ation of the cost function (Tarantola, 1984; Plessix, 2006). The
hypothetical observations correspond to displacement time
series recorded at onshore GPS stations and offshore OBP and
GPS-A sites of our geodetic network. From a linear formu-
lation of the elastostatic problem and a quadratic cost function
given by the square difference of the observed and synthetic
displacements, the resulting optimization problem is convex
and has a unique solution. Two of the most valuable advantages
of this optimization strategy are (1) that the slip function in
the plate interface is not parameterized and (2) that it is pos-
sible to estimate, 2 posteriori, the formal uncertainty of the
model parameters. The lack of complete fault illumination,
the noise in the data, and the model uncertainties hamper
the slip or coupling inversions. Regularization and prior model
terms can be integrated in the problem formulation for over-
coming these problems to some extent. However, here we
present a simple exercise excluding noise and model uncertain-
ties that allows us to assess the benefit of our improved geodetic
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network compared with the preceding instrumentation in the
region.

We performed a series of synthetic inversion tests consid-
ering the actual observational network, a homogencous full
space, and the 3D plate-interface geometry used by Radiguet
et al. (2016). The interface is discretized by subfaults with hori-
zontal square projections of 5 km per side. Figure 11a shows
the result for a checkerboard inversion test in which only the
along-dip-slip component was inverted. Please notice the al-
most perfect fit between the data and the model predictions.
The checkerboard is composed of squares with 80 km per side
and slip of either 0 or 30 cm in the along-dip direction.
Although smoother, slip-imaging results obtained when also
inverting the along-strike component are very similar (not
shown). For most of the sites offshore, we only inverted the
vertical displacement component, which is being recorded
by the OBPs, but for the two GPS-A sites, the three compo-
nents were inverted. It is remarkable how well the checker-
board pattern is resolved in a huge area (e.g., inside the
black contour in which the slip was larger than 5 ¢cm during
the 2006 SSE after Cavalié ez 4/, 2013) despite the fine dis-
cretization of the source (i.e., the small size of subfaults) and
the absence of problem regularization to stabilize the inversion.
In particular, we conclude that the slip offshore can only be
resolved beyond ~20 km from the coast where ocean-bottom
instruments are deployed.

To illustrate the benefit of the improved geodetic network
for imaging SSEs or plate coupling, we inverted a Gaussian slip
distribution (target model shown in Fig. 11b) excluding
(Fig. 11¢) and including (Fig. 11d) the geodetic instruments
provided by the government of Japan. The target model
was chosen to resemble the slip distribution determined by
Cavalié ez al. (2013) for the 2006 SSE (i.e., most of the slip
is embedded within the black contour). The tests clearly show
that the new observational network substantially improves the
slip reconstruction not only between 20- and 40-km depth but

- also below the coast and the adjacent offshore
region, where we find a significant overestima-
tion of the slip in the absence of marine stations
and a dense GPS array (Fig. 11c). This region is
of special interest because we do not know
whether offshore slow slip plays a major role
during the seismic cycle.

CONCLUSIONS AND PERSPECTIVES

Thanks to a major collaborative effort between
Mexican and Japanese scientists, we have instru-
mented in 2017 the GGap and neighboring re-
gions with the first seismogeodetic amphibious
network in Mexico and Central America. This
gap probably represents the largest natural
threat to large populated areas such as Mexico
City, with more than 22 million people, which
may experience ground motions significantly
larger than those felt during the disastrous 1985 Michoacan
carthquake if the gap breaks in a similar or larger event. In
that scenario, important coastal population centers such as
Acapulco and Ixtapa-Zihuatanejo, among others, could also ex-
perience overwhelming ground shaking and tsunamis.

The observational network is generating unprecedented
data in the region, which is expected to deepen our understand-
ing of the subduction process and to provide more reliable
estimates of the seismic and tsunami hazards along the Pacific
coast of Mexico. We presented initial data recorded in our seis-
mogeodetic amphibious network, in which we reported the
occurrence of a 6-month-long SSE in Guerrero (ie., from
May to October 2017) and the ground motion induced by
the devastating 19 September 2017 M,, 7.1 earthquake. We
also reported the first offshore geodetic measurements ever
recorded in Mexico and Central America using OBPs and
GPS-A stations. To assess the benefit of the new observational
network, we quantified its resolution through nominal tests for
both the crustal and plate-interface slip imaging. These tests
were also conducted prior to the instruments’ deployment
for network design purposes. The presented results show that
the network should lead to earth models resolving structural
features with characteristic lengths of at least 20 and 10 km
in the horizontal and vertical directions, respectively, across
the state of Guerrero in the crust and upper mantle. Similarly,
onshore and offshore geodetic instruments should lead to
unprecedented images up to the trench of the seismic coupling
and slow slip in the plate interface. We showed that the
previous instrumentation in the region was insufficient for re-
liably imaging the SSEs below the coast and offshore across
the GGap.

For mitigating the risk associated with the GGap, research-
ers of the binational collaboration are developing sophisticated
physics-based models to simulate hypothetical scenario earth-
quakes in the gap and the associated tsunamis with realistic
inundations. These models are being constrained by observa-
tions from the observational network that, as shown in this

-99°00'
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A Figure 11. Synthetic inversion tests using a recently developed adjoint inverse method for imaging SSEs and the seismic coupling in
the 3D plate interface (gray contours). (a) Result from a checkerboard test considering all stations of the geodetic amphibious network. (c)
and (d) show the inversion results excluding and including the geodetic stations provided by the Japanese government, respectively, for
the Gaussian-slip distribution shown in (b) (i.e., target model). The black contour depicts the 5-cm slip contour determined by Cavalié et al.

(2013) for the 2006 SSE in Guerrero.

network into specific measures or strategies for reducing the
risk of the population facing the possibility of a major earth-
quake or tsunami in the GGap. As the project progresses in the
next few years, detailed hazard assessments along the coast will
be delivered to different experts and institutions for raising
awareness and designing end-to-end risk mitigation recom-
mendations in highly exposed localities.

article, will benefit from high-resolution analyses of the crustal
structure and the seismic coupling in the plate interface.
Furthermore, risk management and educational experts from
both countries are developing risk mitigation guidelines along
with local authorities of civil protection and school teachers
that are being implemented in this moment. This multidisci-
plinary effort is now translating data from the observational
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DATA AND RESOURCES

The data reported in this study were recorded in our
seismogeodetic network except for the Global Positioning
System (GPS) records at stations YAIG and ARIG, which belong
to the Servicio Sismologico Nacional (SSN) of National
Autonomous University of Mexico (UNAM) (www.ssn.unam
.mx, last accessed April 2018). The data generated by the seis-
mogeodetic network will be available for the scientific commu-
nity until 2026 through personal request to V. M. C. and Y. L.
Some plots were made using the Generic Mapping Tools v. 4.2.1
(www.soest.hawaii.edu/gmt, last accessed April 2018; Wessel and
Smith, 1998) and the MATLAB software v. R2017a
(www.mathworks.com, last accessed April 2018). The unpub-
lished manuscript by V. M. Cruz-Atienza, C. D. Villafuerte,
and H. S. Bhat (2018), “Rapid tremor migration and pore-pres-
sure waves in subduction zones,” accepted in Nature Commu-
nications. B4
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