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Key Points:

e The 2012 My, 7.5 Ometepec-Pinotepa Nacional earthquake caused a long-term increase in

the surrounding slip rates that lasted at least six years.

e Unlocking of a near the trench block favored the rupture of the 2018 My, 7.2 Pinotepa

Nacional earthquake.
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e (Coda wave interferometry analysis asserts that repeating earthquakes are caused by the

same asperity.

Abstract

On 20 March 2012, a My 7.5 thrust earthquake started a series of large events up to
magnitude My 8.2 (2017) that struck central Mexico during a period of nine years. Before this
event, the Mexican subduction zone did not experience subduction earthquakes (My, > 7.0) for at
least 12 years. Most of the events during this highly active period (2012-) occurred in the plate
interface, resulting in a significantly larger interplate slip rate in the states of Oaxaca and Guerrero.
In this study, we explore how the aseismic slip transient caused by the 2012 My, 7.5 earthquake
affected the region and whether this earthquake had a causal relationship with a nearby similar
magnitude event that occurred in 2018 (My 7.2). To this end, we identified and analyzed
characteristic repeating earthquakes along the Mexican subduction zone for assessing the plate
interface slip history and found a notably increase in the aseismic slip rate inferred from repeating
earthquake activity following the 2012 mainshock, which suggests a long-standing slip
perturbation in Oaxaca near the trench that continued until the 2018 My, 7.2 Pinotepa Nacional

earthquake.

Plain Language Summary

This study analyzes the large increase in seismicity and the changes in the plate interface
motion that occurred between two major thrust earthquakes: The 2012 My, 7.5 Ometepec
earthquake and the 2018 My, 7.2 Pinotepa Nacional earthquake. These two events, located in the

state of Oaxaca in southern Mexico, were produced by two nearby asperities whose hypocenters
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were separated by only ~60 kilometers. To estimate the inter-seismic slip rates, we analyzed the
occurrence of repeating events, a type of earthquake believed to be the result of asperities on the
plate interface that rupture the same patch at relatively regular intervals. This kind of earthquake
has extraordinarily similar waveforms that suggest a common origin in space and a similar rupture
process. We explored the repeating earthquake activity and its characteristics to determine how
the induced seismicity produced by the 2012 Ometepec earthquake influenced the rupture of the

2018 Pinotepa Nacional earthquake.

1. Introduction

An intense increase in seismic activity that may last from a few weeks or months through several
decades often follows long quiescent seismic periods (Stein & Liu, 2009). While many earthquakes
are clustered in both space and time (Barbot et al., 2012; Konca et al. 2008, Santoyo et al., 2005),
others occur spontaneously with no clear triggering mechanisms (Corral et al., 2004; Kagan &
Jackson, 1991; Kanamori 1981, Keillis-Borok et al., 1980; Wang et al., 2010; Wyss et al., 1988).
In this regard, the Ometepec-Pinotepa Nacional region is a remarkable example of an area that
experiences modulated periods of seismic activity. This segment, located along the central Pacific
coast of Mexico at the border between the Oaxaca and Guerrero states, is well known for the
occurrence of large earthquakes (> M7.0) that often take place as pairs of events interacting with
each other during a relatively short period. The most striking example happened in 1982, when a
magnitude M; 7.0 earthquake was preceded by a Mg 6.9 earthquake within five hours (Astiz &
Kanamori, 1984). Another duplet-type event occurred in 1928 when a magnitude Ms 7.6 was
preceded by a Ms 7.4 two months before (Singh et al. 1981). A similar scenario occurred in 1962
to the West of the Ometepec-Pinotepa Nacional region, when a magnitude Ms 7.2 was followed

by a Ms 6.9 only eight days apart (Nishenko & Singh, 1987, Ortiz et al., 2000). Furthermore, in
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1995 and 1996, two earthquakes with magnitudes larger than 7.0 ruptured within a year (Anderson
et al., 1995; Singh et al., 1997). Other magnitude M 7.0 events occurred as single earthquakes in
1937 (Ms 7.7), 1948 (Ms 7.0), 1950 (Ms 7.3), and 1968 (Ms 7.3) (see inset Figure 1). Recently,
this area experienced two more earthquakes that ruptured a few years apart, the first one happened
on 20 March 2012 (My, 7.5) (UNAM seismology group, 2013) about 30 years after the 1982
doublet, and the second earthquake ruptured a nearby area, ~60km apart, on 16 February 2018 (M,
7.2) (Lietal., 2020) (Figure 1). The aftershock sequence of the 2012 earthquake was particularly
productive compared to other Mexican earthquakes located along the trench. This earthquake is
characterized by a high Gutenberg-Richter b value (1.50 = 0.10), and a low Omori p-value (0.37
+ (0.12). Furthermore, the modulation of the aftershocks rate by the Earth tides strongly suggest
the presence of highly pressurized fluids at the plate interface in this Oaxaca region (Legrand et
al., 2021). In this study, we evaluate the space-time evolution of the slip rate in this region between

these two events the between 2012 and 2018 earthquakes and compared it with adjacent segments
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to understand the high seismicity rate in this area that has persisted for nearly a century of

instrumental seismology.

1950
1937 I
.1 948

.1 995 ¢ 1928A I

19828
1982R Sle 1928?

18°N

102° W 100° W 98'W 96°W 94°W

Figure 1. Major earthquakes in 2012-2020 in Mexico and significant seismicity in the Ometepec-
Pinotepa Nacional region. Beach balls indicate the focal mechanisms of My, > 7 earthquakes during
the 2001-2021 period (Orange — 2012 Ometepec earthquake; green — 2014 Papanoa earthquake;
blue — 2018 Pinotepa Nacional earthquake; black — 2017 Tehuantepec earthquake; pink — 2017
Puebla-Morelos earthquake; red — 2020 La Crucecita earthquake; purple — 2021 Acapulco
earthquake). Colored contours show the rupture areas of the reported SSEs and the afterslip of the
2018 Pinotepa earthquake determined by Cruz-Atienza et al. 2021. Inset indicates known
estimated hypocenters of large events (M = 6.9) since 1901 (Sawires et al. 2019). The black

dashed rectangle indicates the region of interest.
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Recent advances in seismic and geodetic monitoring, have provided new evidence about the
possible mechanisms that cause such a high interplate slip rate compared to adjacent areas.
Geodetic instrumentation shows that this area is constantly influenced by the occurrence of slow
slip events (SSEs) downdip the Ometepec-Pinotepa Nacional segment every 1-2 years (~M6.0)
which may have a strong influence on the occurrence of megathrust earthquakes in the region
(Figure 1) (Cruz-Atienza et al., 2021; Graham et al., 2014). To the West, in the state of Guerrero,
there is a region where no earthquakes with a magnitude larger than M>7.0 have occurred in more
than a hundred years known as the Guerrero Gap (GG) (Singh et al., 1981; UNAM Seismology
Group, 2015), where downdip SSEs take place every ~4 years. In addition, tectonic tremor is
frequently observed as a by-product of SSEs (Cruz-Atienza et al., 2015, 2018; Husker et al., 2012,
2019; Kostoglodov et al., 2010; Payero et al., 2008; Plata-Martinez et al., 2021; Radiguet et al.,
2012, 2016; Rivet et al., 2014; Vergnolle et al., 2010; Villafuerte & Cruz-Atienza, 2017). This
variety of mechanisms has led to several hypotheses about the seismic budget distribution
(Radiguet et al., 2012, Gualandi et al., 2017, Ramirez-Herrera et al., 2018) that suggest that a
significant portion of the stress is released through aseismic slip in the seismic gap including its
offshore segment (Plata-Martinez et al., 2021). If these hypotheses held true, the GG would not
likely have yet the potential to nucleate large megathrust earthquakes by itself. Nonetheless, larger
ruptures may be able to transit from either side as Plata-Martinez et al. (2021) hypothesized, which

could lead to M>8.0 earthquake in Guerrero.

1.1 Tectonic Overview

The Mexican subduction zone is the result of the fragmentation of the Farallon plate that caused
the oblique subduction of the oceanic Cocos and Rivera plates (Lonsdale 2005) beneath the

continental North America plate. The resulting configuration produced a wide flat subducting slab
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that extends from the coast up to 250 km inland, flanked by segments with a steeper slope on both
sides (Kim et al., 2013; Pardo & Suérez, 1995; Stubailo et al., 2012). The geometry of the slab has
been explored using a wide range of techniques such as earthquake relocation (Pardo & Suarez,
1995), receiver functions (Melgar & Pérez-Campos 2011; Pérez-Campos et al., 2008), seismic
ambient noise (Gaite et al., 2012; Spica et al., 2016), surface waves (Castellanos et al., 2018;
Iglesias et al., 2010; Stubailo et al., 2012), body wave tomography (Husker et al. 2009) and seismic
attenuation (Chen & Clayton, 2012). Flattening of the slab is likely due to dehydration and rollback
that caused a shift in the volcanic arc which lies oblique with an angle of ~15° with respect to the
trench, forming the Trans-Mexican volcanic belt with very diverse chemical signatures (Ferrari et
al 2012, and references therein; Skinner & Clayton 2011). Another relevant feature for the regional
tectonics consists of a continental left-lateral 650 km long fault system that extends parallel to the
trench that accommodates a significant part of the oblique component of the subducting slab
(Kazachkina et al., 2019, 2020). Both earthquake swarms and SSEs have been detected at the

interface of this fault system in Oaxaca (Fasola et al., 2019).

1.2 Pore Pressure and Fluids in the Ometepec-Pinotepa Nacional Region

Considerable evidence suggests that the release of fluids controls the seismicity in this region. To
the West, using magnetotelluric measurements in Guerrero, Husker et al. (2018) found a high
conductivity zone on the upper layer of the subducting slab, which was associated with the
presence of highly pressurized fluids as observed in different regions of the globe (Audet & Kim,
2016) and that may explain the migration pattern of tectonic tremor and SSEs cycles in that state
and globally (Cruz-Atienza et al., 2018; Warren-Smith et al., 2019). In the Ometepec-Pinotepa
segment, Plata-Martinez et al. (2019) examined the radiated energy of aftershock sequences of

both the 2012 My 7.5 Ometepec-Pinotepa Nacional (hereafter 2012 Ometepec earthquake) and the
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2018 My 7.2 Pinotepa Nacional earthquakes (hereafter 2018 Pinotepa earthquake). The ratio
between the seismic energy to the seismic moment also suggests the presence of fluids along this
zone. Elevated pore pressure can significantly reduce the effective normal stress allowing a higher
seismicity rate compared to areas with lower fluid content. This was made clear by Legrand et al.
(2021), who identified tidal-modulated aftershock seismicity following the 2012 My, 7.5 Ometepec
earthquake, and a high Gutenberg-Richter » value and low Omori p value, suggesting again the
presence of over-pressurized fluids largely affecting the aftershock productivity. Fluids are often
considered a major player that regulates the seismic activity that may result in large megathrust
earthquakes (Audet & Schwartz 2013; Moreno et al., 2014) and quantitatively explain the cycle of
slow earthquakes at the plate interface (Warren-Smith et al., 2019), including their associated rapid

migrations (Cruz-Atienza et al., 2018).

2 Data

We extended the repeating earthquakes (REs, or repeaters) analysis, presented in
Dominguez et al. (2016), by incorporating a longer time window ranging from 2001 through
October 2021 (former results spanned from 2001 through 2014). Additionally, we carried out a
complementary analysis of the rupture characteristics of the individual earthquakes to identify RE
pairs. In total, we examined 440,655 vertical-component waveforms from 75,567 earthquakes
(M>1.5) reported by the Servicio Sismoldgico Nacional (Pérez-Campos et al., 2018; SSN 2021).
Figure S1 in the supplementary material shows the data availability and the number of records per
event, as well as their magnitude distribution. Large gaps exist in the waveform data before 2006;
therefore, caution must be taken in the interpretation of the results between 2001 and 2006. As of
October 2021, all the stations have a sample rate of at least 100 Hz. Nonetheless, historical

waveforms at some stations (i.e., CAIG - before 2008, MEIG - before, 2014, OXIG - before, 2007,
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PLIG - before, 2008, and PNIG - before 2007) are only available at 20 Hz, though. Therefore, we
downsampled all records to 20 samples per second for our RE detections for this study. Notice that
stations YOIG and PEIG were installed after the 2012 Ometepec earthquake. Thus, these stations

will not be considered to evaluate temporal changes in RE activity before and after this earthquake.

3 Methods
3.1 Repeating Earthquakes

Repeating earthquakes are a type of event that consistently ruptures the same patch along the fault
plane producing remarkably similar waveforms when examined at the same stations at different
times (Poupinet et al., 1984; Vidale et al., 1994). Unlike most of the earthquakes which show
complex and Poisson-type behavior, REs have relatively predictable recurrence times that scale
with moment magnitude as ~M"° (Catania & Seagall, 2019; Chen & Lapusta 2009; Nadeau &
Johnson 1998;). REs are therefore considered the result of asperities that systematically
accumulate and release stress with a similar moment magnitude in an otherwise aseismic slipping
area. This process has been reported in a wide variety of tectonic environments such as oceanic
fracture zones (Materna et al., 2018), transform faults (Nadeau & McEvilly, 1999, 2004; Uchida
etal. 2019a; Vidale et al., 1994), volcanoes (Tepp 2018) and subduction zones (Chaves et al. 2020;
Hughes et al. 2021; Mavrommatis et al., 2015; Uchida et al., 2015). Monitoring REs thus allows
the estimation of the interplate aseismic slip as well as examining changes in the mechanical
properties of the fault system. Nadeau & Johnson (1998) proposed an empirical relationship that
links the interface slip around the seismogenic asperity, d, as a function of the RE coseismic

moment, Mo, given by,

d= 10“M(§’, (1)
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where a and b are empirical constants. These authors suggested the following values a = -2.36
and b =0.17 based on REs from Parkfield, California. Subsequent re-evaluations of these constants
for the San Andreas fault suggested updated values of a =-1.09+ 0.2 and b =0.10 + 0.02 (Nadeau

& McEvilly, 2004); and a =-1.53 £0.37 and b = 0.10 + 0.02 Koshmanesh et al., 2015.

We identified REs by comparing waveforms from pairs of nearby events (i.e., epicentral distances
smaller than 50 km) reported in the SSN local catalog (SSN, 2021) with a 25 s time window from
the onset of the P wave, which includes both P- and S- wave arrivals for events within 300km from
the station. Data were demeaned, detrended and filtered using a Butterworth bandpass filter
between 2-8 Hz. Then, we estimated the correlation coefficient and spectral coherency. We
declared a pair of events as REs when both the correlation coefficient and the spectral coherence
exceeded 0.95 for at least two stations. Sequences were initially formed by combining those pairs
of events that shared a common reference earthquake into a single group. For example, suppose
earthquakes A and C have a correlation coefficient and spectral coherency equal or higher than the
given threshold (95%). In that case, we declare them as members of a RE sequence. Furthermore,
suppose the waveform from a third event, earthquake B, meets the same similarity criterium
compared to either earthquake A or C (not necessarily both). In that case, earthquake B is also a
member so that all three events (A, B, and C) constitute a single sequence of REs. In the following
sections, we detail our strategy to minimize false RE detections, which includes an additional
constrain (unlike the study by Dominguez et al., 2016) where we estimated the relative distances
between pairs of events using coda interferometry (Snieder & Vrijlandt, 2005) and inverted the
results to make sure that the same asperity is indeed at the origin of the events instead of nearby
asperities with a very similar earthquake to station path. The asperity size of each earthquake was

determined independently through a stress drop estimate.

10
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3.2 Stress drops calculation

To determine the size of the rupture patches and thus whether a sequence of repeaters was produced
by the same asperity or by a nearby asperity, we first computed the stress drop of each seismic
event based on Brune’s model (Brune, 1970). Our procedure is similar to that proposed by Ordaz
& Singh (1992), although we solved for the stress drop assuming the attenuation laws presented

in Garcia et al., (2009). The observed spectrum at the station i for the j event may be expressed as
Aii(f, Rij) = C - S;(f) - G(Ry;) - 7™ HiafQU) )

where f is the frequency, R;; is the hypocentral distance, G (Rl- j) is the geometrical spreading,
O(f) 1s the attenuation, and

Ry F

¢= 47 pv3 3)

In this equation, Rgg = 0.55 represents the average radiation pattern (Boore & Boatwright, 1984),
F = 2. 0 accounts for the free surface amplification, v is the P-wave velocity (6230m/s), and the
density p = 2.7g/cm3 (Garcia et al., 2004). We used a path-dependent attenuation function and
distance-dependent geometrical spreading as shown in Garcia et al. (2009) for the Mexican
subduction zone where Qg(f) = 1755 %52 for coastal paths and Q¢(f) = 211f%4® otherwise. To
estimate the equivalent Qp(f) attenuation, we considered that Q;* = (4/9)Qs5 1 for a Poisson
solid (Shearer 2019), assuming the same frequency dependance. Thus, we obtained Qp(f) =
3941052 for coastal paths and Qp(f) = 475f%*° otherwise. The geometrical spreading is defined

as,

GRY = 1/r, forr <50km A
(R) = {1/@, forr = 50km’ @

11
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for coastal paths, and

1/r, forr < 50km.
G(R) = 1/50, for 50 < r < 150km (5)

V3/V/50r, forr = 150km

for trajectories towards the continent. For the instrument response, we applied a prefilter with the
following corner frequencies f, = 0.005, 0.0125, 30, 40 Hz. After correcting path effects, we took
a P- wave time window of 1.28s (128 samples at 100 sampling rate) and applied a 5% taper to the
signal. Brune’s model allows estimating the source dimensions from the power spectra of either

the P- wave or the S- wave at the source, which can be approximated as,

o)
=1y (f/f)?, 6)

where S(f) is the spectrum of the seismic recording after removing the geometrical spreading,
attenuation, and the instrument response. m is a factor that is applied in the frequency domain
depending on whether the spectrum is on displacement (m = 0), velocity (m = 1) or acceleration
(m = 2), f, is the corner frequency and ), is the flat level at low frequencies in the displacement
spectrum. We used a multitaper spectrum library to estimate the spectrum as shown by Prieto et
al.,, (2009) and fit the resulting spectrum for all three possible combinations of spectra
(displacement, velocity and acceleration) for the vertical component. Then, we estimated the
coefficient of determination, R?, and thus evaluated the goodness of the fitting. R? was computed

as,

R? = (1 _ Uresiduat ) % 100,

U total

(7
where Usesiguar = & Uops — Ugrune)? 1s the sum square of the residuals. Urgrq; = 2 (Upps — U)?

is the total sum of squares, and & indicates the mean value of the observed data. Finally, we

12
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estimate the stress drop, Ao, as a function of the estimated seismic moment M, and the corner

frequency f,,

ro =L (}f—ﬁ)3 M,. (8)

In this case, k = 0.32 (Madariaga 1976) and S is the S-wave velocity (3.9 km/s) in the crust
(Dziewonski & Anderson, 1981). To evaluate the stress drop for each cluster, we took the average
values of the best fitting spectra with signal-to-noise ratio, SNR > 5, and R? > 80%. Examples of
the fittings are shown in the Figures S2, and a summary of the results is provided in the

supplementary material Dataset S1.
3.3 Inter event distance and relative positions

When two closely spaced asperities produce repeating earthquakes, the recorded waveforms
exhibit a large correlation and coherence value. In this case, they can be produced either by a
partial rupture of a larger asperity or by nearby independent asperities located a few meters apart
(Uchida, 2019). We assumed that each rupture could be modeled as an instantaneous penny-shape
circular crack whose radius is estimated from their moment magnitude and stress drop (Eshelby

1957),
(7 M\Y/3
R=(%50) ©)
where M, is the moment magnitude in Nm, and Ao is the stress drop in MPa. The relative distance
between pairs of events was computed employing coda wave interferometry (Snieder & Vrijlandt,
2005). Figure 2 illustrates an example of this process. Figure 2a shows the waveforms of sequence

0406 that containing eight REs. First, we aligned all the waveforms to the P- wave using a cross-

correlation of the entire waveform in a 51 s window. Analysis of the correlation coefficient starts

13
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in the coda, which we assumed starts at twice the S-P arrival time. Then, we vary the window
length and measure the distance in a 5 s window at three times the S-P arrival time from the onset
of the P wave. Figure 2b shows the variations of the correlation coefficient as a function of the
window length, and Figure 2c shows the corresponding interevent distance, as described by

Snieder & Vrijlandt (2005), for all possible pairs.

14
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Figure 2. Coda wave interferometry results for sequence 0406. This RE sequence consists of eight

members with a mean duration magnitude of M¢=3.9. (a) Individual waveforms, the gray shaded

area indicates the time window where the relative distance between events is calculated. (b)

15



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

Journal of Geophysical Research — Solid Earth

Maximum cross-correlation and (¢) Relative distance between each pair of events. Time ¢ = 0,
corresponds to twice S-P time measured from the onset of the P wave.

Once we obtained a set of inter-event distances for each RE sequence, we determined a plausible
configuration of the hypocenter at the plane interface. To invert the relative inter-event positions
estimated by means of coda wave interferometry, we used a differential evolution algorithm
approach (Storn & Price, 1997). This optimization method maintains a population of individuals
(i.e. candidate solutions) that gradually minimize an objective function. In our cause, individuals
are the hypocentral locations of each event along the same fault plane so that for every set of points
is lying in the plane; the method finds the pairwise distance matrix Dp, where Dp[i, j1 = d(P;, P;).
Among all such pairs, P, the optimal event locations are those minimizing the objective function
d(D,Dp). Each generation is constructed from the previous one. In this sense, differential
evolution can be thought of as a primitive genetic algorithm. This method, in a nutshell, maintains
a population of individuals that gradually improve. Therefore, each generation is constructed from
the previous generation. To perform differential evolution, we start with a population of random
individuals. Then, we successively repeat the following procedure: In each generation, for each
individual P in the current population, we choose three other individuals 4, B, and C; and use them
to construct a new candidate individual, which we will call, P. This candidate P is compared
against P, and replaced it in the next generation if its associated cost function is lower. This process
continues until no more improvements are to be found; see Storn & Price (1997) for further details.
Figure 3 illustrates the process described above to examine sequence 0203. The estimated average
stress drop for this sequence inferred from Brune’s model fitting is Ao = 0.12 + 0.07 MPa. The
radius of the asperity is then computed using Eq. 9. In this case, we assigned the same radius to all

members based on their estimated stress drop and My. Figure 3a shows a possible plane solution

16
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of relative locations and size of the asperity based on the inversion of their relative distances
estimated using coda wave interferometry as explained previously. Notice that any rotation of the
reference system will also be a solution to that specific set of relative distances. Figure 3b shows
the dendrogram which indicates whether the members within the same sequences can be associated
with a single asperity or not. In this specific example, the diagram suggests that a stress drop of at
least Ac = 30 MPa is required to obtain a separation distance short enough (7.itica; = 187 m) to
consider the earthquake 09901800.02 as an independent asperity. Therefore, in this case, we
conclude that all earthquakes within the sequence belong to the same asperity given the estimated

stress drop and their relative interevent distances.

(a) (b) Detected by: CRIG, PEIG, PNIG, TXIG, YOIG

A0=0.12+0.07 MPa 200 = Ao = 30MPa
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Figure 3. Relative locations and dendrogram of the sequence 0203. a) Estimated relative locations
and estimated rupture area for all events within the sequence. b) Dendrogram, the x-axis indicates
the earthquake id and the consecutive member id within the sequence, the y axis indicates the

relative distance.
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3.4 Completeness of the RE Catalog

Since our RE detections detach from waveform templates of earthquakes reported by the SSN, our
catalog’s spatial completeness (i.e., the geographic extent with the same cut-off magnitude) of our
catalog is tied to the detectability of the SSN instrumental network. Once stations YOIG and PEIG
were installed in 2012, a completeness analysis of the station network (Figure S3) indicates that
the current cutoff magnitude (Mc) is about 3.3 for the whole extent of our study area. However, to
avoid apparent changes in the seismicity rate due to detectability artifacts in our long-term RE time
series ranging between 2002 and 2020, we determined a sufficient minimum completeness value
M. = 3.8 which implies that most of the events above this magnitude have similar locations and
focal mechanisms to the template earthquakes in our catalog within the geographic extent. In the
following section, we will not consider any detection below this threshold to assure that our
interpretations are not influenced by improvements in the network. Nonetheless, complementary

figures containing all detections are provided in the Supplementary Material.

4 Results and discussion

We found a set of 476 RE sequences that contain between 2 and 25 members with magnitudes
ranging from 3.0 to 4.5 (see Supplementary Material, Dataset S2). The locations of the sequences
are color-coded according to their magnitude in Figure 4. As discussed above, on this map, we
only include events that meet a strict completeness criterion of the earthquake catalog across the
study region during the whole analyzed period (for a map including all detected RE see Figure
S4). Notice that the GG and Puerto Escondido (i.e., close to PEIG station) segment stands out as
areas with a lower concentration of REs compared to adjacent areas likely perturbed by the large

subduction earthquakes. In comparison, the area of interest (Ometepec-Pinotepa Nacional region)
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exhibits a noticeable larger RE activity, as well as the offshore region of the 2014 Papanoa

earthquake.

15"N Mo : ' . —
102°W 101°W 100°W 99'W 98'W 97'W

Figure 4. Detected RE sequences along the Guerrero and Oaxaca megathrust above M. > 3.8.
Triangles indicate the location of the permanent seismic stations used in this study. The white
dashed line shows the extension of the Guerrero Gap. Thick black lines indicate the location of the
four profiles examined in this study. Focal mechanisms correspond to the recent My > 7.0
earthquakes: 2014 Papanoa earthquake (green), 2012 Ometepec earthquake (orange), 2018
Pinotepa earthquake (blue) and 2021 Acapulco earthquake (purple). RE clusters are indicated by
circles color coded by mean magnitude. Black dashed lines show the slab iso-depth as shown by

Cruz-Atienza et al., (2021). Black closed contours represent rupture areas of large earthquakes
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(Kostoglodov & Pacheco, 1999). Thick contours approximate areas of SSE ruptures areas in

Guerrero (white) and Oaxaca (blue) (Graham et al., 2014).

In Figure, 5 we compare the changes in RE activity and interplate slip rates across both the
Ometepec-Pinotepa Nacional and GG regions. Notice the drastic change in seismicity and,
consequently, the number of REs following the 2012 Ometepec earthquake in the former case. In
Figure 5a, we show the timing of significant nearby earthquakes (Mw=6.0) (blue and red dots for
Oaxaca and Guerrero, respectively), the approximate duration of SSEs in Guerrero (red shaded
areas) and Oaxaca (blue shaded areas), and the number of REs reported as a function of time in 2-
month bins. We included in this plot the 2017 My 7.1 Puebla earthquake (Melgar et al., 2018a;
Singh et al., 2018), given their magnitude and societal impact. However, this event ruptured ~250
km from the trench in the bending section of the slab and no static or dynamic transfer of stress
has been found (Cruz-Atienza et al., 2021; Segou & Parsons, 2018). Cumulative RE counts show
that the Ometepec-Pinotepa Nacional segment almost doubled the activity observed in the GG

during the same period (panel b).
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Figure 5. Major earthquakes and cumulative number of REs in the Ometepec-Pinotepa Nacional
region (black square in Fig. 1). (a) Number of REs detected in the region in two-month bins (blue

line). Red shaded areas show SSEs in Guerrero, while blue areas show the time intervals of the
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SSEs in Oaxaca. (b) Cumulative number of REs in the Ometepec-Pinotepa Nacional region (blue
line) and the Guerrero Gap (red). Blue steams denote earthquakes with magnitudes larger than My,
> 6.0, red stems, earthquakes with My, > 7.0 and the green stem indicates the 2012 Ometepec

earthquake. The yellow star marks de My, 8.2 Tehuantepec earthquake.

To compare the RE recurrence time interval with studies worldwide, we evaluated the recurrence
times for the RE catalog as a function of the seismic moment, Mo. Figure 6 shows the results color-
coded by their position along the trench, as indicated in the inset. REs along the Guerrero Gap
(red-orange colors — diamond markers) have recurrence times ranging between 1 and 10 years,
which are generally consistent with the Nadeau & Johnson (1998) relationship (black dashed line)
after correcting for the local slip rate (i.e., the plate convergence rate) as shown in Chen et al.
(2007). In contrast, the Ometepec-Pinotepa Nacional region (yellow-green colors) shows much
shorter recurrence times likely due to the co- and post-seismic perturbations induced by both the
2012 Ometepec and 2018 Pinotepa earthquakes. Another way to see this is shown in Figure 7,
where the large differences in the recurrence times between the Ometepec-Pinotepa Nacional and
adjacent segments are clear, dropping below the 1-month threshold in the former case. On the other
hand, the post-seismic relaxation produced by the 2014 Papanoa earthquake in Guerrero had a
small effect on the recurrence times compared with nearby sequences, such as the GG, where
recurrence times of most of the REs range between 1 and 10. A similar plot including all the

stations available after 2012 including all detected events is shown in Figure S5.
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Figure 6. Comparison between the recurrence times along the Guerrero Gap and the Ometepec-
Pinotepa Nacional region. Colors indicate the distance along the trench as indicated in the inset,

diamond-type markers indicate the recurrence times of REs along the GG. The dotted line indicates
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the expected recurrence times from the empirical relationship proposed by Nadeau & Johnson

(1998).
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Figure 7. Recurrence times of reported RE pairs color-coded by the recurrence time. The size of
the circles is proportional to the average magnitude of the events. Shaded areas show the projected
rupture areas of the 2014 Papanoa earthquake (blue), the Guerrero Gap (red), the 2012 Ometepec
earthquake (yellow) and the 2018 Pinotepa earthquake (green). Only REs above the M > 3.8,

excluding data from stations PEIG and YOIG are shown in this plot.

To investigate possible changes in the slip rates along the adjacent areas of the rupture zones, we
grouped the REs along four profiles as indicated in the map shown in Figure 4 (in each group we
include all epicenters within 10 kilometers of the lines). Profile P1 corresponds to a line

perpendicular to the trench that aims towards the rupture area of the 2014 Papanoa earthquake
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west of the GG. Note that the 2014 Papanoa rupture took place during the 2014 Guerrero SSE,
which likely acted as a triggering mechanism of the earthquake (Radiguet et al., 2016; UNAM
Seismology Group, 2015). Figure 8 shows the evolution of the RE activity along this profile. RE
detections start six years before the earthquake and updip, between 15 and 30 km from the trench,
indicating possible slip acceleration in the shallow part of the plate interface. After the mainshock,
new sequences developed downdip near the hypocenter, certainly associated with the postseismic
relaxation for two years following the event. Southeast of the study region, profiles P2 and P3
(figures 9 and 10, respectively) are parallel lines that extend approximately towards the rupture
areas of the 2012 Ometepec and 2018 Pinotepa earthquakes. These profiles show a more intense
aftershock activity that concentrates in the two different depth ranges, downdip around the 20 km
depth interface isoline and around the 10 km depth isoline. The 2012 Ometepec and 2018 Pinotepa
earthquakes nucleated at depths between 10 and 20 km, where the seismicity is significantly lower
and where almost no repeaters are observed both before and after the events. This suggests the
existence of either a relatively locked or freely slipping (stable) trench-parallel segment with 20 to
30 km in length along dip. Unlike profile P3, profile P2 shows a delayed activation of REs that
first happened in the shallow, near the trench segment (about six months after the 2012 Ometepec
earthquake) and then in the deeper segment about three years later. In Profile P3, RE activity

began immediately after the mainshock in both segments with more intensity in the shallow one.

The most outstanding feature of the RE activity is the absence of repeaters for more than a decade
before the 2012 earthquake, especially in the Ometepec region (figures 9 and 10). After this event,
seismicity (and REs) largely increased, as expected from the afterslip of the 2012 and 2018
earthquakes (UNAM Seismology Group, 2013, 2015). The activation of REs (most of them

offshore) from the occurrence of the 2012 event suggests two possibilities: (1) that the shallow
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plate-interface region mechanically transitioned from a predominantly locked to a weaker slipping
regime when the earthquake happened; or (2) that the downdip segment unlocked after the event
and pulled down (over-stressed) the shallow block increasing the strain release rate updip. In both
cases, the shallow offshore segment seems to have evolved from a quasi-static, creeping regime to
an aseismic stress-releasing state (Wang & Dixon, 2004). Although the first hypothesis is plausible
due to dynamic weakening of the fault gauge materials due to large seismic waves (Cruz-Atienza
et al., 2021; Johnson et al., 2012), we favored the second hypothesis since the magnitude of both
Oaxaca earthquakes is relatively small (and consequently their waves amplitude and duration).
However, sustained seismic and RE activity until 2021 could certainly be explained by the regional
plate interface softening produced by seismic waves of the great My 8.2 (2017) Tehuantepec
earthquake (Melgar et al., 2018b; Meng et al., 2019; Sudrez et al., 2019), which strongly disturbed

the SSE cycles in Guerrero and Oaxaca (Cruz-Atienza et al., 2021).

Several empirical relationships have been proposed to estimate the fault slip at the interface
based on the RE magnitude. Comparison between these relationships (figures 8 through 10, panel
a) shows very large differences that range from near plate convergence speed (Nadeau & Johnson,
1998) to near full coupled (Koshmanesh et al., 2015). Little can be said from this comparison.
However, since the stress-releasing afterslip of both earthquakes spread partly across the RE
locations, especially those below 10 km depth (Cruz-Atienza et al., 2021; Graham et al., 2014),
the relationship proposed by Koshmanesh et al. (2015) is clearly inappropriate for Oaxaca as it
does not predict slip rates larger than the plate convergence velocity after the events. Precise
parameter calibration in space and time requires further investigation to determine the best set of

parameters (a,and b, see Eq. 1) that better describe the slip along the interface for the Mexican
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448  Figure 8. Seismicity and RE activity along a profile P1, near the 2014 Papanoa earthquake (see
449  Fig. 4). (a) Estimated slip rates based on three empirical relationships (see main text), red shaded
450  areas show the time windows for the SSE in Guerrero. (b) Location map. (¢) Temporal evolution
451  of'the seismicity before and after the 2014 Papanoa earthquake. Black squares indicate the reported
452  seismicity along a 10 km strip at each profile side. Colored symbols indicate the occurrence of
453  REs (white markers show REs below My < 3.8); red squares indicate M>5.0. (d) Map view of the
454  profile. Background seismicity is shown as empty squares; REs within in a 10 km distance from
455  the profile, M>5.0 within a 20 km distance from the profile are denoted by red open squares and

456  the location of the 2014 Papanoa earthquake by the green star.
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Figure 9. Seismicity and RE activity along a profile P2 near the 2012 Ometepec and 2018 Pinotepa
earthquakes (see Fig. 4). (a) Estimated slip rates based on three empirical relationships (see main
text), blue shaded areas show the time widows for the SSE in Oaxaca. (b) Location map. (c)
Temporal evolution of the seismicity, black squares indicate the reported seismicity along a 10 km
strip at each side profile side. Colored symbols indicate the occurrence of REs (white markers
show REs below the Mg < 3.8). (d) Map view of the profile. The seismicity is shown as empty
black squares; REs as symbols color-coded by distance to trench; the stars indicate the location of

the 2012 Ometepec (blue) and 2018 Pinotepa (red) earthquakes.

Figure 11 shows the temporal distribution of the RE clusters projected along the trench as indicated
in the map of Figure 4. Although we carefully determined the completeness cutoff magnitude for
the whole region considering only available stations before 2012, the deficit of REs between 2001
through 2006 can be partially attributed to a sparser network and gaps in the data, as shown in

Figures S1 and S2. However, the total absence of REs in the Oaxaca segment between 2006 and
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the 2012 Ometepec earthquake suggests a strong interface coupling in that period. By contrast, the
opposite situation seems to dominate after this event, where large and sustained RE activity is
found, i1.e., a large and sustained increase of the interplate slip rate. This conjecture is
independently supported by the long-term GPS data in Pinotepa Nacional (i.e., PNIG station)
(Figure 12). Until the 2012 Ometepec earthquake, the station followed a steady-state northward
motion as expected at this site by the regional plate convergence. However, after the rupture of the
2012 Ometepec earthquake, a large postseismic rebound was observed that lasted until 2016.
During the four years of postseismic relaxation, the site steadily moved seawards (southward),
indicating interplate slip rates larger than the plate convergence velocity. After the relaxation, the
displacement partially recovered its interseismic regime to the north until the great 2017 My8.2
Tehuantepec earthquake perturbed the entire region, most likely leading the 2018 M, 7.2 Pinotepa
earthquake (Cruz-Atienza et al., 2021). In other words, during 2016 and until the Tehuantepec
rupture on 8 September 2017, the upper plate at PNIG moved northward with speed smaller than
the long-term expected velocity, which suggests a large creeping rate at the interface. These
independent observations are consistent with the sustained increase of REs activity in the region

between the Ometepec (2012) and Pinotepa (2018) earthquakes (Figures 9 and 10).

Conversely, along the GG, REs show a more sustained behavior, probably affected by the
occurrence of SSEs in Guerrero, as suggested in Figure 5. Before the 2006 SSE, repeaters preceded
the onset of the event while during the 2009-2010 SSE, RE activity increased during this event as
well as during the 2014 SSE. The 2014 Papanoa earthquake gave rise to both activation of new
RE clusters and reactivation of previously identified clusters mostly towards the west side of the
rupture farther from the border of the GG, while inside the GG, a larger population of REs emerged

after the 2014 SSE. A complementary and equivalent figure showing all the detected REs including
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those below our estimated time-independent magnitude of completeness (i.e., Mc=3.8) is provided

in the Supplementary Material, Figure S6.
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Figure 10. Seismicity and RE activity along profile P3 near the 2018 Pinotepa earthquake (see Fig.
4). (a) Estimated slip rates based on three empirical relationships (see main text), blue shaded areas
show the time windows for the SSE in Oaxaca. (b) Location map. (¢) Temporal evolution of the
seismicity before and after the 2018 Pinotepa earthquake. Black squares indicate the reported
seismicity along a 10 km strip at each profile side. Colored symbols indicate the occurrence of RE
(white markers show REs below the M4 < 3.8). (d) Map view of the profile; the seismicity is shown
as empty squares; REs as symbols color-coded by distance from the trench; the stars indicate the
location of the 2012 Ometepec (blue) and the 2018 Pinotepa (red) earthquakes; red open squares

show seismicity M > 5.0 within a 30 km distance from the profile.
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Figure 13 shows how RE activity evolved in Oaxaca during the interseismic period between the
2012 Ometepec and 2018 Pinotepa earthquakes. Circles indicate the location of the first event
detected in each sequence color-coded by decimal date. Blue and thick contours (Figure 13b)
indicate the rupture areas of both earthquakes as estimated by aftershocks for the 2012 Ometepec
earthquake (UNAM Seismology Group, 2013) and by means of InSAR data and GPS data in the
case of the 2018 Pinotepa event (Li et al., 2020), respectively. After the 2012 Ometepec
earthquake, new REs appeared near the trench and along the border of the estimated rupture area
of the 1968 earthquake (purple contour Fig. 13b), towards the hypocenter of the 2018 Pinotepa
earthquake. Furthermore, a significant number of new RE sequences reactivated close to the
hypocenter starting in 2017 (blue markers Fig. 13a) and new others appeared at the downdip edge

of the second asperity proposed by Li et al. (2020) (yellow box in Fig. 13b).

This intense RE activity strongly suggests the widespread aseismic slip occurring in the plate
interface during the years following the 2012 Ometepec earthquake, which certainly reached
shallow interface portions (i.e., above 10 km depth and probably next to the trench) and a large
part of the 2018 earthquake rupture zone (both onshore and offshore, including the vicinity of the
nucleation point) as previously noticed around the hypocentral region in an increase of foreshock

seismicity (Cruz-Atienza et al., 2021).
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Figure 11. Temporal variations of the repeating earthquakes in Mexico above M¢>3.8. (a)
Timeline for events with magnitude 5.0 <M < 6.0 (black bars), 6.0 <M < 7.0 (blue bars) and M
> 7.0 (red bars). (b) The y axis indicates the distance along the trench as indicated in Figure 4.
Shaded areas show the approximate duration and along the trench projected areas. REs are color-
coded by magnitude. Green bars indicate earthquake’s occurrence and estimated length of

earthquakes with a magnitude larger than 6.0. (¢) Distribution of REs along the trench.
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Figure 12. North displacement time series of the closest GPS station (PNIG) to the 2012
Ometepec and 2018 Pinotepa earthquakes. Black dots indicate corrected data, and the red solid

line shows the interpolated signal. Dotted vertical lines indicate the time of the major

earthquakes during this period (2007-2021). Blue lines show the expected long-term velocity rate

before the occurrence of 2012 Ometepec earthquake.
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Figure 13. RE activation after the 2012 Ometepec earthquake. (a) Timeline showing the activation
of REs along the A-A’ profile, empty squares show the background seismicity and colored
diamonds indicate the first detected RE location within a sequence color-coded by time. White
diamonds indicate those REs that appeared after the 2018 Pinotepa earthquake. (b) Map view. Blue
contour and beachball correspond to the rupture area of the 2012 Ometepec earthquake (UNAM
Seismology Group, 2013); red contours and beachballs show the rupture area of the 2018 Pinotepa
earthquake (Li et al., 2020); purple contour indicates the approximate rupture area of the 1968
earthquake. The yellow box shows a cluster of REs around the second asperity of the 2018

Pinotepa earthquake.
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5 Conclusions

Our updated catalog of REs along the Mexican subduction zone provides a valuable tool to
investigate how the interplate slip evolved during the last 20 years. This period is particularly
interesting given the fact that for about 12 years (2001-2012) the subduction zone did not
experience any large thrust earthquakes. During the following nine years (2012-2021), five M7+
class subduction events occurred in Guerrero and Oaxaca regions. We solved for both the stress
drop and relative distance of the RE sequences to quantify the size of the asperities, their relative
locations, overlap and the associated interplate aseismic slip. Combining coda wave interferometry
and solving the resulting distances using a genetic algorithm, we obtained a reliable catalog of REs
above the completeness magnitude M. > 3.8. From this analysis, the case of the Ometepec-
Pinotepa Nacional segment in Oaxaca, where the 2012 earthquake gave rise to a long-lasting,
sustained aseismic slip in the region that abruptly increased the RE activity, especially updip
(above 15 km depth, mainly offshore), near the trench. During the years following this earthquake,
REs activated in a broad region and concentrated next to both the updip edge of the 2018 Pinotepa
rupture zone and its hypocenter further downdip. These observations strongly suggest that the
shallow, offshore segment of the plate interface continuously slipped after the 2012 earthquake,
which may have loaded a large part of the 2018 rupture area. Furthermore, in 2016, several new
RE sequences appeared in between the rupture zones of both earthquakes, bordering what may
have been the rupture area of the 1968 earthquake. All this activity along with the 2018 Oaxaca
SSE that began in June 2017 and swept the downdip portion of the interface (Cruz-Atienza et al.,
2021) was certainly responsible for the initiation and rupture propagation of the Pinotepa
earthquake. Furthermore, analysis along the GG shows a more dispersed distribution of RE with

no significant temporal variations even after the 2014 Papanoa earthquake, whose RE sequences
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activated mostly sideways (West) of the epicentral area outside the GG. REs in this region are
characterized by steady-state behavior with larger recurrence times (1-10 years), likely modulated

by the occurrence of SSEs.
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