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S U M M A R Y 

Stress accumulation on the plate interface of subduction zones is a key parameter that controls 
the location, timing and rupture characteristics of earthquakes. The diversity of slip processes 
occurring in the megathrust indicates that stress is highly variable in space and time. Based 

on global navigation satellite system and interferometric synthetic aperture radar data, we 
study the evolution of the interplate slip-rate along the Oaxaca subduction zone, Mexico, from 

October 2016 through October 2020, with particular emphasis on the pre-seismic, coseismic 
and post-seismic phases associated with the 2020 June 23 M w 

7.4 Huatulco earthquake (also 

known as La Cr ucecita ear thquake), to understand how different slip regimes contribute to 

the stress accumulation in the region. Our results show that continuous changes in both 

the aseismic stress-releasing slip and the coupling produced a high stress concentration [i.e. 
Coulomb failure stress (CFS) of 80 kPa] prior to the event on the region with the highest 
moment release of the Huatulco earthquake (between 17 and 30 km depth) and a stress deficit 
zone in the adjacent updip region (i.e. shallower than 17 km depth with CFS around −90 kPa). 
This region under negative stress accumulation can be explained by possible recurrent shallow 

slow slip events (SSE) offshore Huatulco as well as by the stress shadow from adjacent locked 

segments. Absent in the literature, the shallow rupture is characterized by a secondary slip 

patch (between 7 and 14 km depth) that overlaps with the highest concentration of aftershocks. 
Two months prior to the event, a M w 

6.6 long-term SSE also occurred about 80 km northwest 
from the hypocentre, between 25 and 55 km depth. Transient increments of the interplate 
coupling around the adjacent 1978 ( M w 

7.8) Puerto Escondido rupture zone correlate with the 
occurrence of the last three SSEs in Oaxaca far downdip of this zone, possibly associated with 

along-dip fluid diffusion at the subduction interface. Throughout the 4-yr period analysed, the 
interface region of the 1978 event experienced a high CFS build up of 80–150 kPa, primarily 

attributable to both the coseismic and early post-seismic slip of the Huatulco rupture, that, 
considering the 55 yr average return period of the region, indicates large earthquake potential 
near Puerto Escondido. Continuous monitoring of the interplate slip-rate thus provides a better 
estimation of the stress accumulation in seismogenic regions than those given by long-term, 
time-invariant coupling models and improves our understanding of the megathrust mechanics 
where future earthquakes are likely to occur. 

Ke y words: Seismic cycle; Earthquak e dynamics; Earthquak e source observations; Episodic 
tremor and slip. 
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Table 1. Dates and magnitudes of all slow slip events in Oaxaca from June 
2017 to June 2020, as well as the afterslip of the 2018 M w 7.2 Pinotepa 
(PE-afterslip) and 2020 M w 7.4 Huatulco (HE-afterslip) earthquakes. 

Events Dates M w 

O-SSE1 a 01/06/2017–15/02/2018 6.9 
PE-Afterslip a 16/02/2018–22/11/2018 7.2 
O-SSE2 a 16/02/2018–22/11/2018 6.9 
O-SSE3 b 26/12/2019–23/06/2020 6.6 
HE-Afterslip b 23/06/2020–22/10/2020 7.3 

a From Cruz-Atienza et al. ( 2021 ), b This study. 
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1  I N T RO D U C T I O N  

Large earthquakes along subduction zones occur in regions known 
as asperities (Lay & Kanamori 1981 ), which represent areas of the 
interplate contact where frictional resistance allows elastic stress to 
build up during tens to hundreds of years as a consequence of the 
relative plate motion. Under the simple concept of Coulomb failure 
criterion, an earthquake occurs when the shear stress overcomes 
the strength of the fault. Both stressing-rate and fault strength are 
parameters that vary in time and space during the megathrust earth- 
quake cycle. Therefore, understanding the tectonic and mechanical 
processes that cause these variations is essential to assess the seismic 
hazard in subduction zones. 

Interseismic coupling maps obtained from geodetic observations 
have been widely used to identify heterogeneous, highly locked 
segments of the plate interface where large earthquakes take place 
(Chlieh et al. 2008 ; Moreno et al. 2010 ; Perfettini et al. 2010 ; 
Loveless & Meade 2011 ). Most of these estimations consider a 
steady-state long-term deformation during interseismic periods that 
results in a time invariant locking pattern. Ho wever , it has been 
observed that interplate coupling also varies with time (Heki & 

Mitsui 2013 ; Melnick et al. 2017 ) and might be caused by different 
processes such as pore pressure transients (Cruz-Atienza et al. 2018 ; 
Materna et al. 2019 ; Warren-Smith et al. 2019 ) or dynamic stresses 
from regional earthquakes (Delorey et al. 2015 ; Materna et al. 2019 ; 
Cruz-Atienza et al. 2021 ). Additionally, recent studies have used the 
geodetic information from interseismic periods to directly estimate 
the strain budget by means of fault-stress mechanical inversions 
(Xie et al. 2019 ; Saito & Noda 2022 , 2023 ). 

During the interseismic period, a broad spectrum of tectonic pro- 
cesses occurs on the plate interface with distinctive spatiotemporal 
characteristics that play an important role to accommodate the strain 
along the megathrust. Among these processes, short-term and long- 
term slow slip events (SSEs), which are aseismic slip transients 
lasting from days to months, release the strain accumulation in the 
deeper and shallower segments of the plate interface (Beroza & 

Ide 2011 ; Saffer & Wallace 2015 ). Since their discovery, obser- 
vations and theoretical models have shown that SSEs increase the 
stress in the adjacent seismogenic zone and may trigger damaging 
earthquakes (Segall & Bradley 2012 ; Obara & Kato 2016 ; Uchida 
et al. 2016 ; Voss et al. 2018 ). Moreover, it has been documented 
that major interplate earthquakes in different subduction zones are 
preceded by SSEs (Kato et al. 2012 ; Ito et al. 2013 ; Radiguet et al. 
2016 ; Socquet et al. 2017 ; Cruz-Atienza et al. 2021 ), although the 
actual mechanisms of their interaction remain under debate. 

In the Mexican subduction zone, the recurrence of M w 7 + inter- 
plate earthquakes is ∼30–50 yr (Singh et al. 1981 ). In the deeper 
segment of the megathrust (30–50 km depth), long-term SSEs occur 
in Oaxaca and Guerrero with recurrence time of ∼1.5 and ∼3.5 yr, 
respecti vel y (Cotte et al. 2009 ; Graham et al. 2016 ). The last five M w 

7 + interplate events in the Guerrero and Oaxaca subduction zone 
were preceded by SSEs in the downdip adjacent region: The 2014 
M w 7.4 Papanoa earthquake (Radiguet et al. 2016 ) and the 2021 
M w 7.0 Acapulco earthquake in Guerrero and three more in Oax- 
aca, the 2012 M w 7.5 Ometepec earthquake (Graham et al. 2014a ), 
the 2018 M w 7.2 Pinotepa earthquake (Cruz-Atienza et al. 2021 ) 
and, as we will demonstrate here, the 2020 M w 7.4 Huatulco earth- 
quake. Although SSEs do not al wa ys trigger large earthquakes, they 
do interact periodically with the adjacent locked regions and thus 
contribute with the total stress built-up of the seismogenic zone. 

Three years before the 2020 Huatulco earthquake, a complex 
sequence of SSEs and de v astating earthquakes took place from 
June 2017 to July 2019 in central and southern Mexico, including 
the M w 8.2 Tehuantepec and M w 7.1 Puebla-Morelos earthquakes 
in 2017 (Melgar et al. 2018 ; Singh et al. 2018 ; Mirwald et al. 
2019 ; Su árez et al. 2019 ), and the M w 7.2 Pinotepa earthquake in 
2018 (Li et al. 2020 ), describing a cascade of events interacting 
with each other on a regional scale via quasi-static and/or dynamic 
per turbations (Cr uz-Atienza et al. 2021 ). During this sequence, two 
SSE occurred in Oaxaca, in 2017–2018 (O-SSE1) and 2019 (O- 
SSE2) with M w 6.9 (Table 1 ; Cruz-Atienza et al. 2021 ). These 
SSEs are located where previos SSEs have been documented in the 
region (Correa-Mora et al. 2008 ; Graham et al. 2016 ). 

Here we thoroughly study the evolution of the interplate slip-rate 
history in the Oaxaca segment during this unprecedented sequence. 
Unlike the prior work of Cruz-Atienza et al. ( 2021 ), here we have 
removed seasonal effects in the global navigation satellite system 

(GNSS) displacement time-series and reinverted the slip history 
specifically in the region of Oaxaca where we have included the 
pre-seismic, coseismic and post-seismic phases of the 2020 Huat- 
ulco earthquake. Our aim is to understand how the different slip 
processes contribute to the seismic potential in the region. We first 
introduce the slip solutions of the coseismic phase of the 2020 Hu- 
atulco earthquake, together with the unreported preceding SSE and 
its afterslip phase. Then, we analyse in detail the complex evolution 
of the slip-rate along the Oaxaca segment to finally elucidate its role 
in the stress accumulation in the seismogenic zone and how this is 
compared with the stress accumulation produced by time invari- 
ant coupling models. We show that continuous and simultaneous 
monitoring of SSEs and the megathrust coupling provides a better 
estimation of the stress accumulation on the locked regions where 
future large earthquakes are expected to occur. 

2  T H E  2 0 2 0  M  W  

7 . 4  H U  A  T U L C O  

E A RT H Q UA K E  

2.1 Coseismic slip inversion 

On 2020 June 23, a shallow M w 7.4 interplate thrust earthquake 
took place in the state of Oaxaca, Mexico (Fig. 1 ), within the af- 
tershock area of the 1965 M w 7.5 earthquake, the last interplate 
rupture in this region (Chael & Ste w art 1982 ). The hypocentral co- 
ordinates, latitude = 15.822 ◦, longitude = −96.125 ◦ and depth = 

18.2 km, were determined from regional seismic records includ- 
ing station HUAT of the Mexican National Seismological Service 
(SSN, its acronym in Spanish), located 7 km south of the epicentre 
(Fig. 2 b). We combined near-field GNSS and interferometric syn- 
thetic aperture radar (InSAR) data to determine the coseismic slip 
distribution by means of ELADIN (elastostatic adjoint inversion), a 
ne wl y de v eloped adjoint inv ersion method that honours physically 
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Figure 1. Study region and slip inversions for pre-seismic, coseismic and post-seismic phases of the 2020 M w 7.4 Huatulco earthquake. Red coloured region 
with black contours indicates the slip on the plate interface for our preferred joint GNSS and InSAR coseismic slip inversion with slip isolines every 0.5 m 

beginning with 0.5 m. White shaded patch with grey contours indicate the downdip SSE that took place before the event with slip isolines every 1 cm beginning 
with 0.5 cm. Red contours depict the afterslip following the Huatulco event with slip isolines every 10 cm beginning with 5.0 cm. Red and orange stars indicate 
the epicentres of the Huatulco and the 1978 Puerto Escondido earthquakes, respecti vel y. Black contours around the 1978 Puerto Escondido epicentre represent 
the slip isolines (in m) determined by Mikumo et al. ( 2002 ). Dark grey shaded patches show the aftershock areas of the historic thr ust ear thquakes of 1965 
Huatulco and 1978 Puerto Escondido. Yellow dots depict the first 50 d Huatulco earthquake aftershocks reported by the SSN. Grey lines parallel to the trench 
indicate the iso-depths (in km) of the 3-D plate interface used for the slip inversions in this study. 
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onsistent restrictions (e.g. rake angle and von Karman slip distri-
utions) via a gradient projection strategy (Tago et al. 2021 ) (see
upplementar y Infor mation ). 
For the GNSS data (see Supplementary Information for data

rocessing details), we used daily averaged displacements on
even sites with epicentral distance smaller than 160 km. Three-
omponent coseismic discontinuities in all sites were estimated
ndependently from one-day extrapolations of two regression func-
ions before and after the earthquake. Before the earthquake we
sed linear regressions over 30-d-long windows, while after the
arthquake, following Savage et al. ( 2005 ), we used a logarithmic
unction of time of the form A + B log t to fit the data over 45-
-long windows. For both regressions the day of the earthquake
as excluded, and their corresponding values extrapolated (yellow
ots, Fig. S1 , Supplementary Information ). Coseismic discontinu-
ties, reported in Fig. S1 , Supplementary Information and shown
s vectors in Fig. 2 (c), are simply the differences of the extrap-
lated values. At station HUAT, 7 km south of the epicentre, we
ound a vertical GNSS uplift of 53.2 ± 1.2 cm (Fig. 2 c and Fig. S1 ,
upplementar y Infor mation ), which is consistent with an indepen-
ent estimate from a collocated tide gauge recording of 49 ± 5 cm
see Fig. S2 , Supplementary Information for data processing de-
ails). Seaward horizontal displacement in this site, first reported
ere, is 41.1 ± 0.6 cm. 

For the InSAR data (see Supplementary Information for data pro-
essing details), the line-of-sight (LOS) displacement map (Figs 2 a
nd b) was generated from scenes taken before the earthquake, on
une 19, and two days after the earthquake, on June 25, by the
entinel satellite of the European Space Agency on ascending track
07, with LOS azimuth at HUAT station of 258.8 ◦ and ele v ation
ngle of 56.9 ◦. Maximum LOS displacement of 65.3 cm was found
bout 10 km west from the HUAT. 

For the coseismic slip inversion, we assumed a planar fault dis-
retized by 5 x 5 km 

2 sub-elements with focal mechanism (strike =
71 ◦, dip = 17 ◦ and rake = 70 ◦) determined by the United States
eological Surv e y (USGS) through the W-phase inversion. To find

he optimal data weights for the joint inversion of GNSS and InSAR
ata, we first inverted each data set indi viduall y. Both independent
olution models produced an almost perfect data fit but significantly
ifferent slip distributions, as shown in Supplementary Information
igs S3b and S3c . Numerous joint inversion tests led us to the opti-
al data weights (see Supplementary Information ) producing a so-

ution that honours the most prominent features of both independent
odels and satisfactorily explains the whole set of observations,
ith average GNSS and InSAR data errors of 0.19 ± 0.26 cm and
.63 ± 0.5 cm, respecti vel y (Fig. 2 d and Supplementar y Infor mation
ig. S3a ). 
Following the Mobile Checkerboard (MOC) strategy introduced

y Tago et al. ( 2021 ), we performed resolution tests for the joint
NSS and InSAR inversion considering patch sizes of 21 and
0 km with a von Karman correlation length ( L ) of 5 km (see
upplementar y Infor mation ). Our resolution anal ysis re veals that
verage restitution indexes (ARI, a metric that minimize the reso-
ution dependence on the checkerboard position) above 0.8 enclose
he region where rupture took place (Fig. 3 ), which means that our
referred slip model (Fig. 2 c) has a nominal error below 20 per cent
ith respect to the actual slip distribution for patches larger than
21 km length. 
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Figure 2. Coseismic slip of the Huatulco earthquake and GNSS and InSAR data used for the inversion. (a) Wrapped phase ascending interferogram estimated 
from Sentinel satellite images on Track 107 Ascending for scenes on 2020 June 19 and 25. (b) Line-of-sight (LOS) displacement from ascending track, positive 
values correspond to motion towards the satellite. (c) Joint slip inversion with the observed and predicted displacements in the seven GNSS stations. (d) Misfit 
between observed and predicted LOS surface displacements for our preferred slip model. The inset figure illustrates that the errors exhibit a normal distribution, 
with a mean value near zero. 
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Our preferred slip solution (Fig. 2 c) features a prominent slip 
patch slightly downdip from the hypocentre, between 15 and 25 km 

depth, with peak slip of 3.6 m and a second, smaller offshore patch 
30 km updip from the hypocentre not yet reported in the literature, 
with an average slip value of 1.5 m. Such prominent coseismic sub- 
e vent of fshore w as not reported in pre vious investigations likel y 
due to the lack of the well-resolved 3-D displacement vector next 
to the hypocentre at the SSN station HUAT, first used here. Our 
slip solution shares characteristics with previous slip models that 
assumed different hypocentral locations and/or focal mechanisms, 
such as the large downdip slip patch and the main rupture direc- 
ti vity tow ards the nor th–nor theast, downdip from the hypocentre 
(Guo et al. 2021 ; Melgar et al. 2021 ; Wen et al. 2021 ; Yan et al. 
2022 ). Ho wever , unlike all previous solutions, our model explains 
well both, the uplift and seaward displacements at HUAT, the near- 
est GNSS station, which is critical to constrain the offshore rupture 
propagation (Figs 1 and 2 c). Three more features stand out from 

our model: (1) the updip end of the main rupture patch is very 
close to the nucleation point, (2) the downdip slip limit (33 km 

depth) might correspond to the end of the locked segment of the 

art/ggaf022_f2.eps
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Figure 3. Resolution analysis for the coseismic GNSS + InSAR joint inv ersion. Av erage restitution inde x (ARI) obtained from a mobile checkerboard (MOC) 
analysis that integrates 64 independent checkerboard inversions with patch sizes of (a) 21 km and (b) 30 km using a correlation length (L) of 5 km. Triangles 
are the GNSS stations. Grey contours show our preferred slip model for the 2020 Huatulco earthquake and the red star the epicentre. 
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egathr ust, as obser ved for the 2018 Pinotepa Earthquake (Li et al.
020 ), the 2012 Ometepec Earthquake (UNAM-Seismology-Group
013 ) and the aftershocks areas of regional interplate earthquakes
e.g. the white patch of the 1965 rupture, Fig. 1 ) and (3) the off-
hore slip patch is coincident with the highest density of aftershocks
Fig. 1 ). 

.2 The 2020 Oaxaca SSE that preceded the earthquake 

wo months before the Huatulco earthquake, on mid-April 2020,
hree GNSS stations in Oaxaca (TNNP, TNNX and OAXA) changed
heir secular interseismic motion from northeast to southwest, indi-
ating a transient deformation associated with a SSE (light blue sec-
ion in Fig. 4 a). We used daily continuous displacement records on
4 permanent GNSS stations in Oaxaca (green triangles in Figs 4 b
nd c) belonging to the SSN and Tlalocnet (Cabral-Cano et al.
018 ), between September 2019 and the Huatulco earthquake date
 Fig. S4 , Supplementary Information ) to simultaneously invert for
he plate interface coupling (PIC, i.e. 1 − v /v pl , where v is the inter-
late slip rate, v pl is the plate convergence rate and v ≤ v pl ) and any
tress-releasing slip episode (i.e. SSEs) in successive time windows
sing ELADIN (Figs 4 b–e). To this end, we carefully denoised the
isplacement time-series by fitting and removing harmonic signals
ith periods of 365 (annual), 365/2 (semi-annual) and 365/3 d re-

ated to seasonal effects and periodic GNSS constellation patterns
Amiri-Simkooei et al. 2007 ). Regressions of the harmonic func-
ions were conducted following an inter-SSE multi-window strat-
gy as detailed in the Supplementary Information ( Fig. S5 ). For the
seismic slip inversions, we assumed the 3-D plate interface geom-
try introduced by Cruz-Atienza et al. ( 2021 ) and discretized it with
ubfaults of 10 x 10 km 

2 . Given both the interface geometry and the
istribution of the GNSS stations in Oaxaca, we adopted the opti-
al von Karman regularization length of 40 km and Hurst exponent

f 0.75 used by Tago et al. ( 2021 ) and Cruz-Atienza et al. ( 2021 )
o perform a detailed slip resolution analysis following the MOC
trategy (see Supplementary Material). Results for three different
heckerboard sizes of 100, 70 and 50 km length are summarized
n Supplementar y Infor mation F ig. S6 (bottom row), from w hich
e conclude that slip solutions between 5 and 50 km depth have
 nominal average error smaller than 21 per cent, 27 per cent and
4 per cent, respecti vel y (see figure legends). This finding is valid
n e xtensiv e interface re gions of fshore, as illustrated b y the ARI
istributions and individual checkerboard inversions shown in the
rst two lines of Supplementary Information Fig. S6 . It is important

o note that these resolution tests are equally valid for relaxing slip
SSEs) as for back slip (coupling) in their joint inversion. 

Figs 4 (b) to (e) show the nine-month evolution of aseismic slip
n Oaxaca. The slip initiated in a shallow region close to the 2018
 M w 7.2) Pinotepa earthquake hypocentre, migrated downdip and
hen along-strike to the east, where the main patch of the O-SSE3
ook place in the final two months prior to the earthquake. This
vent occurred downdip of the 1978 Puerto Escondido earthquake
egion, between 25 and 55 km depth, and with cumulative moment
agnitude M w 6.6 ( M o = 10.23 x 10 18 N ∗m measured from the

lip contour of 0.5 cm and assuming a shear modulus of 32 GPa),
hich is smaller than the two previous SSEs in Oaxaca (O-SSE1

nd O-SSE2) with M w 6.9 (Table 1 ). Notably, this SSE occurred in
he same region where pre vious e vents have been observed (Correa-

ora et al. 2008 ; Graham et al. 2016 ; Cruz-Atienza et al. 2021 ).
he SSE clearly did not penetrate the rupture area of the Huatulco
arthquake. 

Although the transient deformation produced by the SSE is clear
rom mid-April, the inter-SSE displacement trends in some sta-
ions far from the coast started changing well before, around mid-
ebr uar y as shown in Fig. 4 (a) (red dashed lines), revealing a grad-
al plate interface decoupling process at a regional scale preceding
he main SSE-induced crustal relaxation (Figs 4 b–d and f). Be-
ore the decoupling process began (Fig. 4 b), the downdip segment
f the plate interface, between 25 and 50 km, was fully coupled.
igs 4 (d) and (f) further show how the segment downdip of the
978 earthquake area (dotted circle) is the last one to experience a
IC drop (i.e. the interface slip accelerates but remains below the
late convergence rate) leading to the forthcoming main SSE dis-
ocation patch on April–June, the months preceding the Huatulco
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Figure 4. GNSS inversions of the 9-month deformation period prior to the 2020 June 23, M w 7.4 Huatulco ear thquake. (a) Nor th–south GNSS time-series in 
five selected stations. Yellow dots indicate the beginning and end of the four time-windows used for the slip inversions shown in (b)–(e), solid red line indicates 
the continuous displacement time-series estimated from the daily GNSS time-series and red dashed lines depict the inter-SSE displacement trend during the 
interface decoupling phase. (b)–(e) Inverted slip in the plate-convergence (PC) direction for all time windows. Slip contours are in centimetres. Red and yellow 

stars indicate the epicentres of the Huatulco and 2018 Pinotepa ( M w 7.2) earthquakes, respecti vel y. Dashed regions are the aftershock areas of historic interplate 
earthquakes. Grey ellipses around the arrow tips represent one standard deviations of the observed displacements. Green dotted lines delineate interface region 
with slip error smaller than 20 per cent for 100 km patches (see Fig. S6 , Supplementary Information ). (f) Average and standard deviation (vertical bars) of the 
plate interface coupling (PIC) and relaxing slip in the region where the 2020 SSE developed (i.e. within the dotted black circle in b–e). 
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earthquake (Figs 4 e and f). The cumulative seismic moment of such 
event corresponds to M w 6.6, which is 0.3 units lower than the 2017 
(O-SSE1) and 2019 (O-SSE2) SSEs (Table 1 ). These observations 
highlight the regional-wide preparatory phase for the 2020 Oaxaca 
SSE and, possibly, of the main shock. 

A common practice to isolate the deformation associated with 
slow slip transients is to subtract the inter-SSE linear trend from 

the GNSS time-series. The residual deformation is then assumed to 
correspond to the strain released by the SSE. When doing this to 
invert for the slip at the interface, the preparatory phase of the SSE 

(i.e. the slow decoupling process preceding the SSE relaxation) is 
mapped and interpreted as aseismic slip resulting in an overall elas- 
tic crustal rebound (i.e. a stress drop). Ho wever , since this process 
instead reveals a gradual decrease in the upper crustal stressing rate 
(red dashed lines in Fig. 4 a), this approach leads to a systematic 
overestimation of the SSE-related surface displacements and, there- 
fore, of the SSE equi v alent seismic moment. This has been also 
pointed out pre viousl y b y Ochi & Kato ( 2013 ) in the Tokai region 
in Central Japan. 
2.3 Ear l y post-seismic deformation 

We inverted the early post-seismic GNSS displacements (i.e. the 
first 4 months following the earthquake discretized in eight 15-d 
windo ws, yello w dots in Fig. 5 (a) and Supplementary Information 
Fig. S7b ) produced by the main shock using the same parametriza- 
tion for the ELADIN method as in the previous section, yielding a 
total scalar moment of 1.084 ×10 20 Nm and M w 7.3, which is close 
to the M w 7.2 afterslip of the 2018 Pinotepa earthquake (Table 1 ). 
We then assumed that such displacements are only due to the af- 
terslip on the plate interface, which is a reasonable approximation 
considering that the viscoelastic relaxation after a similar thrust 
event 260 km west, the 2012 ( M w 7.5) Ometepec earthquake, was 
negligible in a six month post-seismic period (Graham et al. 2014b ). 

Three main observations arise from the afterslip evolution of the 
Huatulco earthquake (Figs 5 b–e): (1) the largest slip concentrates 
between 20 and 50 km depth barely reaching the main SSE patch 
preceding the earthquake (i.e. downdip from the 1978 rupture area) 
and overlapping the 2017 SSE (Cruz-Atienza et al. 2021 ) (OSSE-1 
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Slow slip events and coupling changes in Oaxaca, Mexico 23 

Figure 5. GNSS inversion of the post-seismic deformation of the Huatulco earthquake. (a) North–south displacement GNSS time-series in five selected 
stations. Yellow dots indicate the start and the end of the six 15-d windows used for the slip inversions, some of them shown in (b–e) (note the dates in 
every panel). (b–d) Aseismic slip evolution for the post-seismic phase of the Huatulco earthquake. Thick light grey contours are the coseismic slip shown in 
Fig. 2 (a). Green dotted lines delineate interface region with slip error smaller than 20 per cent for 100 km patches (see Fig. S6 , Supplementary Information ). 
(e) Cumulative afterslip during the four months following the earthquake. 
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n Fig. 6 a); (2) the main afterslip area completely overlaps with
he coseismic rupture area; (3) the afterslip spreads offshore and
ossibl y tow ards the oceanic trench where aftershocks concentrated
Fig. 1 ). Regarding the second observation, although the strain pat-
ern can only be explained by such an overlap, due to resolution
imits imposed by the chosen problem regularization, we cannot tell
or certain whether the afterslip swept the whole coseismic asperity
r rather surrounded it. As for the third observation, our confidence
n the solution is supported by our model’s ability to resolve slip
atches of 50 km with a restitution index greater than 0.7 a few
ilometres from the oceanic trench ( Supplementary Information
ig. S6 ). Despite not having offshore geodetic stations, the resolu-

ion there is surprisingly high (i.e. slip errors below 30 per cent)
ue to the shallow depth of the interface and because the oceanic
rench is located only 40–55 km away from the coast. 

The complete overlap of coseismic and post-seismic slip has been
bserved in the last three interplate thrust earthquakes ( M w 7) in
axaca, the 2012 ( M w 7.5) Ometepec (Graham et al. 2014b ); the
018 ( M w 7.2) Pinotepa (Cruz-Atienza et al. 2021 ) and the 2020
 M w 7.4) Huatulco (this study) events, indicating that these seismo-
enic segments of the plate interface, with depth range between 10
nd 30 km, can release elastic strain energy both seismically and
seismically. Seismic patches that can experience post-seismic af-
erslip have been observed in other subduction zones (Johnson et al.
012 ) and as well in numerical models (Yabe & Ide 2018 ). How-
ver, the propagation of the Huatulco earthquake afterslip towards
he trench is an interesting feature that clearly differs from the 2018
inotepa earthquake, whose afterslip stopped under the coast (i.e.
t ∼15 km depth and without offshore propagation, see the next
ection) (Fig. 6 a and Supplementary Information Figs S8e –g ). This
bservation suggests significant lateral variations in the geometri-
al and/or mechanical characteristics along the Oaxaca subduction
one, especially in the shallow, potentially tsunamigenic interface
egion. 

Another noteworthy feature of the post-seismic process in the
egion is that the Huatulco earthquake post-slip did not penetrate
he rupture area of the 1978 Puerto Escondido earthquake (dashed
llipse in Figs 5 b–c), which remained fully coupled during the
our-month period. Unlike most of the pre-seismic phase, the PIC
n the 1978 rupture area remained fully locked after the earthquake
compare Figs 4 and 5 ) suggesting significant dynamic implications
or the accommodation of post-seismic strain in the region. 
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Figure 6. Aseismic slip at the plate interface in Oaxaca. (a) Summary of the 
aseismic slip processes (SSEs and afterslip) occurring from October 2016 
to August 2020 in Oaxaca. Coloured patches indicate the SSEs regions with 
slip values higher than 2.0 cm. Coloured contours depict the afterslip of 
the Pinotepa and Huatulco earthquakes with slip isolines every 5 cm begin- 
ning with 5 cm. Red, orange and yellow stars indicate the hypocentre of the 
Huatulco, the 1978 Puerto Escondido and the Pinotepa earthquakes, respec- 
ti vel y. Green line indicates the along-trench profile where the evolution of 
the aseismic slip and CFS on the plate interface is analysed in (b) and (c) 
and Figs 8 and 9 . (b) and (c) show the evolution of the relaxing aseismic slip 
(SSEs and afterslip) along the trench within the seismogenic zone averaged 
between 20–30 and 10–20 km depth, respecti vel y. Hatched regions show the 
interplate segments with the highest moment release of the 2018 Pinotepa, 
1978 Puerto Escondido and 2020 Huatulco earthquakes. Stars and dashed 
black lines indicate the along-trench coordinate of the hypocentres. 
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3  I N T E R P L A  T E  S L I P - R A  T E  E V O LU T I O N  

I N  T H E  OA X A C A  S U B D U C T I O N  Z O N E  

Before the occurrence of the Huatulco earthquake, a complex se- 
quence of SSEs and earthquakes took place in an unusual way 
along the Mexican subduction zone from April 2017 to September 
2019 due to the extremely large, unprecedented seismic waves from 

the M w 8.2 Tehuantepec earthquake on 2017 September 8 (Cruz- 
Atienza et al. 2021 ). During this period, two large SSEs occurred 
in the downdip interface region of Oaxaca [namely the 2017 SSE 

(O-SSE1) and the 2019 SSE (O-SSE2)] where the recent 2020 SSE 

(O-SSE3) took also place (Fig. 6 a and Table 1 ). In fact, the plate 
interface slipped aseismically and continuously for two years since 
O-SSE1, experiencing two spontaneous reacti v ations in this period, 
one before the Pinotepa earthquake and the other with the O-SSE2 
(Cruz-Atienza et al. 2021 ). 

We corrected the GNSS displacement time-series used by 
Cruz-Atienza et al. ( 2021 ) for seasonal effects from October 
2016 to September 2019 as pre viousl y done in Section 2.2 
( Supplementar y Infor mation Fig. S5 ) and reinver ted them for the 
interplate aseismic slip in detail along the Oaxaca megathrust us- 
ing the 17 GNSS stations. The new inverted sequence is shown 
in Supplementar y Infor mation Fig. S8 . During the sequence, the 
plate interface experienced remarkable changes of the PIC in the 
whole megathrust. To analyse the long-term evolution of the aseis- 
mic slip before the Huatulco earthquake, we integrated the new 

corrected slip sequence from October 2016 to September 2019 
( Supplementar y Infor mation Fig. S8 ) and the following sequence 
discussed in Section 2.2 (from September 2019 to June 2020, Fig. 4 ), 
and linearly interpolated the complete slip histor y ever y 30 d. We 
also decomposed the total slip into relaxing and stressing inter- 
face regions, that is, into SSEs and afterslip regions where the 
slip rate is greater than the plates convergence rate and, there- 
fore, relax elastic strain (e.g. red gradient zones in Figs 4 , 5 and 
Supplementar y Infor mation Fig. S8 ); and regions under coupling 
re gime, where the v elocity of the interplate creep is less than or equal 
to the plates convergence rate, which increases eastward along the 
coast (DeMets et al. 2010 ) and, therefore, accumulate elastic strain 
(e.g. blue gradient zones in Figs 4 , 5 and Supplementary Information 
Fig. S8 ). 

Fig. 6 shows the evolution of the cumulative relaxing slip until the 
day before the Huatulco earthquake (i.e. projected onto the green 
line of Fig. 6 a) averaged in two different depth ranges, between 
10–20 km depth (Fig. 6 b) and between 20–30 km depth (Fig. 6 c), 
encompassing the rupture areas of the 2018 Pinotepa, 1978 Puerto 
Escondido and 2020 Huatulco earthquakes (Fig. 6 a). Figs 6 (b) and 
(c) show that the Pinotepa earthquake afterslip (yellow areas) dom- 
inates in the region for the analysed period. Ho wever , there are 
other significant slip episodes (i.e. possibly shor t-ter m SSEs) often 
observed in the shallow zone (within the 10–20 km depth range), 
absent in the 1978 rupture segment, where at least four SSEs off- 
shore Huatulco took place accumulating in 3.5 yr a total slip of 
3 cm. 

To better examine the interplate slip-rate variations, we averaged 
the slip at six different locations on the plate interface to analyse 
its temporal evolution. These locations are denoted by dashed blue 
circles in the inset maps of Fig. 7 and Supplementary Information 
Fig. S9 , each having a radius of 29 km, to match with the area of 
our minimum patch size resolution of 50 km. We categorized these 
locations based on their depth: the first group, DS, corresponds to 
deeper regions approximately spanning 20–30 km, while the second 
group, SS, is associated with shallower areas ranging approximately 
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Figure 7. Detailed evolution of the aseismic slip in the seismogenic segment of Oaxaca. Red curves show the relaxing slip (left y-axes) and blue curves the 
plate interface coupling (PIC, right y-axes) in (a) Region DS-1, the Huatulco rupture area, and (b) Region SS-2, the 1978 Puerto Escondido rupture area. Inset 
maps show the location of analyzed regions indicated by red dashed circles. Grey rectangles indicate the time windows of the downdip SSEs in Oaxaca. The 
light-yellow rectangle depicts the timespan of the 2018 Pinotepa earthquake afterslip in the region. 
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rom 10 to 20 km in depth. Region DS-1 is located over the main
upture area of the Huatulco earthquake; Re gion SS-2, ov er the
upture area of the 1978 Puerto Escondido earthquake as estimated
y Mikumo et al. ( 2002 ); Region DS-2, downdip from the rupture
rea of the Puerto Escondido earthquake; Region SS-1, updip from
he Huatulco earthquake where most of the aftershocks occurred;
nd Regions SS-3 and DS-3, west and northwest of the Puerto
scondido earthquake. Fig. 7 and Supplementary Information Fig.
9 show the evolution of the relaxing slip (red line) and the PIC
blue line) within each of the six regions. 
The Huatulco rupture area (Fig. 7 a; region DS-1) is mainly
haracterized by PIC variations in the whole analysed period.
lip relaxation took place only during a period of time after the
 w 8.2 Tehuantepec earthquake, when aseismic stress release oc-

urred during the late phase of the O-SSE1 (see Fig. 6 a and
upplementar y Infor mation Fig. S8c ). This phase of the O-SSE1
as indeed triggered by the quasi-static and dynamic stresses pro-
uced by the great Tehuantepec event as demonstrated by Cruz-
tienza et al. ( 2021 ). We also find a gradual four-month decrease
f PIC down to 0.1–0.2 at the end of the afterslip period of the
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Pinotepa earthquake that e ventuall y recovers during the O-SSE2 to 
remain high (around 0.8) high until the Huatulco earthquake occurs. 

In the 1978 rupture area (Region SS-2, Fig. 7 b), there is no signif- 
icant evidence of aseismic stress release (red line), so that the region 
slips mostly as creep. In this seismogenic region, PIC changes (blue 
line) correlate remarkably well with the occurrence of downdip 
SSEs in Oaxaca (grey rectangles) even though these events did not 
penetrate the shallow region. During the SSEs, PIC gradually in- 
creases to values of 0.5–0.7 in the initial stage of every SSE and then 
decreases in their final stage to remain relati vel y low values, down 
to 0.2–0.4 observed during the inter-SSE periods. This remarkable 
behaviour, which suggests a non-intuitive interaction between deep 
SSEs and the coupling regime in the shallower seismogenic zone, is 
also found in Region SS-3 ( Supplementary Information Fig. S9b ), 
west of the 1978 rupture area. 

To the east, updip of the Huatulco earthquake (Region SS-1, 
Supplementar y Infor mation Fig. S9a ) we find a different and more 
consistent low PIC value across the whole studied period (between 
0 and 0.4) with the exception of a prominent increase after the 
Tehuantepec earthquake, which might be associated with the stress 
shadow produced in this specific spot by the great M w 8.2 rupture 
(Su árez et al. 2019 ; Cruz-Atienza et al. 2021 ). As pointed out earlier 
for this region, the red curve indicates that it is likely that small and 
persistent shor t-ter m, episodic SSEs occur in this offshore region 
over time that can also be appreciated in Figs 4 (b)–(e) and 6 (b). Such 
a particular aseismic slip behaviour is consistent with the significant 
afterslip that swept that shallow area close to the trench after the 
Huatulco earthquake (Fig. 5 ). These observations along with the 
Huatulco earthquake offshore propagation suggest that mechanical 
properties of this offshore region are prone to release seismically 
and aseismically the accumulated tractions, as recently found in the 
western segment of the Guerrero seismic gap (Plata-Mart ́ınez et al. 
2021 ). 

Finally, downdip from the 1978 rupture area (Regions DS-2 and 
DS-3, Supplementar y Infor mation Figs S9c and S9d) we observe 
a highly variab le PIC ev olution because of its proximity to the 
deep SSEs region. During the occurrence of SSEs, PIC reductions 
begin well before the silent events, meaning that creeping in some 
subfaults of these regions gradually accelerates before reaching 
the plates convergence velocity and thus initiating the stress drop 
(see how the blue curves start decreasing before the red curves start 
growing in Fig. 7 ). These observations also indicate that SSEs might 
partly penetrate these deep seismogenic regions (20–30 km depth) 
(see also Fig. 6 a). 

4  I M P L I C AT I O N S  O F  S S E S  A N D  P I C  

C H A N G E S  O N  T H E  S T R E S S  B U I L D - U P  

We estimated the CFS changes (Nikkhoo & Walter ( 2015 ), see 
section 4 of the Supplementar y Infor mation ) produced by the 
relaxing slip (SSEs and afterslip) and the interplate coupling 
to elucidate how the stress evolves along the Oaxaca segment 
( Supplementar y Infor mation Fig. S8 ). For this analysis w e ha ve 
also included the coseismic stress changes produced by the Tehuan- 
tepec (Cruz-Atienza et al. 2021 ), Pinotepa (Li et al. 2020 ) and 
Huatulco earthquakes. Fig. 8 shows the cumulative CFS every 30 d 
from October 2016 up to the Huatulco event on June 2020 along 
the trench (i.e. projected onto the green line in Fig. 6 a) averaged on 
two different depth ranges encompassing the main rupture areas of 
the 2018 Pinotepa and 2020 Huatulco earthquakes (between 20 and 
30 km depth, Fig. 8 a) and the 1978 Puerto Escondido (between 10 
and 20 km depth, Fig. 8 b) earthquake. One should bear in mind that 
these estimates of the CFS are the result of stress contributions from 

the whole plate interface and not just from the subfaults delimited 
by the corresponding depth ranges. 

For the deeper region (Fig. 8 a) the CFS in Huatulco al wa ys in- 
creased up to values ranging from 60 to 80 kPa. We also observe a 
CFS contribution of ∼10 kPa induced by the M w 8.2 Tehuantepec 
earthquake in the eastern limit of the Huatulco rupture zone that ex- 
ceeds 30 kPa further to the east. For the shallower region (Fig. 8 b), 
the CFS systematically decreases and remains ne gativ e right updip 
of the Huatulco rupture reaching values of ∼−90 kPa. This nega- 
tive CFS is associated with both the stress shadows produced by 
neighbouring coupled segments and the periodic stress release by 
shor t-ter m SSEs in this offshore segment (Fig. 6 b). 

Supplementar y Infor mation Fig. S10 shows both the long-term 

and inter-SSE time-invariant interplate coupling models estimated 
by Radiguet et al. ( 2016 ) (left column) together with their associ- 
ated CFS change rate (right column). The long-term coupling model 
represent the resulting deformation trend over a complete number 
of SSE strain loading–release cycles (Radiguet et al. , 2016 ). The 
inter-SSE coupling model considers the deformation trend only 
during periods between consecutive long-term SSEs. Both models 
produce large stressing rates mainly in the coupled segment of the 
1978 earthquake re gion. Howev er, the y also produce large stress 
shadows in the adjacent, less coupled regions (both along-dip and 
along-strike) such as in the Pinotepa and Huatulco rupture zones. 
Although these time-invariant coupling models may lack some ob- 
servational coverage compared to the present investigation, they 
share similar features found by Rousset et al. ( 2016 ) for the inter- 
SSE regime, which incorporates all available GPS observations in 
the region (compare Supplementar y Infor mation Fig. S10c and fig. 
3B of Rousset et al. 2016 ) and with the more recent shor t-ter m 

coupling estimation by Maubant et al. ( 2022 ). 
In contrast, our time-evolving aseismic slip model predicts a dif- 

ferent scenario. Fig. 9 (a) shows the cumulative CFS at the time 
of the Huatulco earthquake including contributions of all aseis- 
mic slip processes imaged in the megathrust preceding the event 
from October 2016 to 2020 June 23 (blue areas). A simple inspec- 
tion reveals large differences in the stress build-up pattern with 
respect to the time-invariant models ( Supplementary Information 
Fig. S10 ), especially in both the Huatulco and Pinotepa rupture ar- 
eas, and east–southeast of the 1978 Puerto Escondido earthquake 
zone. The bottom four panels of Fig. 9 show the cumulative (trench- 
perpendicular average) CFS along the trench for the same two depth 
ranges analysed earlier. The left column shows the cumulative CFS 

at the time of the Huatulco earthquake, while the right column 
shows the same quantity plus its coseismic and post-seismic stress 
increments (see also Fig. 9 d). 

In the deeper region at the moment and within the rupture area of 
the Huatulco earthquake (Fig. 9 b), the CFS from our time-evolving 
slip model (blue area) indicates more than double the CFS pre- 
dicted by the inter-SSE coupling model by Radiguet et al. ( 2016 , 
personal communication) (yellow area), while their long-term cou- 
pling model (orange area) predicts ev en ne gativ e CFS values (i.e. 
no earthquake potential). Downdip of the 1978 rupture area, the 
CFS predicted by the three models are consistent (values ranging 
between 20 and 30 kPa), but to the west of this region our model 
again predicts very different stress concentrations, which are twice 
the CFS predicted by the inter-SSE coupling model of Radiguet 
et al. When adding the CFS imparted by the Huatulco earthquake 
and its post-seismic slip shown in Fig. 9 (d), our estimate abruptly 
increases directly downdip of the 1978 rupture area, from about 
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(a)

(b)

Figure 8. Evolution of the CFS in the seismogenic segment of Oaxaca. Evolution of the total CFS along the trench for every 30 d averaged between (a) 
20–30 km and (b) 10–20 km depth. Grey rectangles show the interplate segments with the highest moment release of the 2020 Huatulco earthquake and the 
1978 Puerto Escondido event (Mikumo et al. 2002 ). 
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0 kP a to ov er 130 kP a. A significant fraction of this value is due
o the persistently high coupling in this region throughout the post-
eismic phase (Fig. 5 ). This large, relati vel y deep segment west
f the Huatulco rupture (Region DS-2 in Fig. 6 a) might be then
ighly prone to a future earthquake, as has happened in neighbour-
ng re gions ov er the deep part of the locked zone where the last
wo interplate earthquakes in Oaxaca (the Pinotepa and Huatulco
vents) took place, with most of their seismic moment released
elow 15 km (Fig. 1 a and Li et al. 2020 ). 

In the shallower region (Fig. 9 c), the time-invariant coupling
odels predict higher CFS values overall than our time-evolving slip
odel before the Huatulco earthquake, including the 1978 rupture

rea. Only when adding the coseismic and post-seismic stresses
nduced by the 2020 earthquake, the inter-SSE model prediction by

art/ggaf022_f8.eps
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Figure 9. Cumulative CFS from the time-variant model and its comparison with the stress built up predicted by time-invariant coupling models. (a) Cumulative 
CFS in the plate interface between October 2016 and the date of the 2020 Huatulco earthquake. Black contours represent the isoslip values for the 2020 
Huatulco and 1978 Puerto Escondido (Mikumo et al. 2002 ) earthquakes. Black dashed lines delimit the aftershock areas of historic interplate earthquakes. 
White dashed circles represent the regions where we analyse the evolution of the interplate slip rate and the CFS shown in Figs 6 , 7 (c) and (d). (b) and (c) 
Comparison between our cumulative CFS time-variant model and the CFS predicted by time-invariant coupling models of the region between October 2016 
and the date of the 2020 Huatulco earthquake for two depth bands, between 20–30 km depth and between 10–20 km depth, respecti vel y. (d) Same than a but 
including the stress contributions from the coseismic and post-seismic phases of the Huatulco earthquake. Yellow contours are the 5, 10, 20 and 30 cm slip 
isolines of the two months cumulative afterslip. Yellow dots depict the 50 d aftershocks after the Huatulco Earthquake reported by the SSN. (e) and (f) Same 
as (b) and (c) but including the stress contribution from the coseismic and post-seismic phases of the Huatulco earthquake focused only in the 1978 rupture 
segment. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/241/1/17/7959838 by U

niversidad Autonom
a de M

Ã©
xico user on 06 February 2025
Radiguet et al. ( 2016 ) becomes similar to ours in the eastern part of 
the rupture area of the 1978 Puerto Escondido earthquake (Fig. 9 f). 
Only our time-evolving model predicts a large CFS deficit updip 
of the Huatulco rupture area, which is fully compensated (reaching 
positi ve v alues around 70 kPa) b y the coseismic and post-seismic 
deformations produced by the Huatulco earthquake (Figs 9 d and f). 
In summary, we can therefore distinguish three major differences 
between our time-evolving CFS estimates and those from the time- 
invariant coupling models introduced by Radiguet et al. ( 2016 ): 
(1) a high stress concentration over the main downdip rupture area 
of the Huatulco earthquake before the event predicted only by our 
model, (2) except for the 1978 rupture segment, absolute CFS values 

art/ggaf022_f9.eps
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Figure 10. CFS contributions by regions in coupling regime and relaxing slip. (a) and (b) show the cumulative CFS contributions in the plate interface between 
October 2016 and the date of the 2020 Huatulco earthquake associated with regions in coupling regime and relaxing slip, respecti vel y. (c) and (d) show the 
CFS contributions (in per cent) on the plate interface where the total CFS is positive (see Fig. 9 a) by regions in coupling regime and relaxing slip, respecti vel y. 
Black contours depict the coseismic slip solution of the 2020 Huatulco event with slip isolines every 0.5 m beginning with 1.0 m. 
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etween 20 and 30 km depth are at least twice as high in our model
nd (3) a large stress deficit zone updip the Huatulco rupture before
he event that is absent in both time-invariant models. 

Figs 10 (a) and (b) show separately the overall CFS contributions
f both the slip under coupling regime and the relaxing slip, re-
pecti vel y, during the whole analysed period before the Huatulco
arthquake. Although in different proportions, both stress contri-
utions increase the earthquake potential in the main rupture areas
f the Huatulco and 1978 earthquakes. Figs 10 (c) and (d) visually
epict the percentage ratio of these contributions to the overall CFS
as displayed in Fig. 9 a). This analysis is limited to regions dis-
laying positi ve CFS v alues, which means to areas with ef fecti ve
eismogenic potential. 

Between 20–30 km depth (regions DS-1 and DS-2), we observe
hat most of the accumulated stress ( ∼65–80 per cent) was generated
y coupled interface regions (Fig. 10 c) and the remaining ∼20–35
er cent by the relaxing slip (i.e. long- and shor t-ter m SSEs, and the
inotepa earthquake afterslip) (Fig. 10 d) that frequently occurred

n the region during more than 3.5 yr ( Supplementary Information
igs S11a and S11b ). Given its proximity with the Pinotepa
arthquake, Region DS-3 differs significantly from this stress par-
itioning pattern because it is strongly affected by the stresses
roduced during the coseismic slip and afterslip of the event
 Supplementar y Infor mation Fig. S11c ). The shallo wer , offshore
egion SS-1, which has no pre-stress earthquake potential, expe-

ienced a sustained reduction of CFS due to both coupling-related
tress shadows (Fig. 10 a) and shor t-ter m SSEs (Fig. 10 b) in similar
ropor tions ( Supplementar y Infor mation Fig. S11d). This analy-
is demonstrates the highl y hetero geneous stress accumulation and
artitioning along the plate interface in the Oaxaca segment. 

 D I S C U S S I O N  

revious M7 class interplate earthquakes in Oaxaca such as those
f 1965 and 1928 occurred in close proximity of the 2020 Huatulco
upture, suggesting a possible reacti v ation of the same asperity
ver time (Chael & Ste w art 1982 ; Singh et al. 1984 ). Historical
ata also suggest that two older, probably thrust earthquakes with
agnitude larger than 7 occurred nearby in 1870 and 1801 (Su árez
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et al. 2020 ). Assuming that all these events broke the same plate 
interface segment, their average return period would be 55 ± 13 yr. 

In this Oaxaca region, the great M w ∼8.6 San Sixto earthquake 
ruptured a ∼300 km along-strike segment in 1787 producing a very 
large tsunami offshore Oaxaca (Su árez & Albini 2009 ; Ram ́ırez- 
Herrera et al. 2020 ). Such event must have involved several locked 
segments along the Oaxaca megathrust, including shallow portions 
of the plate interface to generate the mega-tsunami. Whether M8 + 

events may repeat depends, among other factors, on the interplate 
mechanical properties and constructive stress interaction between 
different locked and unlocked fault areas (Kaneko et al. 2010 , 2018 ), 
w hich ev olve with time and may escape from the quantitati ve anal y- 
sis of known seismicity over the last century (Nocquet et al. 2017 ). 
To have an insight into the actual megathrust earthquake potential, 
that is, to assess whether adjacent locked segments are likely to 
break jointly to produce a much larger event, it is thus necessary to 
quantify the stress accumulation through continuous data assimila- 
tion as proposed here and in other subduction zones (Saito & Noda 
2022 , 2023 ). Monitoring the interplate slip-rate continuously might 
also allow us to constrain the evolution of frictional parameters that 
control the fault stability conditions along the complex geometry of 
the megathrust. 

An interesting feature of the Huatulco earthquake is that the 
rupture mainly propagated downdip, without significant slip in the 
adjacent updip segment (above ∼15 km depth). Impeding a large 
rupture into this shallower segment might be partly explained with 
the existence of the stress barrier produced by both the stress shadow 

from nearby coupled zones and persistent shallow shor t-ter m SSEs 
(see Figs 6 b and 9 a). Ho wever , other factors such as the geometry of 
the interface (e.g. subducted plate reliefs in the region, as recently 
proposed in the Guerrero seismic gap; Plata-Mart ́ınez et al. 2021 ) 
and frictional variations could also contribute to the explanation of 
this particular rupture pattern. Also interesting is the earthquake 
initiation at the shallowest extremity of the main asperity and its 
northward propagation. The nucleation point lies between a highly 
stressed (downdip) and a highly relaxed (updip) interface regions 
(F ig. 9 a), w hich means on a place with relati vel y large stress gradient 
and, therefore, deformation. The initiation of the earthquake at this 
point is therefore reasonably explained by our model, as is its main 
propagation towards the most loaded, downdip interface region. 

Our results also suggest that the interplate coupling in Oaxaca 
is variable in space and time (Fig. 7 , Supplementary Information 
Figs S8 and S9 ). Such remarkable PIC variations might certainly 
be related with changes in the mechanical properties of the fault 
zone materials induced by the dynamic perturbations of seismic 
waves from recent significant regional earthquakes (Delorey et al. 
2015 ; Materna et al. 2019 ; Cruz-Atienza et al. 2021 ). Particularly 
interesting are the PIC variations in the shallow, seismogenic zone 
(i.e. between 10 and 20 km depth), which seems to be somehow 

linked to the occurrence of deeper, long-term SSEs (Fig. 7 b and 
Supplementar y Infor mation Fig. S9b ). To explain these PIC varia- 
tions at shallow depths we favour the idea involving transient fluctu- 
ations of fluid pressure at the interface, as proposed for the long-term 

SSEs in the Guerrero (Cruz-Atienza et al. 2018 ), southern Cascadia 
(Materna et al. 2019 ), Japan (Bedford et al. 2020 ) and Hikurangi 
(Warren-Smith et al. 2019 ) subduction zones. Recent models evok- 
ing the fault-valving concept show that overpressure fluid pulses 
migrate along the subduction channel as the permeability evolves 
in the fault zone due to slow deformation processes (Cruz-Atienza 
et al. 2018 ; Shapiro et al. 2018 ; Zhu et al. 2020 ; Farge et al. 2021 ).
These transient changes in pore pressure may lead to large variations 
of the fault strength as high as ∼10–20 MPa (Zhu et al. 2020 ), which 
makes this mechanism a plausible candidate to explain the strong 
and systematic PIC variations we found in the shallow seismogenic 
zone of Oaxaca during the occurrence of SSEs downdip. 

Variations in interplate coupling, similar to those observed in 
Oaxaca, have been documented in several subduction zones and 
are often linked to both seismic and aseismic processes. In south- 
central Alaska, long-term coupling variations have been associated 
with multiyear slow-slip events (Li et al. 2016 ). In the Hikurangi 
subduction zone in New Zealand, it has been demonstrated that cou- 
pling changes are closely related to the stage of the slow-slip cycle, 
highlighting the complex dynamics of stress accumulation and re- 
lease (Maubant et al. 2023 ). Similarly, coupling changes driven by 
the static and dynamic effects of earthquakes have been identified 
in Chile (Melnick et al. 2017 ; Hoffmann et al. 2018 ) and southern 
Cascadia (Materna et al. 2019 ). 

Earthquake potential depends on the state of stress along the 
subduction zone which, as shown here, is a function of different 
evolving processes taking place from the trench to its deep por- 
tion. The stress build-up therefore changes over time and space in 
a complex way, so does the earthquake potential. Time-invariant 
estimates of the interplate coupling are often used to identify seis- 
mogenic segments prone to large earthquakes (Chlieh et al. 2008 ; 
Moreno et al. 2010 ; Perfettini et al. 2010 ; Loveless & Meade 2011 ). 
Ho wever , while these estimates are certainly useful on a large spa- 
tial and temporal scale, they do not allow a reliable picture of the 
earthquake potential associated with smaller (7 < M < 8.5) but po- 
tentiall y de v astating ruptures that occur more frequentl y, as shown 
in this work for the Oaxaca megathrust. 

Our results indicate that continuous and systematic monitor- 
ing of the interplate slip velocity, incorporating simultaneously 
the stressing (i.e. coupled) and relaxing (i.e. slow, coseismic and 
post-seismic) slip regimes in a continuum, provides a more reliable 
reconstruction of the short-term stress evolution over the megathrust 
and, probably also, of the long-term ev olution w hich, together with 
a seismic monitoring of tectonic tremor and repeating earthquakes 
(Dominguez et al. 2022 ), could provide significant insights into the 
M8 + earthquake supercycles. Proceeding this wa y ma y thus be rel- 
e v ant to e v aluate theoretical predictions of the interface dynamics, 
which is our leading approach to understand the underlying physics 
in subduction systems. 

6  C O N C LU S I O N S  

We analysed the interplate slip-rate evolution during more than 
3.5 yr in the Oaxaca subduction zone including the pre-seismic, 
coseismic and post-seismic phases associated with the 2020 June 23 
M w 7.4 Huatulco earthquake to better understand how the different 
slip regimes contribute to the plate-interface stress accumulation 
and thus to the seismogenic potential. We found that the rupture 
area of the Huatulco earthquake extends between 7 and 33 km 

depth with a main, compact slip patch around 15 to 25 km depth 
nor th–nor theast from the hypocentre and a second, much smaller 
shallow patch offshore and south from the hypocentre where most of 
aftershocks where located. The entire rupture zone falls within the 
aftershock area of the 1965 M s 7.2 earthquake, suggesting rupture 
of the same or a very close asperity. The long-term, M w 6.6 SSE 

that occurred downdip before the earthquake did not penetrate the 
rupture area and was preceded by a gradual interface decoupling 
process at a regional scale, including the maximum SSE slip area. 
During the two months preceding the earthquake, when the strongest 
phase of the 2020 SSE developed downdip, the Huatulco earthquake 
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upture area became fully locked. Our slip inversions indicate that
he four-month earthquake afterslip overlapped the whole coseismic
upture area and propagated both to the trench, where most of
ftershocks happened, and downdip to the north, where the 2020
SE w as de veloping. During the post-seismic phase, the rupture
rea of the 1978 Puerto Escondido earthquake became and remained
ully coupled. 

The interplate slip-rate evolution in Oaxaca during the 3.5 yr
receding the Huatulco earthquake shows that PIC in the megath-
ust seismogenic region is highly variable in time and space. One
nteresting feature of such variations is the correlation between tran-
ient PIC increments at shallow depths (10–20 km, including the
978 rupture area) and the occurrence of three successive SSEs far
owndip. This might suggest a physical interaction likely related to
uid diffusion at the interface induced by aseismic slip processes in
earby regions that simultaneously relax and load different interface
ections. The implication of this finding is so important that it will
e necessary to assess its generality in other regions of Mexico and
he world through long-term, continuous spatiotemporal analysis of
he slip-rate and the stresses at the plate interface, complemented
y further examination of the activity of both regular and slow
arthquakes. We also found that both relaxing aseismic slip events
nd megathrust coupling changes during those 3.5 yr produced a
ignificant stress concentration ( ∼80 kPa) downdip from the Huat-
lco earthquake nucleation zone likely promoting the main rupture
atch in that segment. Fur ther more, these stress contributions pro-
uced as well a large and shallow (offshore) stress reduction ( ∼−90
Pa) that may have impeded (along with other possible factors) a
uch larger updip propagation of the earthquake with tsunamigenic

otential. 
Our results indicate that continuous monitoring of the interplate

seismic slip-rate and its CFS counterpart provide a better estima-
ion of M7 + earthquake potential over seismogenic regions than
redictions yielded by time-independent interplate coupling mod-
ls. Analysis of the stress partition in the Oaxaca region indicates
hat downdip SSEs can contribute up to 35 per cent of the accu-

ulated stress in the seismogenic zone. Finally, the stress imparted
uring the coseismic and post-seismic phases of the Huatulco earth-
uake on the 1978 Puerto Escondido rupture area (and its downdip
ortion between 20 and 30 km depth) makes it a region prone to
nother earthquake in the near future, a forecast consistent with the
55 yr return period in this Oaxaca region. 

C K N OW L E D G M E N T S  

e are grateful for the outstanding technical support of Eduardo
urrieta and Luciano D ́ıaz in the maintenance of the Gaia super-

omputing platform, and Luis Salazar in the TLALOCNet field
perations and stations maintenance. We thank Mathilde Radiguet
or kindly providing us the long-term coupling models. We also
hank Shri Krishna Singh, Arturo Iglesias and Gerardo Su árez for
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Figure S1 . Vertical (Z), east–west (EW) and north–south (NS)

oseismic displacements estimated from the GNSS time-series at
tations HUAT, OXUM, TNSJ, OXTH, OXPE, TNNP and OAX2. 

Figure S2 . Huatulco earthquake coseismic displacements esti-
ated from the HUAT tide gauge 
Figure S3 . Coseismic slip inversions for the Huatulco earthquake

sing different data sets. Coseismic slip inversion (upper panel) and
heir associated misfit GNSS and LOS displacements errors (lower
anels) using (a) both GNSS and InSAR data, (b) only GNSS data
nd (c) only InSAR data. 

Figure S4 . GNSS displacement time-series estimated with the
ipsy-Oasis (v6.4) software for the pre-seismic period in the 12

tations and the three components. GNSS time-series partially be-
ong to TLALOCNet network and the services provided by the
SF GAGE Facility (Cabral-Cano et al. 2015a; Cabral-Cano et al.
015b, Cabral-Cano et al. 2016; Cabral-Cano et al. 2016b; Demets
nd Cabral-Cano 2008; UNAVCO Community, 2014a; UNAVCO
ommunity 2014b; UNAVCO Community 2016a; UNAVCO Com-
unity 2016b). 
Figure S5 . Example of the correction of displacement time-series

n station TNSJ, TNNP and TNNX and TLIG for seasonal effects.
eft column: Pre-processed GNSS time-series (black dots) and sea-
onal functions for every component (red curves) estimated from
he multiwindow fit procedure. Light blue rectangles indicate the
eriod of the OSSEs. Right column: Original (red dots) and cor-
ected (blue dots) displacement time series. The dashed black lines
n both columns indicate the occurrence of the 2017Tehuantepec
arthquake, the 2018 Pinotepa earthquake and the 2020 Huatulco
arthquake. 
Figure S6 . Resolution analysis for aseismic slip inversions in

axaca. Each column presents the analysis considering slip patch
izes of a 100 km, b 70 km and c 50 km. First row: Example of a
arget checkerboard test for each slip patch size. Cyan circles are
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GNSS stations. Black dashed lines indicate isodepths of the plate 
interface. Second ro w: In verted checkerboard results. Third ro w: 
Average restitution index obtained from the mobile checkerboard 
inversion. Green dashed lines indicate isodepths of the plate in- 
terface. Green circles represent the GNSS stations. Note that the 
shallow plate interface regions are well-resolved in all cases, owing 
to their proximity to the trench along the coast. 

Figure S7 . East–west and vertical GNSS displacement time- 
series estimated with the Gipsy-Oasis software for the pre-seismic 
(a) and post-seismic; (b) periods in selected stations shown in Figs 4 
and 5 . 

Figure S8 . Left column: Evolution of aseismic slip inversions in 
Oaxaca from October 2016 to September 2019, including the 2017 
Oaxaca slow slip event (O-SSE1), afterslip from the Pinotepa earth- 
quake (PE-afterslip) and the 2019 Oaxaca slow slip event (O-SSE2). 
Right column: Cumulative coulomb failure stress (CFS) on the plate 
interface, considering both relaxing slip and changes in plate inter- 
face coupling, calculated since the beginning of the sequence up to 
the time indicated by the second date in the left column’s title. The 
CFS contributions from the 2018 M w 7.2 Pinotepa earthquake and 
the 2017 M w 8.2 Tehuantepec earthquake are also included. 

Figure S9 . Evolution of the relaxing aseismic slip (red curves, 
SSEs and afterslip) and plate interface coupling (blue curves, PIC) in 
regions a SS-1, b DS-2, c SS-3 and d DS-3. Right column indicates 
the location of each region. 

Figure S10 . Long-term and inter-SSE time-invariant interplate 
coupling models estimated by Radiguet et al. ( 2016 , personal com- 
munication) for the Oaxaca subduction zone and their associated 
CFS rates. 

Figure S11 . Evolution of the stress partitioning in the seismo- 
genic zone in Oaxaca. Every panel show the evolution of the total 
CFS (black curves) and their contributions from the relaxing aseis- 
mic slip (red curve) and coupled regions (yellow curve), for Regions 
DS-(1-3) and SS- (1-3). Grey rectangles indicate the occurrence of 
SSEs in the region. The light-yellow rectangle shows the period 
when the post-seismic afterslip of the 2018 Pinotepa and 2020 Hu- 
atulco earthquakes developed in the region. Continuous and dashed 
green lines depict the CFS contribution estimated by the long-term 

and inter-SSE coupling models, respecti vel y. 
Please note: Oxford University Press is not responsible for the 

content or functionality of any supporting materials supplied by 
the authors. Any queries (other than missing material) should be 
directed to the corresponding author for the paper. 
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elgar , D. , P érez-Campos, X., Ramirez-Guzman, L., Spica, Z., Esp ́ındola,
V.H., Hammond, W.C. & Cabral-Cano, E., 2018. Bend faulting at the edge
of a flat slab: The 2017 Mw7. 1 Puebla-Morelos, Mexico earthquake,
Geophys. Res. Lett., 45 (6), 2633–2641. 
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