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Abstract 0on 16 February 2022, an intermediate depth intraplate earthquake of M,, 6.2 struck the
Guatemalan subduction zone with its epicenter located to the southwest of the department of Escuintla, along
the Pacific coast. Following the main event, over 275 aftershocks were recorded and subsequently relocated
using the HypoDD algorithm. This analysis revealed a fault with an area of ~350 km?, significantly larger than
what would typically be expected for an earthquake of this magnitude. The moment tensor at the centroid
of the main earthquake, along with estimations of focal mechanisms for the largest aftershocks, enabled the
identification of both normal earthquakes associated with the fault plane and inverse earthquakes linked to
seismic activity in the upper part of the slab. Notably, the region where this seismic sequence occurred has
experienced heightened seismic activity in recent years. We propose that the mainshock nucleated in the
lower seismicity layer (LSL) of the region’s double seismicity zone, subsequently triggering seismic activity on
a pre-existing active fault, and also in the upper seismicity layer (USL). We estimate a separation of 12.2+5.0
km between these two seismicity layers.

Resumen Unsismo intraplaca de profundidad intermedia con My, 6.2 ocurri6 en la zona de subduccién
guatemalteca el 16 de febrero de 2022, con epicentro en el suroeste del departamento de Escuintla, en la costa
del Pacifico. Se registraron mas de 275 réplicas, las cuales fueron relocalizadas con el algoritmo HypoDD,
pudiendo identificar una falla con un 4rea de ~350 km?, la cual es considerablemente superior a la esperada
para un sismo de esa magnitud. El tensor de momento en el centroide del sismo principal y la estimacidn de
otros mecanismos focales de las réplicas mas grandes, permitieron identificar sismos normales, relacionados
al plano de falla y sismos inversos que fueron asociados a sismicidad en la zona superior del slab. La region
de la secuencia ha presentado actividad sismica alta en afios recientes. Proponemos que el sismo principal
nucled en la capa inferior de sismicidad (CIS) de la zona doble de sismicidad de la regi6n disparando actividad
sismica en una falla activa pre-existente y, ademas, en la capa superior de sismicidad (CSS). Estimamos una
separacion de 12.245.0 km entre estas dos capas de sismicidad.

Non-technical summary On 16 February 2022, a magnitude 6.2 earthquake struck with its epicen-
ter located in the department of Escuintla, on the Pacific coast of Guatemala. The earthquake occurred at an
approximate depth of 70 km, within the Cocos plate as it subducts beneath the Caribbean plate. While the
earthquake caused alarm among the population, only minor damage to some buildings was reported. Re-
cent advancements in the Red Sismoldgica Nacional (RSN) enabled the registration of a significant number
of aftershocks. This data allowed the identification of the fault plane associated with the earthquake and the
activation of additional seismicity in the upper region of the same plate. Notably, the identified fault area is
twice the size typically expected for an earthquake of this magnitude. Given the region’s recent seismic ac-
tivity, we propose that this earthquake and its aftershocks occurred along a pre-existing seismic fault. The
detailed understanding of this seismic source, provided for the first time through instrumental means, allows
for a better characterization of the hazard and seismic risk in Guatemala related to subduction earthquakes.
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1 Introduction

On 16 February 2022, at 07:12 (UTC), a magnitude My, 6.2
earthquake occurred in the subduction zone off the
southern coast of Guatemala. The epicenter was situ-
ated in the department of Escuintla, near the depart-
ment of Suchitepéquez (Figure 1). The seismic event
had a depth of approximately 70 km and was felt by a sig-

*Corresponding author: royani@insivumeh.gob.gt

nificant portion of the country’s population. According
to the Instituto Nacional de Sismologia, Vulcanologia,
Meteorologia e Hidrologia (INSIVUMEH) instrumental
measurements, seismic intensities of VI on the Modi-
fied Mercalli Intensity scale (MMI) were recorded. Due
to the hypocenter’slocation and its normal focal mecha-
nism, it was classified as an intraslab earthquake (Giien-
del and Protti, 1998; Alvarez, 2009; Guzman-Speziale
and Zuniga, 2016; Guzman-Speziale and Molina, 2022).
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In recent years, the Red Sismoldgica Nacional (RSN)
operated by INSIVUMEH (INSIVUMEH, 1976), has sig-
nificantly expanded its number of seismic stations,
equipped with velocity and acceleration sensors. Addi-
tionally, the Earthquake Early Warning in Central Amer-
ica (ATTAC) project, led by the Swiss Seismological Ser-
vice (SED) at ETH Zurich in collaboration with Central
American seismological agencies, has contributed fur-
ther instrumentation provided by the Swiss Agency for
Development and Cooperation (SDC). This network also
includes stations donated by the Volcano Disaster As-
sistance Program (VDAP) of the US Geological Survey
(USGS) for volcanic monitoring.

Moreover, INSIVUMEH benefits from real-time wave-
form data received from the Servicio Sismolégico Na-
cional (SSN) of Mexico (SSN, 2022), the Ministerio
de Ambiente y Recursos Naturales (MARN) of El Sal-
vador (SNET, 2004), and the Comisién Permanente de
Contingencias (COPECO) of Honduras (see Figure 1).
These collaborative efforts have significantly improved
hypocentral location accuracy and have opened up pos-
sibilities for conducting more detailed seismicity analy-
ses in Guatemala and its surrounding regions.

In this paper, we utilize waveforms from a strength-
ened seismic network to conduct a detailed analysis
of the earthquake that occurred on 16 February 2022,
along with its subsequent sequence of aftershocks. By
relocating the hypocenters, we successfully identified
the rupture plane, which aligns with the moment ten-
sor of the main earthquake and the normal focal mech-
anisms of certain aftershocks. Additionally, we discov-
ered other earthquakes in the sequence, situated fur-
ther away from the rupture plane, in the upper part
of the slab, some of which exhibited an inverse focal
mechanism. The analysis and interpretation procedure
are described below.

2 The subducted Cocos Plate

Off the southern coast of Guatemala, the Cocos plate
subducts under the Caribbean plate. This subduc-
tion zone gives rise to a significant number of earth-
quakes, which are monitored and recorded by the
RSN. From southeastern Mexico to northwestern El Sal-
vador (México-Guatemala-El Salvador Subduction Zone
or MGESZ), the slab dip angle gradually changes from
20 to 60 degrees from the Middle America Trench to
a depth of 280 km (Hayes et al., 2018), maintaining a
relatively consistent overall shape (Hayes et al., 2018;
Guzman-Speziale and Zuafiiga, 2016). The velocity of the
Cocos plate with respect to the Central America forearc
sliver to the northwest of MGESZ is 76.4+2.5 mm/year,
while to the southeast itis 75.0+1.2 mm/year (Ellis et al.,
2019) (Figure 1).

Historically, this subduction zone has been the source
of several destructive earthquakes (e.g., Ambraseys and
Adams, 1996; White et al., 2004; Ye et al., 2013; Ellis
et al., 2018). Many of these events have been identified
through both instrumental measurements and macro-
seismic observations, encompassing both interplate
and intraplate regions (Ambraseys and Adams, 1996;
White et al., 2004). Insights from centroid moment
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tensors (CMTs) reveal a mix of inverse (compression)
and normal (extension) focal mechanisms through-
out the entire subduction process (Giiendel and Protti,
1998; Alvarez, 2009; Guzman-Speziale and Zufiiga, 2016;
Guzman-Speziale and Molina, 2022).

To observe the spatial distribution of subduction
earthquakes and their focal mechanisms with better
precision within MGESZ, we used the ISC-GEM catalog
(Storchak et al., 2013, 2015; Di Giacomo et al., 2018),
where it could be noticed that along the Middle America
Trench, where the bending of the Cocos Plate still oc-
curs at the onset of subduction, focal mechanisms are
predominantly normal. In the interplate region (down
to depths of around 40 km), focal mechanisms are
mostly inverse, while at greater depths, a combination
of both types of focal mechanisms is more commonly
observed (Figure 1). This pattern mirrors the behav-
ior seen in other subduction zones worldwide that pos-
sess relatively straightforward geometries (Craig et al.,
2022).

The trigger mechanism of intermediate depth earth-
quakes is still a matter of debate. Among the most
widely accepted explanations are dehydration embrit-
tlement and the reactivation of previously formed faults
within the outer rise region, faults initially generated
during the plate bending process and subsequently re-
activated during subduction (e.g., Ranero et al., 2005;
Brudzinski et al., 2007; Kiser et al., 2011; Marot et al.,
2012; Cabrera et al., 2021).

As observed in other global regions, detailed studies
of intermediate-depth earthquakes have unveiled a dou-
ble seismicity zone (DSZ) within the MGESZ slab. This
DSZ is characterized by a separation between the up-
per seismicity layer (USL) and the lower seismicity layer
(LSL) (Brudzinski et al., 2007; Florez and Prieto, 2019).
In proximity to the earthquake of 16 February 2022,
Brudzinski et al. (2007) noted a separation of 8.04+-6.6 km
betwen USL and LSL, whereas Florez and Prieto (2019)
reported a separation of 11.3+4.0 km. This relatively
small separation, compared to other subduction zones,
is attributed to the youthful age of the subducting plate
(Brudzinski et al., 2007; Florez and Prieto, 2019), which
is estimated to be approximately 24 million years old
(Nishikawa and Ide, 2014).

Brudzinski et al. (2007) found that, in the subduction
zones they examinated (without specific information
about MGESZ) normal focal mechanisms were present
in the LSL. On the other hand, earthquakes ocurring at
intermediate depths in the USL tend to exhibit inverse
focal mechanisms (Craig et al., 2022; Chu and Beroza,
2022). Within the MGESZ, it has been estimated that
normal earthquakes release more seismic moment than
inverse earthquakes at these intermediate depths (Al-
varez, 2009; Guzman-Speziale and Zufiiga, 2016), this
is consistent with other subduction zones in the world
(Craig et al., 2022).

SEISMICA | volume 2.2| 2023



SEISMICA | RESEARCH ARTICLE | The 16 February 2022 My, 6.2 earthquake

Figurel Subductionzone between the Cocos and Caribbean plates that includes the border with Mexico, Guatemala, and
part of El Salvador (MGESZ). The iso-depth lines at the top of the slab (Hayes et al., 2018) indicate its relatively uniform shape.
The preliminary epicenter of the 16 February 2022 earthquake is marked with a white star, and its focal mechanism is shown
in black (this study). Red beachballs represent earthquakes with inverse focal mechanisms, while blue beachballs represent
those with normal focal mechanisms, and gray circles represent earthquakes without a focal mechanism, according to the
ISC-GEM catalog (Storchak et al., 2013, 2015; Di Giacomo et al., 2018), chosen for its higher accuracy in epicentral locations.
Black stars denote subduction earthquakes with M,,>7. Inverted triangles represent seismic stations used for the seismic
sequence analysis. The RSN (INSIVUMEH, 1976) is represented by yellow inverted triangles (with the letter A indicating the
ATTAC project and the letter V indicating VDAP, see description in the text), while seismic stations from Mexico, El Salvador,
and Honduras are represented by green inverted triangles. Red arrows indicate the convergence velocities of the Cocos plate
relative to the Central America forearc sliver, according to Ellis et al. (2019).

3 Seismicity associated with the  (Havskovand Ottemoller, 1999), with magnitudes rang-

M,, 6.2 earthquake ing from 2.4 to 4.7. These aftershocks were dispersed
throughout the vicinity of the mainshock, with their epi-
During the initial 25 days, more than 275 aftershocks centers aligned in a NNE-SSW orientation. The main-

were recorded and located using the SeisAn software
3 SEISMICA | volume 2.2| 2023
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Figure 2 Geographic distribution and profile section
(along X-X’) of the preliminary main earthquake location
(gray star) and the subsequent aftershocks sequence (gray
dots). The slab model for the region is presented according
to Hayes et al. (2018). The majority of earthquakes are situ-
ated at depths ranging from 40 to 80 km.

shock’s hypocenter was estimated to be at a depth of
7047 km, surpassing the Slab2 model’s approximate 50
km depth for that location (Hayes et al., 2018). Prior to
the relocation process, the initial distribution of after-
shock depths spanned from 40 to 80 km (Figure 2).

The CMT for the My, 6.2 earthquake was derived us-
ing the W phase algorithm (Kanamori and Rivera, 2008;
Hayes et al., 2018; Duputel et al., 2012). This solution in-
corporated data from the aforementioned seismic agen-
cies as well as waveforms acquired through the Wilber
3 platform of the Incorporated Research Institutions for
Seismology (Newman et al., 2013). The centroid depth
was determinated to be 60.5 km (Figure 4). The out-
comes of the inversion process are presented in Ta-
ble 1, allowing for a comparison with the results from
the Global Centroid-Moment-Tensor Project (Dziewon-
ski et al., 1981; Ekstrom et al., 2012) and the Advanced
National Seismic System (ANSS) of the USGS.

Additionally, 12 focal mechanisms were estimated
for the largest magnitude aftershocks using the P-
wave first-arrival polarity method. The focal mech-
anisms obtained showed dominant normal and in-

4

Figure 3 Focal mechanisms of the most significant after-
shocks within the seismic sequence associated with the
M, 6.2 earthquake, determined using the first-arrival polar-
ities method. Compression polarities are represented by
circles, while dilation polarities are denoted by triangles.
Events 1,2, 3,7, 9 and 12 exhibit larger components of nor-
mal focal mechanism, whereas events 4, 5, 6, 8, 10 and 11
display characteristics of inverse focal mechanism. Pand T
correspond to the pressure and tension axes, respectively.

verse components (Figure 3). The SeisAn software
(Havskov and Ottemoller, 1999) was utilized, employing
the FOCMEC (Snoke, 2003) and FPFIT (Reasenberg and
Oppenheimer, 1985) algorithms for this analysis.

3.1 Hypocentral relocation

We used the HypoDD v1.3 software in order to ob-
tain a catalog of relocated seismic events (Waldhauser
and Ellsworth, 2000; Waldhauser, 2001), which is a si-
multaneous relocation algorithm that minimizes the
residual between observed and theoretical travel time
differences (or double differences) for pairs of earth-
quakes recorded at each station while linking all ob-
served event-station pairs (Waldhauser and Ellsworth,
2000). The Double-Differences technique takes advan-
tage of the fact that if the hypocentral separation be-
tween two earthquakes is small compared to the event-
station distance, then the ray paths between the source
region and a common station are similar over almost
the entire path (Fréchet, 1985; Got et al., 1994). In this
case, the difference in travel times for two events ob-
served at one station can be attributed to spatial shifting
between the events with high precision. This approach

SEISMICA | volume 2.2 | 2023
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Agency NP1 NP2 My Centroid Depth (km) ~ Moment (N-m)
INSIVUMEH ~ 182.6/34.0/-14.9 285.1/81.7/-123.1 6.24 60.5 2.85e+18
GCMT 189.2/49.2/-10.6  286.2/82.0/-138.7 6.20 63.5 241e+18
USGS 190.0/49.0/-14.0  289.0/79.0/-138.0 6.17 60.5 2.30e+18

Table1l Comparison of the moment tensor’s elements obtained in the present work with those of gCMT and USGS.

is especially useful in regions with a dense seismicity
distribution (Waldhauser, 2001).

HypoDD calculates travel times in a layered velocity
model for the current hypocenters at the station where
the phase was recorded. Travel time differences are
formed to link together all possible pairs of locations
for which data is available. HypoDD solves for hypocen-
tral separation after insuring that the network of vec-
tors connecting each earthquake to its neighbors has no
weak links that would lead to numerical instabilities.

For this, we built links from each event within a
search radius of 8.0 km. We also required, at least, six
links for each earthquake to form a neighborhood. With
the network of phase pairs thus formed and using the
local velocity model (INSIVUMEH, 1988), we obtained
a relocated catalog with 234 events. Although the local
velocity model is a 1D parallel layer model, HypoDD re-
duces the bias in locating individual events.

The results presented in Figure 4 show a significant
clustering of earthquakes just beneath the upper part of
the slab suggested by Hayes et al. (2018). This arrange-
ment confines the depth of the majority of earthquakes
to a range between roughly 50 and 65 km, with a hand-
ful of events reaching depths nearing 70 km, which in-
cludes the mainshock. Post-relocation, the mainshock
was integrated into the sequence, although its depth was
only slightly reduced to 69 km. As per the relocated cat-
alog, the dimensions of the fault spanned ~16 km x 22
km, corresponding to an approximate area of 350 km?.

3.2 Rupture plane and temporal evolution of
seismicity

Based on the catalog of relocated earthquakes, the ini-
tial days showed concentrated seismic activity in a lim-
ited region with a subvertical orientation. As the seis-
mic activity progressed, additional earthquakes were
recorded both within this same area and further away,
near the top of the slab, as depicted in Figure 5.

The estimated moment tensor analysis indicates that
NP2 in Table 1 represents the primary rupture plane,
where the majority of seismicity is distributed, as illus-
trated in Figure 6. Additionally, focal mechanisms with
the highest normal component were found in the vicin-
ity of this fault plane (blue beach balls in Figure 6), while
focal mechanisms with the highest inverse components
were observed in the upper region of the seismic activ-
ity (red beach balls in Figure 6).

3.3 Discussion and conclusions

The hypocenter’s location at 69 km and the centroid’s
position at approximately 60 km (Figures 5 and 6)
suggest that the rupture might have propagated from
the LSL to the USL in the region of the estimated
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Figure 4 Comparison contrasting the initial positioning
of the mainshock and the subsequent aftershock sequence
(represented by the grey star and dots) with their subse-
quent relocation (indicated by the blue star and black dots),
accomplished using the HypoDD technique (Waldhauser
and Ellsworth, 2000; Waldhauser, 2001). The profileis along
X-X" and the model of the top of the slab is according to
Hayes et al. (2018). The horizontal dotted lines in the profile
denoting the centroid depth reported by different agencies
(blue line: INSIVUMEH, USGS; green line: gCMT. See Table
1).

plane. Rupture planes for earthquakes between the LSL
and the USL have been documented for some large-
magnitude intermediate-depth earthquakes (Twardzik
and Ji, 2015), identified through associated aftershocks:
the 2014 M,, 7.9 earthquake in Rat Islands, Alaska
(Twardzik and Ji, 2015), the 2005 M, 7.7 earthquake
in Tarapaca, Chile (Peyrat et al., 2006; Delouis and
Legrand, 2007), the 1993 My, 7.6 Kushiro-Oki earthquake
in Japan (Ide and Takeo, 1996), and the 2017 M,, 8.2
earthquake in Tehuantepec, Mexico, where two parallel
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Figure5 (A)Map of the relocated seismic sequence and profiles showing the temporal evolution of this seismicity in 5 days
(B), 15 days (C) and 25 days (D). In the first interval (A), the earthquakes are distributed mainly in the region of the fault,
while in the later intervals (B) and (C), hypocenters far from it can also be seen. The blue dots represent the earthquakes
with normal focal mechanisms located in the main region of activity, while the red dots represent inverse focal mechanisms
located near the upper region of the slab. The blue star represents the nucleation point and the horizontal dotted lines in the
profile denoting the centroid depth reported by different agencies (blue line: INSIVUMEH, USGS; green line: gCMT. See Table
1).
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faults were identified within the slab (SSN, 2017; Suarez
et al., 2019). The dip angle of these earthquakes planes
varies considerably.

In the Chilean subduction zone, moderate-magnitude
earthquakes have been reported, and their rupture
planes have been described through registered after-
shocks. Marot et al. (2012) detailed the rupture plane
of a My 5.7 earthquake that occurred in January 2003
in Central Chile, while Cabrera et al. (2021) identifies a
fault plane for a My 6.3 earthquake in the northern re-
gion of the country that happened in October 2017.

As mentioned earlier, it is evident that most of the
seismicity was generated in the region of the suggested
plane, especially in the initial days of activity. How-
ever, later on, more dispersed seismicity is observed,
with depths closer to the top of the slab, possibly in the
USL (Figures 5 and 6). This scenario, where the seismic-
ity generated by a normal earthquake triggers seismic-
ity with inverse focal mechanisms, was also observed
in the M, 8.2 earthquake in Tehuantepec, Mexico (Or-
tega et al., 2019) and the My, 5.7 earthquake in Central
Chile (Marot et al., 2012). Chu and Beroza (2022) pro-
pose that intermediate-depth aftershocks are enabled
by stress transfer and pore fluid redistribution in the
proximity of the mainshock, which is enabled by dehy-
dration. In our case, due to the proximity between the
mainshock’s fault plane and the USL, it is possible that
such effects extend to that region, triggering seismic ac-
tivity with a different rupture mechanism.

As shown in Figure 1, several intermediate-depth
earthquakes with normal focal mechanisms have been
documented in MGESZ (Storchak et al., 2013, 2015;
Di Giacomo et al., 2018), similar to the My, 6.2 earth-
quake analyzed in this study. However, this is the
first instance where the fault plane has been identified
through associated aftershocks, along with the trigger-
ing of seismicity outside the mainshock’s rupture sur-
face with a different focal mechanism.

Despite the fact that the sequence of earthquakes de-
scribed was triggered by the My, 6.2 earthquake, this
zone had exhibited constant seismic activity (relative
to the rest of the MGESZ region) before 16 February
2022, and continued in the subsequent months. Back-
ground seismicity in the area of the seismic sequence
analyzed in this study can be seen in Figure 7, primar-
ily with magnitudes less than four. Some earthquakes
with magnitudes greater than five are notable. In mid-
2021, a seismic swarm ocurred, although no earthquake
of significant magnitude was recorded. This behavior is
possibly linked to dehydration processes within the slab
(Kiser et al., 2011; Chu and Beroza, 2022) in this region
(e.g., Pasten-Araya et al., 2018) but the data is inconclu-
sive, and this explanation falls outside the scope of this
work.

Although the estimated area with the sequence of re-
located aftershocks covers an area of ~350 km?, em-
pirical relationships following Wells and Coppersmith
(1994) suggest that the rupture area for a My, 6.2 earth-
quake would extend to 170 km?, about half of the
area covered by the sequence. Furthermore, the esti-
mate of 22 km fault length penetrating the slab aligns
with the minimum value of 20 km reported by Ranero
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etal. (2003) through seismic reflection data for bending-
related faulting in the incoming plate at the Middle
America trench. Therefore, it is possible that the main
event triggered seismicity on a pre-existing fault, gen-
erated on the outer rise (Ranero et al., 2005; Kiser et al.,
2011; Marot et al., 2012), also triggering out-of-plane
seismicity.

This seismicity outside the fault plane includes the
inverse earthquakes of the Figures 5 and 6, possibly
occurring in the USL. Assuming that the nucleation
of the mainshock occurred in the LSL, we can esti-
mate an average separation between the LSL and USL of
12.245.0 km (considering the estimated errors for pre-
liminary hypocenter depth calculations and assigning a
10% error for values taken from Slab 2), consistent with
previous estimates, particulary with Florez and Prieto
(2019), confirming the trend of several double subduc-
tion zones with normal focal mechanisms in the LSL
and inverse mechanisms in the USL (Craig et al., 2022,
Chu and Beroza, 2022).
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Figure 6 (A) Relocated seismic sequence (grey dots), blue beach balls are earthquakes with normal focal mechanisms lo-
cated in the main region of activity, while red beach balls are inverse focal mechanisms located near the upper region of the
slab as can be seen in profile (B). The numbering corresponds to Figure 3 and the focal mechanism of the M, 6.2 earthquake
is at the nucleation point. The dashed black line (approximately 22 km in length) in profile, shows the rupture plane with a
dip angle as described for NP2 in Table 1 and the blue arrows represents normal fault movement. The horizontal dotted lines
in the profile denoting the centroid depth reported by different agencies (blue line: INSIVUMEH, USGS; green line: gCMT. See
Table 1).
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Figure 7 (A) Seismicity recorded by the RSN of INSIVUMEH from 2019 to 2022 on the southwest coast of Guatemala, the
green square outlines the area where the sequence analyzed in this study occurred (before relocation). The temporal dis-
tribution of all seismic activity within that area is shown in (B). The horizontal axis displays the origin time (OT), and the
magnitude is represented on the vertical axis. Earthquakes are depicted with transparent gray circles, where darker shades
indicate a higher concentration of seismic events. Seismic activity has remained constant in the area, including some earth-
quakes with a magnitude greater than 5 and a seismic swarm in 2021. It is possible to observe an improvement in the RSN’s
ability to detect smaller magnitude earthquakes starting from 2021.
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