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Abstract

Seismic monitoring can provide key constraints on volcanic processes, magma migra-
tion, and preparatory processes before volcanic eruptions. Nevertheless, the high cost
of broadband networks limits the number of volcanoes that are actively monitored.
Here, we test the capability of a network of raspberry shake (RS) seismographs to mon-
itor volcanoes in El Salvador and characterize associated seismicity sequences in real
time. We deployed seven three-component, short-period RS velocity seismometers
around Santa Ana volcano, which has a long history of phreatomagmatic eruptions
as recently as 2007. The new network primarily supports training, research, and out-
reach activities but also has the potential to provide early alerts before volcanic unrest.
The seismometers were installed at schools, a university campus, and hotels within
20 km of Santa Ana volcano. We recorded an accelerating seismicity sequence within
~15 km distance from the volcano between 28 December 2023 and 1 February 2024.
Both magnitudes and seismicity rates increased systematically, culminating in two
events above M, 4 on 28 January 2024 without causing detectable changes in temper-
ature or gas emissions at the summit of Santa Ana. Detailed space-time clustering
analyses reveal dominant mainshock-aftershock triggering at local to regional distan-
ces, similar to tectonic earthquake sequences. The new RS network around Santa Ana
volcano demonstrates the ability of low-cost seismometers to improve seismic event
detection, location, and classification. The observations suggest that dense volcano
monitoring networks facilitate an early detection of unfolding seismicity sequences
and improve tectonic versus volcanic event classifications—a key component of reliable
eruption alerts.
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Supplemental Material

Introduction

Tectonic setting and volcanic activity

El Salvador is characterized by high seismic and volcanic haz-
ards due to its location close to the Central American trench
that extends from Mexico to Costa Rica (Harlow et al., 1993).

natural area with several active volcanoes, lagunas, and calde-
ras. The topographically most striking features are the active
Santa Ana and Izalco volcanoes, and the large caldera to
the east, which includes Lago Coatepeque.

The Coatepeque caldera truncates the eastern side of the

Volcanotectonic processes in the region are governed by the
subduction of the Cocos plate underneath the Caribbean plate
(Fig. 1). Rapid convergence rates of about 65-75 mm/yr gen-
erate high levels of seismicity and frequent felt events (Legrand
et al., 2020). The largest magnitude events are associated with
the subduction zone with deepening seismicity to the northeast
(Fig. 1; Ye et al., 2013).

Our study area at the western edge of El Salvador spans
from Lago Coatepeque in the east to the Cordillera de
Apaneca and the city of Ahuachapan to the west and includes
the Los Volcanes National Park (Fig. 1, Fig. S1, available in the
supplemental material to this article). This park is a protected
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ancestral Santa Ana volcano. The 7 x 10 km wide caldera,
now largely filled by a scenic lake, was formed during two
major late-Pleistocene rhyodacitic pyroclastic-flow-producing
eruptions (Siebert et al., 2004). Volcanic activity moved to the
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southwest from the initial rhyolitic plinian eruptions of
Coatepeque to the present activity at Santa Ana and Izalco.
Magma sources for Coatepeque, Santa Ana, and Izalco exhibit
notably different chemistry, in spite of their close proximity,
resulting in markedly different types of eruptions (Rose and
Stoiber, 1969; Scolamacchia et al., 2010). Nearly contempora-
neous eruptions of Santa Ana and Izalco over geological times
highlight either efficient magma fractionation during ascent or
distinct magma sources, with compositions ranging from
basaltic to andesitic (Carr and Pontier, 1981). Izalco volcano,
located ~4 km south and seaward of Santa Ana volcano, has
produced predominately effusive eruptions since 1770, which
ended in October 1966 (Rose and Stoiber, 1969; Carr and
Pontier, 1981). At the time, the frequent eruptions with high
lava discharge were widely visible by passing ships inspiring
the name “Lighthouse of the Pacific” (Rose and Stoiber, 1969).

The Santa Ana volcanic complex displays the largest and
highest stratovolcano in El Salvador (Pullinger, 1998). The
broad flanks of the 2381-m-high basaltic-to-andesitic volcano
extend north to the city of Santa Ana and south to Sonsonate,
which are home to more than a million inhabitants combined
(Fig. 1). In the late Pleistocene, the volcano collapsed and
triggered a debris flow that traveled ~50 km south into the
Pacific Ocean, with an estimated volume of 16 £ 5 km?> (see
label Acajutla debris flow in Fig. 1b; Siebert et al., 2004).
Eruptions of Santa Ana volcano are predominantly phreatic
and phreatomagmatic and started in the late Pleistocene
(0.22 Ma). The latest eruptions occurred in January 1904
(Volcanic Explosivity Index, VEI 2-3), 1 October 2005 (VEI
3), and 24 April 2007 (VEI 1; Laiolo et al., 2017).

The 2005 eruption was the most notable event in recent his-
tory, producing a more than 10km high plume of gas and ash
from the central crater (Scolamacchia et al., 2010). Ash fallout
traveled as far as 12 km and ballistic blocks and hot lahars
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Figure 1. (a) Overview of seismicity and tectonic setting. Inset
shows central America with El Salvador highlighted in green.
Seismic activity is dominated by subduction zone events to the
west (deepening toward the northeast) and shallow onshore
seismicity. Relative plate motion of Cocos, Caribbean, and North
American plates are highlighted by black arrows, and earth-
quakes are colored by depth (see color bar). Study area in
western El Salvador is highlighted by blackdashed rectangle.
Plate motion vectors are from Legrand et al. (2020).

(b) Topography in the study area, which includes the Cordillera
de Apaneca, Santa Ana and lIzalco volcanoes, and Lago
Coatepeque. Several additional prominent peaks that demon-
strate widespread volcanic activity are labeled. Lagunas are
highlighted by blue ellipses (see legend). Approximate extent of
Acajutla debris flow and Izalco-Santa Ana lava flows are marked
by white lines and red-shaded regions (Carr and Pontier, 1981;
Siebert et al., 2004). The Ahuachapan geothermal reservoir is
highlighted by a white square. Inset shows summit photo of
Santa Ana crater lake (taken September 2023). The color version
of this figure is available only in the electronic edition.

reached a distance of up to 5 km (Hernandez et al., 2007;
Scolamacchia et al., 2010). The 2005 eruption was preceded
by several weeks of precursory temperature increase, gas emis-
sions, and a notable uptick in volcanotectonic and long-period
(LP) seismic activity close to the summit (Hernandez et al.,
2007; Olmos et al., 2007; Laiolo et al., 2017).

Previous seismic activity
Seismicity in the area is dominated by large offshore subduc-
tion zone events and shallower, onshore strike-slip earth-
quakes. The largest earthquakes in the broader area may
reach M,, ~7.9 (Harlow et al, 1993; Ye et al, 2013) and
are generated along the Cocos-Caribbean plate interface.
Seismic and geologic observations suggest a large strike-slip
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Figure 2. Earthquake magnitudes, cumulative number, and locations (Ministerio de Medioambiente
y Recursos Naturales [MARN] catalog, see Section: “Previous seismic activity”) before the 2005 and
2007 phreatomagmatic eruptions of Santa Ana volcano. (a) Time series of event magnitudes (black
and red circles) and cumulative event number (red curve). Both eruptions were preceded by
significant seismic activity 130-150 days prior. Note that no classification into volcanotectonic (VT)
and long-period (LP) events was attempted by MARN, and the catalog may include both types of
events. (b) Map of seismic activity shown in panel (a). Events are colored by depth, scaled by
magnitude, and the largest events prior to the 2005 and 2007 eruptions are highlighted by red

nisms include static stress
transfer from large offshore
earthquakes to onshore faults
(Martinez-Diaz et al, 2004).
Static or dynamic triggering is
also thought to be responsible
for several volcanic eruptions
based on observed space-time

correlations between earth-

circles. Note that these events may have occurred far from the summit albeit location uncertainty is

large 16. The two eruption photos at the lower right were taken on 1 October 2005 and 25 April
2007. The color version of this figure is available only in the electronic edition.

quakes and subsequent volcanic
eruptions. For instance, the San
Salvador eruption close to the

fault zone, the El Salvador fault zone, in the central part of the
country (Martinez-Diaz et al., 2004; Canora et al., 2014).
Shallower onshore faults have been responsible for the most
destructive earthquakes in recent history, producing 22 mod-
erate-to-large magnitude earthquakes above M 5 since 1700
with average recurrence of ~30 yr (Harlow et al., 1993).

El Salvador was affected by two destructive earthquake
sequences close to the capital city of San Salvador in 1986 and
2001. The M,, 5.7 San Salvador earthquake on 10 October 1986
ruptured a left-lateral strike-slip fault underneath the city, result-
ing in ~1500 deaths, ~10,000 injuries, and ~100,000 people left
homeless (Harlow et al., 1993). Strong ground motion lasted for
only 3-5 s in most regions but basin effects may have contrib-
uted to significant destruction around the historic center of San
Salvador (Anderson, 1987).

The second major earthquake ruptured a large portion of the
right-lateral El Salvador strike-slip fault system about 30 km east
of the capitol city on 13 February 2001 (Bommer et al, 2002).
This M,, 6.6 onshore event was preceded and potentially trig-
gered by an M, 7.7 event about 110 km south-southeast of San
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capital in 1917 was preceded
by two destructive earthquakes (Legrand et al, 2020), and
the San Miguel eruption to the far east of El Salvador in
2013 was preceded by an anomalous sequence of three
M,, 27.3 events in 2012 (Ye et al, 2013; Granieri et al.,
2015; Bonforte et al., 2016; Gonzalez et al., 2021).

El Salvador produces about a quarter of its electricity from
two large geothermal reservoirs, and operations at the Berlin
geothermal field have led to felt, induced events up to M,, 3.7
(Herrera et al., 2010; Kwiatek et al., 2014). In contrast, the
Ahuachapan geothermal field (white box in Fig. 1b), which
is close to the here studied volcanoes, has no reported induced
events to date.

High-resolution seismic monitoring is essential to better
characterize the coupling between seismic and volcanic proc-
esses in El Salvador. For instance, the Apaneca-Juayua region
just 10-20 km west of Santa Ana volcano produced two
notable seismicity clusters 150 and 130 days before the 2005
and 2007 eruptions (Fig. 2). The respective seismicity catalog
was created by the Ministerio de Medioambiente y Recursos
Naturales (MARN) and is referred to as MARN catalog in
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the following. Unfortunately, most earthquake locations were
based on fewer than five phase picks, which hamper in-depth
analyses as described subsequently, and only a single station
(SBLS) was operational at Santa Ana volcano at the time of
the 2005 eruption (Olmos et al, 2007; Laiolo et al., 2017).
The new stations deployed in this study significantly improved
this situation.

Data and Method

Seismic network deployment and operation
Motivated by the previous volcanic and seismic activity across
the study area, we densified the regional broadband network
around Santa Ana volcano (see new raspberry shake [RS] net-
work, FDSN code = AM vs. previous stations from the El
Salvador network, FDSN code = SV, of the Servicio Nacional
de Estudios Territoriales de El Salvador in Fig. 3). Before the
new deployment, only one station (NUBE) with direct data
access through the Incorporated Research Institutions for
Seismology was located within 30 km of Santa Ana volcano.
The new network deployment had three primary goals.

1. Education and outreach: we worked with partners from the
University of El Salvador, MARN, schools, residents, and
businesses to improve hazard awareness and preparedness.
For this purpose, we decided to install inexpensive RS
seismometers mainly at schools and educational centers.
Station deployments were paired with educational and
informational activities including several teachers work-
shops at the University of El Salvador.

2. Training: we supported the natural hazards curriculum at
the physics department at the University of El Salvador
through several seismology short courses and trained local
students in real time seismic data processing. The university
partners identified the most suitable sites and participated
in all station deployments. A group of five students from
the university received training in how to operate the
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Figure 3. Overview of seismic network, event locations, and
magnitudes between 25 November 2023 and 1 May 2024.

(@) The seismicity map shows the two primary sources of seismic
activity: (1) deeper offshore subduction zone events (colored
markers with black circles) and (2) shallower onshore seismicity
across the Cordillera de Apaneca. Newly deployed stations (AM
network) are shown by blue triangles and SNET stations (network
ID = SV) by black triangles. Station codes are in Figure S1.

(b) Frequency—magnitude distributions of seismicity near the
volcanic (red) and subduction (black) zones. Note the difference
in magnitude of completeness and b-value. The color version of
this figure is available only in the electronic edition.

seismometers and how to generate real-time seismicity
catalogs in SeisComP (SeisComP, 2008).

3. Research: the local, dense network comprised seven RS3D
seismographs, which, together with the SV broadband sta-
tions, provide new insights into tectonic, magmatic, and
volcanic processes across the study area. Moreover, the
new network has proven capable to rapidly detect unfolding
seismic sequences as detailed in the following sections.

In addition to the described RS3D stations, our combined
network includes four broadband stations that are operated
by MARN and one Giiralp CMG6TD at the University of
El Salvador, Multidisciplinary Faculty of the West in Santa
Ana (Fig. S1). The new stations were deployed indoors at
ground level. RS3D stations determine 3D ground motion
from 4.5 Hz geophones electronically extended down to 2 s
and sampled at 100 Hz. Corresponding clip level are
24 mm/s peak-to-peak from 0.1 to 10 Hz.

This study describes data acquired between 1 December
2023 and 1 May 2024. Seedlink data streams were received
by two SeisComP
University of El Salvador, Multidisciplinary Faculty of the
West, and the other at the Center for Earthquake Research
and Information, University of Memphis. The duplicate data

servers in real time—one at the
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servers prevent data loss in case of power or internet outages.
Data recovery rates for the RS stations range between 75% and
85% due to power and internet outages at the deployment sites.

The RS instruments can be controlled remotely through a
zero-trust, peer-to-peer network using the zerotier service.
Data from the RS stations can also be viewed by all community
partners through a web interface (see Data and Resources),
which is particularly useful for educational activities. RS instru-
ments have been used in several applications, such as network
densification and rockfall detection (Manconi et al, 2018;
Walter et al., 2019; Calais et al., 2020), but this work is poten-
tially the first attempt to build a real-time volcano monitoring
network with RSs.

Exemplary seismic events and noise
characteristics

The current results illustrate the usefulness of low-cost station
densifications, in particular for the improvement of azimuthal
coverage, phase picks, and location accuracy. Without the
short-period instruments most of the small-magnitude local
events would be difficult to detect and locate (Figs. S2, S3).
Such events are well-recorded between ~2 s and ~40 Hz, in
spite of the relatively higher self-noise of the instruments
(Anthony et al, 2019) and transient, high-frequency anthropo-
genic noise (Figs. $4, S5).

We identified three primary event types (Fig. S5; McNutt,
2005): (1) local, high-frequency volcanotectonic (VT) events
within about 20 km of the volcano, (2) distant earthquakes
with longer duration and S-P times of more than ~10 s,
and (3) low-amplitude, LP events that likely originate from
large depths. Although the proximal and distal earthquakes
show two distinct, impulsive body-wave arrivals, the LP events
show no distinguishable seismic phases.

LP events were detected manually based on time and fre-
quency characteristics. Commonly observed event attributes
were long duration (i.e., >20 s), small amplitude, and lack
of seismic energy above 5 Hz (Fig. S5). The LP events compose
only a small fraction of the total events (<1%). Preliminary
analysis suggests that the LP events are not related to shallow
magmatic processes but rather occur deeper and about 50 km
seaward of Santa Ana volcano. In the following, we focus on
proximal, high-frequency earthquake sources, which constitute
the vast majority of all detections.

Seismicity catalog creation

Real-time data processing is done in SeisComP (SeisComP,
2008). We use a STA/LTA detector and AIC picker to deter-
mine P-onsets and locsat for automatic locations. Each event is
manually revised by student analysts, including P-pick refine-
ment, adding new S-picks, and determining local magnitudes.
Events were kept if travel time residuals were less than 0.5 sec
and the event had six or more phase picks across at least four
stations.
Volume XX »
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Local magnitudes were calculated from peak body-wave
amplitudes (mainly S waves), which were corrected for
source-receiver distances using Bakun and Joyner (1984)
and then averaged over stations within a plausible range.
We determined b-value and the magnitude of completeness
by minimizing the misfit between observed and modeled
earthquake magnitude distributions, using a maximum-likeli-
hood approach and a Kolmogorov-Smirnov (KS) misfit
measure (Goebel et al., 2017; Fig. S6). To avoid selecting a mag-
nitude of completeness in the tail of the distribution, we use
only values of minimum KS-distances, which also have a stan-
dard error of b-value estimates below 0.25 (Shi and Bolt, 1982;
Goebel et al., 2017).

A first assessment of the local magnitudes shows
Gutenberg-Richter behavior for local events with magnitudes
between two and four. Nevertheless, we also observe overesti-
mated magnitudes compared to the European-Mediterranean
Seismological Centre catalogs, especially for subduction zone
events. This comparison highlights the need for refined local
and moment magnitude estimates in the future.

Results

High-resolution seismic event locations can provide important
insight into magmatic processes. The 2005 Santa Ana eruption
was preceded by several weeks of precursory seismic activity
(Laiolo et al., 2017) and an early seismicity cluster 150 days
before the eruption may have marked the onset of intensifying
magmatic processes (Fig. 2). In the following, we elucidate the
creation of an improved seismicity catalog for the study area.
We first describe observations in the initial SeisComP catalog
and then report additional catalog refinements, including
improved velocity models, absolute locations, and double-dif-
ference relocations.

Our initial catalog contains 798 events and clearly delineates
near-volcano seismic sources at depths between ~1 and 10 km
from deeper subduction zone events (Fig. 3). The two event
populations have markedly different magnitude distributions,
with higher completeness magnitude and lower b-value for the
distant subduction zone events (i.e., M. = 3.8 compared to
M. = 2.1). Interestingly, we also find a day-night dependence
of completeness magnitude for the near-volcano events so
that M. drops from 2.1 to 1.4 during low-noise night hours
(Fig. S6). The notable shift in completeness can be explained
by the relatively higher noise at schools during the day com-
pared to quieter nights.

We use the initial catalog as the starting point for velocity
model and location refinements for events within 20 km from
the summit of Santa Ana volcano. The initial TASP91 velocity
model is constant in the upper 20 km. We use VELEST for an
improved 1D velocity model (Kissling et al., 1994) that includes
three layers from 0 to 5, 5 to 10, and 10 to 20 km (Fig. 4). The
resulting seismic velocities are reduced by ~10% in the upper
5 km. We confirm the overall robustness of the simple velocity
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model through jackknife resampling across stations, which
shows the effect of individual station pick errors (Fig. 4b). Next,
we use the velocity model and station terms from VELEST to
relocate the earthquakes with NLLoc (Lomax et al, 2009). These
different steps lead to a notable reduction in overall travel-time
residuals compared to the original catalog (see Fig. 4c)

We relocated the seismicity within 20 km from Santa Ana
volcano between 31 November 2023 and 1 May 2024 with
GrowClust using waveform cross correlations (CCs) and dif-
ferential travel times of P and S waves at each station (Fig. 5)
(Trugman and Shearer, 2017). CCs were computed on band-
passed waveforms from 2 to 8 Hz, starting 0.2 s before and 0.3 s
after P and S picks. We use a minimum CC coefficient of 0.5
for each event (see Fig. S7 for results with different CC thresh-
olds). The maximum root mean square (rms) travel-time
residual is limited to 0.3 s. This results in the relocation of
225 out of the original 297 events, with relative horizontal
and vertical errors of 0.4 km (Fig. S8).

The double-difference relocated catalog shows two distinct
seismicity clusters, which are not easily identifiable in the origi-
nal catalog (Fig. 5). The first cluster is located at shallower
depth between 5 and 8 km in direct proximity to station
NUBE. The second cluster is deeper between 8 and 12 km
depth, located ~2 km farther east toward Santa Ana volcano.
These two clusters mark different stages of the accelerating
seismic activity and are potentially connected to the activation
of different fault structures.

Seismicity characteristics and rate increase
between November 2023 and February 2024

The new network deployment was associated with a notable
increase in seismic activity between 28 December 2023 and
1 February 2024. This activity included at least three events
that were felt by the nearby population and was of significant

6 Seismological Research Letters

Figure 4. (a) Travel-time plot and average seismic velocities from
the initial catalog. (b) Refined velocity model for the upper 20 km
of the study area. Starting P-wave velocity (V) model is shown in
blue and new model in red with gray lines showing results from
jackknife resampling across the network stations. Note that Vs
was determined from constant V/Vs = 1.71. (c) Improvement
in travel-time residuals (root mean square [rms] over all stations
with picks) between initial SeisComP catalog (red), VELEST (blue),
and NLLoc (green) locations. The color version of this figure is
available only in the electronic edition.

concern for scientists from MARN, the University of El
Salvador and the University of Memphis, not least due to
the extended seismic activity in the same area before the
2005 eruption of Santa Ana volcano.

The seismic network started operations in mid-December,
although limited earlier detection was possible with a subset of
the final network stations starting on 25 November 2023. A
first productive seismicity cluster was recorded just after
Christmas in 2023 with a maximum magnitude of M 2
and a minimum magnitude of M} 0.5 (Fig. 6). The subsequent
activity continued to exhibit strong temporal clustering, and
rates and magnitudes increased systematically, culminating
in a pair of M} 4 events in the eastern cluster on 28
January. These events were felt by the nearby population, pri-
marily in the town of Juayua (Fig. 6).

The activity prior to 28 January was concentrated within the
western cluster in Figure 5b. Activity then migrated deeper
(Fig. S9) and to the east toward Santa Ana volcano. The gradu-
ally unfolding seismicity sequence was closely monitored and
discussed with the colleagues from the University of El
Salvador and MARN, and motivated an inspection of volcanic
activity at the summit. However, no changes in lake level, tem-
perature, or gas emissions were observed. The subsequent
Volume XX« Number XX
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Figure 5. Seismic event locations before and after waveform cross
correlation and double-difference relocation. (a,c) Map and depth
cross section of event locations in the NLLoc catalog. Inset in

(a) shows study area in central America. (b,d) Map and depth cross

section of event locations in the relocated catalog. Note the two
distinct clusters at 5-8 and 8-12 km depths, respectively. The color
version of this figure is available only in the electronic edition.

seismic activity was characterized by lower rates and magni-
tudes (M, = 3.6) until the end of the analysis period on
1 May 2024.

We conducted a detailed analysis of the unfolding seismic
activity between 28 December 2023 and 1 February 2024 and

quantified the degree of space-time clustering, which may be
indicative of tectonic or volcanic processes. The seismicity clus-
ters migrated from west to east toward Santa Ana volcano at
about 0.3 km/day until the occurrence of the largest events
on 28 January 2024, and subsequently, reversed its direction

(Fig. 7a). We searched for

potential ~migratory  signals
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E

within individual clusters and
observed very rapidly unfolding
activity within <1 day across
distances of 0-7 km from the
largest event (Fig. 7b). The lack
of detectable event migration
within clusters may suggest that
event interactions are domi-
nated by elastic stress transfer,

Magnitude
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Figure 6. Time series of magnitudes (black circles) and cumulative event number (red curve) of
unfolding seismic sequences between 28 December 2023 and 1 February 2024. Network was

operational after 13 December 2023. Rate and magnitudes of seismic events increased until the
end of January 2024, when two events with M| ~ 4.2 were recorded. The color version of this

figure is available only in the electronic edition.
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which is investigated in the
following.

Space-time clustering
characteristics

To further understand poten-
tial driving mechanisms of
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The 2D probability density
functions in the R-T domain

the earthquake sequences, we performed a nearest-neighbor-
clustering analysis (Zaliapin and Ben-Zion, 2013a). This
analysis is particularly useful to distinguish tectonic,
human-induced, and natural swarm activity (Zaliapin and
Ben-Zion, 2013b, 2016). For each seismic event j in the catalog,
we determined its unique parent i with the smallest nearest-
neighbor distance # in a space-time-magnitude domain:

My = ty(r) 1100, 1> 0, )

in which t and r are interevent time and distance, respectively;
dy is the fractal dimension; b is the exponent of the magnitude
distribution; and m is the magnitude. The fractal dimension is
computed by fitting the correlation integral over a distance
range for which the distribution appears linear after log trans-
formation (Goebel et al., 2017), resulting in dy = 1.0 - 1.4,
which indicates a very high degree of spatial clustering.

The histogram of nearest-neighbor distances is characterized
by two distinct modes, at log,, # = 7.9 and log,, # = —4.5
(Fig. S10). These two modes are typical for triggered and inde-
pendent background events. We test the separation of indepen-
dent and triggered events by removing inherent space-time
clustering through reshuffling in the space and time domain
and confirm that a value of log,, 1, = —6 provides a clear sep-
aration between clustered and independent background events.
The corresponding value is determined from the 99th percentile
of n7 in randomized catalogs (Goebel et al., 2019). We further test
the sensitivity of the results by varying M, between 1.4 and 2.1
and dy between 1.0 and 1.4 and find no significant difference in
clustering characteristics, in agreement with previous sensitivity
tests (Zaliapin and Ben-Zion, 2013a).

We further compare clustering characteristics of seismicity
catalogs between southern California (d; = 1.4, b = 0.9, see
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commonly show two dominant
modes for background and clustered events, similar to the 5
histograms, but now the modes are shifted in space and time
(see Fig. 8a; Zaliapin and Ben-Zion, 2013a). Some catalogs
exhibit a third mode at small R and large T due to repeating
earthquakes or human-induced seismicity (Goebel and
Shirzaei, 2021), the latter also showing a more dominant back-
ground mode (Zaliapin and Ben-Zion, 2016).

The relocated Santa Ana catalog exhibits a dominant clus-
tered mode at small R-T, indicative for strong event inter-
actions (compare Fig. 8a and Fig. 8c). The clustered mode
has a centroid at log,, T = —6 and log,, R = -2, similar to
observations in southern California. The Santa Ana catalog
is composed of 69% clustered events versus 66% in the
southern California catalog and ~75% in the MARN catalog.
The MARN catalog between 2004 and 2008 exhibits a high
degree of temporal clustering due to two moderate-magnitude
earthquake sequences with many aftershocks in 2005 and 2006.
Nearest neighbors are farther disbursed in R, likely due to
higher location uncertainty.

We further investigate clustering characteristics by comput-
ing average leaf depth <d > of event families and find dom-
inant aftershock-burst characteristics (Fig. 9; Zaliapin and Ben-
Zion, 2013b). The topology of clustered families can be used to
distinguish fluid-driven swarms with high-average leaf depth
(i.e, many trigger generations, see Fig. 9c) versus tectonic
aftershock bursts with low-average leaf depth (i.e., few trigger
generations, see Fig. 9d; Zaliapin and Ben-Zion, 2013b). The
clustered families in our catalog exhibit average leaf depth
below 4, which again is indicative for efficient direct triggering.
The same topology is observed in epidemic-type aftershock
sequence catalogs with dominant event-event interactions
and direct triggering as the primary process that causes event
clustering (Zaliapin and Ben-Zion, 2013b).
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illustration of swarms versus aftershock bursts. Swarms are
expected to have larger average leaf depths whereas aftershock
bursts are characterized by one dominant parent that is directly
linked to most offspring (aftershocks). The color version of this
figure is available only in the electronic edition.

Based on the lack of earthquake migration within clusters,
high degree of space-time clustering, and focal depths (Fig. S9),
we conclude that the observed seismic activity close to Santa
Ana volcano shows little evidence for hydrothermally and mag-
matically driven swarms. Rather, the statistical properties are
characteristic for aftershock bursts for which subsequent events
are caused by stress perturbations (e.g., static or dynamic) from
the parent event.

The susceptibility of seismicity to triggering stresses is further
supported by a significant rate increase within 36 hr after an
M,, 6.1 event at a distance of ~150 km on 27 January 2024
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(Fig. 10). Corresponding dynamic strains, estimated from peak
shear-wave amplitudes across the Santa Ana stations, are between
6 x 107 and 3 x 107%, and dynamic stresses were between 19 and
90 kPa. The large rate jump could be indicative of dynamically
triggered events on a critically stressed fault. Notably, regional
scale interactions may not only be important for seismic event
triggering but also volcanic eruptions (Gonzilez et al., 2021).

Discussion
The new dense RS network around Santa Ana volcano dem-
onstrates the ability of low-cost seismometers to improve
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electronic edition.

onshore activity may occur
with lag times between one
day, as observed here, or up
to four weeks, as observed in
2001 (Parsons, 2002).

Large offshore events can
also lead to triggered volcanic
eruptions. For instance, in

seismic monitoring through local network densification. The
new network has generated three major benefits.

1. The new network can be used as a key component in a
volcanic eruption alert system. The observations suggest
that the dense networks facilitated an early detection of
an accelerating seismic sequence in 2023 and 2024 by
reducing the magnitude of completeness in the study area.
Completeness is strongly affected by anthropogenic noise at
each site. Further improvements are likely possible by iden-
tifying quieter sites.

2. The real-time public data streams support the training of stu-
dents at the University of El Salvador and are well suited to
support education and outreach efforts at schools and other
deployment sites. The RS system provides direct data viewing
capabilities through a web interface. In addition to frequent
school visits and direct communication with teachers, the
project team has conducted two different education and
outreach workshops at the University of El Salvador,
Multidisciplinary Faculty of the West, with the goal to com-
municate scientific insight and improve hazard preparedness.

3. The seismicity catalogs have produced important scientific
insights into event clustering characteristics and underlying
mechanisms. The observed space-time clustering is indica-
tive of direct triggering and efficient static or dynamic stress
loading of critically stressed faults. The statistical properties
of the here described event families are characteristic for
aftershock bursts. Interestingly, the background mode is
much less pronounced in the study area compared to,
for example, southern California. These observations indi-
cate the overall sensitivity to small triggering stresses, which
is also supported by the increase in seismic activity after an
M,, 6.1 event on 27 January 2024.
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2012, three large subduction
above M, 7
occurred in central America within a period of 10 weeks, followed
by more frequent eruptions within days to months (Ye et al,
2013; Gonzélez et al., 2021). The eruption of San Miguel volcano
in eastern El Salvador on 29 December 2013 after 46 yr of relative
quiescence may be linked to long-range interactions between
earthquakes and volcanoes (Granieri et al, 2015; Bonforte

earthquakes

et al., 2016). Underlying mechanisms may include static and
dynamic stress transfer processes. These observations highlight
the importance of improved local and regional scale monitoring
to detect triggering and potential premonitory signals before vol-
canic eruptions.

High-resolution local networks and detailed clustering analy-
sis provide important tools to differentiate magmatic from tec-
tonic processes. Differentiating such processes is especially
important in Santa Ana and San Salvador where seismogenic
faults are collocated with the central American volcanic arc
(Harlow et al, 1993; Legrand et al., 2020). Seismicity clusters
that are driven by hydrothermal fluids and high heat flow
are thought to be similar to induced seismicity, exhibiting a high
fraction of background events, strong spatial clustering, only
modest temporal clustering and many generations of triggered
events (i.e., high <d >; Goebel and Shirzaei, 2021; Zaliapin and
Ben-Zion, 2013b, 2016). Conversely, our Santa Ana catalog is
dominated by highly clustered, burstlike sequences and very
few background events. Average leaf depths are small, contrary
to swarm activity with higher leaf depth (Zaliapin and Ben-Zion,
2013b). We conclude that systematic differences in clustering
characteristics can be an important component in identifying
driving mechanisms of seismicity sequences.

Conclusion
El Salvador is one of the seismically most active countries in
central America. We presented results from high-resolution
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seismicity analyses using an RS network within ~20 km
from Santa Ana volcano. The new network is fulfilling
three primary goals: (1) to train local students and seismic
analysts, (2) to provide education and outreach opportunities
to local schools and to improve volcano and seismic hazard
preparedness, and (3) to provide scientific insight and early
alerts before volcanic eruptions.

The network recorded offshore events with a complete-
ness magnitude of M. = 3.8 and onshore seismicity around
Santa Ana volcano with a completeness magnitude of
M. = 1.4 (nighttime)-2.1 (daytime). We detected an accel-
erating seismicity sequence with events up to My 4.2 that
did not lead to an increase in volcanic activity between
December 2023 and February 2025. Detailed space—time
clustering analysis suggests a tectonic origin of the sequence.

We resolved a notable increase in seismicity rates in the
study area after an M,, 6.1 subduction zone event at a distance
of ~150 km. Previous observations suggest that large-magni-
tude offshore earthquakes can trigger seismic and volcanic
activity across the Central American trench; however,
improved long-term monitoring is needed to clearly resolve
potential triggering effects. This study demonstrates the overall
capabilities of low-cost seismic networks to rapidly detect
unfolding seismicity sequences and to differentiate tectonic
and magmatic processes. Local and regional seismic monitor-
ing is essential for improved hazard assessment across the
Central America volcanic arc.

Data and Resources

Raspberry shake (RS) station locations and seismic data can be viewed
and accessed at https://stationview.raspberryshake.org/ (last accessed
March 2025). The analysis of the seismic waveforms was primarily
conducted with ObsPy (Beyreuther et al, 2010; Krischer et al,
2015). Seismicity catalogs are accessible at https://data.mendeley.
com/datasets/b5tct3xpp7/1 (last accessed March 2025), “Santa Ana vol-
cano seismicity,” Mendeley Data, V1, doi: 10.17632/b5tct3xpp7.1. The
relocated seismicity catalog for southern California between 1981 and
2018 can be accessed via https://scedc.caltech.edu/data/alt-2011-dd-
hauksson-yang-shearer.html (last accessed March 2025). Clustering
analysis codes are available at https://github.com/tgoebel/clustering-
analysis (last accessed March 2025). The supplemental material includes
an animation that shows the unfolding seismic activity and a PDF
document with deployment photos, earthquake waveforms, and further
details of seismicity statistics and relocation results.
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