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RIESGO: A New Seismogeodetic Network Spanning the States of Guerrero and
Oaxaca in The Mexican Subduction Zone

Gerardo Suarez'2(, José Antonio Santiago-Santiago'2(, Diego Espinosa'<®,
Ekaterina Kazachkina'4(, Sergio Aguilar-Flores2¢® and Ketzallina Flores-Ibarra3f

Abstract

A seismogeodetic network of twenty stations has been installed along the subduction zone of the states of Guerrero ~ Key words: Seismogeodesy,
and Oaxaca (RIESGO). The purpose of the network is to continuously monitor the tectonic deformation of the coast ~ subduction, Middle American
along the Mexican subduction zone. Also, the mission of the seismogeodetic network is to estimate the magnitude of  Trench, Guerrero gap, Oaxaca.
large and great earthquakes based on the length of the fault ruptured. The network was built in two stages. The first

fifteen instruments were installed in the state of Guerrero and straddle the Guerrero seismic gap. This segment of the

subduction zone has not experienced earthquakes of magnitude Mw > 7 since the turn of the 20™ century and has been

the source of intense study for many years. The second phase of RIESGO was installed in the state of Oaxaca, where

five instruments cover a large fraction of the subduction zone here. RIESGO outputs an acceleration stream sampled

at 200 Hz. A high precision geodetic stream is produced at two samples per second, as a result of the application of

an RTX correction and of a Kalman filter that uses the accelerometer data as ground truth to correct the geodetic

signals in real time. A comparison between the high-precision geodetic data in real time and the post-processed data

using the program GAMIT shows practically identical results. These results support the use of RIESGO in real time

monitoring of the subduction zone. To date, the only large earthquake in the Mexican subduction zone recorded by

RIESGO is the 8 September 2021 Acapulco earthquake (Mw 7.1). This event was recorded when the seismogeodetic

network was in the initial stages. Nevertheless, it was well recorded by the station located in the city of Acapulco,

onshore of the epicenter. The recorded displacement seismogram shows a co-seismic deformation of ~20 cm, similar

to the results obtained later by other authors using satellite interferometry (Interferometric Synthetic Aperture Radar

InSAR), modeling of the source, and data from a tide gauge station. These initial results show that the seismogeodetic

network is a robust and reliable tool to monitor the subduction zone in real time and in the long term.

Resumen

Una red sismogeodésica de veinte estaciones fue instalada a lo largo de la zona de subduccion de los estados de Guerrero  Palabras clave: Sismogeodesia,
y Oaxaca (Red Sismoeodésica de Guerrero y Oaxaca, RIESGO). El objetivo de la red es monitorear de forma continua ~ Subduccidn, Trinchera
la deformacién tecténica de esta parte de la zona de subduccion de México. Asimismo, la red sismogeodésica tiene  Mesoamericana, Brecha de
como mision estimar la magnitud de grandes terremotos, con base en la longitud de la ruptura. La red se construyd  Guerrero, Oaxaca.

en dos etapas. Los primeros quince instrumentos se instalaron en el estado de Guerrero y abarcan la brecha sismica

de Guerrero. Este segmento de la zona de subduccion no ha experimentado terremotos de magnitud Mw > 7 desde

principios del siglo XX y ha sido objeto de intenso estudio durante muchos afios. La segunda fase de RIESGO se

instal6 en el estado de Oaxaca, donde cinco instrumentos cubren una gran parte de la zona de subduccién. RIESGO

genera un flujo de datos de aceleracion muestreados a 200 Hz. También, genera datos geodésicos de alta precision

muestreados a 2 Hz, como resultado de la aplicacién de una correccién RTX y un filtro de Kalman, que utiliza los

datos del acelerometro como referencia para corregir las sefiales geodésicas en tiempo real. Una comparacion entre

los datos geodésicos de alta precision en tiempo real y los datos procesados posteriormente con el programa GAMIT,

muestra resultados practicamente idénticos. Estos resultados respaldan la utilidad de RIESGO para el monitoreo en

tiempo real de la zona de subduccion. Hasta la fecha, el tinico gran terremoto en la zona de subduccién mexicana

que ha sido registrado por RIESGO es el terremoto de Acapulco del 8 de septiembre de 2021 (Mw 7.1). Este evento

se registrd cuando la red sismogeodésica se encontraba en sus etapas iniciales. Sin embargo, el sismo fue registrado

por la estacion ubicada en la ciudad de Acapulco, cerca del epicentro. El sismograma de desplazamiento registrado

muestra una deformacion cosismica de aproximadamente 20 cm, similar a los resultados obtenidos posteriormente

por otros autores mediante interferometria satelital (Interferometric Synthetic Aperture Radar, InSAR), modelado de

la fuente y con base en un registro mareografico. Estos resultados iniciales demuestran que la red sismogeodésica es

una herramienta robusta y fiable para monitorizar la zona de subduccién en tiempo real y a largo plazo.
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1. Introduction

The Guerrero gap has attracted attention for many years, as
no major earthquakes (Mw>7.5) have occurred along the sub-
duction zone since the early 20™ century (Figure 2) (Kelleher et
al., 1973; Singh et al., 1981; Suarez et al., 1990; Kostoglodov
et al., 2003; Radiguet et al., 2012; Plata-Martinez et al., 2021;
Cruz-Atienza et al., 2025). Hence, this segment of the Mexican
subduction zone is expected to produce eventually a major earth-
quake. The seismic energy accumulated in the Guerrero gap is
estimated to be large enough to produce potential earthquakes
of magnitude between Mw 8.1 to 8.4) (e.g., Singh and Mortera,
1991; Valdés-Gonzalez and Novelo-Casanova, 1998) (Figure 2).

In order to monitor this segment of the subduction zone,
presumed to be of high seismic potential, a seismogeodetic net-
work (Red Sismogeodésica de los Estados de Guerrero y Oaxaca
(RIESGO) was installed to continually monitor the seismicity
and the short and long-term deformation of the Mexican subduc-
tion zone. From a civil protection perspective, there are two key
objectives in the design of RIESGO. The first one is to estimate
the size of very large earthquakes, larger than Mw ~7.5, for
which the seismic instrumentation of the Seismological Service
of Mexico (SSN, Servicio Sismolégico Nacional, in Spanish)
typically saturates. The advantage of seismogeodetic data over
broad-band seismographs in the estimation of magnitude of large
and great earthquakes has been extensively demonstrated (e.g.,
Crowell et al., 2013; Melgar et al., 2013; Chen et al., 2018).

The concept behind this is that, based on the high-quality
and high frequency seismogeodetic signal, the deformation
of the subduction zone along the coast can be recovered in real
time. The estimated fault length based on the deformation of
the coast is used as the key parameter to estimate magnitude
(e.g., Blewitt et al., 2006). The fault length can be calculated in
real time, so magnitude can be estimated within a few seconds
after the origin time. Otherwise, the magnitude estimate has
to wait for several minutes, until teleseismic data is retrieved.
In addition, the length of the fault may be used to estimate
areas of potential damage in communities along the coast and
neighboring regions.

The second objective, from a civil protection outlook, is to
estimate the size of a potential tsunami produced by a major
subduction earthquake. Using the deformation of the coast that
is observed in real-time by RIESGO, the displacement on the
fault defining the interplate contact may be estimated. This in-
formation is used to calculate the deformation of the ocean floor
and, in turn, calculate the areal extent and inundation height of
the potential tsunami. This project is under development and
the results would be provided to the Center for Tsunami Alerts,
which is under the responsibility of the SEMAR (CAT, Centro

de Alerta de Tsunamis, in Spanish). The network is relatively
low-cost as it operates automatically and the communication
links are provided free of charge by the Mexican Navy (SEMAR).

From a scientific perspective, the network was designed to
provide continuous monitoring of the deformation of the coast-
line, on this portion of the Mexican subduction zone. The
geometry and maximum seismogenic depth of the interplate
contact in the Middle American trench shows that the largest
vertical deformation during subduction events takes place
near the coastline (Suarez and Sanchez, 1996). Thus, to cap-
ture the pre-seismic, co-seismic, and post-seismic deformation
of the coast in real time, RIESGO was built on rocky outcrops
as close to the coast as possible. This requirement presented
a challenge to find the better suited locations that meet the
following criteria: hard rock siting, vicinity to the coastline,
sky view without obstruction, and the absence of radio fre-
quency interferences and of reflective surfaces, to avoid signal
multipathing. The location of the sites was also designed to
complement the existing geodetic stations installed by other
projects and the data is being used jointly.

2. Network Description

RIESGO is installed along the coast of Guerrero and Oaxaca
in southern Mexico. It consists of twenty stations that have an
accelerometer and a GNSS receiver (Figure 1). The accelerom-
eter data is used as ground truth to correct errors in the GNSS
receivers using a recursive Kalman filter. As explained below
in more detail, the Kalman filter estimates a correction of errors
present in the geodetic data to produce a real-time displacement
time signal with a 2 Hz frequency. RIESGO was built in two
stages. The first phase was designed to monitor the Guerrero
seismic gap with fifteen instruments.

In the second phase, RIESGO was extended to the southeast
to include the state of Oaxaca, using five additional stations to
monitor this part of the subduction zone (Figure 1). At the time
of writing this manuscript, permits for two of the five new sites in
Oaxaca are still under negotiation; the installation of the twenty
stations is expected to conclude in early 2026. The seismogeo-
detic stations in Oaxaca cover the Ometepec segment of the
subduction zone, located at the border of the states of Guerrero
and Oaxaca (Figures 1 and 2). This region has been identified as
aregion of high seismic potential (Singh et al., 1981; Nishenko
and Singh, 1987; Mendoza and Martinez-Lo6pez, 2022; Martinez-
Lépez, 2023; Yan et al., 2022). This segment of the subduction
zone near Ometepec region, exhibits an unusually high rate of
seismicity, which has been attributed to presence of fluids in the
subduction zone (Legrand et al., 2021).
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Figure 1. Location of the twenty stations of the Seismogeodetic Network of Guerrero and Oaxaca. The black triangles are operational stations
and the two white triangles are the sites that are being built. The rupture zone of the 8 September 2021 Acapulco earthquake is shown as a
yellow area. The red star is the epicenter.
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Figure 2. Stations of the Seismogeodetic Network of Guerrero-Oaxaca (triangles) shown together with the rupture areas of the major
earthquakes in the region (shaded areas). The dentate line represents the Middle American trench. The Ometepec area is where the 1982
earthquake took place, near the PMLD station.
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Two earthquakes of moderate magnitude (Mw 6.9, 7.0) took
place in Ometepec within five hours of each other on 7 June
1982 (Astiz and Kanamori, 1984) (Figure 2). More recently,
an earthquake took place in the same region on 20 March 2012
(Mw 7.5) (Universidad Nacional Auténoma de México, Seis-
mology Group, 2013). The Oaxaca subduction zone exhibits a
complex behavior of seismic ruptures of variable length. Qua-
si-repeater earthquakes have occurred in recent years where a
sequence of four earthquakes took place in 1928 (Singh et al.,
2024; Garza-Girén et al., 2025). The region where the event of
October 1928 occurred is the only one where no large earthquakes
have taken place since, indicating an area that is potentially
seismically locked (Garza-Girén et al., 2025; Martinez-Lopez
et al., 2025). No great earthquakes have occurred in the last 96
years, suggesting high accumulation of elastic strain that may
generate potentially an earthquake of magnitude Mw 7.8.

A great earthquake, Mw 8.6, ruptured this segment of the
Oaxaca subduction zone in 1787. (Suarez and Albini, 2009;
Suérez et al., 2020). This event is the greatest earthquake record-
ed in the Middle American subduction zone and underlines the
variable rupture behavior of under thrusting, interplate events
in this region. This seismically complex region in the Oaxaca
subduction zone is now covered by seismogeodetic stations of
RIESGO in Oaxaca and complements the other seismic and
geodetic instruments installed by other agencies.

3. Instrumentation and Data Flow
3.1. Instruments Used in RIESGO

The Trimble Kestrel SeismoGeodetic System, SG160-09 was
the instrument selected for RIESGO (Passmore et al., 2014).
The instrument combines seismic recording of a forced-bal-
ance triaxial accelerometer with a 24-bit A/D converter, with
a 336-channel GNSS receiver, which tracks the constellations
GPS, Galileo, GLONASS, BeiDou, and QZSS. The receiver
incorporates GNSS Precise Point Positioning (PPP) using Trim-
ble RTX technology with satellite clock and orbit corrections
delivered in real time over the L-Band signal. The Kestrel system
combines the GNSS and the acceleration measurements using
the Kalman filter algorithm to create a high rate (2Hz), real-time
displacement with sufficient accuracy and very low latency for
earthquake analysis and crustal deformation studies.

The accelerometer data is sampled continuously at 200 Hz. The
data stream from the GNSS receiver is corrected using the RTX
(Real-Time eXtended) protocol in real time. The RTX protocol
delivers real-time, high-accuracy satellite ephemerides to GNSS
stations. The correction is a high-precision positioning technique

developed by Trimble Inc. that improves raw satellite positioning
without requiring a nearby base station. Instead of relying on local
differential corrections (like RTK), RTX uses a global network
of reference stations and precise satellite orbit and clock models
delivered via satellite. The RTX protocol corrects the variations
in orbital ephemerides of the satellites, using the data collected
by a global network of ground tracking stations, and delivering
high-accuracy satellite corrections to the GNSS receivers in real
time via satellite, directly to the antenna of the Kestrel instruments.

The GNSS data, that includes the RTX correction, is passed
through a Kalman filter, which uses the accelerometer data in
real time as the ground truth for displacement of the ground.
A Kalman filter is a recursive algorithm used to estimate the
position determined by the GNSS instruments. It works in two
repeating steps: a prediction, where it uses the accelerometric
data to forecast the next state, and an update, where it corrects
the position predicted by the GNSS data using these new ob-
servations and weighting them according to their uncertainties.
Mathematically, it assumes Gaussian noise, producing an optimal
estimate in the least-squares sense.

The result is a real-time, data stream of high precision ground
motion data, which is transmitted via the satellite links to the
central station in Mexico City. The corrected geodetic data is
delivered in a 2 Hz data stream (Figure 3). The Kestrel also
generates three channels of error estimates. In order to have the
capability for post processing the raw GNSS data using different
programs, the instruments upload the raw data at the end of the
day to an FTP server to the central facility in Mexico City. This
allows to process the raw data a posteriori to potential users using
the program of their choice. Below, we show the comparison
between the post-processed data using the program GAMIT-
GLOBK 10.71 and the output of the Kalman filter.

GAMIT is part of the GAMIT/GLOBK package developed at
the Massachusetts Institute of Technology (MIT). This software
produces high-precision GNSS data. It uses the corrections of
satellite orbits and clocks, atmospheric delays, and tropospheric
and ionospheric effects determined by various agencies several
weeks after the data is collected. Based on these corrections,
GAMIT performs a least-squares adjustment of the data.

3.2. Communications

The locations necessary for this type of network are sites
as close to the coastline as possible and anchored on rock. In
most cases, the locations selected are relatively isolated and lack
internet and telephone connectivity. Also, in most cases, there
is no electricity. Therefore, an autonomous communications
system was needed to provide reliable real-time and continuous
communications based on low power transmitters.



Gerardo Sudrez et al. | 2419

( Data Acquisition I

(200 Hz)

Acceleration Data

l

GNSS Raw Data
(10 Hz)

L J

RTX
Correction

Kalman
Filter

Y

Corrected High Resolution

Server

Displacement Data

(10 Hz)

Figure 3. Data flow of the Kestrel seismogeodetic instrument. The acceleration data is sampled at 200 Hz. The incoming GNSS stream is
corrected by the RTX protocol and passed through the Kalman filter to obtain a stream of high-quality, real time geodetic data.

A satellite internet terminal called UNI 3500, manufactured
by Hughes Communications, was selected. It is a rugged and
compact unit with very low power consumption, capable of
sending and receiving IP packets via Ethernet. During the tests
conducted in the SSN, the UNI 3500 terminals proved to be
a robust and reliable communications link in real time. The
sampling of the geodetic signals and of the error channels was
reduced from the default 10 Hz to 2 Hz. This sampling rate is
sufficient for the scientific purposes of this project and reduces
the bandwidth demand on the satellite platform.

The satellite used by the UNI 3500 system is called MEX-
SAT. MEXSAT provides the communications link on an
L-Band platform that is of exclusive use for the military and
security services of Mexico. The Mexican Navy, considering
that this project contributes to their responsibilities of providing
timely tsunami warnings and that it improves the capability
of estimating the magnitude of great earthquakes in the sub-
duction zone, generously allowed the use of their platform on
the MEXSAT satellite. These satellite internet links provide
reliable and effective communication to the central facility
at the Instituto de Geofisica, UNAM, in Mexico City. Figure

4 shows a photograph of a typical RIESGO station and its
different components.

3.3. Central Recording Facility

The data from the seismogeodetic network are transmitted
via the MEXSAT satellite and downloaded at the hub of the
national institution that operates the Mexican Satellite System.
From there, the data are sent to the Instituto de Geofisica, UNAM
via a dedicated internet connection. At UNAM, the data are
received in real time by the main server, which stores them on
hard disk, and sends it to a second server (mirror). All data are
ultimately stored on a high-capacity storage server, allowing
access to potential users.

The second server is continuously performing state-of-health
analyses using software produced in house, to evaluate the per-
formance of RIESGO. As an example, a helicorder-type record is
refreshed every five minutes to monitor gaps in the data from all
stations (Figure 5). The monitoring and trouble-shooting tools
also measure real-time and long-term voltage variations, data
availability, the number of operating stations of the network.
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Figure 4. Seismogeodetic station Playa Banco de Oro (PYBO) in the state of Oaxaca (Figure 1). On the vault cover is the solar panel that
independently feeds the station. On top of the concrete column the GNSS antenna is protected by a radome and on the side of the column is
the UNI 3500 L-Band internet terminal (left). The radome, short for radar dome, is a protective enclosure that protects the GNSS antenna
while allowing electromagnetic signals (radio, GNSS, radar) to pass through with minimal distortion. The concrete vault hosts the Kestrel
seismogeodetic instruments, the ethernet switch, the batteries, and the solar charge controller (right).

4. Evaluation of the Data Quality

One of the key questions was to explore the accuracy of the
seismogeodetic data obtained in real time by the Kestrel instru-
ments. To this end, the real time data were compared with the
post processed results using the GAMIT software. As mentioned
before, to process the raw geodetic data using GAMIT, one has
to wait for several days for the final version of the corrections to
become available.

Here, we show the comparison of the two data streams, real
time locations from the seismogeodetic instruments and the data
processed with GAMIT (Figures 6 and 7). Figure 6 shows this
comparison for station KUTC, a station in the state of Guerrero,
in the rupture area of the 21 September 1985 aftershock of the
great Michoacan earthquake of 19 September (see Figures 1 and
2). The comparison clearly shows that the daily averages of the
real-time geodetic data are practically identical to the post-pro-
cessed GNSS stream using the GAMIT software package. The
geodetic displacements obtained in real time show an accuracy
of ~1 cm, similar to the post-processed data. Interestingly, the
scatter in the vertical component is smaller in the real time data
obtained by the Kestrel, when compared with the data processed
several days after, using the GAMIT software.

A similar result is shown for the station ACAP, located in
the city of Acapulco (Figure 7). Serendipitously, this station was
installed a few weeks before the occurrence of the 8 September
2021 earthquake (Mw 7.1) in Acapulco (7 September in local
time). The earthquake was recorded by the Acapulco seismo-
geodetic station, as we show below. The 2021 earthquake is an
important event in the context of the Guerrero seismic gap. This
is the first earthquake in this segment of the subduction zone
since the two large earthquakes (Mw 6.7 and 7.0) that took place
in 1962 (Ortiz et al., 2000). Some authors interpret the Acapulco
earthquake as a possible preamble to the reactivation of this
segment of the subduction zone (e.g., Mendoza and Martinez-
Loépez, 2021; Iglesias et al., 2022)

Of note is that the post-seismic deformation of the subduction
zone is almost identical in both, the real-time output and the data
processed using GAMIT. Post-seismic slip of the Acapulco earth-
quake lasting almost a year after the occurrence of the earthquake
is clearly visible in the time series. Again, the results show that
real-time data is as accurate and robust as data analyzed with
GAMIT afterwards, proving that the locations obtained in real
time by the seismogeodetic instruments. These results confirm
that the RIESGO may be used for real time monitoring of the
seismic behavior of the subduction zone in southern Mexico.
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Figure 5. Example of the virtual helicorder records of two stations, KZIH and KUTC (Figure 1). The horizontal lines are one hour long. The
graph shows data arrival in real time. As an example, the gaps in station KUTC reflect delays in data arrival. The graph is refreshed every
five minutes. The monitoring tools depict the data continuously and for all stations.
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Figure 6. Comparison at station KUTC in northern Guerrero state, between the real time geodetic locations estimated in real time by the
seismogeodetic instruments, by applying the RTX correction and the Kalman filter (black dots) and the daily averages resulting by processing
the data using GAMIT several days after (red dots).
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Figure 7. Comparison at station Acapulco (ACAP) between the real time geodetic locations estimated by the seismogeodetic instruments,
by applying the RTX correction and the Kalman filter (black dots), and the daily averages resulting by processing the data using GAMIT
(red dots), several days after. Notice the post-seismic slip after the 8 September 2021, Acapulco earthquake.

It is illustrating to see the residuals between these two data
streams: the real time output of the seismogeodetic instrument
and the post processed data using GAMIT. The residuals are
defined as the difference between these two observations. These
differences are generally less than ~1.5 cm, stressing the value
of the seismogeodetic network to monitor the deformation of
the subduction zone in real time (Figure 8).

5. Displacement Seismogram of the 8 September
2021 Earthquake

On 8 September 2021 an earthquake magnitude Mw 7.1 took
place in the Middle American subduction zone. The epicenter
of the earthquake was located in the city of Acapulco (Figures
1 and 2). ACAP, the seismogeodetic station in Acapulco, was
installed a few weeks before the earthquake. It was one of the
first stations of the network to be fully operational. The location
of the station is very close to the shoreline, on the granitic out-
crops surrounding the city (Figures 1 and 2). The earthquake of
8 September provided the first displacement seismogram to be
recorded by RIESGO (Figures 9a, b).

The Acapulco earthquake ruptured the interplate contact
beneath the city of Acapulco (Figure 2). The displacement
record of the Acapulco earthquake on the seismogeodetic
station Acapulco (ACAP) shows a co-seismic deformation of
~20 cm in the vertical component (Figure 9a). A co-seismic
deformation of ~15 cm of to the west also reflects the tectonic
rebound of the upper plate; practically no deformation on is
observed in the N-S component. The co-seismic deformation
of the coast inferred from the InSAR, (Interferometric Synthetic
Aperture Radar), shows positive deformation in the Line of
Sight of the satellite (LoS) of ~15 to 20 cm, reflecting the
uplift of the coast (Melgar et al., 2022; Cruz-Atienza et al.,
2025). A tide gauge meter in Acapulco also shows an uplift of
the coast of ~16 cm (Arroyo et al., 2025; Melgar et al., 2022).
Thus, the deformation reflected by the ACAP seismogeodetic
instrument agrees with the other measurements of co-seismic
coastal uplift.

The co-seismic static displacement of the upper continental
plate was also observed in the two neighboring stations, KCOY
y KCDP (Figure 2). However, the observed static deformation
of the continental plate at these two stations is of only a few
centimeters, as both lie on the edges of the mapped rupture
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Figure 8. Difference between the real time displacement obtained in real time by the seismogeodetic station KUTC (Figure 1) and the post
processed data using GAMIT. This example shows that the difference between these two datasets is less than ~1.5 cm.
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Figure 9. a) Displacement seismogram of the 8 September 2021 Acapulco earthquake (Mw 7.1) at station ACAP. The vertical black arrow
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(blue), and east-west (red); b) Displacement seismogram of the Acapulco earthquake, recorded at station Coyuca (KCOY) (see Figure 1).
The co-seismic displacement is within the error of the measurements. However, the P and S waves were recorded by the station.
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(Melgar et al., 2022; Cruz-Atienza et al., 2025). Station KCOY
(Coyuca, Guerrero) is to the north of the rupture area of the
2021 Acapulco earthquake. A co-seismic deformation of ~5
cm is observed in KCOY (Figure 9b). The P and S waves were
recorded by this seismogeodetic station (Figure 9b). Thus, these
first displacement seismograms demonstrate the capacity of
the seismogeodetic network to monitor the deformation of the
coastline within a few centimeters.

6. Conclusions

RIESGO has operated continuously since the first stations
were installed in 2021. Despite some data gaps due to the learn-
ing curve of the communication modems, the data reflect the
continuous deformation of the upper continental plate due to
the subduction of the Cocos plate beneath it as evidenced, for
example, in station KUTC (Figure 6).

Since the installation of the RIESGO, several projects have
emerged. An algorithm was developed that estimates the mag-
nitude of large and great earthquakes using the length of the
rupture zone, determined from the deformation of the coastline
(Espinosa-Kuswara, 2025). In this case, we follow the method-
ology proposed by Singh et al., (2012). Also, important progress
has been made in using the RIESGO to monitor the deformation
of the coastline in the subduction zone due to the interaction
between the Cocos and North American plates.

Finally, we developed a set of templates of potential large and
great earthquakes in the subduction zone, for which deformation
of the ocean floor has been mapped in grids. Hypothetical tsu-
namis produced by earthquakes with ruptures similar to those
predicted will be used to estimate tsunami heights and coastal
areas likely affected by inundation. The results of these tasks
are being prepared for publication.
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Michoacan Seismic and Tremor (MIST) Network: Perspectives, preliminary results
and future directions to understand the role of the Cocos plate and the monogenetic
volcanism

Dominguez, L.A.2(2, Baena-Rivera, M.22@, Perton, M 3¢, Kostoglodov, V.14, Cruz-Atienza, V.»¢(, Macias,
J. LA410©, Plata-Martinez, R.19(, Aguilar-Velazquez, M. J.>h@, Iglesias, A.1@, Villafuerte, C.1(, Real, J. 1k,
Santoyo, M.A. M, Pérez-Campos, X.16m@, Mendoza-Rosas, A. T.Z22 and Huesca-Pérez, E.8°

Abstract

The Michoacan Seismic and Tremor (MIST) network is a follow-up project of the Middle America Subduction Ex-  Key words: Michoacan, Mexico,
periment (MASE) and the Veracruz-Oaxaca Network (VEOX). These former experiments consisted of linear arrays ~ H//V directional, temporary
perpendicular to the trench that generated large waveform datasets to characterize the subduction of the Cocos plate  networks, tremor, monogenetic
better. While the MASE array focused mainly on the flat segment of the subduction zone in the state of Guerrero,  yolcanism, subduction.

Mexico the VEOX array examined the changes in geometry towards a steep subduction in the Tehuantepec Isthmus.

The MIST network is being deployed in Michoacan state in western Mexico in an area where volcanic and seismic

processes coexist. Besides the joint goal of characterizing the shape and rheology of the subducting slab, the MIST

array will also explore the seismic swarms likely due to the magmatic process that forms the monogenetic Michoacan-

Guanajuato volcanic field. Here, we review previous studies to gain an understanding of the subduction of the Cocos

plate, as well as the current knowledge regarding seismic and volcanic activity. Additionally, we present the results

of applying H/V directional ratios at low frequencies and how they may be used to infer the dip and strike of the

subducting slab. We also report tremor detections along the array and what the relationship with both the subduc-

tion process and volcanic processes might be. Finally, we discuss our plans to expand the network and how we may

continue to develop further analysis.

Resumen

La Red Sismica y de Tremores de Michoacéan (MIST, por sus siglas en inglés) es un experimento que da continuidad ~ Palabras clave: Michoacén,

a las redes sismicas temporales MASE (Middle America Subduction Experiment) y VEOX (Veracruz-Oaxaca).  México, H/V direccional, redes
Estos dos experimentos consistieron en arreglos lineales de estaciones sismicas de banda ancha perpendiculares a temporales, tremor, vulcanismo
la trinchera con el fin de obtener extensos registros de formas de onda para caracterizar la subduccién de la placade  monogenético, subduccion.
Cocos. Mientras MASE se enfocd en el segmento plano de la zona de subduccion en el estado de Guerrero, México,

VEOX se enfoc6 en determinar la geometria de la placa inclinada en el Istmo de Tehuantepec. En este trabajo pre-

sentamos la red MIST que esta siendo desplegada en el occidente de Michoacan, un area donde convergen procesos

sismicos y volcédnicos. Estas tres redes tienen como objetivo conjunto caracterizar la geometria y reologia de la placa

en subduccion, asi como analizar los enjambres sismicos asociados a los procesos magmaéticos que originan el campo

volcanico monogenético Michoacin-Guanajuato. En este trabajo se muestran los resultados de aplicar la técnica del

cociente espectral entre las componentes horizontales y la vertical (HVSR) y su comportamiento direccional en bajas

frecuencias para determinar si es posible inferir rumbo y buzamiento de la placa, ademas de la deteccion y analisis de

tremores a lo largo del transecto, con énfasis en su relacion con procesos volcanotectonicos. Por tltimo, se delinean

las perspectivas de expansion de la red y los analisis futuros orientados a integrar la dindmica tecténcia de la region.
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1. Introduction

The state of Michoacan in Mexico is well known for being
the birthplace of the Paricutin volcano one of the youngest
monogenetic volcanoes of the world, the Paricutin volcano (Luhr
and Simkin, 1993). Its coastal Pacific area is widely recognized
as the epicenter of the M=8.1, 19 September 1985, Michoacan
earthquake, the most catastrophic and deadliest seismic event in
Mexico, until now (Beck and Hall, 1986; Esteva 1988; Campillo
etal., 1989). Despite holding large hazards (Sawires et al., 2021
and 2023), fewer studies and seismotectonic experiments have
been carried out here compared to other Mexican states along the
Middle America Trench (MAT). In the past, large instrumentation
extensive arrays were deployed in other states, such as Jalisco,
Colima, Michoacan, Guerrero and Oaxaca. Between 2006 and
2007, with the objective of studying the Rivera plate subduction,
the transition to the Cocos plate subduction, and the Jalisco
Block, an array of 50 seismic stations was deployed in Jalisco,
Colima, and western Michoacan, called the Mapping the Rivera
Subduction Zone (MARS) array. To the Southeast, perhaps the
most widely studied area in Mexico is the state of Guerrero
which has been instrumented geodetically and seismically, both
onshore and offshore. Between 2005 and 2007, a large seismic
array consisting of 100 seismic stations provided a high-resolu-
tion seismic dataset. The so-called Middle America Subduction
Experiment (MASE array) was deployed in a linear array per-
pendicular to the coast (Husker et al., 2008; Pérez-Campos et
al., 2008), see Figure 1. The main goal of this experiment was
to collect a large waveform dataset to finely image the geometry,
rheology and tectonic history of the subducting Cocos plate.
Additionally, a novel amphibious network deployed offshore the
Guerrero coast (Cruz-Atienza et al., 2018a) provided the first
seismic and geodetic observations of the near-trench seismicity
and deformation (Chen er al., 2025; Cruz-Atienza et al., 2021,
2025; Plata-Martinez et al., 2021). A complementary experiment
was deployed further east in the states of Oaxaca and Veracruz,
called VEOX (Melgar et al., 2011). This experiment examined
the changes in geometry that produce drastic changes in the
distribution of seismicity and the formation of volcanic field area
~385 km away from the trench (Espindola et al., 2016; Nelson
et al., 1995). Through these experiments, new insights about the
past tectonic configuration of central and southeastern Mexico
and their relationship with modern structures were established.
However, there are still several issues that need to be understood
such as the precise location and extension of seismic anomalies
related to fluids and partial melt, and the accurate location of
the slab interface and its mineralogy.

In this study, we present a new deployment of seismic station
in the state of Michoacan, aimed at generating a dataset to map

the geometry of the subducting slab at the western flank of the
flat segment of the Cocos plate. The western flank is geotectoni-
cally relevant due to the presence of the Michoacan-Guanajuato
Volcanic Field (MGVF) that produces episodic seismic swarms,
active volcanism and large subduction earthquakes. The Micho-
acan Seismic and Tremor (MIST) network was strategically set
up to complete a long-term effort to investigate the subducting
slab further.

In this contribution, we present the MIST network as a new
observational framework to investigate a key unresolved prob-
lem in western Mexico: the link between slab geometry, crustal
magmatic transfer, tremor-like seismic signals, and monogenetic
volcanism in Michoacan. Specifically, we explore whether the
first observations from the MIST array are consistent with: (1)
along-strike changes in the geometry of the Cocos slab, (2)
tremor-like signals associated either with slow slip or magma
migration, and (3) the spatial relationship between active seismic
swarms and the most hazardous sector of the Michoacan-Gua-
najuato Volcanic Field. This paper is therefore conceived as
a preliminary-results and network report that establishes the
scientific basis for future high-resolution studies.

2. Data and Instrumentation

In the first stage, ten seismic stations were deployed in a linear
array roughly parallel to the MASE and VEOX networks, and
nearly perpendicular to the strike of the MAT (see Figure 1).
Furthermore, the layout was mainly established so that MIST
array would complement the set of previous observations to
image the western flank of the flat subduction interface. At the
beginning of the project, three strong motion sensors and seven
broadband stations were deployed starting in June 2023. Data
availability and data gaps for each individual station are shown
in Figure S1. The array layout was chosen to cover an area that
had not been previously instrumented by other experiments in
the region such as the Mapping Rivera Subduction (MARS)
temporary array and the Servicio Sismoldgico Nacional (SSN,
National Seismological Service) permanent network. The total
length of the MIST network extends approximately 270km,
from the coastal city of Playa Azul to the town of San Cristobal
de Ayala at the Michoacan-Guanajuato border, with an average
interstation distance of ca. 30 km. The SSN IGIG station is
located along the strike of the array about 50 km north of the
northernmost sensor of MIST, this station was used as part of the
network to extend the array’s length to 320 km. The first three
stations (AZUL, TAHU, PARE) included novel low-noise Silicon
Audio optical accelerometers with data cube digitizers. The rest
of the array were equipped with five broadband sensors Reftek
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Figure 1. Map of stations of the MIST network and complementary arrays both temporary and permanent. The location of the MIST array
is shown as green triangles and annotated with the four-character station codes. Circles color-coded by depth show the seismicity from 2000
to 2025 reported by the SSN (SSN 2025a). Orange triangles indicate the MARS (2006/01-2007/06) array. Location of the MASE array
(2005/01-2007/05) and VEOX (2007/07-2009/03) arrays is shown with red and yellow triangles, respectively. Blue triangles indicate the
location of Paricutin-Tancitaro Volcanic Monitoring Network (PT-VMN) (see upper inset). Broadband stations of the SSN (SSN, 2025b)
are shown in white triangles; labeled stations correspond to those surrounding the MIST array. Orange and brown shaded area indicates
the location of the Trans Mexican Volcanic Belt (TMVB) and the Michoacdn-Guanajuato volcanic field, respectively (Sosa-Ceballos et al.,
2021). Blue square indicates the region in the top right inset. Rivera and Cocos plates boundaries are shown offshore. OFZ — Orozco Fracture
Zone, TFZ — Tehuantepec Fracture Zone and EPR — East Pacific Rise. Dashed lines show the iso-contours of the subducting slab (Hayes et

al., 2018). Lower inset shows the global location.

130 sensors (BARA, TOME, HUIR, CONE), two Guralp 40T
sensors (NARA, CRIS) and one Trillium Compact 120s sensor
(PURU). All the originally installed sensors were later replaced
by Guralp 3T sensors previously used in the MASE and VEOX
experiments to collect broadband data for other studies such as
receiver functions and seismic anisotropy. In all cases, we col-
lected seismic records of 100 samples per second and decimated
them according to the needs of each analysis.

A partner array of four stations was deployed west of the
MIST array in collaboration among the United States Geo-

logical Survey (USGS), the Universidad Michoacana de San
Nicolas de Hidalgo (UMSNH), and the Centro Nacional para
la Prevencion de Desastres (CENAPRED, National Center for
Disaster Prevention). The Paricutin-Tancitaro Monitoring Net-
work (PT-VMN) started operations in May 2024 and consists
of four broadband 120 Trillium compact sensors located around
the Tancitaro and Paricutin volcanoes. In addition to the seismic
sensors, each station is equipped with geodetic and meteorolog-
ical instrumentation. The distribution of this network is shown
in the inset of Figure 1.
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3. Subducted plate geometry in the state of Michoacan.

An ongoing question to solve in the Michoacan state is: What
are the factors that determine the shape of the subducting slab and
the elements that produce changes in its shape. Both global and
regional studies suggest that the geometry of the subduction slab
suddenly changes in the Michoacan region. Hayes et al. (2018)
presented a global study of all active subducting zones around the
world including Mexico. This study presents a general overview
of the area that agrees well with regional studies such as those
by Gaite et al. (2012) and Spica et al. (2016). In the eastern flank
of the subduction zone, in the state of Oaxaca, Dougherty and
Clayton (2014), Castellanos et al. (2018), Cal6 (2021) and Celis
et al. (2024a, 2024b) imaged the fragmentation of the Cocos plate.
In this case, the change in the Cocos plate geometry is most likely
due to the subduction of the Tehuantepec ridge due to differential
plate motion rates and the age of the slab. This observation is con-
sistent with the shear-wave splitting tomography obtained by Celis
et al. (2024a), which suggested a toroidal mantle flow around the
dipping segment of the Cocos plate. In the case of Michoacan, the
location of the Orozco fracture zone may be a factor to consider
as a possible fragmentation mechanism in the west side of the flat
segment, Dougherty et al. (2012) proposed that the fracture zone
acts as barrier for the ultra-low velocity zone and therefore eases
the bending of the slab. Furthermore, the younger and hotter slab
suggests a more ductile regime that may explain the ductility of
the subducting slab, in combination with a highly viscous mantle
wedge as possible factors for the bending of the slab. The bending
of the slab provides the thermochemical conditions needed for
partial melting and the generation of monogenetic volcanism.

4. The Michoacan-Guanajuato Volcanic Field (MGVF)

The Michoacan state is characterized by two major geological
provinces divided by the backarc basin called the Tepalcatepec
depression (Garduiio et al., 1999). In the South, the Sierra
Madre del Sur is a thrust belt composed of volcanic sedimentary
rocks. In the central and northern sectors, it stands the largest
monogenetic volcanic field in the world which holds around
~1000 volcanoes (Hasenaka and Carmichael, 1985). It consists
of a few stratovolcanoes, cinder cones, maars, lava flows and
domes (Hasenaka, 1994). The magmatism in the MGVF started
during Early Pliocene, ~5 Ma (Guilbaud et al., 2012) or ~6 Ma
(Osorio-Ocampo et al., 2018) with intense activity during the
Holocene (Macias and Arce, 2019), including nowadays. This
field includes the youngest continental volcanoes in Mexico,
Jorullo and Paricutin (Guilbaud et al., 2011; Luhr and Simkin
1993). One of the major landmarks in the Michoacén state is the

Paricutin volcano. This monogenetic cone emerged in a cornfield
on 20 February 1942; its eruptive process lasted nine years until
1952 (Foshang and Gonzalez, 1956). Nonetheless, the largest
volcanic structure in the state is the Tancitaro andesitic-dacitic
stratovolcano. This volcanic structure rises ~2,000 meters above
the surrounding terrain, reaching a maximum height of 3,840
meters above sea level (Ownby et al., 2007). In the last 30 years,
at least six seismic swarms have been reported around this area
(1997, 1999, 2000, 2006, 2020 and 2021) (Caballero-Jiménez
et al., 2024; Legrand et al., 2023; Mendoza-Rosas et al., 2024;
Pacheco et al., 1999). Analysis of the seismic records from an
ad hoc network installed weeks before the 2021 seismic swarm
revealed a possible migration of the magma chamber towards
the surface (Legrand et al., 2023; Perton et al., 2024). Thus, a
critical question to address is whether we can accurately forecast
the emergence of a new volcano or the activation of the Tancitaro
volcano. In the Paricutin—Tancitaro region, morpho-chronological
analysis of cones using Average Erosion Index (AEI) and Voronoi
tessellation indicates increasing rates of monogenetic volcanism
over the last ~120 ka, with the highest probabilities located NE
of Tancitaro, in strong agreement with the distribution of recent
seismic swarms (Zarazia et al., 2024).

Figure 2 shows the reported seismicity by the SSN (SSN
2025a) from 2019 to July 2025. On these plots, three distinct
seismic swarms are observed and shown in shaded areas in red,
blue and purple (see Figure 2d). The first swarm of this seismic
sequence occurred in the first quarter of 2020 being the most
active in terms of the reported number of earthquakes per day,
with a peak of up to 150 earthquakes per day above a complete-
ness magnitude of M3.6. This swarm was exhaustively studied
by Perton et al. (2024). Using a local network these authors
were able to identify nearly 100,000 earthquakes in two months
with a successive reduction of the S-P time which suggested
an upward migration of the seismicity. Earthquakes within this
sequence have hypocentral depths mostly above 20km depth. A
year later, a less energetic swarm reemerged at shallower depths,
between 10 and 20 km (Legrand et al., 2023). The 2021 swarm
lasted about 3 months; though it was less energetic than the
previous one (see Figure 2a, b, d). Finally, a third swarm, longer
and more energetic than the 2020 and 2021 swarms, occurred
between 2022 and 2023. This swarm was located northwest of
the former sequences. During the activation of this swarm, a
M, =4.6 earthquake (2023/03/15) produced moderate damage in
the nearby communities. Preliminary indicators of a new swarm
began in late June 2025. Unlike previous crises, the swarm is
being monitored by both the central segment of the MIST array
(stations HUIR and TOME) and the Paricutin-Tancitaro Volcanic
network. The analysis of this swarm is beyond the scope of this
paper, but it will be addressed in subsequent works.
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Figure 2. Reported seismicity from SSN from between January 2020 and July 2025/07. (a), (b) and (c) show map views of the earthquakes
associated with three major seismic swarms. Earthquakes are color-coded by depth; the white triangle marks the location of the permanent
SSN station TMIG, and the white circle indicates the location of the nearest major city, Uruapan. The colored bars at the bottom of each
map (red, blue and purple) corresponds to the time periods of the three swarm as shown in panel (d). Panel (d) shows the temporal variation
and cumulative number of reported earthquakes. Circles represent reported earthquakes (SSN, 2025a), while the red line shows the number
of earthquakes per day with magnitude M,>3.6 (horizontal yellow dashed line). The beachball shows the occurrence of the largest event
(M,,=4.6) during the 2022-2023 seismic swarm. The focal mechanism was computed using the method described in Franco et al. (2020).

5. Tectonic tremors and volcanic signals

Tectonic tremors in Mexico are primarily documented in
the state of Guerrero, in the so-called sweet spot, approximately
215 km from the trench (Cruz-Atienza et al., 2015 and 2018b;
Husker et al., 2012; Payero et al., 2008; Maury et al., 2016;
Villafuerte and Cruz-Atienza, 2017) and in small clusters near
the trench along the Guerrero Seismic Gap (Chen et al., 2025;
Plata-Martinez et al., 2021). Numerous studies have proposed a
strong connection between the aseismic slip and tremor activation
(Ghosh et al., 2009; Ito et al., 2007; Wech et al., 2007). In the
east of Oaxaca both tremors and slow slip events (SSE) have
been documented (Brudzinski et al., 2010; Cruz-Atienza et al.,
2025b; Fasola et al., 2016) with a relatively short recurrence
time of 1-2 years. An obvious question is whether tremors may

occur in the state of Michoacan. If so, whether SSE events take
place in this area or not. Brudzinski ez al. (2016) reported the
location of tremor and slow slip along an elongated band in
the states of Colima and Jalisco. This study also reported some
tremor activity, mainly in the western part of the Michoacan state.
Until now, several studies targeting the detection of non-volcanic
tremor agree that tremors are the result of aseismic slip of the
plate interface between 40-60 kilometers (for example, Ide,
2012; Maury et al., 2016; Husker et al., 2019; Villafuerte and
Cruz-Atienza, 2017).

We performed a spectral analysis for all stations of the MIST
network during the first year of data. The analysis targeted the
identification of narrow, high-energy bands in the 1-10 Hz range
of the spectrogram. This feature is commonly associated with
tectonic tremor and, more specifically, with the slow aseismic
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slip of the plate (Beroza and Ide, 2011). Nonetheless, due to
the complex tectonic setting and the existence of magma res-
ervoirs, tremors may be associated with different phenomena.
Figure 3 shows the map of stations and examples of possible
tremor-like signals for two stations (NARA and BARA), as
well as the time series for BARA station. The red rectangles in
Figure 3a and 3b, indicate time windows where strips of energy
in the 1-10Hz band resemble to those observed in the state of
Guerrero. Around this area the slab upper interface is expected
to be at 60 to 80 km. Therefore, two possibilities may explain
the existence of these signals on this specific region. First, this
area roughly connects the tremors reported by Brudzinski et
al. (2016) and Maury et al. (2018) in the state of Jalisco and
the western segment of the state of Michoacan and the tremor
sources in Guerrero (e.g. Cruz-Atienza et al., 2015; Husker et
al., 2012; Payero et al., 2008) in the flat segment of the slab.
In this case, the activation of tremors would be an indicator of
the existence of SSE at the interface, until now unreported. The
second hypothesis suggests that these signals may be related
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to magma migration associated with disseminated reservoirs
in the crust. Under this assumption, tremors will not be con-
nected to aseismic slip on the plate interface, but rather to the
gradual upwelling of partially molten rocks and fluids. How-
ever, due to the station spacing and the volcanic nature of the
region, large uncertainties remain regarding the origin of these
signals. Consequently, it remains unclear whether the source
of this activity is originated from magma migration or from
aseismic slip processes. Based on present data, we favor the
magma migration hypothesis for most of the tremor-like signals
detected. The high dipping angle of the subducting slab in this
region contrasts with the shallow angles in the Guerrero region
where colder and pressurized fluid may favor aseismic slip at
the interface as the main driving process for tremor radiation.
If SSE does exist in Michoacan, the recurrence time interval is
unknown, and it may be occurred at time intervals beyond the
current observation window. If that is the case, the detection of

SSE and tectonic tremors will be achieved once enough data is
collected and GPS data becomes available.
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Figure 3. Location of the stations, spectral analysis and time series. (a) Map of stations including the MIST stations (red triangles), multi-
parameter volcano-monitoring network (green triangles), and the SSN (white triangles) stations. The arrows indicate the two stations whose
spectrograms are shown, NARA and BARA. (b) Spectrogram for the vertical component of station NARA (2 August 2023) and (c) spectro-
gram for east component of BARA station (7 August 2023). Red rectangles in (b) and (c) show possible tremors in the band of 1-10 Hz. (d)

Original record at the BARA station bandpass filtered between 1-5Hz.



6. Directional HVSR analysis

The horizontal-to-vertical spectral ratio technique (HVSR)
was first proposed by Nagoshi and Igarashi (1971) and popu-
larized by Nakamura (1989). This technique is widely used to
assess the seismic site response based on the ratio between the
horizontal and vertical components. A broad range of applica-
tions has been proposed over the years, such as the analysis of
the structure at archeological sites (Pifia-Flores et al., 2021),
volcanoes (Spica et al., 2015), and sedimentary basis (Perton et
al. 2020) among others. In controlled experiments, it has been
shown that the HVSR has strong azimuthal dependency. For
example, Matsushima et al. (2017) observed large differences in
the HVSR when using either EW or NS components. They ob-
served that the azimuthal direction that provides the largest ratio
between two rotated components correlates well with the location
of a buried channel structure. Furthermore, Baena-Rivera et al.
(2024) conducted a directional HVSR study along the lakebed
zone near Mexico City, showing strong azimuthal dependence
most likely related to lateral irregularities of the interfaces. These
observations have been validated analytically (Sanchez-Sesma et
al., 2025) through numerical models that confirm the dependence
of the angle that produces the largest difference in the estimates
of the HVSR with the geometry of interfaces that induces this
response. Here, we follow the methodology proposed by Bae-
na-Rivera et al. (2024) to examine whether the HVSR at low
frequencies below 0.03 Hz can support previous measurements
of the strike and dip angle of the subducting slab. First, let us
consider the standard formulation of the HVSR ratio,

(INS(H)I”) + (| EW(S)”) 0
(f) = 2 :
(P

<|

where, H/V is HVSR, f is the frequency, and NS, EW, and V,
correspond to the North-South, East-West and vertical compo-
nents, respectively. {|o| 2) denotes the spectral densities average
over time windows. Here, we follow the criterion proposed by
Arai and Tokimatsu (2004) of computing the ratio of averages
instead of the average of ratios, as the first way to compute it
constitutes a solid theory for the HVSR based on the diffuse field
assumption (Sanchez-Sesma et al., 2011). This theory asserts
that the ambient seismic noise (ASN) wavefield contains all
kinds of elastic waves, understanding this as an elastic medium
uniformly illuminated by equipartitioned energy.

The directional HVSR, which corresponds to the HVSRs
computed with the horizontal movement components rotated
between 0° and 180°, follows the next equations,
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(H' (0, NI”)
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where H' (¢.f) is a horizontal rotated component an angle ¢
around the vertical axis from the EW direction, counterclockwise,
using the 2D rotation transformation matrix,

e s e

Considering the two horizontal rotated components Hj (¢, f)and
Hj(y, f) are symmetric at 90°, that is, H (¢, f) = H, (¢ £ 90°, f),
only the use of one of the two horizontal rotated components,
H'(y, f), is necessary. This means that they are complementary.

A measure of the amplitude difference between H'(y, f)
and H'(¢ £90°, f) at a frequency of interest or in a range of
frequencies gives us an indicator of the possible irregularities
present in the interfaces of the soil in the site of ambient seismic
noise recordings. This measure is the coefficient of the lateral
irregularity, y(¢), computed using the following equation (Bae-
na-Rivera et al., 2024),

fa / _ g/ o
7(<P):iz |H'/V(p, f) —H'/V (¢ £90° f)|

N & min (H'/V(p, ), H[V (=90 1) 4

In a plane-layer case the directional HVSR does not depend
on the rotation angle ¢, then y(¢) =0 for every ¢ €[-90,90],
this indicates that the layers underneath the station at the depth
expected for this frequency range are overall horizontal and
planar. Conversely, in the case of the presence of lateral irreg-
ularities in the interfaces, i.e. non-planar layers or dipping, the
directional HVSR depends on the rotation angle ¢, then y (¢)> 0.
In summary, y (¢) is a measure of the lateral irregularity of an
interface. This has been clearly tested for near-surface man-made
structures in Onahana, Fukushima, Japan by Matsushima et al.
(2017). The hypothesis has also been tested near Mexico City in
the remains of a lakebed (Baena-Rivera et al., 2024).

In this study, we assume that low enough frequencies
(<0.1 Hz) may provide insight into the deeper structure. Hence,
we compute the directional HVSR for all the stations of the MIST
array and four of the PT-VMN array using Eq. 2 and estimate
7(@) by applying Eq. 4.The directional HVSR was calculated
following the diffuse field assumption (see Sanchez-Sesma et
al., 2011) using six days of ambient seismic noise velocity re-
cords, with 1000-s window lengths to ensure a frequency step
of 0.001 Hz, and 10% overlapping. The STA/LTA criterion was
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applied to avoid windows with spurious signals, transients, and
monochromatic waves from anthropogenic sources. In addition,
window normalization was applied before calculation using the
unitary energy window criterion described in Baena-Rivera et
al. (2024). Under the diffuse field assumption, the HVSR mod-
eling is based on a spectral ratio of the windows averages for
each principal direction, implying that the arithmetic mean of
the energy represents the directional energy densities (DED).
These DEDs are directly linked to Green’s function and allow
for a consistent inversion formulation. Therefore, in this study
the uncertainty of the HVSR was performed by employing the
bootstrapping method. This method takes the sample data and
resamples it to create many simulated samples that have their
own properties as mean and standard deviation. The method
has an equal probability of randomly drawing each original data
point for inclusion in the resampled datasets and can select a data
point more than once for a resampled dataset. When applying
the bootstrap method 200 HVSR were calculated by randomly
selecting the first point of each time-average window of the orig-
inal total signal. From the 200 HVSR, the HVSR mean (H/V)
and its standard deviation (Um) was calculated.

Figure 4 shows the results for station CRIS (see location in
Figure 1) as an example. The directional HVSR is shown in Fig-
ure 4a, where there are two important peaks, at low frequencies
(below 0.03 Hz), susceptible to analysis. The first at 0.012 Hz
with an amplitude of 178, and the second at 0.081 Hz with an
amplitude of 10.4. Figure 4b shows the H/V total (black line)
computed using Eq. 1, H/V(¢@,f) (red line) and its counterpart
H'IV(p+90°,f) (blue discontinued line) computed using Eq. 2.
In this case, these last two curves are plotted for the rotation an-
gles of 34° and 124°, respectively, where the maximum value for
y(@) is found for the frequency of interest. Also, the frequencies

ﬁ
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of the peaks of interest and the value of y(¢) for those frequencies
are indicated. Uncertainties in the estimation of the HVSR using
the bootstrap method are shown in the Figure 4b.

At all stations, the same behavior of two main low-frequency
peaks is observed: the first located between 0.005 and 0.02 Hz,
and the second between 0.07 and 1 Hz.

From the ¢ at which y(¢) is maximum (i.e. a measure of the
amplitude difference between H'/V(¢, ) and H'/V(p+90°,f) at
each station, and the value of y(¢), maps of the maximum lateral
irregularity vectors of the directional HVSR like those in Figure
5 can be constructed. These types of maps can serve as support
to detect the possible shape of interface irregularities.

Figure 5 presents two maps: the first (Figure 5a) shows the
azimuthal behavior of the lateral irregularity vectors calculated
between 0.005 and 0.02 Hz, where is located the first peak of the
HVSR observed in Figure 4; and the second (Figure 5b) shows
this behavior in the range 0.07 and 0.1 Hz, where the second
peak of the HVSR observed in Figure 4 is located. The patterns
of the two maps are similar, and few stations do not follow these
patterns, such as CONE and PURU, which lack particularly
good records. The common direction of the lateral irregularity
vectors is the same.

Since the directional HVSR behavior is inherent to lateral
variations and interface irregularities, it provides valuable infor-
mation about structural complexity, thus the results can also be
influenced by local heterogeneities, particularly in tectonically
and volcanically active regions such as the study area. As shown
in Figure 5, the slab strikes predicted by the HVSR technique
(green arrows), yield strike values that are similar to those
predicted by global models such as Slab2 (Hayes et al. 2018),
mainly for those stations between the expected 40 km and 80 km
isodepth lines (stations: TAHU, PARE, BARA). For the northern
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— H'IV(p, ), p =31°
- = HIV(p, f).p=121°
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107 102 107!
Frequency, f (Hz)

Figure 4. Directional HVSR for CRIS station of the MIST array. (a) Colormap of the directional HVSR. (b) H/V total and H'/V(¢,f) for 34°
and 124° rotation angles; the black thin vertical lines locate the frequencies of the two main peaks of the H/V total at low frequencies; error
bars show the uncertainties within =0 g VY > 0 suggests a subsurface irregularity beneath the station.
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Figure 5. Azimuthal behavior of the maximum lateral irregularity vectors of the directional HVSR at MIST and PT-VMN stations, cal-
culated at the peak frequencies of the HVSR between: (a) 0.005 and 0.02 Hz; and (b) 0.07 and 0.1 Hz. The sizes are their corresponding
directionally dependent coefficient, y (¢). Dotted lines show the slab iso-depth lines from Slab 2 (Hayes ez al. 2018), black arrows show the

expected at each station. Green arrows show the predicted strike direction for the largest value y in each frequency range. The length of the

green arrows is scale by y.

segment of the array (beyond NARA station), the predicted
strikes become more randomly oriented. According to the Slab2
model, the slab in this area is either too deep (> 100 km) or it
may not be even present at all. Therefore, the measurement may
be most likely influenced by the crustal heterogeneity introduced
by the presence of the TMVB. Interestingly, the predicted strikes
for the PT-VMN are more coherent between stations and mainly
oriented in the north-south direction. This is clearly a crustal
effect due to the volcanic nature of the region while the estimates
south of the TMVB are more likely due to sampling of average
strike direction of the slab beneath the station.

7. Expansion plans and perspectives

Achieving high-resolution images of the subducting slab
requires both a dense network with short inter-station distances
(<10 km) and relatively long recording periods (>2 years). Given
the current financial and instrumental resources, the MIST project
will extend its recording window for the next two years (2025-
2026). Five more stations will be deployed near the transition
zone where the slab is expected to sink into the mantle. Figure
6 shows the proposed layout of stations, including the location
of five 3-station temporary mini-arrays. This configuration is
aimed at increasing the resolution of the studies. In the case of
the station FELL, it is intentionally located off the array, to the

South, for a better location of the near-trench seismicity. The mini
arrays will support seismic ambient noise-based studies and will
fill the gaps between stations, except for the middle point between
stations PARE and BARA due to extremely difficult conditions.

8. Conclusions

The MIST array represents an overdue project to understand
better the variations in the geometry of the Cocos plate and its
relationship with the formation of the Michoacan-Guanajuato
Volcanic Field. The layout of this array was carefully chosen
to mimic previous studies such as MASE and VEOX arrays.
Although it is less dense in terms of the number of stations,
the MIST array is recording enough broadband data needed to
carry out multiple studies such as receiver functions, teleseismic
and ambient noise tomography and volcano monitoring. In this
paper, we presented a review of the past studies and the rele-
vance of deploying the network in this area. One critical point
to consider is the occurrence of periodic volcanic swarms. Some
initial evidence of tremors and H/V directional properties along
the network including a newly deployed 4-station broadband
network in the Tancitaro volcano has been presented. First,
we present the occurrence of earthquake swarms around the
Tancitaro volcano. This phenomenon is currently a major concern
among local communities and authorities, mainly because the
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Figure 6. Future deployment of stations and temporary mini arrays. Color-shaded areas indicate the rupture areas of large earthquakes and
the location of the TMVB (gray color shade), and the black dashed lines correspond to the iso-depths of the top of the slab according to Hayes
et al. (2018). Green triangles show the location of the current MIST stations. Red triangle shows future deployment of five new stations.
Yellow circles mark the location of five mini arrays of three stations each in between MIST stations for noise recording.

2023/03/15 M,,=4.6 earthquake that caused moderate damage.
By including the central stations of the MIST array alongside
the SSN and Paricutin-Tancitaro volcanic network, we will be
able to determine the depth of the events with greater accuracy
which is a fundamental parameter for assessing the volcanic
hazard. Having a larger number of stations will provide a better
constrain on the depth of the events and a better velocity model,
which is a critical parameter to determine whether evacuations
may be required. Additionally, we could better constrain the
focal mechanism for relatively small earthquakes and monitor
changes in V, and V; velocities. These factors are critical to
properly characterize changes in the background seismicity
and the properties of the medium. Furthermore, we found

tremor-like signals, although it was not possible to determine
their origin due to the large interstation distance. Their possible
existence suggests that SSE may also rupture within the state
of Michoacén, forming a continuous band between the states of
Guerrero and Jalisco where they had already been reported. The
future deployment of additional stations will confirm or rule out
whether this hypothesis holds or not.

Finally, we examined directional HVSR to evaluate whether
this technique, at low frequencies, can determine the strike and
dip of the subducting slab. Current estimates show promising
results compared to global models and may provide an addi-
tional constraint to better model the geometry of the subducting
slab. Moreover, the use of this technique also serves as a tool



to examine the complexity of the crustal structure. These initial
results provide a baseline study for further instrumentation and
investigation of the volcano-tectonic features in the state of
Michoacan.
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Zona de cizalla Contreras, al sur de la Sierra de las Cruces: un ejemplo de la
reactivacion de fallas. Sector oriental del Cinturon Volcanico Transmexicano

Alberto Vasquez Serrano*-2(, Elizabeth Rangel Granados2(2, José Luis Arce Saldafa'<®, Lydia
Valeria Santiago Figueroa? y Claudia Arango Galvan#«

Abstract

The Sierra de las Cruces (SC) is a mountain range of volcanic origin located in the eastern sector of  Key words: Contreras

the Trans-Mexican Volcanic Belt. This range has an NNW-SSE trend and is composed of stratovolca-  shear zone, kinematics, fault
noes and lava domes of dacitic and andesitic composition of Pliocene-Pleistocene age. Although the  reactivation, Sierra de las Cruces,
SC is cut by a complex set of faults and has experienced recent seismic activity, aspects related to the ~ Mexico basin.

kinematics, geometry, arrangement, and deformation history of these faults remain unknown. In this

work, we analyze the NE-SW-trending faults, with emphasis on the Contreras Shear Zone. Our results

reveal the existence of three families of faults in the SC, with NNW-SSE, ~E-W, and NE-SW trends.

The ~E-W faults exhibit normal kinematics, while the NNW-SSE and NE-SW faults exhibit oblique

kinematics with a dominant normal component. Normalized Correlation Sum (NCS) analyses indicate

that faults in the CS have a cluster arrangement associated with the reactivation of previous structures.

The Contreras shear zone has a NE-SW trend and has an exposed length of 35 km and a width of 10 km.

It is also formed by a horst bounded by normal faults with a left-lateral component. The principal stress

directions in this shear zone are 175/60, 078/04, and 345/29 for o,, 6,, and o3, respectively. Based on

our results, we propose that the Contreras Shear Zone is the product of the reactivation of previous

structures under three-dimensional deformation behavior.

Resumen

La Sierra de las Cruces (SC) es una cadena montafiosa de origen volcanico ubicada en el sector oriental ~ Palabras clave: Zona de

del Cintur6n Volcénico Transmexicano. Esta sierra tiene una orientacion NNW-SSE y esta constituida  cizalla Contreras, cinemética,
por estratovolcanes y domos de lava de composicion dacitica y andesitica del Plioceno-Pleistoceno. A~ reactivacion de fallas, Sierra de
pesar de que la SC es cortada por un complejo conjunto de fallas y que ha presentado actividad sismica  las Cruces, cuenca de México.
reciente, alin se desconocen aspectos relacionados con la cinematica, geometria, arreglo e historia de

deformacion de dichas fallas. En este trabajo se analizan las fallas con orientacién NE-SW, poniendo

énfasis en la zona de cizalla Contreras. Nuestros resultados revelan la existencia de tres familias de

fallas en la SC, con orientaciones NNW-SSE, ~E-W y NE-SW. Las fallas ~ E-W presentan cinematica

normal, mientras que las fallas NNW-SSE y NE-SW muestran cinematica oblicua con una componente

normal dominante. Los anélisis de Suma Normalizada de Correlacién (SNC) indican que las fallas en

la SC tienen un arreglo agrupado asociado con la reactivacion de estructuras previas. La zona de cizalla

Contreras presenta un rumbo NE-SW vy tiene una longitud expuesta de 35 km y un ancho de 10 km.

Asimismo, est4 formada por un pilar tecténico limitado por fallas normales con una ligera componente

lateral izquierda. Las direcciones de los esfuerzos principales en esta zona de cizalla tienen orientacio-

nes de 175/60, 078/04 y 345/29 para ¢,, 6, y 03, respectivamente. De acuerdo con nuestros resultados,

se propone que la zona de cizalla Contreras es producto de la reactivacién de estructuras previas en

condiciones de deformacién tridimensional.
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1. Introduccion

La cuenca de México es una depresion continental limitada
por cuatro serranias: al norte por la Sierra de Pachuca, al oriente
por la Sierra Nevada, al sur por la Sierra de Chichinautzin y
al poniente por la Sierra de Las Cruces (Figura 1. Arce et al.,
2019). Esta ultima sierra corresponde a una cadena volcanica
que tiene una orientacién preferencial NNW-SSE, la cual esta
constituida por domos y flujos de lava, estratovolcanes y com-
plejos volcanicos formados durante el Plioceno-Pleistoceno y
cuyas rocas son principalmente dacitas y andesitas (Figura 2;
Arce et al., 2019). Con base en las edades radiométricas (K-Ar
y “Ar-**Ar) y variaciones en las polaridades paleomagnéticas,
se ha sugerido que la actividad volcanica ha migrado de norte
(3.7 Ma) a sur (0.9 Ma) (Aguirre-Diaz et al., 2006a; Arce et
al., 2008; Mejia et al., 2005; Mora-Alvarez et al., 1991; Osete
et al., 2000). Las partes altas de la Sierra de Las Cruces estan
constituidas principalmente por lavas, mientras que sus laderas
estan conformadas por depdsitos volcaniclasticos (lahares y flu-
jos de escombros), piroclasticos (flujos piroclasticos y depdsitos
de caida) y fluviales. Todos estos depdsitos se intercalan con
sedimentos lacustres en las partes mas bajas (Arce et al., 2019).

La Sierra de Las Cruces esta afectada por un conjunto de
fallas geoldgicas con al menos tres orientaciones preferenciales:
NNW-SSE, NE-SW y E-W (Figura 2.; Garcia-Palomo et al.,
2008; Mooser, 1992). Aunque desde mediados del siglo XX
se han descrito algunas de estas fallas, atin se desconocen la
cinematica y la geometria de la mayoria de éstas. Asimismo, la
relacion entre los distintos sistemas de fallas es poco conocida,
a pesar de que aparentemente han estado activas de manera si-
multanea desde el Pleistoceno tardio. Ademas, existe un lapso
de mas de 16 afios en el que no se han realizado estudios estruc-
turales detallados dentro de dicha sierra. Aunado a lo anterior,
en los ultimos afios, la zona poniente de la Ciudad de México
ha llamado la atencién debido al fenémeno de los llamados
“microsismos”. Esta actividad sismica, caracterizada por eventos
de magnitud menor a 3.3 y profundidades de entre 3 y 0.8 km
(Servicio Sismolégico Nacional [SSN], 2026), representa un
peligro potencial para la poblacion del poniente de la ciudad.
Este fenémeno aceler6 la necesidad de conocer con detalle la
ubicacién, cinematica e historia de actividad de las fallas geolo-
gicas localizadas en el sector occidental de la Ciudad de México,
particularmente en la ladera oriental de la Sierra de Las Cruces.

La zona de cizalla Contreras, la cual se define por primera vez
en este trabajo, constituye una estructura importante dentro del
sector centro-sur de la Sierra de Las Cruces. Su prolongacion hacia
el noreste, dentro de la zona lacustre, intercepta la regiéon donde
se han registrado los microsismos. En este trabajo se analiza la
cinematica, geometria e historia de actividad de esta zona de cizalla.

2. Marco Geoldgico

El Cinturén Volcanico Transmexicano (CVTM) es un arco
volcénico activo desde el Mioceno (Ferrari et al., 2012), originado
por la subduccion de las placas ocednicas de Cocos y Rivera por
debajo de la placa Norteamericana (Figura 1). Tiene una longitud
de mas de 1000 km y un ancho variable de entre 90 y 250 km en
promedio. A diferencia de otros arcos volcénicos, el CVTM no
es paralelo a la trinchera debido a la subduccién plana de la placa
de Cocos, lo que le confiere una orientacion preferencial E-W y
provoca que, en su sector oriental, el arco esté muy alejado de
la trinchera (Figura 1) (Ferrari et al., 2012; Manea et al., 2013).

Dentro del sector oriental del CVTM, se encuentra la cuenca
de México (Figura 1). Esta cuenca esta limitada por serranias de
origen volcénico, las cuales se formaron en distintos periodos
de actividad volcanica (Alba-Aldave et al., 1996; Arce et al.,
2008, 2013, 2015; Bloomfield, 1975; Cadoux et al., 2011; Fries,
1960; Garcia-Palomo et al., 2000; Jaimes-Viera et al., 2018;
Lenhardt et al., 2010; Macias et al., 2012; Mejia et al., 2005;
Moran-Zenteno et al., 2004; Osete et al., 2000; Siebe et al.,
2004a). Asimismo, la cuenca de México también es el resultado
de la actividad de fallas geoldgicas, las cuales han estado activas
desde el Oligoceno, como es el caso de la falla Mixhuca (Ala-
niz-Alvarez et al., 2002). Otros grupos de fallas que moldean
a la cuenca son el sistema de fallas Tenochtitlan NE-SW (De
Cserna et al., 1988; Vasquez-Serrano et al., 2022), el sistema
Apan NE-SW (Garcia-Palomo et al., 2018) y el sistema La Pera
E-W (Delgado-Granados et al., 1995).

2.1. Estratigrafia del sector centro-sur de la cuenca de
México

Las rocas mas antiguas dentro de la cuenca de México perte-
necen al basamento sedimentario del Cretacico (Figura 1). Estas
rocas son principalmente calcareas y se agrupan dentro de las
formaciones Morelos (rocas de plataforma), Cuautla (rocas de
talud) y Mezcala (turbiditas de la cuenca de antepais del Cretacico
tardio). Las rocas calcareas del basamento no afloran dentro de la
cuenca; sin embargo, han sido cortadas por pozos a 1.5y 2 km de
profundidad (pozos Mixhuca y Tulyehualco respectivamente) y se
exponen en el cafién de Lobos al oriente de Cuernavaca, Morelos
(Figura 1. Arce et al., 2019; Fries, 1960; Pérez-Cruz, 1988).

Sobreyaciendo discordantemente a las rocas calcareas del
Cretécico, se encuentra la formacion Balsas del Eoceno (Figura
1), la cual se caracteriza por una intercalacion de conglomerados,
con clastos principalmente de calizas, dep6sitos volcanoclasti-
cos, lacustres y fluviales (Fries, 1960). La formacién Balsas no
aflora dentro de la cuenca de México, pero ha sido descrita en
pozos profundos (pozo Texcoco) y en el area de Cuernavaca



Cinturén Volcanico Tra

19°20'N

T m M W Omm W Om Om W Om Om W W Om W W om om

-
’
s

o
T#banéojg

- - -

19°Q0' N

>z

n .
Occidental , Smexicano
= GuadalajarQ: Central Otenia)
':?1 Volcan | Ciudad de México
p/ de Colimai Morelia© %
Q- eea .
"'e,. Colima A
Q Nevado d catépet! Pico de
Toluca Orizaba
Placa de
Cocos
= )
| & 105°W

99°20' W

Cenozoico
Palebgeno Neégen:}cua

Alberto Vasquez Serrano et al. | 2443

Holoceno
Pleistocen
Plioceno

Mioceno

Oligoceno

Eoceno

Paleocenq

Mesozoico

Cretacico

Temprang Tardio

Sierra Nevada, Chichinautzin y sedimentos lacustres
(1.4 Ma al Reciente)

ISierra de las Cruces (0.4-3.7 Ma)

[l Sierra de Guadalupe (14-16 Ma) y Formacion Tepoztlan (18.7-22.8 Ma)
Formacion Tilzapotla I~1260 m de prof. en el Pozo Mixhuca (Mix) - 29 Ma

~2210 m de prof. en el Pozo Roma (Rm) - 25 Ma
[CJFormacién Balsas

|:| Fomacion Mezcala

.Fomacién Morelos

99°00' W

Ley
® Pozos profundos

Fallas normales
sepultadas

/ Fallas laterales
e
7 Cabalgaduras
@ Area Urbana

‘)’
‘—1‘

Fallas normales

|
98°40' W

Figura 1. a) Mapa tect6nico del Cinturén Volcanico Transmexicano, donde es posible apreciar a los principales estratovolcanes, asi como
la zona que delimita a la cuenca de México. b) Estratigrafia del sector sur de la cuenca de México. Noétese la posicion estratigrafica de la
Sierra de las Cruces. c) Mapa del sector centro-sur de la cuenca de México donde es posible apreciar las principales sierras que rodean a la
cuenca, asi como algunas fallas reportadas en trabajos previos (Pérez-Cruz, 1988; Norini et al., 2006; Campos-Enriquez et al., 2015; Arce et
al., 2019; Vasquez-Serrano et al., 2022; Jaimes-Viera et al., 2025), y 1a ubicacion de algunos pozos profundos en la ciudad de México (Rm:
Roma; AO2C: Agricola Oriental 2C; Mix: Mixhuca; SLT: San Lorenzo Tezonco; Tul: Tulyehualco). SM: Volcan San Miguel; Aj: Volcan
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(Arce et al., 2019; Fries, 1960). Cubriendo a la Formacion Bal-
sas se encuentra un grupo de rocas volcanicas de la formacién
Tilzapotla de edad Oligoceno (Figura 1). Dentro de la cuenca
de México, estas rocas se han encontrado en los pozos profun-
dos Texcoco, Mixhuca y Roma a profundidades de entre 950 y
2200 m (Arce et al., 2019; Pérez-Cruz, 1988). Sobreyaciendo
a las rocas volcanicas del Oligoceno se encuentra la formacion
Tepoztlan del Mioceno. Esta formacion esta constituida por una
intercalacion de lavas (andesitas y dacitas), depdsitos piroclas-
ticos, volcanosedimentarios y fluviales (Lenhardt et al., 2010).
Las rocas de esta formacién se han ubicado en varios pozos
profundos (Mixhuca, Texcoco, Copilco, Tulyehualco y San
Lorenzo Tezonco), asi como en la Sierra de Guadalupe, lo cual
sugiere que estd ampliamente distribuida dentro de la cuenca de
Meéxico (Arce et al., 2013, 2015, 2019, 2020; Pérez-Cruz, 1988;
Vazquez-Sanchez y Jaimes-Palomera, 1989).

En la region centro-sur de la cuenca de México, sobre la for-
macién Tepoztlan, existen depdsitos principalmente volcanicos
del Plioceno-Holoceno, relacionados con la actividad volcanica
de las sierras: Nevada, Chichinautzin y Las Cruces (Figuras 1
y 2). La Sierra de las Cruces, con una orientacién preferencial
NNW-SSE y una longitud de ~80 km, estad conformada por
domos y flujos de lava, estratovolcanes y complejos volcanicos
entre los que destacan La Catedral, La Bufa, Iturbide, Chimalpa,
Salazar, San Miguel, Ajusco, La Corona y Zempoala (Figura 2).
Estas estructuras volcanicas tienen un rango de edad de entre 3
y 0.4 Ma (Aguirre-Diaz et al., 2006a; Arce et al., 2008; Mejia
et al., 2005; Mora-Alvarez et al., 1991; Osete et al., 2000), y
composiciones de andesita y dacita principalmente (Figura 2),
aunque, Arce et al. (2019) reportan una edad de 37 ka para un
depdsito de caida asociado al estratovolcan San Miguel, ubicado
en el centro-sur de la sierra. Por su parte, la Sierra Nevada, con
una orientacién N-S y una longitud de ~70 km, incluye a los
estratovolcanes Tlaloc, Telapon, Iztaccihuatl y Popocatépetl
(Figura 1). No existe un patron en la variacion de la edad de las
estructuras volcanicas, pero es probable que el volcan Tlaloc
sea el mas antiguo (1.8 Ma), mientras que el volcan mas joven
es el Popocatépetl, actualmente activo (Cadoux et al., 2011;
Espinasa-Perefia y Martin-Del Pozzo, 2006; Macias et al., 2012;
Rueda et al., 2013; Siebe y Macias, 2004; Sosa-Ceballos et al.,
2012). La composicién quimica de los productos volcanicos de
la Sierra Nevada varia de andesitas a dacitas en los volcanes
Iztaccihuatl y Popocatépetl, y de andesitas a riolitas en los vol-
canes Tlaloc y Telapén (Macias et al., 2012; Martin Del Pozzo
et al., 2008; Nixon, 1989; Siebe et al., 2017; Sosa-Ceballos et
al., 2012; Straub y Martin Del Pozzo, 2001). La Sierra de Chi-
chinautzin, con una orientacién E-W y una longitud de ~85 km,
esta conformada por al menos 220 volcanes monogenéticos con
edades que van de 1.2 a 0.0016 Ma (Bloomfield, 1975). Con base

en su edad, la sierra de Santa Catarina, los volcanes Cerro de La
Estrella y Pefién del Marqués, y el flujo de lava Papayo, también
se agrupan dentro de la actividad de la Sierra de Chichinautzin
(Arce et al., 2019; Jaimes-Viera et al., 2018; Macias et al.,
2012). Las composiciones quimicas de los productos volcani-
cos asociados a esta sierra varian desde basaltos hasta dacitas
(Arce et al., 2013, 2015, 2024; Guilbaud et al., 2009; Marquez
et al., 1999; Martin Del Pozzo, 1982; Meriggi et al., 2008;
Nieto-Torres et al., 2023; Sandoval-Garcia et al., 2024; Siebe
et al., 2004b, 2005). Finalmente, intercalando y cubriendo los
dep6sitos volcanicos y volcaniclésticos del Plioceno-Holoceno, se
encuentra un paquete de sedimentos lacustres. Estos sedimentos
tienen edades que van desde 1 Ma hasta el Holoceno y han sido
descritos en algunos pozos profundos como en el San Lorenzo
Tezonco y Tulyehualco (Arce et al., 2013; Brown et al., 2012;
Caballero-Miranda y Ortega-Guerrero, 1998; Lozano-Garcia y
Ortega-Guerrero, 1998; Lozano-Garcia et al., 2017).

2.2. Estructuras en el sector centro-sur de la cuenca de
Meéxico

La cuenca de México es una depresion, cuya geometria se
debe a la presencia de fallas geoldgicas, las cuales controlan
aspectos como su sedimentacioén, vulcanismo, sismicidad y
subsidencia. Dentro de la cuenca se han identificado al menos
tres sistemas de fallas principales que tienen orientaciones NNW-
SSE, NE-SW y E-W. Aunque la relacién temporal entre los
distintos sistemas de fallas no es del todo clara, se ha propuesto
que las fallas NNW-SSE y NE-SW registran actividad previa
al Plioceno (Alaniz-Alvarez et al., 2002; Garcia-Palomo et al.,
2002, 2008, 2018; Vasquez-Serrano et al., 2022). En contraste,
las fallas E-W presentan un tnico registro de actividad dentro
de la cuenca de México y podrian haberse originado bajo las
condiciones tecténicas de extension ~N-S en el sector oriental
del CVTM (Figura 1. Alaniz-Alvarez et al., 1998, 2002; Vas-
quez-Serrano et al., 2022). No obstante, cabe mencionar que
algunos estudios sugieren que las fallas E-W tuvieron actividad
durante el Mioceno tardio (Garcia-Palomo ez al., 2002).

Por otro lado, dentro de la cuenca de México destacan fallas
kilométricas, como la falla Mixhuca con orientacion NNW-SSE,
la cual constituye el limite oriental de la fosa tecténica Roma
(Figura 1. Pérez-Cruz, 1988). Otra falla kilométrica importante
es la falla Agricola Oriental, con orientacion NE-SW (Figura 1),
que representa el limite norte de la fosa Agricola Oriental y forma
parte del sistema de fallas Tenochtitlan (Arce ef al., 2019; De
Cserna et al., 1988; Vasquez-Serrano et al., 2019). En cuanto a
las fallas kilométricas con orientacién E-W, se ha reportado la
presencia de las fallas Xochimilco, Tenango y La Pera (Figura 1).
Todas estas fallas se ubican dentro de la Sierra de Chichinautzin
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Figura 2. Mapa de estructuras de la Sierra de las Cruces, donde ademas se muestran los principales volcanes de la sierra (Garcia-Palomo et
al., 2008; Arce et al., 2019). En el mapa se incluyen las edades en millones de afios (Ma) compiladas por Arce et al. (2019).
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al sur de la cuenca de México y se agrupan dentro del sistema de
fallas La Pera (Campos-Enriquez et al., 2015; Delgado-Granados
et al., 1995; Lenhardt et al. 2010; Norini et al., 2006). La activi-
dad sismica registrada en la cuenca de México sugiere que todos
estos sistemas de fallas (NNW-SSE, NE-SW y E-W) son activos
bajo el régimen extensional actual del CVTM (Bello-Segura et
al., 2025; Campos-Enriquez et al., 2015; SSN, 2026).

2.3. Fallas geoldgicas en la Sierra de las Cruces

La Sierra de las Cruces esta afectada por una serie de fallas
geoldgicas pertenecientes a los tres sistemas reconocidos en
la cuenca de México (Garcia-Palomo et al., 2008). Los pocos
estudios existentes sobre esta teméatica son de caricter geoldgi-
co-estructural, pero éstos no han logrado definir con precision
la geometria, cinematica, cantidad de desplazamiento ni la
historia de actividad de muchas de estas fallas. En el trabajo de
Garcia-Palomo et al. (2008) se integrd informacion de las fallas
de toda la sierra y se identificaron algunas fallas kilométricas
que dan una idea sobre la compleja deformacién extensional
dentro de la sierra (Figura 2). En general, estos autores describen
tres sistemas de fallas con cinemaética principalmente normal
y orientaciones NNW-SSW, NE-SW y E-W. Entre las fallas
NNW-SSE se encuentran la zona de falla Tula-Mixhuca y las
fallas Ayotuzco; entre las fallas NE-SW destacan la zona de falla
Catedral, la falla Rio Hondo, la falla Satélite, la falla Contreras
y la falla Chalma. Finalmente, las fallas E-W identificadas en
la sierra son las fallas Ixtlahuaca-Otomi-Barrientos y las fallas
Tenango-La Pera (Figura 2). Todos estos sistemas de fallas cortan
la sucesion volcanica del Plioceno-Pleistoceno, lo cual sugiere
que su actividad es principalmente holocénica.

3. Metodologia

La metodologia empleada en este estudio incluy¢ trabajo de
campo en sitios estratégicos a lo largo de la traza de la zona
de cizalla Contreras (Lomas de Tarango y Los Dinamos; ver
figura 3). Durante el trabajo de campo se midi6 la orientacién de
las fracturas y fallas, se tomaron datos de estrias y se identificaron
indicadores cinematicos (p. €j., escalones, fibras de crecimiento,
medias lunas y fracturas Riedel) con el objetivo de determinar
la direccién de desplazamiento y el tipo de movimiento de las
fallas. Asimismo, se realiz6 una descripcion detallada de la zona
de dafio asociada a la falla Contreras (Figuras 3 y 4). Con los
datos medidos en campo y tomando informacién previa de otros
trabajos (Salinas-Garcés, 2014), se elabord un mapa geoldgico-es-
tructural de la parte centro-sur de la Sierra de las Cruces, que
incluye los volcanes San Miguel y El Ajusco. Adicionalmente,

se construyd una seccién geolégica-estructural que muestra la
geometria de la zona de cizalla Contreras.

El presente trabajo, también incluye la elaboraciéon de un
mapa de lineamientos morfolégicos de la Sierra de las Cruces,
tomando como referencia los trabajos de Garcia-Palomo et al.
(2008) y Vasquez-Serrano et al. (2022). Con este mapa se realizd
un analisis de la distribucion del tamaifio de los lineamientos, asi
como de su arreglo, enfocandose principalmente en aquellos con
orientacion NE-SW. El arreglo de los lineamientos morfoldgicos
y de las fracturas medidas en el campo se determiné mediante el
codigo de Matlab CorrCount de Marrett ez al. (2018), mientras
que el andlisis de estrias de falla, con el fin de obtener las direc-
ciones de los esfuerzos principales y de extension, se hizo con
ayuda de los programas WinTensor (Delvaux y Sperner, 2003)
y Faultkin (Allmendinger, 2025).

3.1. Arreglo de fracturas y distribucion del tamafo

Para analizar el arreglo de las fracturas a escala kilométrica
y mesoscdpica, se midié su espaciamiento utilizando lineas de
muestreo perpendiculares al rumbo de las estructuras (Figura
5). Para el caso de la escala kilométrica, con ayuda del mapa
de lineamientos, se midid el espaciamiento entre lineamientos
morfoldgicos a lo largo de toda la Sierra de las Cruces, mientras
que, para la escala mesoscopica, se realizaron mediciones en
campo dentro de la zona de dafo de la falla Contreras (Figura
4), empleando cinta métrica y el comparador de Ortega et al.
(2006). Los datos de espaciamiento fueron analizados en el
codigo CorrCount de Marrett et al., (2018), el cual compara el
patrén de distribucion espacial de las fracturas en una dimension
con patrones asociados con arreglos agrupados (distribucion
fractal), regularmente espaciados o aleatorios. Cada tipo de
arreglo de fracturas puede estar relacionado con procesos de
neoformacion, reactivacion y/o herencia de fracturas (Marrett
et al., 2018; Vasquez-Serrano et al., 2024; Wang et al., 2019).

Asimismo, se determind la distribucion del tamaifio de las
fracturas mediante la longitud (para los lineamientos morfold-
gicos) y la apertura (a escala mesoscéopica). Con estos datos se
elaboraron diagramas de frecuencia-tamaiio, a los cuales se les
ajustaron tres funciones: ley de potencia, logaritmica y expo-
nencial, utilizando una hoja de calculo (Microsoft Excel®). De
acuerdo con la literatura sobre analisis de fracturas, se ha sugerido
que estas suelen mostrar un comportamiento fractal (Barton y La-
Pointe 1995), por lo que su relacién frecuencia-tamaiio se ajusta
auna funcion de ley de potencia, y = x", donde el exponente 7 es
la dimensioén fractal. En este trabajo, el ajuste en los diagramas
frecuencia-tamaio se realiz6 considerando unicamente la parte
central, donde los datos tienden a dibujar una recta. Los tramos
que muestran tendencia a la horizontalidad (tamafios pequefios)
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Figura 3. Mapa geoldgico-estructural y seccion geoldgica de la zona de cizalla Contreras en el sector centro-sur de la Sierra de las Cruces.

El mapa incluye datos de orientacion de fracturas y fallas a lo largo de la zona de cizalla.
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Escarpe de la falla
Conjreras

Figura 4. a) Vista panoramica del escarpe de la falla Contreras observada desde Los Dinamos, Ciudad de México. Nétese que la falla corta
dacitas del Pleistoceno (ver figura 3). b) Zona de daflo dominada por fracturas en el sitio Los Dinamos. ¢) Fracturas cortado a un depdsito

de lahar ubicado en el caiidn del rio Magdalena.

o a la verticalidad (tamafios grandes) no fueron considerados
para calcular n, dado que se ha sugerido que reflejan efectos de
censura en la medicion de los datos, lo cual acarrea un error en
la estimacion de n (Barton y LaPointe, 1995).

4. Resultados

4.1. Definicion de la zona de cizalla Contreras

La zona de cizalla Contreras se ubica en la regién cen-
tro-sur de la Sierra de las Cruces, donde corta la parte central

del estratovolcan San Miguel (Figura 2). Esta zona de cizalla
tiene un ancho de aproximadamente 15 km y esta definida por
un conjunto de discontinuidades kilométricas, segmentadas,
anastomosadas y, en algunos casos, escalonadas, con rumbo
preferencial NE-SW y algunas con rumbo ENE-WSW. Las
discontinuidades con rumbo NE-SW presentan una cinematica
oblicua con una componente menor lateral izquierda, y delimi-
tan un pilar tecténico, denominado en este trabajo como “pilar
Contreras”. El limite sur de este pilar est4 representado por la
falla Contreras (Mooser, 1992), mientras que el limite norte esta
representado por la falla Desierto de los Leones (Figuras 2 y 3;
Garcia-Palomo et al., 2008).
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Figura 5. Mapa de lineamientos morfoldgicos de la Sierra de Las Cruces, donde se remarcan en color negro aquellos que tienen una orient-
acion promedio NE-SW. Asi mismo, se incluye la ubicacion de tres lineas (Flechas) de muestreo perpendiculares al rumbo de las tres familias
de lineamientos (NE-SW, E-W y NNW-SSE) mostradas en el diagrama de rosa en la parte inferior izquierda.

En la falla Contreras, algunos de sus segmentos son concavos
hacia el SE y se trenzan a lo largo de una zona de alrededor
de 2 km de ancho, mientras que en la falla Desierto de los
Leones existen segmentos concavos hacia el NW, aunque los
de mayor longitud suelen ser rectos (Figura 3). Dentro de la
zona de cizalla Contreras, los segmentos de falla varian entre
0.5 y 10 km de longitud, y tienden a agruparse y a ser mas
numerosos en los limites del pilar Contreras, mientras que en
la parte central del pilar son escasos o ausentes (Figura 3).
Ademas, a lo largo de la traza de las fallas, en particular de la
falla Contreras, se localizan algunas estructuras volcanicas de
la Sierra de las Cruces y de la Sierra de Chichinautzin, como

los domos de lava Cerro del Judio y Las Palmas, asi como el
cono de escorias Cerro Cajete (Figura 3). En la region de Los
Dinamos es posible observar el escarpe de la falla Contreras,
donde corta a rocas daciticas del volcan San Miguel (Figura 4).
En esta region, el nicleo de la falla tiene un espesor de ~20 m,
y una zona de dafio caracterizada por una serie de fracturas de
cizalla paralelas a la falla principal y fracturas extensionales
con orientaciones ~E-W y ~N-S.

La zona de cizalla Contreras también incluye un grupo de
fallas kilométricas que tiene un arreglo en mosaico, las cuales
se ubican en el sector NE de dicha zona de cizalla (Figura 3).
Las fallas tienen también una orientacion NE-SW y ENE-WSW,
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y afectan a depésitos volcaniclasticos, piroclasticos y aluviales
en la zona de piedemonte de la Sierra de Las Cruces (Zona de
Lomas) (Figura 3). En trabajos previos (Aguilar-Velazquez et
al., 2025), se han definido dos fallas con cinematica normal
pertenecientes a este grupo, las cuales se han nombrado como:
falla Mixcoac y falla Barranca del Muerto (Figura 3).

4.2. Lineamientos morfoldgicos en la Sierra de las Cruces

Dentro de la Sierra de las Cruces existe un conjunto de li-
neamientos morfol6gicos que tienen orientaciones preferenciales
NNW-SSE, E-W y NE-SW. Esta tltima orientacion es la mas
frecuente, mientras que la NNW-SSE es la menos comun (Figura
5). Los lineamientos NE-SW estan ampliamente distribuidos
dentro de la sierra y tienden a formar agrupaciones incipientes,
especialmente en zonas cercanas a las fallas kilométricas (Figuras
2y 5). Por otro lado, los lineamientos NNW-SSE y E-W forman
grupos mejor definidos, los cuales estan localizados a lo largo
de grandes zonas de cizalla (p. ej., zona de cizalla Ayotuzco o
zona de cizalla Ixtlahuaca-Otomi; Figura 2).

Tomando en cuenta la longitud de los lineamientos morfold-
gicos para cada familia (NE-SW, NNW-SSE y E-W) y represen-
tandolos en gréficos de frecuencia acumulada contra su longitud,
se observa que las tres familias de lineamientos, asi como todos
los lineamientos (sin distincién de orientacion), se ajustan a una
funcién exponencial en la relacion frecuencia-tamafio (Figura 6).
No obstante, al eliminar las porciones horizontales y verticales
de los graficos de la figura 6, las cuales se han interpretado como
resultado del sesgo en la definicién de los lineamientos, los da-
tos se ajustan mejor a una funcién de ley de potencia y=x". El
exponente 7 obtenido para los lineamientos NE-SW es de -1.61,
mientras que para los lineamientos E-W y NNW-SSE los valores
son -1.45y -1.55, respectivamente (Figura 6). Considerando el
conjunto total de lineamientos, sin distincién de la orientacion,
se obtiene un valor de n = -1.47.

En el mapa de lineamientos de la figura 5 se trazaron tres
lineas de muestreo perpendiculares al rumbo de las tres princi-
pales tendencias de lineamientos, donde se midieron datos de
espaciamiento y longitud. Con estos datos se realizaron graficos
que muestran la variacién de la longitud de los lineamientos en
funcién de la distancia (Figura 7). Los lineamientos NE-SW
presentan una distribucién relativamente homogénea, con una
incipiente tendencia a la formacién de grupos. Su longitud
maxima es de 25 km y la minima de 800 m. En contraste, los
lineamientos E-W forman grupos mejor definidos, particular-
mente dos: uno al norte y otro al sur de la Sierra de las Cruces.
Asimismo, su longitud maxima es de 30 km y la minima de
2 km. Por su parte, los lineamientos NNW-SSE forman un
patrén interesante en su distribucion a lo largo de la linea de

muestreo E-W, donde muestran una tendencia a aumentar en su
longitud hacia la parte central de la Sierra de las Cruces, donde
se registra la maxima longitud (20 km). Las longitudes minimas
se encuentran en los extremos de la linea de muestreo, tanto al
oriente como al poniente de la Sierra de las Cruces. A diferencia
de las otras familias de lineamientos, en este caso no se observa
una definicién clara de grupos (Figura 7).

Aplicando el método de Suma Normalizada de Correlacion
(SNC) (Marrett et al., 2018) a los datos de espaciamiento entre
lineamientos, se observa que las tres familias de lineamientos
(NNW-SSE, E-W y NE-SW) presentan un arreglo caracteristico
de individuos agrupados (véase Figura 12e en Marrett et al.,
2018). Los grupos de lineamientos NE-SW tienen un ancho
promedio de 8.7 km, mientras que en los grupos de lineamientos
E-W y NNW-SSE los anchos son de 10 y 5 km, respectivamen-
te. En todos los casos, la variacion del SNC con respecto a la
escala despliega un patrén de plataforma y cuenca (Figura 7).
Estos patrones se definieron con mayor claridad en el cédigo
CorrCount al emplear un valor de 100 para “number of lags™ y
50 para “windowing”.

4.3. Fracturas mesoscopicas en la zona de cizalla Contreras

Las fracturas mesoscopicas en la zona de cizalla Contreras
son principalmente extensionales, de cizalla e hibridas. A escala
mesoscdpica, estas fracturas cortan a lavas daciticas del estrato-
volcan San Miguel (Figura 4b), mientras que, en el piedemonte
oriental de la sierra, dichas estructuras cortan a depdsitos vol-
caniclasticos, piroclasticos y paleosuelos (Figura 3 y 4). Las
fracturas presentan tres orientaciones preferenciales: NNW-
SSE, E-W y NE-SW (Figura 3). En la region del piedemonte
se observa que las tres familias de fracturas son principalmente
extensionales e hibridas.

En el caiién de Los Dinamos, a lo largo de la traza de la
falla Contreras (Figura 3), se identific el conjunto de fracturas
de Riedel (Riedel, 1929), las fracturas NNW-SSE son exten-
sionales (T en el modelo de Riedel), mientras que las fracturas
NE-SW y ESE-WNW son de cizalla. Las fracturas NE-SW son
paralelas a la falla Contreras y representan a las fracturas tipo
X, mientras que las fracturas ESE-WNW estarfan asociadas
con las discontinuidades tipo P. Dentro de la zona de dafio
de la falla Contreras se midi6 el espaciamiento y la apertura
(espesor en el caso de las fracturas de cizalla) de las fracturas
extensionales (T) y de cizalla (X) en dos lineas de muestreo.
Con estos datos se analiz6 la relacion frecuencia-tamaio, la
distribucién de las fracturas a escala mesoscopica y se determi-
no su arreglo. Los graficos de frecuencia acumulada contra el
tamafio muestran que la variacién del tamafio (espesor) de las
fracturas de cizalla se ajusta mejor a una funcién logaritmica



Figura 6. Grificos de frecuencia acumulada contra la longitud para las tres familias de lineamientos (a, b, ¢) y todas en su conjunto (d). En
cada grafico se ajustan tres funciones: logaritmica, exponencial y de potencia. En el caso de la funcién de potencia, ésta se ajustd tomando

Alberto Vasquez Serrano et al. | 2451

n o 000G Lineamientos NE-SW m 10000 - £ ineamientos E-W
£ ©
k-] -
3 1000) B 1000 y =.787.01145"
E y = 1087.3% ' F - R? = 0.9658
3 3 100
Q
< 100 <
5 8 10
e (7]
[ 10 dca
3 = -
] y =-165.4In(x) + 378.95 ° 2 1Y s y =-133.2In(x) + 306.25 \ o
oy R2=0.9512 e o R?=0.9439 v
o w
y = 481.2060-32X ve 017 === y= 4502360354 \
R2=0.9918 \ R =0.971
0.1 A 0.01
0.1 1 10 100 0.1 1 10 100
Longitud (km) Longitud (km)
© 1000 Lineamientos NNW-SSE © 10000t Todos los lineamientos de la SC
o — 4003 556 L
k: - y = 420X 5 1000 y = 2539 5%47°
g 100 R2=0.9773 2 R2=0.9794
100+
Q
< <2
S 10 S 101
g g
S - y =-98.31In(x) + 200.61 a 3 A e y =-450.8In(x) + 1018.2 +%
2 4 R? = 0.9411 ‘e @ R2=0.9477 v
e ———y= 307.47é0'432X ) w 01f ==-y= 1440_%-0.361x %
R? = 0.9805 R2 = 0.9864
0.1 0.01 ; . ,
0.1 1 10 100 0.1 1 10 100

Longitud (km)

Longitud (km)

en cuenta solo la parte central de los datos como se sugiere en Barton y LaPointe (1995).

a|
%5% limite dde Confid.
100097 NW ; : SE —— Datos entrada
_ Lineamientos NE-SW e Patrén aleatorio
£ = q
= . . [3) ~--.—._ Plataforma
=t 10.0 .. - LI :. oy ° e @ —\ A —
2 . e P %ed o oo o o . 8
E’ e o0 @ . o o . P’ [0 [ S NSSIS SN S, A N Cuenga=—-w i
3 1 ‘ . * . - - Ancho | o
-0.1 del
10 € ~al
Gi
0.14 rupo L7
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 101
Distancia (km) Longitud de escala (km)
b g
N 3 ——95% limite de Confid.
100/ Lineamientos E-W s — patos.entrada,
= o Plataforma —— Patrén aleatorio
= 10 | —_
= . . = ~—— .
] ° ° (8] -
S 10. - & ° o o . oo © (7] 100 s T )
5 ° % ° . °3 = B R < —_—
) S
o® o LY . .o o Ar:;}lm -
L] —
.o 10°! Grupo™)
1.04 \4
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 16 01
Distancia (km) Longitud de escala (km)
n 16016: E W ——95% limite de Confid.
e Lineamientos NNW-SSE 1) Trpalosenttadd
g L Plataforma-
B o
5 100 . Lt 3 .0 o Cuenca
< ° . »n 10" bl - -
o ° . . 5 = DRI v
- [ »® b d .
e o < . o . Ancho
L] L] L] ° ° L] L] ° - del \‘
L]
1.0+ Grupo'y
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 18) 1‘01

Distancia (km)

Longitud de escala (km)

Figura 7. Graficos de distribucion espacial y diagramas de Suma de Correlacién Normalizada (SNC) para los lineamientos NE-SW (a),
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cuando se consideran todos los datos (Figura 8). No obstante,
al eliminar el sesgo, la funcién que mejor describe la variacion
del tamafio es una ley de potencia, con un exponente n de -0.77
(Figura 8a). En el caso de las fracturas extensionales, los datos
definen claramente dos pendientes en el grafico frecuencia
acumulada contra la apertura (Figura 9b), ambas ajustadas a
una ley de potencia. Para las fracturas de mayor apertura (entre
0.3 y 0.8 cm), el exponente n tiene un valor de -2.37, mientras
que para las fracturas de menor apertura (entre 0.008 y 0.2) el
exponente n es de -0.37 (Figura 8b).

La distribucioén de las fracturas de cizalla define ciertos gru-
pos, los cuales incluyen a fracturas de diferente espesor (apertura)
en un rango que va desde 0.01 a 4 cm (Figura 8c). Las fracturas
extensionales también tienden a agruparse, aunque es notable
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la formacion de dos patrones: uno asociado con un rango menor
en la apertura (0.1 a 0.8 cm) y otro relacionado con un rango
mas amplio (0.008-0.8 cm) (Figura 8d). Utilizando el método de
SCN (Marrett et al., 2018), es posible apreciar que las fracturas
extensionales y de cizalla presentan arreglos distintos (Figuras 8e
y f). En las fracturas de cizalla, el arreglo corresponde a grupos
fractales (véase Figura 12f en Marrett et al., 2018), en donde el
ancho de los grupos es de 2 m. En las fracturas extensionales,
en cambio, se observa un arreglo combinado: a escalas peque-
flas (<60 cm) el patrén de individuos agrupados define mejor
su arreglo, mientras que a escalas mayores (entre 60 cm 'y 2 m)
predominan grupos fractales (Figura 8f). El ancho de los grupos
en escalas pequefias es de 55 cm, mientras que en escalas grandes
es de 2 m (Figuras 8e y f).
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Figura 8. Grificos de frecuencia acumulada contra el espesor y la apertura para fracturas de cizalla (a) y extensionales (b) dentro de la
zona de dafio de la falla Contreras. c, d) Distribucién de fracturas a lo largo de las lineas de muestreo analizadas a escala mesoscépica. e, f)
Diagramas de Suma de Correlacién Normalizada (SNC) para las fracturas de cizalla y extensionales. Notese que en el caso de las fracturas
de cizalla se tiene un arreglo agrupado asociado con una distribucion fractal, mientras que para las fracturas extensionales se forman dos
arreglos, uno asociado con individuos agrupados (plataforma) y otro con una distribucion fractal.



4.4. Analisis cinematico de la zona de cizalla Contreras

A lo largo de la zona de cizalla Contreras se midi6 la orien-
tacion, el vector de desplazamiento y el tipo de movimiento de
varios planos de fallas mesoscopicas, con orientaciones NE-SW,
NNW-SSE y E-W. Estos datos fueron analizados mediante el
método de Bingham, utilizando el programa Faultkin (Allmen-
dinger, 2025), con el objetivo de determinar la orientacién de
las extensiones principales (g, €,, y €;). Se obtuvieron valores
(rumbo/echado) de 342.2/19, 074/7.2, y 184.5/69.5 para €, €,,
y €3, respectivamente. Estas orientaciones se asocian con una
extension NNW-SSW ligada con la zona de cizalla Contreras
en el sector centro-sur de la Sierra de las Cruces. Asimismo, la
pelota de playa obtenida a partir de los datos sugiere un meca-
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nismo de falla de tipo normal con una ligera componente lateral
izquierda, mientras que el diagrama de polos de los planos de
fallas no describe sistemas conjugados (Figura 9a).

Por otro lado, con datos de orientaciéon medidos en fracturas
Riedel identificadas a lo largo de la falla Contreras (Figuras 3
y 9b), se determind la forma del elipsoide de esfuerzos y la
orientacion de los esfuerzos principales, siguiendo la metodolo-
gia de Angelier (1989) y utilizando el programa WinTensor. El
proceso de inversion de datos se realizé mediante el método del
Right Dihedron, obteniéndose una orientacién (rumbo/echado)
de 169/52, 264/04 y 357/38 para 6,, 6,, y O3, respectivamente,
mientras que R (relacién de aspecto del elipsoide de esfuerzo)
tuvo un valor de 0.41 (Figura 9b). Asimismo, el eje principal
de acortamiento maximo presenta una orientacion NW-SE en la

H Fallas mesoscopicas dentro de la zona de cizalla Contreras m

n=39

Andlisis por el método de Bingham

Eje Eigenvalor Rumbo Echado

1. 0.1859 342.2, 19.0
2. 0.0793 074.7, 07.2
3. 0.2652 184.5, 69.5

Fracturas Riedel
zona de falla Contreras

R. Dihedron

©o1: 169/52
\02: 264/04

[Olo3: 357/38
R: 0.41 CD:21.2

[ 35
N &

Figura 9. a) Proyeccion estereografica de fallas mesoscopicas medidas dentro de la region centro-sur de la Sierra de las Cruces. Asi como,
diagrama de polos (para mostrar que no siguen un patrén romboédrico), pelota de playa (mecanismo promedio de falla) y direcciones de
extension (usado el método de Bingham) para las fallas analizadas. b) Direccién de los esfuerzos principales (o, 65, y 03), proyeccion es-
tereografica y diagrama de rosa de facturas T y X, y P encontradas en la zona de dafio de la falla Contreras. La direccién de los esfuerzos
principales se obtuvo mediante el método R. Dihedron (Angelier y Mechler, 1977) en el programa WinTensor.
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parte central de la falla Contreras (Figura 9b). Esta orientacién
coincide con las relaciones angulares entre las fracturas del con-
junto Riedel, donde se observa que las fracturas extensionales
(T) forman un angulo mayor a 45° con respecto a las fracturas
X, lo que sugiere un régimen local de transpresion en una falla
oblicua con una componente lateral izquierda (Figuras 3 y 9b).

Ahora bien, si se toman en cuenta las fallas mesoscdpicas
dentro de la zona de cizalla Contreras y se aplica un proceso
de inversion con el programa WinTensor, considerando el mé-
todo de Right Dihedron, es posible observar en el grafico de
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Hoeppener que existen grupos de datos que tienen diferentes
direcciones de extension (Figura 10a). Por otro lado, la orienta-
cion de los esfuerzos principales obtenida muestra que 6, 6,, y
o, tienen valores de 175/60, 078/04 y 345/29, respectivamente,
y que el valor de R es de 0.33. Asociada con la orientacién y la
direccion de desplazamiento de las fallas mesoscopicas en la
zona de cizalla Contreras, la extension en el sector centro-sur
de la Sierra de las Cruces tiene una orientacion NW-SE, aunque
también existe una extension menos intensa en la direccion
NE-SW (Figura 10b).
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Figura 10. a, b) Grafico de Hoeppener y solucién de inversion de estrias para las fallas mesoscopicas medidas dentro de la zona de cizalla
Contreras. Notese que las direcciones de flujo de material (flechas negras en el grafico de Hoeppener) van hacia 65, y 63, lo cual sugiere condi-
ciones de deformacion tridimensional (Del Pilar-Martinez et al., 2020b). ¢) Distribucién de polos de planos obtenidos a partir de mecanismos
focales reportados en Bello-Segura et al. (2025), en donde es evidente la actividad simultanea de fallas con distinta orientacion. d) Modelos
de desarrollo de fallas segtin Cladouhos y Marrett (1996), en donde las estructuras que afectan a la Sierra de Las Cruces se forman a partir
de un modelo de desarrollo de poblaciones de fallas. La direccién de los esfuerzos principales se obtuvo mediante el método R. Dihedron

(Angelier y Mechler, 1977) en el programa WinTensor.



5. Discusion

5.1. La zona de cizalla Contreras y el sistema de fallas
NE-SW en la Sierra de las Cruces

La zona de cizalla Contreras pertenece a un grupo de fallas
con orientacién NE-SW y est4 formada por un pilar tecténico
(pilar Contreras) delimitado por dos fallas normales: falla Desierto
de los Leones y falla Contreras (Figura 3). Las fallas NE-SW
aparecen a partir del flanco sur del volcan Iturbide y se extiende
hasta el volcan Zempoala en el sur (Figura 2). En la Sierra de Las
Cruces, el grupo de fallas NE-SW tiene un ancho de 60 km y se
correlaciona con el sistema de fallas Tenochtitlan, que se extiende
desde las costas del Pacifico, en el estado de Guerrero, hasta la
region de Apan, Hidalgo (De Cserna et al., 1988; Garcia-Palomo
et al., 2000, 2002, 2018; Vasquez-Serrano et al., 2022).

Mooser (1992) y Garcia-Palomo et al. (2008) definieron a la
falla Contreras como un trazo continuo, de cinemética normal,
que corta a rocas del Plioceno-Pleistoceno del volcan San Miguel.
Segun estos autores, el plano de la falla se inclina hacia el NW,
con el bloque de techo desplazado en esa misma direccion. Sin
embargo, en este trabajo se determin6 que la falla Contreras es
una estructura segmentada que corta a las rocas del volcan San
Miguel (Figura 3) y que estos segmentos son concavos hacia el
SE a escala kilométrica, lo cual sugiere que el bloque de techo
se encuentra en el SE y no en el NW como se habia propuesto
previamente (Garcia-Palomo et al., 2008). Esta cinematica se
confirma con los datos medidos en el campo, donde ademés se
determiné que las fallas tienen una componente lateral izquierda
(Figuras 3 y 9b). Asi mismo, la geometria y cinemética normal de
la falla Contreras es congruente con lo que sugiere Jaimes-Vie-
ra et al. (2025), aunque no reportan datos estructurales que
demuestren dicha cinematica como se hace en este trabajo. En
conjunto con la falla Contreras, existe una falla NE-SW llamada
Desierto de los Leones (Figura 3). Esta falla corta rocas del flanco
NW del volcan San Miguel y representa el limite noroeste del
pilar tecténico Contreras (Figuras 2 y 3).

En la zona de piedemonte, hacia la prolongacién noreste del
pilar tecténico Contreras, existe un conjunto de fallas secundarias
con orientaciones NNE-SSW y ENE-WSW que cortan una suce-
sion de depdsitos volcdnicos y volcaniclasticos del Pleistoceno
(Figura 3). En conjunto, estas fallas conforman un arreglo de
mosaico, el cual es caracteristico de regiones donde interactian
fallas kilométricas con rumbo similar, debido a procesos de coa-
lescencia (Cladouhos y Marrett, 1996; Fossen, 2016; Ramsay,
1967). En estas regiones suelen formarse estructuras de cola de
caballo, asociadas con el desarrollo de la conexidn entre estruc-
turas mayores con cinematica lateral (Nevitt ef al., 2023; Witt
et al., 2012). La presencia del mosaico de fallas puede sugerir
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que estas estructuras pudieron formarse en alguna etapa previa
al Pleistoceno, ya que la cinematica mas reciente para las fallas
NE-SW es principalmente normal.

Dentro del cafién de Los Dinamos, al poniente de la Ciudad
de México, se expone tanto el nicleo como la zona de dafio de
la falla Contreras (Figuras 3 y 4). El nucleo esta constituido por
material pulverizado (salbanda) de tonalidades blanquecinas y
rojizas hacia el centro, y por una brecha con clastos angulosos de
lavas daciticas en los bordes. El espesor expuesto del niicleo es de
20m. Estas caracteristicas se pueden asociar con fallas con dngulos
de friccion y cohesion muy bajos, cercanos a cero, lo que las hace
susceptibles a desplazarse en condiciones de un esfuerzo diferen-
cial menor en comparacion con fallas cuyo niicleo esta conformado
por rocas mas cohesivas (Alaniz-Alvarez et al., 2000). Rodeando
al nticleo existe una zona de dafio de 1 km de espesor dominada
por fracturas de cizalla, hibridas y extensionales. Las fracturas de
cizalla tienen un arreglo agrupado en donde dominan las fracturas
con espesor pequeio (Figura 8). Las fracturas extensionales por
su parte presentan un arreglo agrupado caracterizado por dos
patrones (Figura 8): individuos agrupados a escalas menores de
50cm, probablemente generados por herencia o reactivacion, y
un patrén fractal a escalas mayores a 50cm (Figura 8f). La exis-
tencia de los dos grupos de fracturas extensionales se confirma
con la formacién de dos pendientes en el grafico de frecuencia
acumulada contra la apertura, donde se observan dos grupos de
fracturas con distinta distribucién del tamafio (Figura 8b). Estos
patrones en el arreglo y distribucién del tamafio pueden ser el
efecto de la sobreposicién de fracturas, como se ha sugerido en
Brogi (2011) y en Vasquez-Serrano et al. (2022).

Tomando en cuenta el espesor del nicleo de la falla Contre-
ras (20 m) y el espesor de la zona de dafio (1000 m), es posible
conocer el valor de Fm (Fm=espesor de la zona de dafio/espesor
total de la zona de falla), el cual caracteriza la arquitectura de la
falla y su permeabilidad a través del modelo conceptual de Caine
et al. (1996). El valor de Fm para la falla Contreras es de 0.98,
lo que sugiere un deslizamiento distribuido acomodado por
fracturas de cizalla discretas y redes de fracturas, indicando que
la falla actiia como conducto distribuido (Caine et al., 1996).

Otro aspecto importante observado en este trabajo es la re-
lacién angular que existe entre las fracturas dentro de la zona de
dafio de la falla Contreras (Figuras 3 y 9b). Segtin el modelo de
Riedel, la relacién angular entre las fracturas X y T (mayor a 45
grados) indica que la zona de falla en el area de Los Dinamos se
encuentra bajo un régimen de transpresion (Fossen y Cavalcante,
2017). Este régimen es posible gracias a la componente lateral
que tiene la falla Contreras. En fallas con cinemética oblicua es
comin que se presenten sitios de transpresion y transtension a
lo largo de su traza (Fossen, 2016; Fossen y Cavalcante, 2017;
Ramsay, 1967).
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5.2. Deformacion en el sector centro-sur de la Sierra de
las Cruces

De las tres familias de fallas descritas en la Sierra de las
Cruces, solo las fallas E-W son compatibles con la direccion
de extension NNE-SSW propuesta para el Cinturén Volcanico
Transmexicano (Alaniz—Alvarez et al., 2002; Garcia-Palomo et
al., 2008; Vasquez-Serrano et al., 2022). La actividad de las otras
dos familias de fallas no puede explicarse mediante un modelo
de neoformacién bajo las condiciones de extension actuales. En
el sector centro-sur de la Sierra de las Cruces, estas tres familias
de fallas se intersectan y afectan rocas que tienen un rango de
edad de entre 2.29 y 0.39 Ma (Figura 2), lo que sugiere que su
actividad inici6 en el Pleistoceno tardio. Ademas, la actividad
sismica registrada dentro de la Sierra de las Cruces indica que
estas fallas han continuado su actividad hasta la actualidad
(Aguilar-Velazquez et al., 2025; Bello-Segura et al., 2025;
Quintanar et al., 2024).
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(Malinalco)

Garcia-Palomo et al., 2000

Un aspecto relevante de las tres familias de fallas es el
registro de su actividad durante el Mioceno. En la cuenca de
Meéxico y sus alrededores, particularmente en las regiones de
Malinalco, Sierra de Guadalupe y Tizayuca-Chignahuapan, se
ha documentado que estas fallas estuvieron activas durante el
Mioceno medio-tardio con una cinemaética lateral (Figura 11.
Garcia-Palomo et al., 2000, 2018; Vasquez-Serrano et al., 2022).
La familia de fallas E-W, en la regién de Malinalco, afecta a
las rocas de la Formacién Tepoztlan y registra un movimiento
lateral derecho (Garcia-Palomo et al., 2000). En contraste, en
depositos volcanicos del Pleistoceno de la Sierra de Chichinaut-
zin, estas fallas muestran una cinematica predominantemente
normal (Campos-Enriquez et al., 2015; Lenhardt ez al., 2010).
Aunque, atin queda la duda sobre su cinematica actual, ya que
se ha reportado actividad holocénica de tipo lateral izquierda
(Norini et al., 2006), la cual es congruente con los mecanis-
mos focales de algunos sismos en la region centro-sur de la
Sierra de las Cruces y en la Sierra de Chichinautzin reportados
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Figura 11. Modelos tectonicos para el Mioceno medio-tardio y Pleistoceno-Holoceno para la region de la Sierra de Las Cruces. a) Ac-
tividad simultanea de fallas laterales NNW-SSE, E-W y NE-SW con direcciones de acortamiento NW-SE y NE-SW. Durante el Mioceno
medio-tardio, en la regién nororiente de la zona de cizalla Contreras, posiblemente se forma un area de conexion entre las fallas Desierto de
Los Leones y Contreras, lo cual produce un arreglo en mosaico de fallas secundarias. b) Actividad simultdnea de fallas normales NNW-SSE,
E-W y NE-SW durante el Pleistoceno-Holoceno con direcciones de extension NW-SE principalmente. Esta actividad se relaciona con una

deformacion tridimensional que reactiva estructuras previas.



por Campos-Enriquez et al., (2015). Por otro lado, las fallas
NNW-SSE, en la region de Malinalco y Sierra de Guadalupe,
han registrado actividad durante el Mioceno medio-tardio con
una cinematica lateral izquierda (Garcia-Palomo et al., 2000;
Vasquez-Serrano et al., 2022). Asimismo, en la regién de Ma-
linalco se ha observado una cinematica normal para estas fallas
en rocas volcanicas del Plioceno-Pleistoceno (Garcia-Palomo et
al., 2000). Esta tltima cinematica coincide con lo registrado en
la region centro-sur de la Sierra de las Cruces, donde las fallas
NNW-SSE son normales y forman fosas tecténicas, como en
la zona de cizalla Ayotuxco (Figura 2). Esto es congruente con
algunos mecanismos focales de sismos ocurridos en el flanco
oriental de la Sierra de las Cruces, que sugieren igualmente
una cinematica normal para estas fallas (Figura 12; Quintanar
et al., 2024). No obstante, en el centro de la cuenca de México,
se han reportado mecanismos focales que se relacionan con
fallas NNW-SSE que tienen movimiento principalmente lateral
(Bello-Segura et al., 2025), lo que deja abierta la interrogante
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sobre cual es su cinematica de las fallas NNW-SSE en el centro
de la Sierra de las Cruces.

En cuanto a las fallas NE-SW, se ha registrado actividad de
tipo lateral derecho en la Sierra de Guadalupe, y las regiones
de Tizayuca-Chignahuapan y Malinalco (Garcia-Palomo et
al., 2000, 2002, 2018; Vasquez-Serrano et al., 2022). Este
movimiento se observa en rocas del Mioceno de la formacion
Tepoztlan en la regiéon de Malinalco, y en lavas andesiticas y
daciticas de la Sierra de Guadalupe (Arce et al., 2019, 2020;
Garcia-Palomo et al., 2000; Vasquez-Serrano et al., 2022).
Por otro lado, en la zona de cizalla Contreras y en otras fallas
NE-SW de la Sierra de las Cruces, se observa una cinematica
principalmente normal (Figuras 2, 3 y 11), la cual se restringe
al Pleistoceno-Holoceno. Este movimiento es congruente con
algunos mecanismos focales de sismos ocurridos en la region
del piedemonte oriental de la Sierra de las Cruces (Figura 12.
Bello-Segura et al., 2025). Asimismo, la ubicacién de los domos
Cerro del Judio y Las Palmas a lo largo de la falla Contreras, asi
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la solucién de dichos mecanismos se encuentran en las tablas 1,2y 3.
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Tabla 1. Catalogo de sismos utilizados para mostrar los mecanismos focales del mapa de la figura 12 (tomados de Bello-Segura

et al., 2025).
Evento Fecha Hora (UTC) Latitud Longitud  Profundidad Mw l\vi‘;g:ilga‘:f
5 01/12/2014  08:50:06 a. m. 19.363 -99.227 0.8 26 GM
14 17/07/2019  03:53:00 a. m 19.409 -99.209 0.8 32 SC
16 06/07/2020  02:45:21 p. m 19.374 -99.202 1 26 SC
20 11/05/2023  04:20:19 a. m. 19.364 -99.197 0.8 3.1 e
2 12/12/2023  05:07:53 p. m 19.363 99.2 3 3 sC
23 14/12/2023  08:13:14 p. m 19.363 992 0.3 32 SC
24 14/02/2024  12:42:13 p. m. 19.374 99.201 1.4 3.1 sC

Modelos de velocidad: GM-Modelo Genérico (modificado de Havskov y Singh, 1978); SC-Modelo Sierra de Las Cruces (Singh et al., 2020).

Tabla 2. Informacién sobre mecanismos focales usados en figura 12 (informacién tomada de Bello-Segura et al., 2025)

Evento Plano 1 Plano 2 P T
Rumbo/echado/cabeceo Rumbo/echado/cabeceo Dir. Inc. /inc. Dir. Inc./Inc

5 099/68/131 234/68/69 340/20 111/61
14 228/80/-97 82/12/-57 129/54 324/35
16 235/82/-112 127/23/-20 122/48 344/33
20 270/76/-75 042/20/-136 199/56 348/29
22 063/08/-83 236/82/-91 145/53 327/37
23 259/89/-86 004/03/-165 173/46 345/44
24 221/83/-109 111/20/-21 111/49 327/35

Tabla 3. Mecanismos focales calculados por Aguilar-Velazquez et al. (2025) para las fallas Barranca del Muerto (FBM) y falla

Mixcoac (FM). (Ver figura 11)

Falla Plano Pm?ll;::)l dad Ancho (km) Largo (km) Latitud Longitud
Rumbo/echado/
cabeceo
FBM 256.3/64.8/-105 1.18 2.6 2.6 19.369 -99.189
FM 265.1/59.2/-90.3 0.57 1.6 1.6 19.374 -99.192

como la orientacion de la sierra de Santa Catarina demuestra
el control estructural que tienen las fallas NE-SW en la loca-
lizacién y distribucién de las estructuras volcanicas durante el
Pleistoceno (Figuras 1y 3).

En general, las fallas NNW-SSE, E-W y NE-SW han regis-
trado dos periodos de actividad con distinta cinematica desde el
Mioceno (Figura 11). Durante el Mioceno medio-tardio, estas fa-
Ilas mostraron un movimiento principalmente lateral (Figura 11a),
asociado a un régimen de acortamiento de la corteza probable-
mente relacionado con la dindmica de la subduccién en el sector
oriental del Cinturén Volcéanico Transmexicano (Vasquez-Serrano
etal.,2022,2025). Posteriormente, a partir del Plioceno-Pleisto-

ceno, las condiciones tecténicas cambiaron y se reactivaron las
fallas NNW-SSW, NE-SW y E-W, pero ahora con una cinema-
tica de tipo normal (Figura 11b). El movimiento simultaneo de
fallas con distinta orientacidon y direcciones de extension puede
explicarse mediante un modelo de deformacidn tridimensional
(Reches, 1978; Reches, 1983; Reches y Dieterich, 1983), con la
reactivacion de estructuras previas, como se ha propuesto para
la Mesa Central en el centro de México (Del Pilar-Martinez et
al., 2020a, 2020b; Nieto-Samaniego y Alaniz-Alvarez, 1995,
1997). En este contexto, el esfuerzo necesario para reactivar una
falla previa suele ser mucho menor que para generar una nueva
(Alaniz—Alvarez et al., 1998, 2002). En casos donde existe una



deformacidn tridimensional con la reactivacion de estructuras
previas, es posible observar una distribucién de polos de planos
de fallas que no es romboédrica (Marrett y Allmendinger, 1990;
Nieto-Samaniego y Alaniz-Alvarez, 1997), como se aprecia en
el diagrama de polos de planos de fallas mesoscopicas medidas
en la zona de cizalla Contreras (Figura 9a). En el diagrama de
Hoeppener (Figura 10a) las flechas indican un flujo de material
hacia las direcciones de 6, y 63, lo cual soporta la idea de una
deformacion tridimensional (Del Pilar-Martinez et al., 2020b).
Asimismo, la distribucién de polos de planos de los mecanismos
focales para la cuenca de México reportados por Bello-Segura
et al. (2025), también sugiere actividad simultanea de fallas con
distinto rumbo bajo condiciones de deformacion tridimensional
(Figura 10c; Reches, 1983).

Con base en los datos estructurales obtenidos en este tra-
bajo, el eje de extension mayor tiene una direccion NNW-SSE
en la region centro-sur de la Sierra de las Cruces (Figuras
11b). Esta misma direccién de extension, se ha reportado para
la Sierra de Guadalupe, y las regiones de Tizayuca-Chigna-
huapan y Malinalco para el Plioceno-Pleistoceno (Figura 11;
Garcia-Palomo et al., 2000; 2002; 2018; Vasquez-Serrano et al.,
2022). Asimismo, las direcciones de extension obtenidas por
Bello-Segura et al., (2025) para algunas zonas de la cuenca de
Meéxico (direcciones N-S, y NNW-SSE) son similares con las
obtenidas en este trabajo.

Un aspecto interesante que ha sido poco explorado en regiones
con actividad simultanea de fallas con distinta orientacidn es la
cantidad de deformacién que acomoda cada familia de fallas. En
el caso de la Sierra de las Cruces, las tres familias de fallas reco-
nocidas (NNW-SSE, E-W y NE-SW) probablemente acomodan
distinta cantidad de deformacion. Una primera aproximacion para
explorar como se distribuye la deformacion consiste en evaluar
la relacion frecuencia-tamaiio de las estructuras y su intensidad
(Cladouhos y Marrett, 1996; Nieto-Samaniego et al., 2005;
Vasquez-Serrano et al., 2018). Si se toma en cuenta el mapa
de lineamientos de la figura 5, se puede calcular la intensidad
de fracturas o discontinuidades para cada familia de fallas. La
intensidad de fracturas (P21) se define como la longitud total de
las trazas de fractura por unidad de area (Nieto-Samaniego et al.,
2005), y en este trabajo se obtuvo con la suma de las longitudes
de los lineamientos entre el drea que delinea la Sierra de las
Cruces con base al mapa geolégico de Arce et al. (2019) (apro-
ximadamente 2 millones de metros cuadrados). La intensidad
de fracturas puede ser considerada como una aproximacion de
la cantidad de deformacidn fragil que acomodan las rocas (Vas-
quez-Serrano et al., 2018). Asimismo, la longitud tiene una rela-
cién de potencia con el desplazamiento que acomodan las fallas,
lo cual refleja la cantidad de deformacién (Cladouhos y Marrett,
1996). Las fallas NNW-SSE, E-W y NE-SW presentan valores de
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intensidad de 0.33, 0.57 y 0.78, respectivamente. Estos valores
sugieren que las fallas NE-SW acomodan la mayor deformacion,
mientras que las fallas NNW-SSE registran la menor deforma-
cioén (Figura 10d). Esta distribucién de la deformacién apoya
la idea de Alaniz-Alvarez et al. (1998), quienes sugieren que
las fallas NNW-SSE acomodan la menor tasa de extension en
comparacién con las otras familias de fallas (NE-SW y E-W).
Otro aspecto interesante es la poca variacion del exponente n
(exponente de frecuencia acumulada) en funcién de la intensidad
de fracturas. Dicho patrén desafia al modelo de desarrollo de
fallas por crecimiento y coalescencia propuesto por Cladouhos y
Marrett (1996) (Figura 10d). Este modelo plantea que las fallas
se originan a partir de la formacion, crecimiento y unién, lo que
resulta en una disminucién gradual del valor del exponente n a
medida que las fallas alcanzan mayores longitudes. Los valores
de n mas bajos son indicativos de fallas que acomodan mayor
deformacién (Cladouhos y Marrett, 1996). Sin embargo, la poca
variacion de n observada para los tres sistemas de fallas podria
explicarse mediante el modelo de desarrollo de poblaciones de
fallas (Cladouhos y Marrett, 1996), que sugiere que las fallas no
nacen ni mueren. Este modelo es congruente con la reactivacion
de estructuras previas, como es el caso de la Sierra de las Cru-
ces. La hipdtesis sobre el desarrollo de las fallas y la cantidad
de deformacidn asociada a cada familia de fallas en la Sierra de
las Cruces atin requiere ser probada con mas datos estructurales,
como tasas de extension, numero de fracturas a escala mesos-
copica y los desplazamientos (horizontal y vertical). Por ello,
resulta necesario un estudio detallado de las fallas NNW-SSE y
E-W, asi como de una recopilacion mayor de datos estructurales
a diferentes escalas dentro de la Sierra de las Cruces y en otras
regiones de la cuenca de México.

5.3. Implicaciones sismotectdnicas del sector oriental de
la Sierra de las Cruces

El conocimiento detallado de la geometria (largo y ancho),
cinematica, e historia de deformacion de las fallas, asi como el
tipo de roca en su nicleo y medio circundante, es fundamental
para conocer el potencial sismico de una falla dentro de una
region tectonicamente activa (Ovsyuchenko et al., 2009).
Estas variables suelen usarse en la generacion de modelos de
velocidad de ondas sismicas, y la estumacién del tamafo de
los sismos que pueden ocurrir en una falla (Lee et al., 2016;
McCalpin y Nelson, 1996; Singh et al., 2020). Nuestro trabajo
contribuye con informacién importante sobre las caracteris-
ticas estructurales de la zona de cizalla Contreras, la cual
registra una actividad principalmente de tipo normal durante
el Pleistoceno-Holoceno. Tomando como referencia la base de
datos del Servicio Sismolégico Nacional (SSN) para sismos
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corticales (de menos de 1 a 15 km de profundidad) registrados
desde el 1 de enero de 1900, hasta el 22 de febrero del 2026,
es posible observar que la region centro-sur de la Sierra de las
Cruces ha registrado actividad sismica en los tltimos 100 afios
(Material Suplementario 1y Figura 12). Particularmente, a
lo largo de la zona de cizalla Contreras, tanto en sus limites
(fallas Desierto de Los Leones y Contreras), como a su interior
existe actividad sismica, sobre todo en su sector nororiental,
en la zona de piedemonte (zona de Lomas) de la Sierra de
las Cruces (Figura 12). Algunos de los mecanismos focales
publicados por Bello-Segura et al. (2025) son congruentes
con la cinematica de las fallas observadas en este trabajo, los
cuales sugieren un movimiento de tipo normal y con un rumbo
NE-SW (Tabla 1 y 2. Figura 12).

En la regién de piedemonte y su transicion hacia la zona
lacustre existe un grupo de fallas secundarias con un arreglo
de mosaico que conecta a las fallas kilométricas Desierto de
Los Leones y Contreras (Figuras 3 y 12). Hipotetizamos que
posiblemente sean producto de la reactivacion de estructuras
de conexidn entre dos fallas laterales previas, activas durante el
Mioceno medio-tardio como lo sugiere la cinematica reportada
en rocas miocénicas (Figura 11; Garcia-Palomo et al., 2000; Vas-
quez Serrano et al., 2022). Patrones de fallas secundarias como
la observada dentro de la zona de cizalla Contreras es comin en
sistemas de fallas laterales (Fossen, 2016) como es el caso de
la Provincia de Fallas Laterales de Chiapas (Vasquez-Serrano
et al., 2024; Witt et al., 2012), o la zona de cizalla de la Falla
de San Andrés (Nevitt et al., 2023). Dentro de este arreglo de
mosaico de fallas han ocurrido los llamados microsismos, los
cuales se han relacionado con estructuras que tienen una cine-
matica principalmente normal (Figura 12. Aguilar-Velazquez
et al., 2025; Bello-Segura et al., 2025; Quintanar et al., 2024).
Dos de estas estructuras secundarias (fallas de menor tamafio),
dentro de la zona de cizalla Contreras, han sido caracterizadas
por Aguilar-Velazquez et al. (2025), quienes las nombran como:
falla Barranca del Muerto y falla Mixcoac (Tabla 3 y Figura
12). Estas fallas presentan un movimiento normal, congruente
con fracturas mesoscépicas dentro de la zona de piedemonte
observadas en este trabajo (Figura 3).

La profundidad (0.8 a 3 km) a la cual ocurren algunos mi-
crosismos (Material suplementario 1) es la misma a la que se
encuentran los depésitos del Mioceno en la zona de piedemonte
(Arce et al., 2019), lo cual apoyaria la hipétesis de que el lu-
gar en donde ocurre sismicidad corresponde a profundidades
donde existen rocas previamente fracturadas (Garcia-Palomo
et al., 2000; Vasquez Serrano et al., 2022). Estudios realizados
en nucleos recuperados de pozos profundos en el centro de la
cuenca de México (ej. pozo Agricola Oriental; Figura 1), han
reportado zonas de falla con una orientacion NE-SW y cinematica

normal a profundidades de ~1.5 km, cortando rocas del Mioce-
no (Vésquez-Serrano et al., 2019). Los nticleos recuperados de
otros pozos dentro de la cuenca de México, pueden ser la clave
para entender las condiciones bajo las cuales ocurren los mi-
crosismos, debido a que son una muestra directa de las rocas en
donde ocurren estos movimientos. Asi mismo, se puede obtener
informacion valiosa en vetas de calcita y cuarzo sobre variaciones
en la saturacién de fluido en las zonas de falla, con lo cual se
puede corroborar la hipétesis sugerida por Aguilar-Velazquez
et al. (2025) para la variacién mecénica en el poniente de la
ciudad de México. Es importante que en el futuro se realicen
estudios detallados de las estructuras en rocas del Mioceno o més
antiguas en los alrededores de la Ciudad de México y en pozos
profundos, con el fin de conocer sus propiedades mecanicas y
estructurales, ya que son un analogo de las rocas donde ocurren
los llamados microsismos.

6. Conclusiones

La zona de cizalla Contreras al poniente de la Ciudad de
Meéxico, representa una estructura que ha tenido actividad entre
el Pleistoceno-Holoceno. La zona de cizalla presenta una es-
tructura compleja, formada por dos fallas normales principales
con orientaciéon NE-SW (fallas Contreras y Desierto de Los
Leones), las cuales representan los limites de un pilar tecténico
que corta a rocas del volcan San Miguel. En la porcién NE de la
zona de cizalla existe un conjunto de fracturas, principalmente
de cizalla, que forman un arreglo de mosaico. Estas fracturas
tienen orientaciones NE-SW y ENE-WSW. Asimismo, dentro de
la region centro-sur de la Sierra de las Cruces coexisten otras dos
familias de fallas normales con orientaciones NNW-SSE y E-W,
activas durante el Pleistoceno-Holoceno. El registro de actividad
con cinemadtica lateral para las fallas NE-SW, NNW-SSE y E-W
en el Mioceno medio-tardio reportada en trabajos previos, asi
como la actividad simultanea de estas familias de fallas durante
el Plioceno-Holoceno, sugiere que la region centro-sur de la Sie-
rra de las Cruces estd afectada por deformacion tridimensional,
la cual reactiva a estructuras previas que probablemente son
las responsables de los microsismos que han ocurrido en afios
recientes al poniente de la ciudad de México.
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A preliminary approach on subway metro stations and their gravity signature

Spyridon Dilalos»#*® and John D. Alexopoulos™?

Abstract

A specialized urban gravity survey was conducted using field measurements to determine the gravita-  Key words: urban geophysics,
tional effects of human-made subsurface structures and, more specifically, subway stations. Large-scale ~ underground metro station,
underground infrastructure is common in urban environments and disturbs the gravity field. During such ~ gravity measurements, Athens
gravity surveys, data corrections for these types of disturbances should be calculated and applied to ~ basin, gravity corrections.
ensure accurate results. This study involves acquiring a set of time-lapse gravity measurements, at the

location of a subway station, both before and after its construction. The gravity variation results from

the removal of the subsurface geological material and its partial replacement with structural materials,

as well as the void remaining and the covering of the station with loose materials. Beyond verifying the

gravity anomaly caused by the metro station, the importance of the distance from the gravity station was

also verified based on the field measurements, as expected. Based on the correlation between gravity

variations and distance, the gravitational effect becomes negligible at approximately 95-100 meters.

However, this finding requires validation through a larger dataset.

Resumen

Se llevé a cabo un estudio especial de gravedad urbana con el fin de determinar el efecto gravitacional — Palabras clave: geofisica
de las estructuras subterraneas artificiales y, mas concretamente, de las estaciones de metro, utilizando  urbana, estacion de metro
mediciones de campo. Las infraestructuras subterraneas a gran escala son habituales en las ciudades  subterrdnea, mediciones de
y perturban el campo gravitatorio. Durante un estudio de gravedad urbana, se deben calcular y aplicar ~ gravedad, cuenca de Atenas,
correcciones de datos para este tipo de perturbaciones a fin de garantizar resultados precisos. Esto implica ~ correcciones de gravedad.
adquirir un conjunto de mediciones de gravedad a intervalos regulares, en la ubicacién de una estacion

de metro, antes y después de su construccion. La variacion de la gravedad se debe a la remocion del

material geoldgico subterrdneo y su sustitucién parcial por materiales estructurales, asi como al vacio

restante y la cubierta de la estacion con materiales ligeros. Ademas de verificar la anomalia gravitacional

causada por la estacion de metro, también se ha verificado, como era de esperar, la importancia de la

distancia desde la estacion gravitatoria, basandose en las mediciones de campo. A partir de la correlacion

entre las variaciones gravitatorias y la distancia desde la estacion de metro, el efecto de la gravedad se

desvanece a distancias de entre 95 y 100 metros aproximadamente, pero es necesario validarlo con un

conjunto de datos més amplio.
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1. Introduction

Athens is the capital city of Greece, with a population of
3.8 million people. The city’s public transport system includes
the metro network, which began operating in 2000, prior
to the return of the Olympic Games to their country of origin.
The subway system is fundamentally composed of two lines, the
Red and the Blue, which are continuously being extended with
the addition of new stations. More specifically, the Blue line
has undergone significant expansion towards the Piraeus area
in recent years, with the addition of six new subway stations,
in the areas of Agia Varvara, Nikaia, Maniatika, Korydallos,
Dimotiko Theatro (downtown Piraeus) and the Port of Piraeus
(Figure 1) (Marinos et al., 2009; Schina & Charalampidou, 2014;
Vogiatzis et al., 2018).

The authors have previously carried out extensive gravity
mapping of the Athens region (Dilalos, 2018; Dilalos &
Alexopoulos, 2017; 2019a; 2019b; 2020; Dilalos et al., 2018;
2019a; 2019b) in an effort to delineate the subsurface structure
of such a highly urbanized area, given that other geophysical
methods are often difficult to apply. In the context of this
research, the authors calculated building corrections for each
gravity station, in order to remove the building effect of the
infrastructure. To further minimize such interference, gravity
stations were primarily located in ‘open’ areas. During the
acquisition period of these gravity measurements, between 2013-
2015, the preparations for the construction of new subway stations
as part of the so-called “Piraeus extension” of the Blue line, had
already begun (Marinos et al., 2009; Schina & Charalampidou,
2014; Vogiatzis et al., 2018).

It is well known that removing subsurface material affects
the gravity measurement of a nearby gravity station. In general,
gravity and microgravity measurements have been applied in
several urban areas primarily for detecting subsurface cavities
(Bolafio et al., 2005; Chromc¢ak et al., 2016; Jacob et al., 2020;
Piroddi et al., 2021; Pueyo-Anchuela et al., 2010; Thierry et al.,
2005; Tuckwell et al., 2008). Taking this into account, along with
the construction of the new subway stations, the authors examine,
through field measurements, how a metro station disturbs the
local gravity field, in other words, the impact a subway station
has on nearby gravity measurements.

It should be noted that the construction of a metro station not
only involves the removal of underground geological material
but also replaces part of the excavated area with construction
materials, mainly concrete and steel, to support the structure.
The rest of the excavated area is left vacant to accommodate train
and passenger movement. Most of the stations were constructed
using the cut-and-cover method (apart from Maniatika). Part of

the excavation above the station’s roof was inevitably backfilled
with materials of lower density than the original geological
formations. The interstation tunnels between were constructed
using a tunnel-boring machine. The depths of these metro sta-
tions extend to 26-29 meters. The estimated affected subsurface
volume ranges from 90,000-110,000 m?.

In a few cases in the past, the gravity method has success-
fully contributed to subsurface investigations prior to or during
the construction of subway metro stations and lines (Eget(ﬁ et
al., 2014; Radogna et al., 2002; 2004; Su et al., 2021). On the
other hand, buildings and infrastructure can affect nearby gravity
measurements (Debeglia & Dupont, 2002; Dilalos, 2018; Dilalos
et al., 2018; Jacob et al., 2020; Loj & Porzucek, 2019; Nowell,
1999; Yu, 2014).

2. Geological and geotechnical setting

In Figure 1, we provide a simplified geological map of the
greater area (Dilalos, 2018; Dilalos et al., 2019a) mostly based
on the research by Papanikolaou ez al. (2002). The geological
regime across the Athens basin is quite complicated. However,
not all geotectonic units of the basin appear at the investigated
subway stations. Along the extension of the metro line, the
Alpine basement of the allochthonous unit of “Ypopelagoniki”
is overlain, in places, by the local allochthonous “Athens Unit”.

The “Ypopelagoniki” unit is comprised mainly of Paleozoic
clastic formations at its base and the overlying Triassic-Juras-
sic limestones. The “Athens Unit” is divided into two parts:
the overlying limestones and the base part, known as “Athens
Schists”. The latter formation is a geological mélange including
shales, schistic sand-gravel, breccia, meta-sandstones, phyllites,
peridotites, limestones and marls.

Most of the region is covered by the Neogene and Quater-
nary deposits of the Athens basin. These include talus cones
and scree (Pt.sc) or Pliocene terrestrial deposits (PIl) comprised
of sand and clay along with Pliocene marine deposits (Plm)
in the Piraeus peninsula, with sandstones, marls, brecciocon-
glomerates, marly limestones with sandstone intercalations
and limestones.

Data from 125 sampling boreholes executed during the pre-
paratory phase of the subway construction (Marinos e al., 2009)
revealed that Agia Varvara station is located on terrestrial marly
deposits, while Korydallos and Nikaia stations are located on
Athens Schists, covered by talus cones and scree. Furthermore,
Maniatika station has been built on ophiolites and limestones
whereas Dimotiko Theatro station was constructed in marine
marly limestones.
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Figure 1. Simplified geological map of the area along the extension of Athens metro line 3 (blue line). The purple lines delineate the inves-
tigated metro stations planforms.
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3. Gravity survey
3.1. Data acquisition

The initial gravity measurements in the areas of interest were
acquired during the summer of 2013. Repeated measurements at
the Nikaia, Agia Varvara and Korydallos stations were acquired
during the summer of 2020, whereas those of the Maniatika and
Dimotiko Theatro stations were acquired during the summer of
2023 due to their delayed completion.

All sets of measurements, both prior to and after construc-
tion, were acquired at the same location, each with multiple
readings for verification. The locations were determined via
Differential Global Positioning System (dGPS). Two individ-
ual, dual-frequency GPS antennas, were utilized, providing a
vertical precision ranging from 0.6 to maximum 2.4 cm. The
coordinates were determined using the Hellenic Geodetic Ref-
erence System (GGRS’87). To ensure consistency, all gravity
measurements were acquired by the same person, employing the
same instrument, Lacoste-Romberg G-496. Good measurement
reproducibility over the years, was verified by revisiting other
gravity stations around the subway stations, where no differences
were expected. The Dilaveri gravity base, which was used for the
necessary drift corrections and comparisons, is referenced to the
IGSN’71 datum (Morelli et al., 1974). It was established by the
authors in previous works (Dilalos, 2018; Dilalos & Alexopoulos,
2019a). Furthermore, extensive photographic documentation of
the surrounding area and buildings was conducted during each
measurement. This allowed for the identification of any potential
alterations that should be considered. Potential alterations of the
gravity field included new buildings, apart from those connected
to the subway station. Based on these data, no infrastructure
changes were observed at the closer area of the gravity station,
other than the ones directly related to the subway station.

Selecting the exact location for each gravity station proved to
be challenging, as it had to meet certain criteria. For example, the
elevation of the gravity station should not alter after the station’s
completion (e.g., due to infrastructure construction at the specific
location, such as walls or decorative platforms). Additionally,
we had to avoid future artificial voids at the location of the
measurement, such as ventilation shafts, station exits, stairs or
escalators. The location needed to be relatively quiet, situated away
from traffic or operating escalators, to avoid intense oscillations
of the instrument during measurements. Finally, the location of
the gravity station had to remain accessible for measurements,
both prior to and after the construction phase. During the initial
measurements, security fences were placed around the areas that
would be excavated. At this stage, the published ground plans of
the subway station (“Line 3 Extension Chaidari-Piraeus Stations”)

were immensely helpful. By consulting these plans, we could
identify where planned structures that should be avoided, such as
stairs, escalators, elevators, ventilation upcasts, fountains, trees
and new streets. This allowed us to identify areas of significant
altitude change due to artificial structures.

Moreover, the gravity measurement should preferably be
acquired as close as possible to the main area lacking mass,
which is practically the estimated center of the underground
station. In theory, the gravity difference will be greater the closer
we get to the main excavated underground volume that remains
empty. Unfortunately, in some stations, such as Agia Varvara,
safety-related accessibility restrictions prevented the gravity
measurement from being taken as close to the station planform.

Taking into account all these criteria and considerations, the
gravity stations were placed as illustrated in Figure 2, where the
stations planforms have also been plotted, based on the georef-
erenced official ground plans in ArcGIS Pro.

3.2. Gravity Values

We applied only the drift and tide corrections to calculate
the absolute values of each pair of gravity measurements (prior
to and after construction) using Oasis Montaj software. Given
that there were no changes in the terrain elevation of the closer
area around the gravity stations, we did not apply terrain correc-
tions or the Bouguer anomaly. As noted in the previous section,
the gravity stations were strategically positioned to ensure that
terrain corrections remain negligible. Specifically, no significant
alterations were observed within the inner 20-meter segment. On
the broader section of 50 meters, minor variations in structural
characteristics were estimated to be less than 0.01 mGal.

The drift corrections were performed by reoccupying the
Dilaveri reference base every couple of hours. The whole process
was completed within a day to minimize the effect. Tide correc-
tions are typically calculated with an error of +£0.005 mGal, while
the raw reading error for the specific instruments is no greater
than 0.01 mGal (Dilalos & Alexopoulos, 2020). Therefore, the
total estimated error is no more than 0.010-0.015 mGal. This
uncertainty in small relative to most observed differences (Table
1). However, the Agia Varvara value is below the estimated
uncertainty of the survey.

Table 1 presents the absolute gravity values of the initial
and repeat measurements of all investigated locations/stations
(prior to and after construction). The fourth column illustrates
the gravity difference between the two measurements of each
set. This reveals that the gravity field at the gravity station varied
due to the construction of the corresponding metro station. As
expected, the differences are negative, indicating a decrease in
gravity values after the completion of the underground station.



Spyridon Dilalos and John D. Alexopoulos | 2471

Meters
[ 10 20

Nikaia

Meters.
0 10 20 40|

Maniatika

ﬁ% » Dimotiko Theatro

Figure 2. The stations planforms (red lines), based on the official ground plans along with the location of the gravity stations (red dots).



2472 | Geofisica Internacional (2026) 65-4

The average density of the subsurface volume at each station
has been reduced for two reasons. Originally, the main artificial
void was created due to the extended removal of (geological)
mass during the construction excavations, which were partially
filled in with the reinforced concrete of the station. Secondly,
the constructed stations were backfilled up the original ground
surface level with materials of lower density than the pre-existing
geological formations.

4. Discussion

The reduction in gravitational attraction of the surface build-
ings is well documented (Debeglia & Dupont, 2002; Dilalos et
al., 2018; Loj & Porzucek, 2019; Yu, 2014), establishing that
gravitational attraction weakens as the distance from a building
increases. It is also known that the force of gravity decreases
with the inverse square of the distance. Based on this principle,
we examined the corresponding correlation of our observations,
derived from the gravity field measurements prior to and after
the construction of the subway stations.

The variation in gravity resulting from the construction of a
subway station is also affected by the type (and density) of the
geological formation in which it is built. Usually, most subway
stations are built in post-Alpine formations, with relatively
low densities. As previously mentioned, the Agia Varvara and
Dimotiko Theatro stations are clearly located in post-alpine
deposits, with calculated densities of 1.96 and 2.5 gr/cm? re-
spectively (Dilalos, 2018; Dilalos et al., 2019a). Korydallos and
Nikaia are built in the Athens Schists mélange, with a density
of 2.50 gr/cm?, and the Maniatika station is built in alpine for-
mations (2.67 gr/cm?). This could explain the greater reduction
in gravity values at the latter station, given the greater density
difference. We can adopt a density of 0.44 gr/cm?® for the sub-
way station structure, based on the building’s density, previously
calculated by the authors (Dilalos et al., 2018). Therefore, the
density difference per station would be 1.52 gr/cm? for Agia

Varvara, 2.06 gr/cm?® for Dimotiko Theatro, Korydallos and
Nikaia and 2.23 gr/cm?® for Maniatika station.

Several additional factors, such as the depth of the station, the
volume of subsurface excavation and the construction method,
also influence gravity variations. As already discussed in the
introduction section, there are no significant differences among
the stations regarding these parameters.

Considering the aforementioned factors, Figure 3 illustrates
the correlation between the inverse square distance (1/r?) of the
gravity measurement from the estimated center of the metro
station and the corresponding calculated gravity variation de-
tected after the station’s completion. A logarithmic trendline has
been drawn to examine the fit of the plotted data leading to the
following fitting equation:

y =-0.115In(x) - 1.089 (D

where y stands for the gravity variation/difference in mGal and
x represents the inverse square distance (1/r*) in m? at which
the gravity measurement was acquired from the center of the
underground metro station in meters.

According to the statistical analysis of the data, the fit ex-
plains 94.9% of the variance (R?=0.949). Given that only five
stations contribute to the regression, the residual degrees of
freedom are three, thereby forcing the t-critical value to 3.18.
The logarithmic relationship proposed should be handled with
caution, given the constraints of the limited dataset. Although
the fit is statistically significant (p=0.005), the limitations
imposed by the small sample size preclude the possibility of
robust generalization. Consequently, the fitted equation should
be regarded as a first-order empirical observation rather than a
validated predictive model. The 95% confidence interval (CI) for
the slope is entirely negative, ranging from —0.165 to —0.066.
Three stations fall within +0.014 mGal of the fitted line, which
is excellent relative to the RMSE of 0.040 mGal. The gravity
difference recorded at Agia Varvara (—0.001 mGal) falls with-
in the total measurement uncertainty of +0.010-0.015 mGal

Table 1. The sets of gravity values, before and after the stations’ construction, their gravity variation along with their estimated horizontal

distance from the stations’ center.

Subway station Initial absolute gravity

Repeat absolute gravity

Gravity difference Distance from station’s

value (mGal) value (mGal) (mGal) center (m)
Agia Varvara 980042.978 980042.977 -0.001 95
Nikaia 980049.672 980049.366 -0.306 28
Korydallos 980044.687 980044.569 -0.118 70
Maniatika 980050.183 980049.943 -0.240 55
Dimotiko Theatro 980047.492 980047.107 -0.384 20
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Figure 3. The correlation between the inverse square distance of the gravity measurement from the estimated center of the station with the

determined gravity variation before and after its construction.

and cannot therefore be treated as a resolved gravity anomaly.
Maniatika station is the outlier with a residual of -0.054 mGal,
a value that is noticeably below the log fitting curve (Figure 3),
probably because it is located in relatively denser geological
formations (limestones and ophiolites). The residual could also
be affected by the geometry. The error bars of Figure 3 provide
a fit-confidence uncertainty only.

Based on these data, it seems that an almost negligible gravity
difference will be detected at a distance of ninety-five meters
from a subway station. For the stations analyzed, the results
suggest that the gravity effect caused by a subway metro station
becomes small at distances close to 95-100 m. Therefore, in
similar urban settings, this distance may be used as a preliminary
first-order indication.

It must be emphasized that there is only data from five sets
of gravity measurements, one for each metro station. This does
not allow us to examine the spatial distribution of the gravity
variations close to the metro stations but only provides indica-
tions of it. The sample is small to make robust inferences and
the results should be considered preliminary.

Finally, as a first-order verification, a simplified point-mass
forward model was applied. The aforementioned representative
density contrasts and distances of each station have been used
along with a mean depth of 27 m and an approximate box volume
of 60,000 m?. The model predicts gravity differences of 0.587,
0.378, 0.105, 0.053 and 0.017 mGal at distances of 20, 28, 55,
70 and 95 m respectively. These estimates are consistent with the
observed values (Table 1) in terms of both order of magnitude

and rate of reduction, supporting the physical interpretability
of the results. Discrepancies are attributed to station-specific
geometry, geological variability, and the simplifications inherent
in a point-mass approximation.

5. Conclusions

The impact of human-made infrastructure on gravity variation
remains a relatively understudied field. The necessity of urban
geophysical studies is becoming increasingly evident from several
perspectives. Therefore, future urban gravity studies must fully
understand the effect of surface and subsurface infrastructures
on gravity data acquisition in order to remove them if necessary.
Building corrections have already been studied over the last
decade, as we have already mentioned, using either forward
modelling or the results of field surveys. In this paper, we demon-
strate the gravity effect of large-scale subsurface structures, such
as the subway stations, based on field gravity measurements.

Not only have we determined the gravity disturbance of the
metro stations but we have also confirmed once again that dis-
tance from the center of the gravity anomaly (here the subway
station) is a crucial factor. The data suggests that, for the stations
analyzed, the gravity effect becomes negligible at distances of
approximately 95-100 meters. However, this estimate requires
validation using a larger dataset. A similar approach and cor-
rection could be readily adopted to other large-scale subsurface
infrastructure, such as underground car parks. The proposed
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distance of 100 meters aligns closely with existing literature
(Dilalos, 2018; Dilalos et al., 2018; Debeglia & Dupont, 2002;
Nowell, 1999) regarding the minimization of the gravitational
attraction of buildings or basements.

Ultimately, further study is required into the spatial distribu-
tion of gravity variation resulting from such constructions. To
address this, the authors have initiated a similar investigation at
other metro stations under construction (Line 4), by acquiring
several gravity measurements around the stations. To better
understand the spatial distribution of the expected gravity dif-
ferences, time-lapse gravity measurements have been planned
on a grid covering the area of the future metro station. Once
these stations are completed, repeat gravity measurements will
be acquired to provide a more robust understanding.
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Linking Temperature, NDVI, and Methane to Assess illegal dumpsites Impacts in
Puebla, Mexico

S. A. Garcia-Cruzado®2®, Nelly L. Ramirez-Serrato?**{, Daniela Delgado Ayala®<®, S. Villarreal*4®,
Sergio D. Lépez-Martinez¢(, Selene Olea-Olea®!®, Mariana Patricia JAcome Paz29(® and Fabiola
D. Yépez RincénZh

Abstract

Assessing the environmental impact of illegal dumpsites is critical due to their harmful ecological and public health ~ Key words: Illegal dumpsites,
effects. In Puebla City, Mexico, illegal dumpsites pose a significant challenge to urban waste management. This study  environmental pollution, waste
aims to evaluate the environmental impact of illegal dumpsites, focusing on pollution and environmental degradation =~ management, remote monitoring,
through remote sensing techniques. Using tools like Google Earth and Google Maps Street View, we identified and ~ ecosystem degradation.
mapped illegal dumpsites locations based on known problem areas. The environmental assessment concentrated on

three key factors over two years (2021-2022): vegetation health, surface temperature, and methane (CH,) emissions,

with road proximity and topography added as contextual factors. Surface temperature data were derived from Land-

sat 7 imagery, while vegetation health was measured using the NDVI index from PlanetScope imagery. Methane

emissions were mapped using Sentinel-5 (TROPOMI) satellite data processed through Google Earth Engine. The

resulting maps principal component analysis (PCA) revealed three major patterns across both years: 1) High meth-

ane concentrations were found in illegal dumpsites, particularly in elevated areas. 2) There was a clear correlation

between illegal dumpsites in high-temperature areas and vegetation health decline. 3) The closer a waste site was to

roadways, the larger its size tended to be. These findings underscore the need for improved waste management practices

to reduce environmental damage and enhance sustainability in Puebla City. Combining remote sensing techniques

and multivariate analysis offers a powerful approach for monitoring and managing these environmental challenges.

Resumen

Evaluar el impacto ambiental de los tiraderos de Residuos Sélidos Municipales (RSM) no gestionados es crucial ~ Palabras clave: Tiraderos,
debido a sus efectos perjudiciales en el medio ambiente y en la salud publica. En la ciudad de Puebla, México, los ~ contaminacién ambiental, gestion
tiraderos a cielo abierto representan un desafio significativo para la gestion urbana de los residuos. Este estudio tiene  de residuos, monitoreo remoto,
como objetivo evaluar el impacto ambiental de los RSM, centrdndose en la contaminacion y la degradacién ambiental ~ degradacion del ecosistema.
mediante técnicas de percepcion remota. Utilizando herramientas como Google Earth y Google Maps Street View,

se identificaron y cartografiaron las ubicaciones de los basureros en areas probleméticas conocidas. La evaluacién

ambiental se enfocd en tres factores clave durante dos afos (2021-2022): salud de la vegetacion, temperatura superfi-

cial y emisiones de metano (CH,), y afiadi6 la proximidad a caminos y la topografia como factores contextuales. Los

datos de temperatura superficial se obtuvieron a partir de imagenes del satélite Landsat 7, mientras que el verdor de

la vegetacion se midié mediante el indice espectral NDVI de imagenes de PlanetScope. Las emisiones de metano se

cartografiaron a partir de datos del satélite Sentinel-5 (TROPOMI) procesados en Google Earth Engine. Mediante el

andlisis de componentes principales (PCA) de los mapas resultantes revel6 tres patrones principales en ambos afios:

1) Se observaron altas concentraciones de metano en los tiraderos, particularmente en areas elevadas. 2) Existié una

clara correlacion entre los tiraderos en 4reas de alta temperatura y el deterioro de la salud de la vegetacion. 3) Cuanto

mas cerca estaba un tiradero de las carreteras, mayor era su tamaio. Estos hallazgos subrayan la necesidad de mejorar

las practicas de gestion de residuos para reducir el impacto ambiental y fomentar la sostenibilidad en la ciudad de

Puebla. La combinacién de técnicas de percepcion remota y de anélisis multivariado ofrece un enfoque robusto para

monitorear y gestionar estos desafios ambientales.
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1. Introduction

Illegal dumpsites cause unprecedented damage to terrestrial
and marine ecosystems worldwide. The high demand for goods
and services from both industry and the population leads to
increased waste generation, far exceeding nature's capacity to
assimilate and degrade it (Okwaro et al., 2026). Due to the high
volume of illegal dumping sites, which include both organic and
inorganic materials, it is challenging to implement an effective
management strategy. It is estimated that a large proportion of
municipal solid waste in low-income countries is still disposed
of uncontrolled or open dumping sites, with rates exceeding
90%, compared to less than 5% in high-income countries (Kaza
et al., 2018; UNEP, 2024). This issue is compounded by the
rapid increase in illegal dumpsites, which reached 2.01 billion
tons in 2016 and is estimated to reach 170% of that level by
2050 (Kaza et al., 2018). This severely impacts environmental
conditions and public health in affected regions, making the
identification and assessment of their ecological impact a crucial
issue. During the decomposition of solid waste, various harmful
substances are released, including greenhouse gases, dioxins,
and furans (carcinogenic compounds), contributing to air, water,
and soil pollution (Chandrappa and Das, 2012). These elements
disproportionately affect vulnerable populations, especially
when actions are not taken to identify areas with uncontrolled
waste sites.

Remote sensing techniques have been widely employed to
monitor the environmental conditions surrounding illegal dump-
sites, as demonstrated by several studies that assess the broader
environmental impact of poorly managed solid waste sites. For
instance, Mahmood et al. (2022a) introduced geospatial indices
as an alternative approach to assess the environmental impact
of illegal dumpsites, focusing on satellite imagery to evaluate
waste-related issues. Silvestri and Omri (2007) developed a re-
mote sensing method to identify illegal dumpsites by analyzing
the radiometric properties of surrounding vegetation. Further-
more, Arafat and Rafizul (2023) applied remote sensing tools
to monitor the environmental degradation around the Rajbandh
landfill in Khulna City, Bangladesh.

Several studies have specifically analyzed the impact of
landfills on surrounding vegetation using satellite-based indices.
Mahmood er al. (2022b) used satellite data to assess the bio-ther-
mal effects in illegal dumpsites, focusing on their proximity to
urban areas and the resulting environmental stress on vegetation.
Similarly, Borrell et al. (2013) examined the territorial charac-
teristics of illegal dumpsites in Andalucia, Spain, to identify
the primary factors associated with environmental degradation,
including effects on local vegetation. Land surface temperature
(LST) has been another critical indicator in assessing the envi-

ronmental impact of solid waste sites. Yan et al. (2014) analyzed
multi-temporal Landsat satellite images to monitor LST at illegal
dumpsites, providing insights into how waste decomposition
affects local temperature variations.

Methane formation in open dumps and landfills primarily
results from the anaerobic decomposition of organic waste (e.g.,
food waste, vegetation, and paper) under oxygen-limited condi-
tions. In this environment, methanogenic microorganisms break
down complex organic compounds, producing biogas composed
mainly of methane (approximately 50-70%) and carbon dioxide
(Bogner et al., 2007; Kjeldsen et al., 2002). This process is
strongly controlled by environmental variables. Moisture content
plays a key role by enhancing microbial activity, facilitating nu-
trient transport, and promoting the hydrolysis of organic matter,
which in turn increases methane generation rates (Kjeldsen et
al., 2002). Temperature is another critical factor, as it regulates
microbial metabolism; methane production typically increases
under mesophilic (=20-40 °C) and thermophilic (=50-60 °C)
conditions, while extreme temperatures inhibit biodegradation
processes (Amini et al., 2013). Additionally, vegetation inter-
acts indirectly with methane dynamics, as its presence often
reflects favorable moisture and nutrient conditions. However,
when landfill gas emissions are high, they can inhibit vegeta-
tion growth (Xiaoli et al., 2011) by altering root systems and
physiological processes in the surrounding areas (Bian et al.,
2014). Together, these factors control the rate and magnitude of
methane emissions, which constitute a significant contribution
to global greenhouse gas emissions (Bogner et al., 2007). Bodah
et al. (2022) utilized Sentinel-5P TROPOMI satellite data to
study emissions of methane-related pollutants, such as NO, and
CO, from landfills. Moreover, Wang et al. (2024) reported that
methane emissions from landfills are globally underestimated,
emphasizing the critical need for accurate satellite-based mon-
itoring of these greenhouse gases.

In Mexico, a large amount of illegal dumpsites are disposed
of in uncontrolled sites (e.g. Israde-Alcantara et al., 2009; Na-
jera-Aguilar et al., 2012). Recent estimates indicate that Mexico
generates over 120,000 tons of municipal solid waste per day,
with a significant proportion still disposed of in uncontrolled
or inadequately managed sites (Secretaria de Medio Ambiente
y Recursos Naturales [SEMARNAT], 2020; 2023). However,
nearly half of these sites lack the basic infrastructure to contain
pollution (SEMARNAT, 2020). This situation arises because the
regulatory framework that sets out the criteria and standards for
the proper management of final disposal sites is not enforced,
as authorities lack the technical capacity to oversee compliance
(Bernache Pérez, 2014). This issue is evident across all cities
in the country, particularly in Puebla, where around 300 tons of
waste from illegal dumpsites are disposed of daily at uncontrolled



sites, including ravines, rivers, streets, and vacant lots (IMPLAN,
2019). This exacerbates environmental conditions in the region
and impacts public health.

The overall aim of this study is to evaluate the impact of
illegal dumpsites in Puebla, Mexico; using remote sensing and
geographic information systems (GIS), to provide spatially im-
plicit evidence that can inform remediation strategies and improve
solid waste practices. Hence, we ask the following questions:
1) What is the spatial distribution and density of uncontrolled
illegal dumpsites in the metropolitan area of Puebla? 2) How
do environmental indicators such sas vegetation health, land
surface temperature (LST), and atmospheric methane (CH,)
concentrations vary in areas where potential illegal dumpsites
are located compared to their surroundings? 3) Can multivar-
iate analysis (i.e., principal component analysis) effectively
distinguish environmental degradation patterns associated with
illegal dumpsites?

We postulate the following overall hypothesis: illegal dump-
sites in Puebla City result in measurable environmental degra-
dation, as evidenced by reduced vegetation health, increased
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land surface temperatures, and elevated methane concentrations.
Those impacts can be reliably detected, quantified, and spatially
characterized using remote sensing and GIS assessment.

The relevance of this study is to provide a methodology appli-
cable to other locations within Mexico or Latin America, as well
as enhancing understanding of the ecological consequences of
poor waste management. Also, this study supports the design of
evidence-based remediation strategies and informs local policy,
which can contribute to more sustainable urban environmental
governance.

1.1. Study area

Puebla, the capital city of the state of Puebla in central
Mexico, is situated within the Puebla-Tlaxcala Valley, bordered
by the Malinche volcano to the northeast, the Popocatépetl
and Iztaccihuatl volcanoes to the northwest, and the Sierra
del Tentzo to the south (Figure 1). Covering an area of 591
square kilometers, Puebla City has an estimated population of
over 2.6 million, representing approximately 38% of the state's

-98.20

Jfenancin
San Pablo

.del Monte

18.98

Cuautinchan

Figure 1. Location of the 502 illegal dumpsites identified in the municipality of Puebla and its metropolitan area through a visual search in

Google Earth Pro.
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total population (Instituto Nacional de Estadistica y Geografia
[INEGI], 2023). The city is intersected by various streams that
feed into the Atoyac River, which flows from the northern
part of the city to the south. The high population density and
shifting lifestyles in Puebla have made waste management
increasingly complex, leading to significant accumulation of
illegal dumpsites SW in ravines, rivers, and vacant lots. This
situation exacerbates environmental pollution and poses health
risks to the population.

2. Methodology

This study presents a structured methodology to evaluate
the environmental impact of illegal dumpsites in Puebla City.
Puebla has experienced rapid population growth, leading to high
population density and complex waste management challenges.
We organize a workflow based on three main tasks, followed by
specific steps: 1) Mapping mismanaged illegal dumpsites, and the
creation of a density map to represent their spatial distribution.
2) Selection of key environmental variables related to the impact

SDI-51&

of illegal dumpsites on the surrounding environment, such as
vegetation health, surface temperature, and methane concentra-
tion. 3) Multivariate analysis to identify spatial correlation and
patterns associated with illegal dumpsites. A rectangular region
of interest (ROI) was defined to spatially encompass the entire
Puebla metropolitan area and all identified illegal dumpsites. This
extent was used to standardize methane extraction and spatial
analysis across the study area. The following sections will outline
the methods, tools, and techniques used for the illegal dumpsite
inventory and the subsequent environmental analysis.

2.1. Inventory of solid waste sites

We conducted a systematic visual study using Google Earth
Pro (images from 2019-2022), referencing known illegal dump-
sites and their proximity to urban areas. We identified 502 illegal
dumpsites, digitized their areas, and georeferenced them to the
ITRF2008/UTM zone 14N coordinate system using QGIS. Figure
1 illustrates the spatial distribution of illegal dumpsites within
the study area, while Figure 2 presents representative examples
of their physical characteristics and appearance.

Figure 2. Representative examples of illegal dumpsites identified within the study area. (A-1) Large waste disposal site observed from
satellite imagery. (A-2) Small and dispersed illegal dumpsites mapped within an urban-peripheral area. (A-3) Delineation of dumpsite areas
used for spatial analysis. (B-1 to B-3) Ground-level photographs illustrating the physical characteristics, waste accumulation patterns, and
environmental conditions of representative illegal dumpsites in Puebla City.



2.2. Data

In addition to the registry of illegal dumpsites, various geo-
graphic data were used to assess their environmental impact. This
data includes maps of roadways and main highways, satellite
imagery from the PlanetScope (2021), Landsat 7, Global Wind
Atlas (GWA), and Sentinel 5P missions, and a digital elevation
model retrieved from Earth Explorer. Table 1 outlines the key
characteristics of these datasets, their applications in the analysis,
and their sources.

2.3. Image Pre-processing

The data pre-processing aimed to correct errors and minimize
atmospheric interference in Landsat 7 and PlanetScope images.
Radiometric calibration was applied to adjust pixel values for
sensor inaccuracies, followed by atmospheric correction to re-
move distortions caused by atmospheric conditions.

2.4. Inventory and Density Map

To map illegal dumpsites, a segmentation of the area of
interest was established to facilitate the control of the reviewed
zones. Each cell of this grid was manually examined using Goo-
gle Earth and Google Maps Street View to identify solid waste
sites. Additionally, images of known illegal dumpsites were used
as guides for visualization and identification. A total of 502 sites
were located, and their areas were calculated. Furthermore, the
proximity of these sites to roadways was notorious. Once the
sites were identified, a density map of these locations was cre-
ated using the heatmap tool in the QGIS geoprocessing toolbox.
The density map was based on the methodology of Rizzatti et
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al. (2020), which generated a distance matrix to compute the
mean and standard deviation of the distances between the sites.
This allowed the definition of the influence radius to calculate
the density of SW in the city.

2.5. Vegetation Greenness

A spectral index was calculated from PlanetScope images
to assess vegetation greenness. The Normalized Difference
Vegetation Index (NDVI), the most widely used index for veg-
etation assessment, uses spectral bands in the red and infrared
wavelengths to distinguish between healthy and stressed vege-
tation, producing values that range from -1 to 1 (Huang et al.,
2020). Values close to zero indicate the absence of vegetation,
while values near 1 indicate lush, vibrant greenery. The NDVI
is calculated using the following equation 1:

NIR — RED

NDVI = N TRTRED

Eq. 1

NIR represents the reflectance in the near-infrared band, and
RED represents the reflectance in the red band. This index pro-
vides a quantitative measure of vegetation greenness, enabling
monitoring of vegetation vitality and density over time and across
different geographic areas.

2.6. Land Surface Temperature (LST)
LST was calculated using Landsat 7 imagery, following the

methodology established by Sobrino et al. (2004). This approach
incorporates thermal band data and the Normalized Difference

Table 1. Description of the Imagery Used for Processing Vegetation Health, Surface Temperature, Methane
Concentration, wind speed and frequency and Topographic Data for Comparison.

Image Band Resolution Date Application Source
Planet Scope RGB 3m 18/02/2021 Vegetation Planet (2021)
————————— Greenness
20/02/2022
Landsat 7 Thermal Infra- 60 m; 30m 20/02/2021 Surface Soil Earth Explorer
red (TIR) Temperature;
230272022 g6 Moisture
Sentinel Sp Shortwave In- 11132 m 02/2021; Methane Con-  Google Earth
frared (SWIR) 02/2022 centration Engine
Global Wind 250 m Wind speed Global Wind
Atlas and frequency  Atlas
Digital elevation 30 m Topographic Earth Explorer
model Features
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Vegetation Index (NDVI) to accurately estimate surface tempera-
tures. The spectral radiance is converted to brightness temperature
using the following equation 2:

Eq.2

Donde T, Land Surface Temperature (in Kelvin), L, is the
Spectral radiance of the thermal band (in W/m?/st/pm). K; And
K are the calibration constants specific to the Landsat sensor's
thermal band (666.09 and 1282.71, respectively). NDVI values
are first classified into three land-cover categories to derive
surface emissivity, as shown in Table 2.

After classifying the NDVI values, the percentage of vegeta-
tion P, is calculated for each pixel in the mixed category. This
is done using the following equation (3):

Pv — Eq 3

NDVI - NDVI, \?
NDVI, — NDVI,

Where NDVI, represents the NDVI threshold for fully veg-
etated areas (typically > 0.5) and NDVI, represents the NDVI
threshold for bare soil (typically < 0.2). After classifying NDVI
values into vegetation, bare soil, and mixed categories, emissivity
values are assigned to these land cover types. Typically, stan-
dard emissivity values are used for fully vegetated and bare soil
areas, as well as for mixed land cover, and a weighted equation
is applied to calculate the emissivity.

For fully vegetated areas, emissivity is set to 0.99; for bare
soil, emissivity is set to 0.97. For mixed areas, where the land
cover is a combination of vegetation and bare soil, the following
equation is used to calculate emissivity

£=0.004P,+0.986 Eq. 4

Donde ¢ is the emissivity of the mixed land cover and P, is
the percentage of vegetation calculated from NDVI. The con-
stants 0.004, and 0.986 adjust the influence of vegetation on the
emissivity value.

Lastly, the surface temperature (7;) is calculated using the
following equation:

T
T b

= ———— —273.15
14 % -In(€)

Eq. 5

Where T, is the brightness temperature (in Kelvin), 4 is the
wavelength of the emitted radiance (in micrometers, typically
for Landsat 7, around 10.4—-12.5 pm for thermal bands), p is
Wien’s displacement constant (1.438%x107> mK), ¢ is the surface
emissivity, which corrects for the efficiency of the surface in
emitting radiation. The constant 273.15 is used to convert the
temperature from Kelvin to Celsius.

2.7. Soil Moisture Mapping

The Temperature Vegetation Dryness Index (TVDI) estimates
soil moisture conditions by parameterizing the relationship
between land surface temperature (LST) and the Normalized
Difference Vegetation Index (NDVI) (Sandholt et al., 2002).
The LST-NDVI feature space typically forms a triangular
distribution, where the upper (dry edge) and lower (wet edge)
boundaries represent limiting soil moisture conditions asso-
ciated with evapotranspiration processes (Amani et al., 2016,
Zhao et al., 2021). TVDI values range from O to 1, with values
near 0 indicating high soil moisture and those near 1 indicating
extremely dry conditions.

The Temperature Vegetation Dryness Index (TVDI) is com-
puted as a function of land surface temperature (LST) normal-
ized between the minimum and maximum temperature values
corresponding to a given NDVI:

LST — LSTin
LSTma,x - LSTmin

Eq. 6

TVDI =

Where LST represents the land surface temperature at each
pixel, while LST,,, y LST,,, corresponds to the minimum and
maximum temperature values associated with a given NDVI.
These limits are defined by the wet and dry edges of the

Table 2. Categorization of NDVI values used for the land surface

temperature methodology.

Class

NDVI

Vegetation
Mixed

Bare soil

> 0.5
0.2-0.5
<02




LST-NDVI feature space and are estimated as linear functions
of NDVI

LST,.,= a,+ b,- NDVI Eq.7

LST,..= a,+ b,- NDVI Eq. 8

Where a;, a, are the intercepts and b;, b, are the slopes of
the wet and dry edge models, respectively, obtained through
ordinary least squares regression.

2.8. Methane concentration map

The troposphere's methane (CH,) concentration was esti-
mated using data from the Sentinel-5P satellite, specifically the
Tropospheric Monitoring Instrument (TROPOMI), following
methodologies already known and calibrated in global and regional
works (e.g., Hu et al., 2018; Lorente et al., 2021; Plant et al.,
2022, Scheneising et al., 2019). According to Richa-Singh (2023),
TROPOMI detects methane by measuring characteristic absorption
features in the infrared region of the electromagnetic spectrum.
The sensor records the intensity of solar radiation reflected from
the Earth’s surface and atmosphere, where methane molecules
absorb specific wavelengths of light. These absorption signatures
are processed through atmospheric correction and retrieval algo-
rithms to estimate atmospheric methane concentrations spatially.

The analysis was conducted on the Google Earth Engine
(GEE) platform. Data were obtained from the Sentinel-5P image
collection, which provides column-averaged methane volume
mixing ratios. A temporal filter was applied from January 1,
2021, to December 31, 2022, to compute the average methane
concentration for the study area during this period. A rectangular
region of interest was defined, and the CH, data were filtered to
include only the observations within this area. Pixels were further
filtered based on data quality, selecting only those with a quality
assurance value greater than 0.5 to ensure measurements reliability.
A temporal average of the filtered images was then calculated to
create a representative map of methane concentration for 2021
and 2022. Finally, the mean methane concentration was visualized
using a color palette, with values ranging from 1750 to 1900 parts
per million to highlight variations, and the resulting map was ex-
ported as a GeoT'IFF image for further analysis and interpretation.

2.9. Wind speed and frequency

The speed and frequency of the wind were obtained from the
Global Wind Atlas (GWA) dataset, which provides estimates of
average wind speed over the entire land surface at a spatial res-
olution of 250 m. The methodology used in GWA to reduce the
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spatial resolution of the wind is based on linearized flow models
and high-resolution topographic data applied to databases and
high-resolution wind maps (Davis et al., 2023). To download the
data, 12 wind sampling points were spatially distributed across
the study area to provide representative coverage and achieve a
balanced spatial representation of local wind conditions. Infor-
mation on average wind directions and frequencies was obtained
in csv format. In addition, average wind speeds at a height of
100 m for the study area were obtained as a TIFF file.
2.10. Multivariate data analysis

PCA is a multivariate data analysis technique that aims to
reduce the dimensionality of a correlated dataset while preserving
as much variance as possible. The procedure involves computing
the covariance matrix of the original variables, followed by ex-
tracting the eigenvalues and eigenvectors. The eigenvectors, which
represent the directions of maximum variance in the data, are
then ordered by their corresponding eigenvalues. This allows the
identification of principal components and linear combinations of
the original variables. By projecting the data onto these principal
components, researchers can effectively identify patterns, relation-
ships, and underlying structures within the dataset, facilitating a
clearer understanding of the data's inherent characteristics. Data
processing using the PCA technique was performed with the help
of R software and its graphical interface Rstudio.

3. Results and discussion

This section presents the findings from the analysis of vege-
tation health, surface temperature, methane concentration, and
the influence of topography and roadways in the study area.
Additionally, the cartography of illegal dumpsites was devel-
oped to serve as a comparative factor against all the analyzed
variables. The results highlight the complex interactions among
these factors and their implications for environmental monitor-
ing and management. By integrating remote sensing data with
multivariate analysis techniques, we aim to uncover patterns and
relationships that enhance our understanding of the spatial and
temporal dynamics affecting vegetation health and land surface
temperature. The insights gained from this analysis are critical
for informing mitigation strategies and improving land-use
planning in response to environmental changes.

3.1. MSWD Density Map

The density map (Figure 3) illustrates the areas with the high-
est concentrations of illegal sites in Puebla, highlighted in red in
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the northeastern and southern regions. The city's southern part
notably contains more illegal dumpsites. A total of 502 sites were
identified, exhibiting significant variation in size. The median
area of these sites is 154 m?, with 75% covering less than 400 m?.
Most illegal dumpsites exceed 1,000 m?, with the largest reaching
5,047.06 m?. The identified solid waste sites also exhibit specific
characteristics concerning their distance from major roadways and
highways in the city. The median distance from these sites to the
nearest roadways is 29 m, with 75% located within 54.4m of a
roadway. Several sites are more than 250 m away from roadways,
with the maximum distance recorded at 2,221.4 m.

3.2. Vegetation Greenness
The assessment of vegetation health in the study area for

2021 and 2022, as indicated by the NDVI (Figure 4), reveals
three prominent peaks at 0, 0.4, and 0.85 (Figure 3, C1 and
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C2). The first peak indicates the presence of water bodies in the
region. The second peak reflects moderately healthy vegetation
interspersed with bare soils typical of urban environments. The
final peak signifies agricultural lands and the presence of aquatic
lilies. The average NDVI values for these years were 0.46 and
0.50, indicating a slight improvement in vegetation health in
2022. The boards C1 and C2 (Figure 4) show the identified peaks
for 2021 and 2022, while board D (Figure 4) shows box plots
summarizing NDVI statistics for each site in both years. It can
be seen that for 2021, most sites have stressed and moderately
healthy vegetation, with values ranging from 0.41 to 0.53, and
that, for 2022, the overall condition of the vegetation improves
compared to the previous year. However, despite the overall
improvement, vegetation health remains affected.

The average vegetation health in the sites identified with
SW shows slight variation between the two years. However, in
2021, the impact on vegetation health was more pronounced.
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Figure 3. Density map of poorly managed SW sites identified through remote sensing.
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Figure 4. NDVI Analysis of Vegetation Health in the Study Area for 2021 and 2022. Panels A and B show NDVI maps, while Panels C1
and C2 illustrate the corresponding peak values. Panel D presents box plots summarizing NDVI statistics across sites for both years.

In 2022, although the minimum NDVI decreased from 0.28  conditions in the study area, primarily due to increased rainfall.

to 0.25, overall vegetation improved. In addition, the first quartile
limit increased from 0.41 in 2021 to 0.46 in 2022, suggesting a
slight improvement in vegetation health at SW sites, although
some areas remain affected.

The outliers observed in both years indicate healthy vegetation
within the MSWD sites (Figure 4-D), with a general improve-
ment in 2022. Healthy vegetation is linked to improved overall

Nevertheless, the reduction in the minimum NDVI values at the
SW sites indicates ongoing issues with vegetation health. This
suggests that climatic factors, which have positively influenced
overall vegetation conditions, may be masking the deterioration
experienced by most SW sites. Therefore, despite the overall
improvement, SW continues to negatively impact vegetation
health in the area.
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3.3. LST

The analysis of surface soil temperature in the study area for
2021 and 2022 reveals significant trends, as shown in Figure 4.
The surface temperature maps for 2021 and 2022 are shown in
panels A and B of Figure 5, respectively. Specifically, the aver-
age temperature at illegal sites in 2021 was 21.14 °C, exceeding
the regional average. The recorded surface temperatures show
peak averages of approximately 20.5 °C in 2021 and 24.05 °C
in 2022, indicating a general increase in temperature from one
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year to the following (Figure 5 C1 and C2). The third-quartile
temperature in 2021 was 22.37 °C, with a maximum recorded
temperature of 27.60 °C. These results indicate that at least 25%
of the monitored sites exhibited surface temperatures above the
regional average, likely due to high soil reflectance resulting from
vegetation degradation and the thermal output of ongoing organic
matter decomposition. (Figure 5D; Mahmood et al., 2016).

In 2022, surface soil temperatures rose at the SW sites, mir-
roring a similar trend across the entire study area (Figure 5SB). The
average temperature at these sites was 23.99 °C, which remains
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below the overall 2022 average. The third quartile ranged from
25.31 to 30.83 °C (Figure 5D). These trends are supported by
the density histograms in Figure 5C1 and 5C2, which depict the
temperature distributions for 2021 and 2022, respectively. The
box plots in Figure 5D summarize the temperature results by site
for both years, illustrating the variability and central tendency of
the data. Overall, the data indicates that while temperatures have
increased, the influence of illegal dumpsites remains critical to
the area's thermal dynamics.

3.4. Soil Moisture Mapping

The LST-NDVI feature space for February 2021 and 2022
is shown in Figure 6. Linear relationships defining the wet edge
and dry edge were derived for each period using ordinary least
squares regression (Table 3).
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In 2021, the wet edge is described by the equation LST =
8.975 + 7.793-NDVI (Table 3), exhibiting a positive slope,
indicating an increase in land surface temperature across vege-
tation cover under maximum evapotranspiration conditions. This
positive trend may be influenced by the presence of unmasked
water pixels within the study area. The dry edge is defined by
LST =32.614 — 16.312-NDVI, where the negative slope reflects
a decrease in maximum surface temperature with increasing
vegetation cover under minimal evapotranspiration conditions.
This upper boundary represents the limit beyond which soil
moisture is insufficient to sustain continuous evaporative flux.

In 2022, the wet edge is represented by LST = 10.400 +
9.204-NDVI (Table 3), with a positive slope indicating that
surface temperature increases with higher NDVI values under
wet conditions. The dry edge is defined by LST = 39.776 —
22.646-NDVI, with a negative slope consistent with the 2021
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Figure 6. LST-NDVI Feature Space and Derived Dry and Wet Edge Relationships for Puebla City. A) 2021; B) 2022.

Table 3. Linear equations of the dry and wet edges derived from the LST-NDVT feature space,
including their coefficients of determination (R?) for February 2021 and 2022.

Year Dry edge Wet edge

2021 32.614 — 16.312 (NVDI) 8.975 + 7.793 (NVDI)
R>=0.867 R>=0.843

2022 39.776 — 22.646 (NVDI) 10.40 + 9.204 (NVDI)

R*=0.819

R*=0.766
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pattern, indicating a reduction in maximum surface temperature
as vegetation cover increases. Figure 6B illustrates the spatial
distribution of the LST-NDVI feature space and the correspond-
ing wet and dry edge equations for Puebla City for both periods
(A:2021; B: 2022).

The results indicate that the southwestern, eastern, and
north-central areas (aquamarine colors) exhibit the highest soil
moisture, whereas a large portion of the study area is character-
ized by high dryness. In 2021, the TVDI shows a mean value
of 0.54 with a standard deviation of 0.13, indicating moderate
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variability around the mean. The corresponding histogram
(Figure 7C-1) displays an approximately normal distribution,
with a higher concentration of values above 0.5.

In 2022, a slight decrease in the mean TVDI (0.52) is ob-
served, along with a standard deviation of 0.12, suggesting a
similar level of dispersion but a general shift toward lower values.
This pattern is reflected in the histogram (Figure 7C-2), where
a reduction in values above 0.5 can be observed.

TVDI values at sites with solid waste indicate relatively high-
er soil moisture conditions in 2022 compared to 2021. In 2021,
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Figure 7. Soil moisture analysis for the study area in 2021 and 2022. (A-B) Spatial distribution maps of TVDI-derived soil moisture conditions for
each period. (C1-C2) Corresponding density histograms. (D) Box plots summarizing soil moisture statistics across solid waste sites for both years.



most waste sites exhibit TVDI values above the median (0.55),
whereas in 2022, the median decreases to approximately 0.51,
and the third quartile falls below the median observed in 2021,
suggesting an overall shift toward wetter conditions.

3.5. Methane concentration map

Methane concentration data were recorded in 2021 and
2022, showing notable differences between the two years. The
results of methane concentration measurements in Puebla are
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summarized in Figure 8. The highest levels of methane gas are
found in the northeastern and western parts of the city, with
elevated concentrations also detected in the central area (Figure
8A and B). Conversely, the lowest concentrations are primarily
located in the southern region. Moderate methane levels are
dispersed throughout the city, with lower levels observed in
the central-northern area; however, this distribution does not
match the concentration patterns observed in the northeast and
south. Density plots indicate that the distribution of methane
concentrations exhibited several peaks, reflecting significant
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Figure 8. Methane Concentration Mapping in Puebla for 2021 and 2022. Panels A and B display concentration maps, while Panels C1 and
C2 illustrate yearly density distributions. Panel D presents box plots summarizing methane concentration statistics across sites for both years.
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variability in the data. In 2021, most values clustered around
the mean of 1889 ppb, with high dispersion and a variance of
229 (Figure 8C1). In contrast, the 2022 methane concentration
had a mean of 1884 ppb, with reduced dispersion compared to
2021, as indicated by a much lower variance of 30 (Figure 8C2).
Similar variability in methane fluxes has been reported in other
illegal dumpsites due to fluctuating biological activity and waste
age (Zhang et al., 2023 reported 750 parts per billion (ppb) to
approximately 1850 ppb in 2017; Wang et al., 2024 reported
values around 678 ppb, generally in the USA).

For sites with illegal dumpsites, methane measurements
in 2021 showed greater dispersion, with an interquartile range
of 35 and a maximum of 1914 ppb (Figure 8D). This could
be associated with irregular methane releases from the illegal
sites decomposition. In 2022, the dispersion of measurements
decreased, with minimum and maximum levels of 1875 and
1900 ppb, respectively, reflecting lower variability than in 2021
(Figure 8D).
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3.6. Distribution of wind speeds and directions

The average wind speed and frequency in the study area
indicate two spatial patterns. The first pattern is observed in the
northeast, located on the southern slope of the Malinche volcano,
where the highest methane measurements are recorded. This
zone has the lowest average wind speeds in the area, ranging
from 2.83 m/s to 3.34 m/s, corresponding to points 2, 5, 6, and
7 (Figures 9 and 10).

In these points, the wind exhibits a more or less regular
frequency for various directions, however, there is a slightly
greater predominance towards the southeast and south (Figure
10), and a lower frequency towards the southwest (Figure 10).
The second pattern observed in the study area is mainly found
in the southern and western parts of the city, located above
the municipality of San Andrés Cholula and the Manuel Avila
Camacho dam (Figure 9). In this area, average wind speeds of
3.53 m/s to 5.19 m/s are recorded at points 1, 3,4, 8,9, 11, and
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Figure 9. Map of the average wind speed in the Puebla-Tlaxcala metropolitan area. Average wind speed per site:1) 3.53 m/s; 2) 2.83 m/s; 3)
5.19 m/s; 4) 4.81 m/s; 5) 3.34 m/s; 6) 3.14 m/s; 7) 3.13 m/s; 8) 4.37 m/s; 9) 4.78 m/s; 10) 3.45 m/s; 11) 4.47 m/s; 12) 4.31 m/s.



12 (Figures 9 and 10). The main wind directions in this area are
toward the southwest and, to a lesser extent, toward the north
and east (Figure 10).

The correlation between the lower speeds and methane ac-
cumulation in the northeast part of the city may be due to the
topography of the area. Where the elevation of La Malinche
volcano acts as a barrier, creating stagnant conditions that reduce
the dispersion of polluting gases. In addition, lower speeds and
the lack of a predominant flow direction may be causing gas
recirculation in the northeast, due to the faster winds around it
and its predisposition toward the southwest.

3.7. PCA

The principal component analysis (PCA) was applied to a
dataset composed of seven variables: area, elevation, NDVI,
LST, TVDI, CH,, and distance to roadways for 2021 and 2022.
In 2021, the first two principal components (PC1 and PC2)
explained approximately 50% of the total variance (Table 4).
When the third component (PC3) was included, the cumulative
explained variance increased to 65% (Table 4). The correlations
between the principal components and the original variables
indicate the following patterns. The first component showed
strong correlations with LST, TVDI, and distance to roadways
(Table 4), indicating a relationship associated with water stress
conditions. The second component was correlated with CH,,
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elevation, and TVDI (Table 4), suggesting a relationship between
altitude and methane concentration. The third component was
mainly associated with NDVI; however, a negative relationship
was also observed within the first two components (Table 4),
indicating an inverse relationship between LST and TVDI.

The PCA results for 2022 show that the first two principal
components (PC1 and PC2) explained 58% of the total variance
(Table 4). When the third component (PC3) was included, the
cumulative explained variance increased to 73% (Table 4).
The correlations between the principal components and the
original variables were similar to those observed in 2021. The
first component was mainly associated with LST, TVDI, and
distance to roadways (Table 4). The second component showed
a correlation between CH, and elevation (Table 4). The third
component was primarily related to NDVI and the area of the
solid waste sites (Table 4).

During the analysis, three main groups were identified with
the following characteristics. In 2021, Group 1 (red) was char-
acterized by high LST and TVDI values, as well as relatively
high CH, concentrations and elevation (Figure 11A). Group 2
(green) showed high NDVI values associated with low LST and
TVDI conditions (Figure 11A). Group 3 (blue) presented very
low CH, concentrations and average elevation values (Figure
11A). In 2022, the previously identified groups maintained sim-
ilar general characteristics. Group 1 (red) remained associated
with high LST and TVDI values (Figure 11B). Group 2 (green)
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Table 4. PCA results for 2021 and 2022 with three principal components.

2021 2022
Variables PC1 PC2 PC3 PCl1 PC2 PC3
Area 0.48 -0.21 0.24 0.38 -0.09 0.59
Elevation -0.24 0.63 0.17 -0.18 0.91 0.10
NDVI -0.28 -0.13 0.92 -0.34 -0.06 0.70
LST 0.79 0.45 -0.09 0.92 0.26 -0.14
TVDI 0.58 0.62 0.27 0.91 0.22 -0.02
CH, -0.40 0.71 -0.02 -0.16 0.91 0.14
Dist. Roads 0.61 -0.34 0.15 0.49 -0.21 0.41
Std. Deviation 1.36 1.29 1.02 1.49 1.35 1.02
Variance % 0.27 0.24 0.15 0.32 0.26 0.15
Cumulative 0.27 0.50 0.65 0.32 0.58 0.73
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continued to exhibit the highest NDVI values and lower water
stress conditions (Figure 11B). In contrast, Group 3 (blue)
showed a substantial change, exhibiting the highest methane
concentrations and elevation values (Figure 11B).

3.8. Integrated Analysis of Methane and Environmental
Variables

Atmospheric methane concentrations observed in Puebla City
(mean values of approximately 1,884—1,900 ppb) are consistent
with the urban background concentrations commonly reported
for large metropolitan areas. Previous studies using TROPOMI
data have shown that methane concentrations in urban environ-
ments are strongly influenced by local anthropogenic sources,
atmospheric mixing conditions, and meteorological variability
(Plant et al., 2022).

The PCA results suggest that methane concentrations in the
Puebla metropolitan area are not strongly controlled by local
environmental conditions surrounding illegal dumpsites, such
as vegetation cover or soil moisture. Groups characterized by
contrasting NDVI, LST, and TVDI conditions showed similar
methane concentrations in both analyzed years, indicating that
the presence of vegetation or favorable moisture conditions for
organic matter decomposition does not directly correspond to
higher atmospheric methane levels. Furthermore, areas with
the highest concentration of illegal dumpsites did not show a
substantial increase in methane concentrations relative to the
local background average.

Instead, methane variability appears to be more closely as-
sociated with topographic conditions. In 2021, higher methane
concentrations were associated with elevated areas and moderate
water stress, whereas in 2022, methane concentrations were
concentrated within a cluster characterized by higher elevations.
These results suggest that atmospheric circulation, topographic
configuration, and local wind dynamics may influence methane
transport and accumulation patterns in the study area. Previ-
ous studies using TROPOMI have demonstrated that methane
concentrations detected in urban environments are strongly
affected by atmospheric stability, boundary layer dynamics,
wind circulation, and sensor detection thresholds, which can
obscure direct relationships between small emission sources
and detected atmospheric methane concentrations (Plant et al.,
2022; Jacob et al., 2022).

The inverse relationship observed between NDVI and both
LST and TVDI suggests that vegetation cover may partially
mitigate thermal stress, whereas areas lacking vegetation are
more susceptible to higher surface temperatures and lower soil
moisture. Although methane concentrations did not show a
strong relationship with vegetation conditions, NDVI values
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revealed measurable differences among several illegal dumpsites,
suggesting that these sites still produce localized environmental
impacts. These impacts likely depend on factors such as waste
deposition conditions, residence time, deposit age, and site
persistence. It is possible that Group 1, characterized by lower
NDVI values, corresponds to older dumpsites where vegetation
degradation has occurred over longer periods. However, climatic
variability may also influence vegetation conditions in the study
area. February 2022 recorded higher precipitation (12.6 mm) than
February 2021 (7.2 mm), which may have enhanced vegetation
greenness independently of waste-related effects. Therefore,
longer temporal analyses are necessary to better distinguish the
environmental impacts associated with illegal dumpsites from
broader climatic influences.

These results also highlight an important limitation of
TROPOMI for detecting emissions from small and dispersed
illegal dumpsites. Previous studies have shown that TROPOMI
is more effective for identifying large and concentrated methane
sources, such as sanitary landfills, industrial facilities, livestock
emissions, and oil and gas infrastructure, than diffuse urban waste
sites (Jacob et al., 2022; Lauvaux et al., 2022; Irakulis-Loitxate
et al., 2021). Additionally, although the area of each dumpsite
was mapped, it was not possible to estimate waste volume, which
may also influence methane production potential.

Finally, the PCA revealed a relationship between dumpsite
area and distance to roadways, indicating that larger illegal
dumpsites tend to be located farther from urban roads. This
pattern suggests that areas with lower accessibility, reduced
human presence, or limited surveillance may facilitate the ac-
cumulation and persistence of larger volumes of waste. Unlike
large sanitary landfills, illegal dumpsites are generally smaller,
spatially dispersed, and characterized by variable waste accumu-
lation times and compositions, which can limit the detectability
of methane anomalies at the spatial resolution of Sentinel-5P.
Nevertheless, the environmental conditions associated with
these sites, including elevated surface temperatures, reduced
vegetation cover, and lower soil moisture conditions, may still
indicate localized environmental degradation linked to waste
accumulation processes (Richa-Singh, 2023).

4. Conclusions

This study successfully analyzed the interactions between
environmental variables and illegal dumpsites in Puebla using
advanced remote sensing techniques. The findings demonstrate
that vegetation health, as indicated by NDVI, and surface tem-
perature are distributed in ways controlled by the conditions at
these illegal dumpsites. Notably, the analysis revealed that sites
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with higher elevations tend to have greater methane concen-
trations, suggesting a direct correlation that warrants further
investigation.

The Principal Component Analysis (PCA) provided valuable
insights into the underlying patterns among various environ-
mental factors. In 2021, two principal components captured
66% of the variance, primarily explaining correlations between
methane levels, elevation, and distance to roads and vegetation
health and land surface temperature. The PCA for 2022 indicated
similar trends, with three components explaining 73% of the
data variance, underscoring the persistent relationships among
these variables over time.

From a geophysical standpoint, this study contributes to
environmental geophysics by demonstrating how satellite-based
measurements, such as land surface temperature, spectral vege-
tation indices, and atmospheric methane concentration, can be
used to detect and characterize surface processes associated with
anthropogenic waste accumulation. The integration of thermal
infrared data (Landsat 7), high-resolution reflectance imagery
(PlanetScope), and gas emissions monitoring (Sentinel-5P
TROPOMI) supports the geoscientific assessment of energy
exchange dynamics, surface degradation, and pollution disper-
sion in urbanized environments. This framework strengthens
the application of geophysics to urban sustainability and risk
management in Latin America.

Ultimately, this research contributes to a greater understand-
ing of the complex dynamics in urban areas with poorly managed
waste. The insights gained can guide future studies and inform
stakeholders in developing sustainable dumpsites practices that
mitigate environmental impacts and improve public health in
Puebla City and other similar urban regions.
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Relationship of tropical cyclone wind-field and cloud-band metrics with extreme
rainfall events over Mexico

Adolfo Perez-Estrada'@*{®, Christian Dominguez?*® and Alejandro Jaramillo-Moreno3

Abstract

Tropical cyclones (TCs) are the costliest hydrometeorological phenomena in Mexico, accounting for ap-  Key words: Tropical cyclones,
proximately 86.5% of the total disasters, where extreme rainfall is the main TC-associated hazard. This study ~ Extreme rainfall, Hazard
analyzes two TC size metrics during the 2000-2024 period: R34, defined as the mean radius of 34-kt winds,  assessment, Tropical Cyclone
and ROCLOUD, a satellite-derived metric that represents the spatial extent of TC cloud bands. These two TC  Size, Disaster management.
size metrics are evaluated to determine their skill in detecting extreme precipitation events and identifying

TC-associated disaster records from CENAPRED. We use diverse databases for this study: IBTrACS, MSWEP

(used to define the 95" percentile of daily precipitation from May to November and identify extreme rainfall

events), and official disaster declarations from CENAPRED. Municipalities are affected by TCs when they

fall within the spatial domain of R34 (ROCLOUD). In addition, the SIAT-CT (Early Warning System for

Tropical Cyclones by its acronym in Spanish) hazard index is computed during the study period to evaluate its

performance in identifying extreme precipitation events induced by TCs. Our results show that at least 70% of

TC-related disaster records are associated with tropical storms and tropical depressions. Extreme rainfall events

frequently occur at distances greater than 300 km from the TC center, and ROCLOUD detects them better than

R34. Radial curves indicate that ROCLOUD adequately covers the extreme events up to 500 km from the TC

center, whereas the R34 skill to cover these events decays rapidly beyond 300 km. The SIAT-CT index, mainly

based on R34, classifies the most extreme precipitation events into low-hazard categories, revealing important

limitations for issuing TC rainfall-related warnings. Therefore, we conclude that SIAT-CT requires both TC

wind-based metrics and TC cloud-band extension metrics in order to provide accurate warnings of TC-induced

hazards and thus strengthen disaster risk reduction strategies prior to TC landfall.

Resumen

Los ciclones tropicales (CTs) son los fendmenos hidrometeoroldgicos més costosos para México, ya que  Palabras clave: Ciclones
representan el 86.5% de los desastres, en los que la precipitacion extrema es la principal amenaza hidrome-  tropicales, Precipitacion extrema,
teoroldgica. Este estudio analiza dos métricas del tamaifio de CTs durante el periodo 2000-2024: el R34, que  Evaluacién de peligro, Tamafio
es el radio medio en el que se extiende la velocidad de 34 nudos y ROCLOUD, una métrica que mide la ex-  de los ciclones, Manejo del
tension de las bandas nubosas del CT. Ambas métricas se evaliian para determinar su capacidad de detectar la  desastre.

ocurrencia de eventos de lluvia extrema e identificar las declaratorias oficiales asociadas. Los datos utilizados

son IBTrACS, precipitacion de MSWEP, que sirvieron para obtener el percentil 95, y declaratorias de desastre

de CENAPRED. Los municipios son afectados por CTs cuando estan dentro del dominio espacial definido

por R34 (ROCLOUD). También, se calculé el indice de peligro del SIAT-CT para evaluar su capacidad en

identificar eventos extremos de precipitacion inducidos por CTs. Los resultados muestran que el 70% de las

declaratorias asociadas con CTs son debidas a tormentas y depresiones tropicales. Los eventos extremos de

precipitacion ocurren a mas de 300 km del centro del CT, siendo ROCLOUD una mejor métrica para captar

estos eventos en comparacién con R34. Las curvas radiales confirman que ROCLOUD mantiene cobertura hasta

500 km desde el centro del CT, mientras que R34 decae rapidamente a partir de 300 km. El SIAT-CT, basado

en R34, clasifica la mayoria de estos eventos extremos de precipitacion en categorias de peligro bajas, lo que

evidencia su limitacién para emitir alertas relacionadas con la lluvia de los CTs. Por lo tanto, se concluye que

el SIAT-CT requiere implementar tanto métricas de viento, como de la extensioén de las bandas nubosas, para

proporcionar alertamientos precisos de la amenaza que un CT induce y asi fortalecer las medidas de prevencion

antes de que un CT toque tierra.
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1. Introduction

Hydrometeorological hazards (e.g., intense rainfall, floods,
coastal storm surges, strong winds, droughts, and storms) account
for approximately 46% of disasters recorded in Mexico during the
1900-2018 period (Alcantara-Ayala, 2019). Among these, Trop-
ical Cyclones (TCs) are the most impactful hydrometeorological
phenomena. TCs are responsible for 86.5% of the annual economic
losses associated with disasters in Mexico, with extreme rainfall
representing their most hazardous component (CENAPRED,
2019). In this context, extreme precipitation (or extreme rainfall)
events are typically defined as accumulated daily rainfall exceeding
the 95" or 99" percentile of rainy days over a baseline period of
at least 20 years of daily data (Myhre et al., 2019).

Although wind damage near the cyclone core can be severe,
TC-related impacts often extend far beyond the storm center. In
particular, intense rainfall in peripheral regions frequently trig-
gers floods and landslides (Mandal et al., 2020; Nolasco-Javier
& Kumar, 2018). In recent years, multiple TCs made landfall or
exerted significant influence over Mexican territory, highlighting
the importance of studying key hazardous TC features, such as
TC size, extreme rainfall, and associated flooding (Brefia-Naranjo
et al.,2015; Dominguez et al., 2021; Khouakhi et al., 2017). In
this sense, several studies divide the TC effects into two types:
(i) direct effects within the TC center (e.g., extreme rainfall as-
sociated with the TC center and strong surface winds); and (ii)
indirect effects that are far from the TC center, but are relevant
for risk management actions (e.g. extreme rainfall located far
from the TC center, but can cause floods and landslides). Hence,
two complementary definitions of TC size have emerged: the TC
inner size (confined to enclosing regions near the TC center) and
the TC outer size (a region that extend far from the TC center,
but the TC circulation can still be found) (Hidalgo et al., 2020;
Knaff et al., 2014; Lu et al., 2017; Pérez-Alarcon et al., 2021).

Conventional approaches to characterizing direct TC effects
have relied mainly on intensity-based indicators such as maxi-
mum sustained winds (MWS), as defined by the Saffir—Simpson
scale (Kelman, 2013; Matyas, 2010). While these parameters
provide an adequate metric for the destructive capacity of TC
surface winds, they often fail to identify the broader and more
complex hazard associated with rainfall extremes (i.e., indirect
effects). Pérez-Estrada and Dominguez (2024) show that the spa-
tial extent of TC rainbands, rather than peak TC intensity alone,
plays a major role in modulating precipitation distribution and
extreme rainfall events. This finding is consistent with previous
studies highlighting the importance of rainband structure in shap-
ing rainfall extremes (Dominguez & Magaia, 2018; Lavender
& McBride, 2021; Morin et al., 2024). Extreme precipitation
events are usually the main natural causes of disasters. In Mexico,

complex topography raises rainfall-induced hazards and mag-
nifies the resulting disaster impacts (see CENAPRED, 2019).

The operational Early Warning System for Tropical Cy-
clones (SIAT-CT, by its acronym in Spanish) in Mexico has
four components: 1) scientific knowledge about TCs that affect
Mexico (natural hazard component), 2) real-time monitoring of
TCs (natural hazard component), 3) communication of public
warnings that activate safety protocols (social component), and
4) local planning for well-organized social responses (social
component) (CENAPRED, 2026). The SIAT-CT uses the radius
of gale-force winds (R34) to determine the extent of damaging
winds, which is considered a measure of the TC destructive
potential (CENAPRED, 2019). R34 (which is a metric confined
in the TC inner core) only provides a partial view of hazards that
are confined near the TC center. This metric assumes that heavy
precipitation occurs only near the TC center (Emanuel, 2005).
Although this is partially true, R34 does not take into account
this TC-induced hazard when computing its extent. Perez-Es-
trada and Dominguez (2024) show that TC rainfall can extend
hundreds of kilometers from the TC center, indicating that outer
size can detect intense TC rainfall, which can be important for
risk management. ROCLOUD was derived from satellite data
(Global Precipitation Measurement; Skofronick-Jackson, 2020)
and designed to identify convective structures far from the TC
center that remain dynamically linked to the TC circulation.

Until now, a significant gap remains in combining wind
metrics (such as R34), extreme precipitation events, coastal
surges, and landslides with the SIAT-CT hazard level (Domin-
guez et al., 2019). The creation of an integrated measure of TC
hazardous impacts can benefit inhabitants by providing more
accurate information for national and local risk management.
The first step to achieving this integrated measure is to assess
R34 skill in detecting extreme precipitation events and pointing
out municipalities that are affected by TCs and therefore at risk
of an emergency or disaster. Historical disaster declarations are
obtained from the National Center for Disaster Risk Prevention
(CENAPRED, by its acronym in Spanish). The SIAT-CT con-
siders the value and spatial extent of R34 when assigning a TC
hazard level. Specifically, the TC hazard-levels 4 and 5 require
the most critical civil actions to be prepared for an emergency
or a disaster. It is therefore important to evaluate whether the
information previously provided by R34 corresponds to the
disaster declarations issued by CENAPRED.

The main objective of this study is to assess the skill of R34
and ROCLOUD to detect the occurrence of extreme rainfall
events and to identify disaster records in Mexico for munici-
palities that fall within their spatial domain. We use TC tracks,
TC size metrics (i.e., R34 and ROCLOUD), a gridded precip-
itation dataset, and municipal-level disaster declarations from



CENAPRED during the 2000-2024 period. Our main scientific
question is to determine the extent to which TC size metrics are
associated with extreme rainfall events and local impacts for
adequately representing TC hazards. The following section de-
scribes the datasets and methodology used for defining TC sizes,
extreme rainfall, and hazard indices. Section 3 presents results
about the analysis of TC size metrics with disaster records and
evaluates the performance of the SIAT-CT hazard index in the
context of extreme rainfall events. Section 4 mainly discusses
the limitations of R34 and ROCLOUD. Finally, Section 5 sum-
marizes the main conclusions and discusses the future directions
for improving early warning systems in Mexico.

2. Data and Methods
2.1. TC databases: IBTrACS and ROCLOUD

The International Best Track Archive for Climate Stewardship
(IBTrACS) integrates synoptic and operational information on
TCs, ensuring consistency across basins and temporal continuity
(Kenneth er al., 2019; Knapp et al., 2018). For this study, we
selected TC tracks that occurred over the Eastern Pacific (EP)
and North Atlantic (NA) basins during the 2000-2024 period.

Additionally, we used two TC size metrics: R34 and RO-
CLOUD. R34 is defined as the mean radius of gale-force winds
(34 kt, ~63 km h'') averaged across quadrants and expressed
in kilometers. It has been used for operational purposes as a
robust proxy for TC size and the spatial extent of hazardous
winds within the TC inner core, and it is publicly available in
the IBTrACS dataset (Bian ef al., 2021; Carrasco et al., 2014,
Lu et al., 2017). The second metric is ROCLOUD, a recently
developed satellite-based index that quantifies the outer radius
of TC cloud bands (Perez-Estrada & Dominguez, 2024). The
ROCLOUD algorithm combines TC wind fields with convec-
tive cluster locations. This technique uses GPM brightness
temperature below 233 K (-40°C; i.e., clouds at least 10 km
above the surface) (Perez-Estrada & Dominguez, 2024). In this
way, ROCLOUD tracks storm clouds that can produce extreme
precipitation events (Cotton et al., 2011). This brightness tem-
perature is commonly used to define TC deep convection and
intense rainfall (Zhou and Matyas, 2021). Unlike R34, which
belongs to the inner structure, ROCLOUD determines the extent
of outer convective bands where heavy rainfall may occur and
where extreme precipitation events are most likely. In this way,
ROCLOUD can provide more information on rainfall-induced
hazards (e.g., floods and landslides) occurring far from the TC
center. The dataset is publicly available at https://data.mendeley.

com/datasets/Sbpzbwhynd/2
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2.2. Disaster declarations from CENAPRED

The disaster record database was compiled from CENAPRED
from the period from 2000 to the present. It constitutes a re-
pository of official municipal-level declarations of emergency,
disaster, or climatological contingencies issued by the Mexican
federal government in response to a wide range of natural and
non-natural hazards (CENAPRED, 2019). This database rep-
resents the only official and legally binding record of disaster
impacts in the country.

For this study, the declaration records were filtered to retain
those explicitly and officially associated with TCs and their
induced hazards. However, we found that some declarations
from municipalities affected by TCs were not labeled proper-
ly, indicating an underestimation of TC-related declarations
in CENAPRED records. So, we also included declarations
from municipalities affected by TCs (although not labeled as
TC-impacted in the CENAPRED database), whose locations
fell within the TC spatial extent defined by TC size metrics
(i.e., R34 or ROCLOUD) in this study. It is important to note
that the number of TC-related declarations varies with the TC
size metric. Records unrelated to hydrometeorological hazards
(i.e., floods, landslides, extreme rainfall, and strong winds)
were excluded.

2.3. Gridded Rainfall dataset

Historical rainfall was obtained from the Multi-Source Weight-
ed-Ensemble Precipitation (MSWEDP, v2.8) dataset, which merges
in-situ gauges, satellite-based retrievals, and reanalysis products to
provide spatially consistent estimates (Beck ez al., 2019). MSWEP
offers a global record at 0.1° resolution and 3-hourly intervals,
spanning 1979 to near-present. Its blended nature improves accu-
racy in regions with sparse gauge coverage, such as the Mexican
Pacific and Atlantic coasts, which makes it particularly suitable
for TC studies. Previous research has demonstrated that MSWEP
captures localized convective rainfall structures associated with
TCs (Morin et al., 2024). We build on this research by using
MSWERP as the primary dataset to characterize TC extreme rainfall
events over Mexico during 2000-2024 period.

2.4. Method for comparing disasters records according to
TC size metrics

The method workflow involves five stages: integrating rain-
fall data, TC size metrics, disaster records, hazard indices, and
impact validation (Figure 1). The method is described as follows:
1. Detection of extreme rainfall. Daily accumulated precipi-

tation (rainy days) is computed from MSWEP 3-hourly data
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Figure 1. Method workflow. Steps include: (1) rainfall climatology from MSWEP database to define local P95 thresholds; (2) detection of
extremes within the ROCLOUD domain; (3) spatio-temporal linking with CENAPRED disaster declarations; (4) calculation of the SIAT-CT
hazard index from intensity and circulation; and (5) validation of hazard indicators against official impact records. MWS and SSHS mean
Maximum Wind Speed and Saffir-Simpson Hurricane Scale, respectively.

during the 2000-2024 period. Only daily precipitation that
occurs from May 1st to November 30th (the months when
TCs are active) is considered for this study (hereafter, sea-
sonal precipitation). Following Dominguez et al. (2021), we
estimate a unique climatological threshold, defined as the
95" percentile of all daily rainy days for each 0.1° MSWEP
grid cell during the 2000-2024 period, using only seasonal
precipitation. This threshold varies regionally across Mexico
and poses a hazard to local infrastructure, rivers, and dams.
In this way, extreme precipitation events are defined as days
with precipitation at or above the 95th percentile and repre-
sent a hazard. Their quantity provides a better estimation of
TC-impacts rather than only considering 3-hourly rainfall
(Dominguez et al., 2021). It is important to note that this
percentile does not account for any maximum monthly or
annual rainfall amount in its calculation.

Identification of TC-induced rainfall events. For each
6-hourly TC position reported by IBTrACS, the R34 and
ROCLOUD metrics (TC size metrics) are used to define the
TC radial domain of influence. TCs usually move and change
their latitude and longitude every 6 hours, but TC positions
and size metrics are not averaged daily, as their radial domain
of influence can affect different grid cells on the same day.
If TC positions remain nearly unchanged for 24 hours, this
does not affect the identification of extreme precipitation
events, as locations remain invariant. TC-induced extreme
rainfall events are attributed to each TC position. These
events are flagged when precipitation within this domain
exceeds the local 95th percentile. This procedure generated
an event-based catalog of extreme rainfall associated with
TC positions, thereby linking TC structure with hydrome-
teorological extremes.

3.

Linking TC disaster declarations with extreme rainfall
events. To establish a connection between extreme rainfall
events and disaster records, a spatiotemporal matching
routine was applied. First, only CENAPRED disaster decla-
rations that explicitly identified TCs as the triggering cause
were retained. These TC-related declarations were used
to define the set of affected municipalities and candidate
impact locations. Extreme rainfall events were then identi-
fied when rainfall equaled or exceeded the climatological
95th percentile threshold during the TC lifetime. For each
TC-related declaration, extreme rainfall points occurring
within the corresponding municipality and temporally as-
sociated with the TC were retained as TC-related extreme
rainfall impacts.

SIAT-CT hazard index. The SIAT-CT was historically
reproduced using IBTrACS data. The SIAT-CT defines
hazard levels by combining: (a) intensity, derived from the
MWS according to the Saffir—Simpson Hurricane Scale
(SSHS), and (b) circulation, which is computed as the aver-
age of four R34 radii (i.e., northeast, northwest, southwest,
and southeast), multiplied by 0.0337, with a maximum of
five (CENAPRED, 2019). The hazard index is the mean of
both scales, yielding a color-coded warning ranging from
minimal to maximum hazard (i.e. from O to 5).

Impact validation. Municipal-level declarations of emer-
gency and disaster were considered as the impacts. These
declarations provided an operational benchmark against
which the physical hazard descriptors (ROCLOUD, R34,
extreme rainfall, and SIAT-CT) could be evaluated. This
comparison allowed assessing not only the ability of size and
rainfall metrics to explain hazard, but also their consistency
with institutional disaster recognition in Mexico.



3. Results
3.1. Official disaster declarations linked to TCs

Official disaster records in Mexico provide unique informa-
tion about the social impacts of hydrometeorological hazards.
During the 2001-2024 period, TCs accounted for 52% of all
official hydrometeorological declarations. In other words, dec-
larations that are only officially labeled as TC-associated by
CENAPRED are presented in this section. Emergencies were the
dominant category (56%), followed by disasters, while climatic
contingencies represented only a minor share (approximately 3%;
Figure 2a). Although other hazards, such as floods, droughts, and
cold fronts, also triggered numerous declarations, the relative
weight of TCs underscores their central role in shaping Mexico’s
disasters. Out of 34,453 accumulated declarations associated
with all types of phenomena during our study period, 90.3%
corresponded to hydrometeorological hazards, of which at least
10,543 (30.6%) were directly or indirectly linked to TCs. It is
worth noting that the disaster declaration database does not, in
many cases, explicitly specify the phenomenon linked to the
declaration. The latter leads to an underestimation of the true
contribution of TCs.
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The geographical distribution of official declarations records
reveals regional contrasts (Figure 2b). The state with the most
declarations is Baja California Sur. Along the southern Pacific
and Gulf of Mexico coasts, municipalities issued more than 30
declarations during the study period. These regions are frequently
affected by TCs that made landfall mainly as tropical storms or
tropical depressions. The high number of declarations indicates
that these regions have a combination of high exposure with
high social vulnerability, which enlarges impacts (Dominguez
et al., 2021). On the other hand, in sparsely populated regions,
such as northern states, the number of declarations is markedly
lower. This result is partly due to a minor hazard incident, but
it could also point to institutional bias or underreporting, as
prior evaluations of the Mexican disaster management system
have suggested.

Declarations related to tropical storms and tropical depres-
sions are more common than those for hurricanes (i.e., categories
1 and 2) and major hurricanes (i.e., categories 3, 4, and 5), with
tropical depressions and tropical storms jointly accounting for
approximately 70-83% of all TC-associated declarations, depend-
ing on the basin that the TC originates, during the study period
(Figure 3a). Despite their weak surface winds, these systems are
highly effective at producing widespread rainfall and flooding
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Figure 2. Disaster declarations from the National Center of Disaster Prevention (CENAPRED in Spanish) over Mexico during the 2001-2024
period. (A) Distribution of emergency, disaster, and climatic contingency declarations, separating those associated with TCs from other hy-
drometeorological hazards. (B) Spatial distribution of the total number of official declarations associated with TCs at the municipality level.

Shaded areas represent the number of declarations.
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while interacting with complex topography (Brefia-Naranjo et
al., 2015; Dominguez et al., 2022; Hidalgo et al., 2020; Touma et
al., 2019). The latter results in a high number of emergency and
disaster declarations, mainly over coastal municipalities adjacent
to mountain ranges, such as the central-southwestern coasts of
Mexico (Figure 2b). By contrast, major hurricanes account for
less than 10% of all TC-driven declarations, which is associated
with their lower frequency of landfall in Mexico (Dominguez
& Magaiia, 2018). It points out that weak TCs (e.g., tropical
depressions and tropical storms) represent a frequently severe
hazard to Mexico, although they belong to the lower categories
of the Saffir-Simpson scale.

Apart from the Saffir-Simpson scale, the outer TC size can
also be relevant for determining the rainfall-induced hazards.
However, these outer sizes vary spatially and are not fully
correlated with the Saffir-Simpson scale (i.e., its size metric,
R34). To illustrate this point, we explore the values of R34 and
ROCLOUD during Hurricane Alex in 2010 at 00:00 UTC on 1
July 2010 (Figure 3b). The gale-force wind radius, represented
by R34, adequately captures the TC inner core. However, the
four ROCLOUD quadrants (i.e., northeast, northwest, southwest,
and southeast), which are based on the extent of TC circulation
and its cloud bands (Perez-Estrada & Dominguez, 2024), are not
close to the TC center, indicating a wider domain of TC affec-
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tation. This example underscores the limitations of wind-only
metrics (as in R34) in representing all TC-affected areas and,
consequently, hydrometeorological hazards associated with TC
passages. In this sense, ROCLOUD is a more realistic proxy for
rainfall-induced impacts. This result suggests that R34 could
underestimate TC indirect effects (i.e., flooding and landslides),
which arise from outer TC convective bands that extend beyond
the TC inner wind field. This finding is consistent with the results
reported by Hidalgo et al. (2020).

3.2. Relationship of TC sizes with extreme precipitation
events

The 95th percentile of daily precipitation from May 1st to
November 30th was computed as a first step to obtain the mean
annual extreme rainfall produced by TCs (Figure 4a). Mean an-
nual extreme rainfall associated with TC passages varies spatially
across Mexico. It is interesting to mention that mean annual ex-
treme rainfall is constrained to the location of mountain ranges,
where landslides commonly occur (Brefa-Naranjo et al., 2015;
Dominguez & Magaiia, 2018). For example, mean annual extreme
precipitation produced by TCs can reach up to 100 mm/day,
mainly southwards 24°N over mountain ranges. Central Mexico
that is located inland is not affected by TC extreme precipitation.
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Figure 3. (A) Saffir-Simpson scale (TD: tropical depression, TS: tropical storms, HUR 1-2: hurricanes category 1 and 2, HUR 3-5: hurri-
canes category 3, 4 and 5 and its percentage of official TC-associated declarations according to the North Atlantic Ocean (NA) and Eastern
Pacific Ocean (EP), (B) R34 and four quadrants of ROCLOUD radii (NE: northeast, NW: northwest, SW: southwest, SE: southeast) during
Hurricane Alex in 2010 at 00:00 UTC on 1 July 2010. A black dot represents the TC center.



We estimate the mean distance from TC centers at which
extreme rainfall events are produced by TC circulation (Figure
4b). In general, extreme rainfall events over the Gulf of Mexico
and Caribbean Sea coast are induced by TCs whose centers are
at least 200 km from landmass. It is worth noting that these
events can be induced by TC centers located 350-500 km from
landmass along the Mexican Pacific coast, mainly in Oaxaca,
Michoacan, Colima, Jalisco, and Sinaloa states (Figure 4b). These
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results show that extreme rainfall events are not confined to the
TC inner core but are present in regions that are distant from
the TC center, which suggests that ROCLOUD provides broader
coverage of extreme precipitation than R34 (see extension of
R34 in Figure 3b).

We compute the percentage of extreme precipitation events
identified by ROCLOUD (R34) (Figure 5) as a division between
the number of TC extreme precipitation events identified by RO-

33°N -

30°N -

27°N -

24°N -

21°N—

18°N -

15°N

12°N
118°wW

T T T T T
112°wW 106°W 100°wW 94°W 88°W

S —— —— — g
50 100 150 200 250 300 350 400 450 500 550 600

Figure 4. (A) Mean annual extreme precipitation (mm/day) associated with TCs in Mexico during the 2000-2024 period. Extreme precipitation
is defined as daily rainfall equal to or exceeding the climatological 95th percentile, which is based on rainy days from May 1st to November
30th during the study period. (B) Mean radial distance (km) from the TC center to the location of extreme precipitation.
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CLOUD (R34) and the total number of TC extreme precipitation
events, as shown in Figure 4a. ROCLOUD by itself captures be-
tween 52.5% and 45.9% of extreme precipitation events induced
by TCs that originate over the NA and EP, respectively (Figure
5a). What is interesting to mention is that around 40% of all
extreme rainfall events over both basins (at a national level) are
captured by ROCLOUD and R34. By contrast, R34 only captures
less than 1% of all events on both basins at a state level. This indi-
cates that ROCLOUD encompasses nearly all events identified by
R34, while additionally capturing a substantial number of extreme

rainfall events not detected by R34. It is important to bring out
that 7-14% of all events are not detected by any TC size metrics.
When analyzing the percentage of both metrics at the state level,
most regional TC extreme events are identified by ROCLOUD
or by its combination with R34. This result underlines that R34
lacks the skill to include hazards induced by TC extreme rainfall
(e.g., landslides, floods, and extreme precipitation that extends
beyond the TC inner core) at a state level.

We also analyzed the percentage of precipitation extreme
events per grid (0.1° of spatial resolution) covered by ROCLOUD
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Figure 6. Percentage (%) of TC extreme precipitation events covered by ROCLOUD and R34. The left column represents the percentage of
events covered by ROCLOUD, the middle column represents the percentage covered by R34, and the right column represents their difference
(ROCLOUD - R34 in percentage), according to the Saffir-Simpson scale intensity during the 2000-2024 period. TD: tropical depressions,
TS: tropical storms, HUR 1-2: hurricanes category 1 and 2, HUR 3-5: hurricanes category 3 and 5.



and R34, according to the Saffir-Simpson scale intensity during
the 2000-2024 period (Figure 6). These results demonstrate that
ROCLOUD identifies more than 80% of all extreme events near
the Gulf of Mexico and Caribbean Region in all TC intensities.
However, the percentage decreases near the Mexican Pacific
coast, mainly in the tropical depressions and tropical storms that
affect the Baja California Peninsula and Sinaloa. This behavior
is likely linked to small TC radii affecting this region and their
typically offshore trajectories of tropical depressions over cold
EP waters. This small TC radius affects a minor fraction of the
Mexican landmass, consistent with previous TC size statistics
(Perez-Estrada & Dominguez, 2024). By contrast, R34 covers
only around 40% of all extremes across coastal and inland re-
gions, revealing that this TC wind-based metric does not present
the same spatial pattern as the TC extreme rainfall distribution.
R34 adequately captures the extreme events in more than 60%
for specific locations and intensities. For instance, ~60% of
extreme precipitation events induced by tropical storms are
covered by R34 in Baja California Sur. In addition, ~65% of
extreme precipitation events induced by hurricanes (category 1
and 2) and major hurricanes (category 3, 4, and 5) are captured
by R34 over the Yucatan Peninsula, Tamaulipas, and the south
of Baja California Sur, regions that are commonly affected by
intense TCs (Dominguez Sarmiento, 2022). It is worth noting
that states located inland (e.g., Aguascalientes, Zacatecas, Gua-
najuato, and EdoMex) are not affected by TC extreme rainfall
events, as shown in Figures 4 and 6.

While making differences between RCLOUD and R34
percentages of coverage, the differences show that ROCLOUD
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detects more than 30%-40% of extreme rainfall events when
compared to R34, depending on the region and TC intensity. The
lowest difference is found in the major hurricanes, where per-
centages can be up to 20%. This result suggests that R34 properly
detects extreme precipitation induced by major hurricanes rather
than by weak TCs (e.g., tropical depressions, tropical storms).
In this sense, ROCLOUD performance is relatively consistent
across TC intensity categories, although slight reductions in cov-
erage are observed for extreme precipitation induced by tropical
depressions over Baja California Sur, likely reflecting regional
storm characteristics rather than methodological limitations.
The conditional probability of coverage is estimated for
ROCLOUD and R34 using diverse radial distances from the
TC center and Saffir-Simpson scale intensities (Figure 7). For
quantifying uncertainty, a nonparametric bootstrap resampling
was applied at the 95% confidence level for all TC intensities.
Confidence bands are narrower at short distances for all TC
intensities, using both R34 and ROCLOUD, due to the sample
size. However, these bands widen beyond ~700 km, where fewer
extreme precipitation events were observed, mainly for ROCLO-
UD. These results point out important different features between
the two TC size metrics. The curves for R34 nearly drop rapidly
and approach zero within 300-350 km from the TC center, show-
ing no significant differences in TC intensity or basin. On the
other hand, ROCLOUD covers around 90-100% of all extreme
rainfall events at 550—650 km from the TC center, depending
on the basin. TC intensity bands are noticeably different beyond
700 km in both basins. Hurricanes and major hurricanes show
slightly higher persistence than tropical depressions and storms,
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Figure 7. Radial coverage probability of extreme precipitation events by distance from the TC center. Curves show empirical coverage
for ROCLOUD (in blue) and R34 (in brown) for TCs that originate in (A) the NA and (B) the EP, with bootstrap confidence intervals and
separation by Saffir-Simpson scale intensity during the 2000-2024 period.
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particularly over EP. However, the 95% bootstrap confidence
bands widen in this radial range, indicating that such differences
are not statistically distinguishable from the aggregated curve.

Figures 6 and 7 reveal that ROCLOUD consistently detects
a more accurate extreme rainfall distribution induced by all TC
intensities than R34. Therefore, the TC size metric R34 sys-
tematically underestimates rainfall-induced hazards in regions
located more than 300 km from the TC center, and remains
strongly dependent on TC intensity. These findings suggest that
the operational SIAT-CT, by relying exclusively on a TC wind-
based metric, systematically underrepresents rainfall-induced
hazards. Consequently, this structural limitation constrains early
warnings for rainfall-related impacts, particularly in regions
of complex topography such as the Mexican mountain ranges.
Incorporating TC cloud-based size metrics into STAT-CT would
substantially improve the robustness and reliability of its early
warning protocols.

3.3. Assessment of the SIAT-CT hazard index

The SIAT-CT requires both surface wind intensity and TC
circulation (defined by R34) to compute its hazard levels from
0 (no hazard) to 5 (maximum hazard) (i.e, SIAT-CT hazard
index). This index is operationally relevant for Mexico, thus its
performance in representing precipitation-driven impacts requires
careful assessment. The relationship between SIAT-CT hazard
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level and TC extreme rainfall distribution shows no considerable
differences (Figure 8a). Median values of extreme rainfall events
(i.e., around 30 mm/day) remain invariant from hazard levels 0
to 5, with a large overlap in the interquartile ranges. This finding
shows that extreme rainfall events can occur at any hazard level,
undermining the STAT-CT skill to properly warn rainfall-induced
hazards. What is more, Figure 8b demonstrates that ~70% of
extreme rainfall events fall within TC-hazard levels 1 and 2, with
very few events indicated in TC-hazard levels 4 and 5, levels
that indicate that actions to face emergency and disaster should
be prepared. This bias suggests that the SIAT-CT systematically
underestimates the rainfall-induced hazard associated with TC
passages, and it can assign a minor hazard level to TCs that can
be extremely dangerous due to their extreme precipitation.
Considering all historical SIAT-CT hazard-level warnings
during the 2000-2024 period, we find that the mean SIAT-CT
hazard level, as defined by R34, ranges from O to 2 in most of
the country (Figure 9a), even in regions with recurrent landslides
(e.g., Michoacan, Guerrero, Oaxaca, Chiapas, Veracruz, and
Puebla) (Dominguez-Morales et al., 2016; Mendoza-Loépez et
al., 2002). It is remarkably important to mention that each hazard
level corresponds to safety protocols that society implements
before TCs impact Mexico. So, low-level hazards indicate low
impact and suggest that emergency or disaster declarations will
not occur (Perez Estrada et al., 2024). In addition, the percent-
age of extreme rainfall events classified as low-level hazards
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Figure 8. Distribution of TC extreme precipitation events by SIAT-CT hazard levels. (A) Boxplots of TC extreme precipitation (mm/day)
across hazard level 0-5. (B) Relative frequency (%) of extreme precipitation events assigned to each hazard level during the 2000-2024 period.



(i.e., from 0 to 2) varies from 50 to 80% in most of the country
(Figure 9b), revealing a consistent spatial underestimation of
the TC rainfall-induced hazard. This serious underestimation is
particularly evident over mountain regions, where orographic
TC convection is enhanced.

These findings exhibit that the SIAT-CT hazard index based
on R34 is a valuable tool for warning hazards associated with
winds from TCs whose Saffir-Simpson intensity is hurricane
categories 3, 4, or 5. However, this index critically fails to warn
hazards associated with weak TCs (i.e., tropical depressions
and tropical storms), despite at least 70% of TC-related disaster
declarations being associated with these hydrometeorological
phenomena (Figure 3a).

By contrast, ROCLOUD can identify extreme rainfall events
produced by TCs from both basins, demonstrating to be a better
metric that considers TC circulation and cloud bands in its com-
puting (Perez-Estrada and Dominguez, 2024), when compared to
R34. Incorporating wind and rainfall metrics, such as ROCLO-
UD, into the operational SIAT-CT framework would enhance
the system's capacity to adequately assign hazard levels and
properly implement safety protocols in advance of TC landfall.
The latter will help reduce TC-driven disasters and accurately
communicate TC hazards.

4. Discussion

R34 is used for describing the radial extent of gale-force
winds near the TC inner core and the main metric for issuing
the TC-hazard level for the SIAT-CT. However, this radial
extent does not encompass most TC rainfall-induced hazards.
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This limitation is particularly relevant for Mexico, where trop-
ical depressions and tropical storms are the most common TCs
affecting the country (Figure 3a). Their TC-related impacts are
associated with extreme rainfall, flooding, and landslides rather
than destructive winds alone. Extreme rainfall events produced
by TCs frequently occur beyond the inner-core wind field at
distances greater than 300 km from the TC center (far from
distances defined by R34, Figure 7). This mismatch between
wind radii and extreme precipitation events limits SIAT-CT's
operational capability to warn of TC-level hazards, especially
in coastal and mountainous regions exposed to outer rainbands.

ROCLOUD is a metric that represents the outer cloud-band
structure with rainfall-producing convection. We demonstrated
that this TC metric detects 52.5% and 45.9% of extreme precip-
itation events induced by TCs originating over the NA and EP,
respectively (Figure 5a), compared with less than 5% detected by
R34. ROCLOUD is used here as a physical proxy for the spatial
domain where extreme precipitation events induced by TC cir-
culation can occur. One limitation of the ROCLOUD algorithm
is that it considers only convection with brightness temperatures
below 233 K. Although most extreme precipitation can occur
in the cloud-cover area detected by ROCLOUD, some extreme
precipitation events produced by clouds lower than 10 km above
the surface (e.g., cumulus congestus and nimbostratus) might
be neglected. These lower clouds can only produce extreme
precipitation events in the presence of local cloud microphysical
processes (Khadke et al., 2024), which are outside the scope
of this study. Furthermore, ROCLOUD is affected by satellite
cloud-top detection, temporal sampling, quadrant-based radial
simplification, and displacement between cold cloud shields and
surface precipitation (Sun et al. 2017).
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Figure 9. (A) Historical mean of SIAT-CT hazard level (B) percentage (%) of extreme rainfall events assigned to SIAT-CT low-level hazards

(0-2) during the 2000-2024 period.
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Declarations from CENAPRED (i.e., emergency and disaster
declarations) are institutional governmental records, so their issu-
ance is influenced by reporting capacity, administrative criteria,
emergency management practices, and governmental decisions
regarding financial support (CENAPRED, 2022). The latter shows
uncertainty about the annual number of official TC-associated
declarations, which is likely underestimated by the Mexican
government. Our results show that no official TC-associated
declarations are reported inside the country (Figure 2b), although
TC extreme precipitation occurs (Figure 4a), demonstrating this
underestimation. SIAT-CT commonly assigns TC-hazard levels
1 and 2 for TC extreme precipitation (Figure 8b). These levels
indicate a minimum and low hazard, respectively, and do not
correspond to actions to be taken in response to an emergency or
disaster (CENAPRED, 2019). The SIAT-CT has been operational
since 2000, and the formula for computing TC-level hazards
has not been modified since then. Here, we show that TC-level
hazards associated with extreme precipitation events have been
underestimated by SIAT-CT (e.g. Tropical Storm Cristobal
2020 as shown in Perez-Estrada et al., 2024). Thus, the current
SIAT-CT wind-centered formula is insufficient to characterize
the full spatial extent of rainfall-related impacts.

Our findings demonstrate that ROCLOUD can be used as
an important input variable for classifying TC hazard levels.
The future approach should consider forecasting TC size (i.e.,
ROCLOUD), TC wind speed, and daily accumulated precipi-
tation to incorporate this information into SIAT-CT. This study
can also be useful to other countries affected by TCs, whose
topography is complex.

5. Conclusions

This study demonstrates that TC wind-based metrics, such
as R34, partially include TC rainfall-induced hazards, which are
responsible for at least 70% of the TC-associated disaster decla-
rations in Mexico. The latter represents a critical limitation for
the performance of SIAT-CT, which assigns low-level hazards to
TC extreme rainfall events. Consequently, the implementation of
proper safety protocols is constrained by a bias in SIAT-CT. On
the other hand, TC size metrics that consider both TC circulation
and cloud band extension, such as ROCLOUD, are robust proxies
for capturing the extreme rainfall events occurring beyond 300
km from the TC center. The use of this TC size metric could
help warn of flooding and landslides, hazards arising from TC
extreme rainfall rather than TC surface winds. These findings
underline the need to improve the SIAT-CT by incorporating TC
precipitation-driven metrics alongside traditional wind-based
metrics into its operational framework.

A future modern SIAT-CT should integrate multiple com-
ponents of the TC structure (i.e., inner-core wind fields and
outer-size rainfall) to properly warn direct and indirect hazards
to society. The latter will enhance alignment between TC hazard
levels and disaster declarations, an advance urgently needed,
and help Mexican media properly communicate the TC hazard
level. Accurate TC early warnings can provide a reliable basis
for local decision-makers to reduce disaster risk, particularly in
municipalities with high-vulnerability populations (Dominguez
etal.,2021).
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The Silverman Minimum in the mid-18th century: a better assessment

A.J.P. Aparicio'?32™ V.M.S. Carrasco'?*™ and J.M. Vaquero'2¢

Abstract

Understanding historical solar activity is essential due to its impacts on Earth's climate, space weather,  Key words: Sunspot number,
stellar behavior, and human health. The recent centuries have witnessed two pronounced solar minima  Aurora, Cosmogenic isotopes,
through telescopic observations of sunspots: the Maunder Minimum in the 17th century and the Dalton ~ Solar cycle, Historical records.
Minimum in the 19th century. Proxies for solar activity like aurora records and cosmogenic isotopes

reveal other solar minima in earlier centuries. In addition, Silverman (1992) found a previously unrec-

ognized minimum around 1765 using mid-latitude aurora observations. The present work studies the

annual number of days when auroras were recorded in mid-latitudes (AD), the official sunspot number

series (SN) and sunspot numbers derived from cosmogenic radioisotopes (SN ,¢) to evaluate if the

Silverman Minimum can be considered a notable minimum in solar activity beyond auroral records.

Our results reveal a pronounced minimum in AD during 1755-1766 and in SN4c during 1747-1752,

whereas just a non-pronounced minimum in SN over 1745-1761. While the uncertainty of the datasets

could explain part of the differences in the results, comparisons with other periods of reduced solar

activity suggest that the differences among series also occur. Moreover, non-pronounced SN minima can

be compatible with pronounced minima in other solar activity indices, such as AD, without implying a

mischaracterization of the datasets.

Resumen

Comprender la actividad solar histdrica es esencial debido a sus impactos en el clima de la Tierra, el ~ Palabras clave: Nimero
clima espacial, el comportamiento estelar y la salud humana. En los siglos recientes se han registrados ~ de manchas solares, Aurora,
dos minimos solares de actividad solar muy reducida a través de observaciones telescopicas de manchas  Is6topos cosmogénicos, Ciclo
solares: el Minimo de Maunder en el siglo XVII y el Minimo de Dalton en el siglo XIX. Los indicadores  solar, Registros hist6ricos.
de la actividad solar, como los registros de auroras y los isétopos cosmogénicos, revelan otros minimos

solares en siglos anteriores. Ademas, Silverman (1992) encontr6 en observaciones de auroras en latitudes

medias un minimo previamente no reconocido alrededor de 1765. El presente trabajo estudia el nimero

anual de dias en que se registraron auroras en latitudes medias (AD), la serie oficial del nimero de

manchas solares (SN) y la serie del nimero de manchas solares derivada de radioistopos cosmogénicos

(SNy4c) para evaluar si el Minimo de Silverman, ademés de ser un minimo en los registros de auroras,

puede considerarse un minimo destacado de actividad solar. Nuestros resultados revelan un minimo

pronunciado en AD y SN, durante el periodo 1755-1766 y 1747-1752, respectivamente, mientras que

solo un minimo no pronunciado en el SN durante el periodo 1745-1761. Si bien la incertidumbre de

las variables podria explicar parte de las diferencias en los resultados, los analisis y las comparaciones

con otros periodos sugieren que las diferencias entre variables también ocurren en otros minimos y que

los minimos no pronunciados en el SN pueden ser compatibles con minimos pronunciados en otras

variables relacionadas con la actividad solar, como AD, sin implicar una caracterizacién errénea de

ninguna de las variables.
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1. Introduction

Understanding past solar activity is crucial for multiple ar-
eas of research. It provides insights on the long-term behavior
of the Sun and its influence on Earth's climate (Haigh, 2007).
Knowledge of past solar activity is also essential for space
weather research (Hanslmeier, 2007). Solar storms can disrupt
communication systems, satellites, and power grids, and studying
historical solar activity helps develop better forecasting models
and mitigation strategies. Understanding past solar activity
contributes to our knowledge of long-term solar behavior and
stellar evolution, as the Sun is a typical star (Brun ez al., 2015).
In addition, solar activity modulates the Earth's magnetic field
and cosmic ray fluxes with implications for technological systems
and potential links to human health (Mishev and Usoskin, 2018).

The behavior of different manifestations of solar activity,
such as sunspots, and proxies as auroras and cosmogenic iso-
topes, provide a better knowledge of the long-term variability
(Usoskin, 2023). Regarding direct solar records, sunspot count-
ing with telescope has been available only since 1610 (Arlt and
Vaquero, 2020; Clette et al., 2023) although some observations
of sunspots have been made with naked eye in the last two mil-
lennia (Wittmann and Xu, 1987; Yau and Stephenson, 1988).
Proxies of solar activity such as aurora records are also available
for two millennia (Fritz, 1873) and reconstructed series using
cosmogenic radioisotopes covers even more than ten millennia
(Solanki et al., 2004).

Telescopic observations of sunspots indicate the occurrence
of two notable minima in the last four centuries: the Maunder
Minimum, which was a grand minimum period (Eddy, 1976;
Usoskin et al., 2015; Vaquero et al., 2015; Carrasco et al., 2021),
spanning the second half of the 17th century and the beginning
of the 18th century, and the Dalton Minimum in the early 19th
century, which was a prolonged period of low solar activity but
not considered as a grand minimum (Hayakawa er al. 2020;
Carrasco, 2022). Moreover, using cosmogenic isotopes as a
proxy, other grand solar activity minima were identified in the
last millennium (Usoskin, 2023): Oort (around the year 1000),
Wolf (around 1300), and Spérer (around 1500) Minimum.

Silverman (1992) studied the secular variation of northern
aurora observations for the period 1450-1948. In the series
of annual number of days on which auroras were observed in
mid-latitudes (south of 55°N in geographic latitude), he detected
the known Sporer, Maunder, Dalton, and 1901-1913 prolonged
solar activity minima. In addition, he found an evident previously
unrecognized minimum around 1765 (Silverman Minimum, here-
after). Subsequent works such as Vazquez, Vaquero, and Gallego
(2014) and Ptitsyna, Demina, and Tyasto (2018) confirmed the
existence of the Silverman Minimum in auroral records. The

above raises an important question to understand the long-term
solar activity behavior. Is the Silverman Minimum a minimum
only in auroral records? Apparently, according to the sunspot
number (Vaquero, 2007; Clette et al., 2014; Mufioz-Jaramillo
and Vaquero, 2019), there is no deep minimum in the middle
of the 18th century. On the other hand, high-resolution series
(annual cadence) of cosmogenic radionuclides currently available
(Usoskin et al., 2021) can provide another point of view about
the Silverman Minimum.

The objective of this work is to analyze if the Silverman
Minimum could be considered a solar activity minimum or
only a minimum in auroral records. For this purpose, an aurora
data series is studied as well as two sunspot number series: the
official sunspot number series and the sunspot number series
reconstructed from cosmogenic radioisotopes measurements.
These data series used in the present work are described in
detail in Section 2. The methodology followed to process the
data is explained in Section 3. Section 4 contains the discussion
of our results and, lastly, the main conclusions of our work are
presented in Section 5.

2. Data

Our work is based on the analysis of three data series char-
acterizing solar activity and covering, at least, the 18th century,
in which the Silverman Minimum was found. Firstly, northern
aurora observations in mid-latitudes (south of 55°N in geographic
latitude) are considered since that minimum was detected in that
type of observations, which are directly correlated with solar ac-
tivity (Silverman, 1992). For this purpose, we have used the cat-
alog of northern aurora observations in mid-latitudes by Ktivsky
and Pejml (1988) supplemented by Kiivsky (1996), which covers
the period 1000-1900. The data of this catalog were digitized,
processed and quality controlled by the National Oceanic and
Atmospheric Administration (NOAA) and National Aeronautics
and Space Administration (NASA). The catalog consists of a list
of dates (year, month and day arranged in chronological order)
when auroras have been observed, together with the source of
the information, obtained from sets of observations and all the
catalogs (or their corrections) published to its date taking into
account criteria to avoid overestimating the number of aurorae.
From it, we have computed the annual number of days when
northern auroras were recorded in mid-latitudes (AD), i.e., at
geographic latitudes below 55°N. Secondly, we have used the
official annual sunspot number series (SN) (version 2, see Clette
and Lefevre, 2016) provided by the Sunspot Index and Long-term
Solar Observations (SILSO, https://www.sidc.be/SILSO), which
is the longest time series based on direct observations reflecting


https://www.sidc.be/SILSO

long-term solar activity. The annual sunspot number series covers
the period from 1700 to the present. Thirdly, we have chosen the
high-resolution series by Usoskin et al. (2021) of annual sunspot
number derived from “C concentration measurements in tree
rings (SNy4¢), which spans the period 971-1899, since this series
achieves an annual resolution. Table 1 lists the annual values of
the above three series for the 18th century, whereas the whole
dataset used in the present study is available at the request of
those interested.

3. Results

To assess the solar activity level during the 18th century,
including the Silverman Minimum around the middle of that
century, the AD, SN and SN, data series for that century are
presented in Figure 1 (upper panel). In addition, 11-year running
averages of the three series are shown in Figure 1 (lower panel)
to show their long-term behaviors removing the influence of the
11-year solar cycle. For a broader overview, Figure 2 includes the
above data series for a longer time interval, namely the period
1600-1950, This allows comparison of the Silverman minimum
with known solar activity minima and thus evaluates whether it
can be considered a notable minimum.

4. Discussion
4.1. The Silverman Minimum

For the 18th century, the AD series presents a temporal
evolution similar to those of SN and SN, series (Figure 1,
upper panel). In the case of annual series (Figure 1, top panel),
rises and falls of the indices approximately follow the 11-year
solar activity cycle with cycles of higher maximum amplitudes
in the second half of the century with respect to the first one.
The correlation coefficient between the AD and SN series is
r =0.60 and it is r = 0.63 between AD and SN, both with a
p-value < 0.001.

Regarding the 11-year smoothing series (Figure 1, bottom
panel), the three indices present a higher solar activity level in
the second half of the century compared to the first one. The
average of the AD series for the first half of the century is 15.6,
whereas it is 32.7 in the second half. In the case of SN, it is 65.4
in the first half and 91.0 in the second half, whereas it is 35.8
versus 78.8, respectively, for SN . Thus, while the average
for the second half of the century with respect to the first one
increased higher than 100 % in the case of the AD and SN ,¢
series, it is 39 % in the case of the SN.
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Besides the Maunder Minimum, which ended in the early
18th century, and the Dalton Minimum, which started near
the end of that century, the AD series shows a remarkable
minimum occurring around mid-18th century (Figure 1, bot-
tom panel). This minimum was first identified by Silverman
(1992). The smoothed AD series decreased from values around
20-30 near 1730 to approximately 5 around 1760. A minimum
is also evident in the smoothed SN, series in the mid-18th
century, where values declined from approximately 50-80
during 1720-1740 to values near O around 1750. In contrast,
the decrease in the smoothed SN series is less pronounced since
values decreased from approximately 80-90 around 1730 to
about 65-70 around 1750.

The minimum periods in SN,c and AD present differences in
the year of their lowest value (1749 for SN, and 1762 for AD)
and they do not overlap with each other (1747-1752 for SN,4c and
1755-1766 for AD). Minimum periods were defined as intervals
around local minima during which the smoothed series remained
below a threshold value given by: X, + 0.25(X ux — Xiuin), Where
Xomin 18 the value of the local minimum around mid-18th century
and X, is the maximum value of the period before the local
minimum. On the other hand, the year of the minimum in the
SN series (1746) is closer than that occurred in the SN 4 series
than in the AD series. Also, all the years of the local minimum
for the SN overlap with years of the minimum for the SN series
(1745-1761), whereas only some years of the AD overlap with
those for the SN series. Figure 1 (bottom panel) provides a
clear view of these differences between the three solar activity
indices studied.

The temporal offset between the minima in the AD and SN ¢
series, as well as the longer duration of the minimum in AD, may
reflect the different physical nature of the two proxies. While
SN, mainly reflects long-term modulation of cosmic rays by
the solar magnetic field, AD is associated with geomagnetic
disturbances capable of producing visible mid-latitude auroras
and is therefore more sensitive to the occurrence of intense
oronal mass ejections (CME) and strong high-speed solar wind
streams (HSS). Consequently, relatively small differences in solar
magnetic complexity and geomagnetic effectiveness during weak
solar cycles may produce larger and more persistent variations
in AD than in SN 4, contributing to the temporal displacement
and broader minimum observed in the AD series during the SM.

4.2. Comparison with Other Periods of Reduced Solar
Activity

A comparison of the Silverman minimum with others
observed in the telescopic era can be seen in Figure 2. The
similarities among the indices remain when the time interval
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Table 1. List of annual number of days when northern auroras were observed at geographic latitudes below 55°N according to Kfivsky
and Pejml (1988) supplemented by Kfivsky (1996) [AD], SILSO annual values of the official sunspot number (version 2) [SN], and annual
sunspot number obtained from “C concentrations in tree rings provided by Usoskin ef al. (2021) [SN 4] for the 18th century.

YEAR AD SN SNiac YEAR AD SN SNiac
1700 0 8.3 19.8 1751 12 79.5 19
1701 0 18.3 1.2 1752 12 79.7 9
1702 3 26.7 2.8 1753 5 512 -17.6
1703 0 38.3 -2.2 1754 6 20.3 -31.3
1704 7 60 -2.8 1755 2 16 -18.7
1705 2 96.7 8.4 1756 5 17 20.5
1706 0 48.3 25 1757 2 54 70.8
1707 15 333 0.9 1758 3 79.3 101.4
1708 5 16.7 -1.2 1759 8 90 138.8
1709 2 133 -9 1760 2 104.8 134.3
1710 1 5 -8.3 1761 3 143.2 90.6
1711 1 0 -9.5 1762 2 102 66.8
1712 0 0 -6.3 1763 2 75.2 61.7
1713 3 33 4.5 1764 7 60.7 68.5
1714 0 18.3 9.7 1765 1 34.8 88.9
1715 2 45 13.3 1766 0 19 94.8
1716 17 78.3 2.1 1767 1 63 83.5
1717 13 105 -3.5 1768 8 116.3 62
1718 18 100 12 1769 24 176.8 20.5
1719 30 65 12.3 1770 23 168 -4.4
1720 17 46.7 12.9 1771 17 136 -15.5
1721 23 433 34.5 1772 20 110.8 -8.6
1722 44 36.7 63 1773 39 58 21.1
1723 18 18.3 75.6 1774 40 51 65
1724 6 35 73.1 1775 20 11.7 126.6
1725 16 66.7 84.8 1776 32 33 189.3
1726 18 130 98.4 1777 69 154.2 224.8
1727 18 203.3 106 1778 74 257.3 237.6
1728 44 171.7 119.4 1779 112 209.8 207.9
1729 20 121.7 103.3 1780 41 141.3 159.9
1730 50 78.3 81 1781 69 113.5 132.2
1731 18 58.3 51.5 1782 51 64.2 123
1732 40 18.3 0.9 1783 76 38 112.7
1733 15 8.3 -35 1784 49 17 126.1
1734 24 26.7 -40.1 1785 41 40.2 156.5
1735 20 56.7 -4.2 1786 104 138.2 182
1736 37 116.7 38.1 1787 128 220 193.2
1737 38 135 80.6 1788 127 218.2 191.7
1738 14 185 151.1 1789 101 196.8 180.6
1739 28 168.3 190.2 1790 76 149.8 127.5
1740 5 121.7 174.6 1791 75 111 73.8
1741 35 66.7 137.9 1792 55 100 47.5
1742 16 333 97.1 1793 18 78.2 8.2
1743 15 26.7 51.9 1794 8 68.3 -20.6
1744 5 8.3 6.4 1795 6 355 -29.5
1745 3 18.3 -14 1796 3 26.7 -29.9
1746 18 36.7 -14.7 1797 14 10.7 -16.4
1747 25 66.7 -6.8 1798 1 6.8 -1.7
1748 10 100 13 1799 5 11.3 20.8
1749 17 134.8 38.8 1800 7 242 543
1750 41 139 29.7
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Figure 1. (Upper panel) Annual number of days when northern auroras were sighted at geographic latitudes below 55°N (AD) according
to Kfivsky and Pejml (1988) supplemented by Kfivsky (1996) in black continuous line, annual values of the sunspot number (version 2) by
SILSO (SN) in blue dashed line, and annual sunspot number derived from C concentrations in tree rings (SN ,¢) by Usoskin et al. (2021)
in red dotted line for the 18th century. (Lower panel) The same three series after computing 11-year running averages.
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Figure 2. Same as Figure 1, but for the period 1600-1950. The different temporal coverage of the three series reflects their data availability:
AD is available from 1600 to 1950, SN from 1700 onward, and SN, over a reconstructed interval dependent on cosmogenic data. (Upper
panel) Annual values. (Lower panel) 11-year running means.
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is extended from the 18th to the 19th century (Figure 2).
Regarding the annual series, the three studied indices exhibit
approximately 11-year cycles (Figure 2, top panel). Moreover,
regarding annual data of the 18th and 19th centuries, the cor-
relation coefficient between AD and SN, is r = 0.61 (which
is similar to that found only for the 18th century), although
r = 0.52 for AD-SN (which is lower than 0.60, that is the value
obtained using data 18th century data). The p-value is lower
than 0.001 in both cases.

A similar behavior in the solar activity level of the three
indices can be seen regarding 11-year smoothing (Figure 2,
bottom panel). Regarding AD series, the depth of the Silver-
man Minimum (SM) is similar to that corresponding with the
Maunder Minimum (MM), the Dalton Minimum (DM) and the
Gleissberg minimum between the late 19th century and the early
20th century (GM). In particular, the AD values during those
minima reached values as low as in the range of 1-5 in all cases.
The difference with the other minima is in the time extension
during those values were observed. For example, regarding the
SM, values below 10 (threshold used for AD values in Section
4.1) were observed for the period 1755-1767, whereas they were
below 10 during all the MM (except a few years at the onset with
values around 10), for 1798-1822 in the DM and from 1877 to
the end of the studied AD studied (1894) for the GM.

In relation to the SN ¢ series, one can see that the mid-18th
century minimum has a depth similar to those in the MM, and
the DM since their minimum values were next to 0, whereas the
sunspot number minimum value observed in the GM was slightly
above (around 15) considering data until 1894. However, the
duration of the SM was shorter than the MM and DM (as in the
case of the aurora series), and similar to that occurred in the GM.
In this case, sunspot number values below the threshold used
in Section 4.1 for the SN, series (~ 20), spanned the period of
1748-1752 for the SM, whereas they were observed during all
the years of the MM (1645-1715), 1796—1820 for the DM, and
1883-1887 for the GM.

The SM is not present as a remarkable minimum in the SN
series. There is a decrease in the sunspot number around the
1750s to values as low as ~65. However, the depth of this rel-
ative minimum is significantly different from those of the MM
and DM since sunspot number values in those minima were
around 25 in the last part of the MM (which is the only avail-
able) and the DM. The depth of the SM is merely comparable to
that of the GM when sunspot number values reached minimum
values around 50. Moreover, comparing the time extension of
both minima according to the SN series, values of the SN below
the threshold used previously (~ 70) ranged from 1745 to 1759
for the SM and they cover the period 1795-1830 for the DM
and 1876-1918 for the GM.

4.3. Can a non-remarkable minimum in the SN series be
compatible with a remarkable minimum in another
solar activity indices?

4.3.1. Evidence from the Silverman Minimum

The SM appears as a pronounced minimum both in the AD
and SN, series in terms of depth and also in duration in the case
of the AD series. However, considering the SN series, the SM
is a weak non-remarkable minimum only comparable in depth
to that of the GM rather than to periods of very reduced solar
activity such as the DM and the MM (which is the only grand
minimum observed in the telescopic era).

Interestingly, a similar behavior is observed in the GM,
which shows a notable minimum in AD, but only a relatively
weak minimum in SN. Furthermore, the SM and GM present
comparable minimum values in both AD and SN. Therefore, this
suggests that a remarkable minimum in AD could be compatible
with a non-remarkable minimum in SN.

The minimum periods for which the SM occurs in each series
are similar, although they do not overlap exactly. However, partial
temporal offsets are also observed in the other studied minima
(MM, DM and GM), being a clear example the end of the MM.
Therefore, the differences found for the SM are not exceptional
within the context of long-term solar variability.

Another issue particularly interesting is that, unlike the GM,
the SM does not occur near the beginning or end of a centennial
Gleissberg cycle (Gleissberg, 1939, 1945), where reduced solar
activity is more commonly observed, but around its middle phase.

4.3.2. Could the discrepancies arise from data limitations?

Part of the discrepancies among the three proxies may arise
from their associated uncertainties and observational limitations.

The uncertainty associated with the SN values provided by
SILSO is only available from 1818 onwards. However, an import-
ant limitation of the SN series is the sparse temporal coverage
of historical sunspot observations around the SM.

First, the annual number of sunspot observations used to
compute the SN series is not available from SILSO for the
18th century. However, using as reference an updated version
of the database of Vaquero er al. (2016) included in Clette et
al. (2023), one can check that the temporal coverage of sunspot
observations for the decades 1720s-1810s is low (see Table 2):
between 3 % in the 1730s and 37 % in the 1770s. Second, the
temporal coverage from SILSO data can be calculated from the
1820s onwards (Table 2), revealing substantially more complete
observations during later periods, including a temporal coverage
of 100 % from the 1850s.



Therefore, a significant fraction of the daily sunspot obser-
vations around the SM is missing, meaning that the SN series
for that period is less reliable and may be more difficult to char-
acterize than for later periods. Some works have been carried
out to analyze and to incorporate new sunspot records in periods
with scarce temporal coverage (Carrasco, Villalba-Alvarez, and
Vaquero, 2015; Nogales et al., 2020; Hayakawa et al., 2022).
However, much work is still needed to improve the reconstruction
of solar activity during the mid-18th century.

In relation to AD, uncertainties are more difficult to quan-
tify because the index is derived from the catalog including
a list of dates when auroras were observed. Nevertheless, the
catalog compiled by Kfivsky and Pejml (1988) was made up of
a collection of numerous catalogs and observations, including
quality criteria to ensure that the data series was as robust as
possible. For example, an aurora record was incorporated into
the catalog only if the aurora was observed simultaneously at
several locations separated by a considerable distance apart.

One could also think that the SM is the result of a mischar-
acterization of AD during that period. For example, the Seven
Years’ war took place during 1756-1763 and could have affect-
ed the record of auroras. However, the SM was beyond the end of
the war. In fact, the AD series is more affected by solar activity
than by the numerous wars around the world as demonstrated
by the AD minima coinciding with the SN minima (in both 11-
year cycles and Gleissberg cycles, see Figure 1 and 2).

In the case of SN, the average 1-sigma uncertainty during
the SM is approximately 15 units in sunspot number. Although
this uncertainty is not negligible, the minimum observed in the
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SNy series is sufficiently pronounced to remain identifiable
despite that uncertainty. Nevertheless, the uncertainty may
partially affect the exact depth and duration of the minimum.

4.3.3. Physical interpretations and implications

The solar phenomena responsible for geomagnetic dis-
turbances, which result in significant aurorae, are CME and
HSS. Around solar cycle maxima, when SN reaches its highest
values, the CME occurrence rate peaks (Webb, 1991), making
CMEs the dominant driver of geomagnetic storms (Richard-
son, Cliver, and Cane, 2001). In contrast, HSSs become more
important near solar cycle minima (Gonzalez, Tsurutani, and
Clua De Gonzalez, 1999). While CMEs can cause very intense
geomagnetic activity and bright auroras extending toward mid
and low latitudes, auroras associated with HSSs, although more
numerous, are generally weaker and only the fastest HSSs can
produce mid-latitude auroras.

Figures 1 and 2 (upper panels) show that higher 11-year SN
cycles are generally associated with higher AD values, whereas
weaker SN cycles have greater variability in AD values. Thus,
cycles of similar amplitude in SN may present significant dif-
ferences in AD values, particularly during weak cycles, such as
those around the SM. Apart from the uncertainties associated
with the time series commented above, this behavior can also
contribute to explain the difference in the minimum periods
identified for the SM in the AD, SN and SN, series.

The solar phenomena causing mid-latitude auroras could be
behind the above behavior. During the maximum of stronger cycles,

Table 2. Temporal coverage of sunspot observations per decade for the period 1700-1819 according
to an updated version of the database of Vaquero et al. (2016) used by Clette ef al. (2023) and the

period 1820-1949 according to SILSO.

DECADE COVERAGE (%) DECADE COVERAGE (%)
1700 73.3 1830 62.0
1710 68.2 1840 76.5
1720 273 1850 100
1730 3.1 1860 100
1740 5.9 1870 100
1750 35.5 1880 100
1760 32.0 1890 100
1770 372 1900 100
1780 5.6 1910 100
1790 23.8 1920 100
1800 26.0 1930 100
1810 60.2 1940 100

1820 79.9
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the Sun tends to develop numerous magnetically complex active
regions produce frequent and fast CMEs, that cause an increase
in the number of mid-latitude auroras. In weaker cycles, fewer
and less magnetically complex active regions are created. Since
the SN index depends on the total number of spots but also on the
number of sunspot groups (Clette et al., 2023), similar SN values
may correspond to substantially different magnetic configurations.
In particular, a given SN value can be obtained with dispersed and
sufficiently complex active regions that can produce CMEs, or
with less disperse and magnetically complex active regions that
can produce CMEs (Lamy et al., 2019). Thus, low-amplitude SN
cycles tend to yield fewer and more variable mid-latitude auroras.

Weaker solar magnetic fields are associated with a higher
number of near-equatorial coronal holes, which produce strong
and recurring HSSs (Gibson et al., 2009). Typically, these streams
generate geomagnetic storms leading to auroras visible only at high
terrestrial latitudes, but some of the strongest streams may cause
mid-latitude auroras. This can be seen in Figures 1 and 2 (upper
panels) since relatively high AD values can be found in some
periods of low SN near solar minima. Thus, for low amplitude
cycles in SN, HSSs may be more likely to contribute to generat-
ing mid-latitude auroras resulting in a more variable number of
mid-latitude auroras. That is, cycles of low amplitude in SN could
tend to produce a more variable number of mid-latitude auroras
through both CMEs and HSSs.

These phenomena can occur more frequently at close intervals.
Roughly CMEs peak at solar maxima and HSSs at solar minima.
Some studies even indicate that CME occurrence rate tends to
have two peaks: one around solar maximum and the other 1-3
years after solar maximum (Gonzalez, Tsurutani, and Clia De
Gonzalez, 1999; Robbrecht, Berghmans, and Van der Linden,
2009). Meanwhile, HSSs activity peaks during the late declining
phase of the solar cycle, when coronal holes extend from the solar
polar regions down to the equator (Mursula and Zeiger, 1996;
Borovsky and Denton, 2006). Therefore, the geomagnetic activ-
ity often increases during the declining phase of the solar cycle
(Legrand and Simon, 1991). This is consistent with Figures 1 and
2 (upper panels) where many AD maxima peak in the declining
phases of SN cycles. This highlights the fact that the mechanism
of aurora production makes the relationship between AD and SN
intrinsically variable, especially in the short term, whereas the
relationship between the three studied series becomes more similar
in the long term (Figure 1 and 2, lower panels).

5. Conclusions

Silverman (1992) stated that a prolonged minimum around
1765, previously unrecognized, is evident from the series of

annual number of days on which northern auroras were sighted
in mid-latitudes (below 55°N in geographic latitude). In the
present work, we have compared this type of series (AD) with
the solar activity level according to the sunspot number (version
2) provided by SILSO (SN) and the more recently published
high-resolution series of annual sunspot number derived from
C concentrations in tree rings (SN 4c) by Usoskin et al. (2021)
for the period 1600-1950, highlighting the 18th century with
the goal of assessing whether the Silverman Minimum can be
considered a remarkable minimum in solar activity or is only a
minimum in aurora observations.

The three data series show similarities in their time evolu-
tions, especially in the long term. A pronounced minimum is
found in AD (period 1755-1766) and SN, (1747-1752) series
with a depth similar to those of the MM and DM, whereas SN
series just shows a weak non-remarkable minimum (1745-1761)
with a depth merely comparable to that of the Gleissberg mini-
mum occurred at the end of 19th century and early 20th century.

A mischaracterization of AD could be argued to explain the
discrepancy. However, the pronounced minimum is not only found
in AD, but also in SN 4. In addition, the time evolution of AD is
in line with 11-year and centennial cycles and with a geomagnetic
behavior that can be explained in terms of solar phenomena such
as CMEs and HSSs rather than non-physical factors, such as wars,
thanks to the use of a catalog of auroras made up of numerous
catalogs with corrections and criteria so that the data series was
as robust as possible. A mischaracterization of SN could be
argued due to the lower temporal coverage of this index in the
18th century. However, at the end of the 19th century, there is a
similar non-pronounced minimum in SN (which is characterized
with 100 % temporal coverage) with a notable minimum in AD
and SN, series. This proves that a prolonged low solar activity
(without being a pronounced minimum) may produce a remark-
able minimum in other solar activity indices (as is the case of the
Silverman Minimum in aurora records in the mid-18th century)
without implying that any of the series are mischaracterized.

We highlight that the SN series is the best index to char-
acterize long-term solar activity. However, it does not provide
enough information to describe the magnetic complexity of the
heliosphere and its impact on our planet (Gibson et al., 2009).
Nevertheless, more studies incorporating new sunspot records
made in the mid-18th century to the databases are necessary to
definitely clarify the true difference in the three series consid-
ered in this work so that similarities and differences between
solar and geomagnetic activity become clearer. Thus, taking
into account these similarities and differences, SN can be
useful as a first approximation in estimations of geomagnetic
behavior on large temporal scales for periods with no or scarce
geomagnetic data.



Finally, we would like to pay tribute to Prof. Sam Silverman
within the context of this work. He peacefully passed away at
his home on April 23, 2022, at the remarkable age of 96. A
physicist and lawyer by profession, his enduring curiosity led
him to publish across a multitude of disciplines, ranging from
his primary focus on upper atmospheric physics and the aurora
borealis to a diverse array of subjects in the social sciences.
Within the meteorology and space weather community, he will
forever be commemorated as one of the foremost researchers in
airglow and auroras globally. Arguably, his most renowned paper
delved into the secular variation of the aurora over the past five
centuries (Silverman, 1992), although his prolific body of work
widely extended to historical observations of this phenomenon.
His collaborations with distinguished members in the space
weather and climatology realm, such as Prof. Joan Feynman
(Feynman and Silverman, 1980; Feynman et al., 1990a, 1990b),
Prof. Ralph Shapiro (Silverman and Shapiro, 1983), and Prof. Ed
Cliver (Silverman and Cliver, 2001), further solidified his impact.
His most recent publication, achieved in partnership with Prof.
Hisashi Hayakawa, contributed to the study of Dalton's auroral
observations (Silverman and Hayakawa, 2021), marking yet an-
other testament to his enduring dedication and influential legacy.
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Las erupciones del volcan Irazi (Costa Rica) entre 1924 y 1940 a partir de una
reconstruccion desde los discursos hemerograficos

Mauricio M. Mora'22*@®, Giovanni Peraldo Huertas'®® y Gerardo J. Soto'3¢

Abstract

Over the past half-century, numerous eruptions of the Irazi volcano have frequently been cited as occur-  Key words: Irazi volcano,
ring between its two main historical eruptive cycles in 1723-1724 and 1963-1965, particularly during  historic eruption, volcanic

the 1920s and 1930s. To date, no eruptions have been documented at Irazi during the 19th century, anda  chronicle, eruptive history,
reliable chronology was recently reconstructed for the eruptive period between 1917 and 1921, the only ~ Volcanic hazard.

one documented after that of 1723—1724. This study involved a review of newspaper archives and scien-

tific sources regarding the alleged eruptions between 1921 and 1940, which established that during those

decades, eruptions occurred only in June 1933 and between September 1939 and April 1940. Several

of the alleged eruptions have been misinterpretations based on isolated and incomplete sources in as-

sociation with strong seismic events, such as that of March 1924, or with intense exhalative activity that

extended from 1921, which produced high columns of steam from the summit craters of Irazt and were

generally called “eruptions,” without actually being so. The ash produced in 1933 reached the capital,

San José, and is estimated to have had a combined VEI of 2. On the other side, 1939-1940 eruptions

were smaller in size, although more spread out over time, and the ash fall towards the Western Central

Valley was much lighter. The damage and overall impact of both eruptions were of little economic and

social significance, and although the government acted in isolation to address the crises, there was no

need for major interventions. This new clarification of the correct historical eruptive record of Irazi will

allow for a better assessment of the hazard and eruptive frequency, in the interest of better and more

efficient risk management in the affected areas.

Resumen

A lo largo del dltimo medio siglo ha sido frecuente citar miltiples erupciones del volcan Irazi entre  Palabras clave: volcéan Irazd,
sus dos ciclos eruptivos historicos principales en 1723-1724 y 1963-65, en particular en las décadas de  erupcién historica, cronica
1920 y 1930. Hasta el momento no se han documentado erupciones durante el siglo XIX en el Iraziiy ~ volcénica, historia eruptiva,
recientemente se reconstruy6 una buena cronologia para el periodo eruptivo entre 1917 y 1921, el tinico  peligro volcanico.

posterior documentado al de 1723-1724. En este trabajo se realiz6 un estudio hemerografico y de fuentes

cientificas sobre las supuestas erupciones entre 1921-1940 que permiti6 establecer que en esas décadas

solo hubo erupciones en junio de 1933 y entre setiembre de 1939 y abril de 1940. Varias de las supuestas

erupciones han sido malinterpretaciones a partir de fuentes aisladas e incompletas en asociacién con

fuertes eventos sismicos, como el de marzo de 1924, o bien con una intensa actividad exhalativa que

se extendi6 desde 1921, que generaba columnas de vapor desde los créteres cuspidales del Irazi y en

general fueron llamadas “erupciones”, sin serlo. Las cenizas producidas en 1933 alcanzaron la capital

San José, y se estima que en conjunto tuvo un equivalente a un VEI de 2. En cambio, las erupciones de

1939-1940 fueron mas discretas en tamafio, aunque més esparcidas en el tiempo eruptivo, y la caida

de ceniza hacia el Valle Central Occidental fue mucho més tenue. Los dafios y afectacién en general

de ambas erupciones fueron de poca monta econémica y social, y aunque el gobierno actu6 de forma

aislada para atender las crisis, no hubo necesidad de grandes intervenciones. Esta nueva clarificacion del

correcto registro eruptivo histdrico del Irazi, permitird una mejor evaluacién de la amenaza y frecuencia

eruptiva, en aras de una mejor y mas eficiente gestion del riesgo en las areas afectables.
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1. Introduccion

El volcén Iraza (9,979°N y 83,852° O, 3432 m s.n.m) es un
amplio complejo estratovolcanico andesitico baséltico (excep-
cionalmente también presenta dacitas) situado en el extremo
sudoriental de Ia cordillera volcanica Central (CVC) de Costa
Rica (Alvarado, 1993; Alvarado et al., 2006; Clark et al., 2006).
Esta cordillera forma, junto con las cordilleras volcanicas de
Guanacaste (CVG) y de Tilaran (CVT), el arco volcéanico cua-
ternario de Costa Rica, el cual se origina por la subduccién de la
placa del Coco bajo la placa del Caribe y cuyo eje se encuentra
unos 150 km tierra adentro de la Fosa Mesoamericana, con una
orientacion noroeste-sureste (Figura 1a). El volcan Irazu se
localiza unos 25 km al este del centro de la ciudad de San José,
capital de Costa Rica 'y 15 km al noreste de la ciudad de Cartago.
Ambas conforman, actualmente, junto con las ciudades de He-
redia y Alajuela, la Gran Area Metropolitana (GAM), el centro
socio-econémico y més densamente poblado de Costa Rica, lo
que configura un escenario de riesgo volcanico relevante (Soto
y Sjobohm, 2015; Campos-Durén et al., 2024b) (Figura 1c).

Las principales erupciones histdricas del Irazd ocurrieron en
1723-24 y quizas hasta 1726 (estromboliana, freatomagmatica
y freatica, Alvarado y Schmincke, 2013), 1917-1921 (freatica,
freatomagmatica-vulcaniana, estromboliana; Mora et al., 2024) y
1963-65 (freatica, freatomagmaética y estromboliana a vulcaniana;
Murata et al., 1966; Barquero 1975; Alvarado 1993). Otras fases
menores se han reportado entre 1924 y 1940 (Déndoli, 1965; Bar-
quero, 1975, 1976; Alvarado 1993), aunque no se han investigado
a fondo, por lo que no se conocen muy bien y son el objeto de este
estudio. Luego de la tltima fase eruptiva de 1963-1965, el Irazt
ha mantenido una tenue actividad fumardlica en el flanco norte,
muy cerca de la cima, con aparicién y desaparicién periddica con
variaciones del nivel, color, temperatura y acidez de una laguna
intracratérica, enjambres sismicos ocasionales y la generacién
de grandes deslizamientos en el flanco norte superior del maci-
zo. Uno de estos eventos se asocié con una erupcion fredtica en
1994 al noreste del crater principal, en el sitio conocido en el
siglo XIX y principios del XX como “volcan Nuevo” (Fallas et
al., 2018) (Figura 1b). El conocimiento histérico y prehistorico
de la actividad eruptiva explosiva del Irazi (p. ej., Clark et al.,
2006; Campos-Duran et al., 2024a, 2024b) permite sugerir que las
erupciones magmaticas-freatomagmaticas con VEI > 3 suceden
con periodos de retorno del orden de 200-400 afios, mientras que
los episodios con VEI < 3 suceden con recurrencias plurideca-
dales (Soto y Sjobohm, 2015), pero luego de periodos de calma
eruptiva de varias décadas posteriores a las paroxismicas, como
fue el caso pos 1723-26 y es el caso pos 1963-65.

En este trabajo se analiza la informacién disponible sobre
reportes de actividad del volcan Irazd entre 1924 y 1940, con

el fin de establecer las fases eruptivas que habrian ocurrido en
ese intervalo de tiempo y su impacto, de modo que se constituya
en un insumo fundamental para los analisis de riesgo volcanico
y como antecedente para la prevencion de desastres de origen
volcéanico en Costa Rica. El enfoque desde la historia y la vulca-
nologia permiten la generacién de conocimiento para completar
el registro histérico de actividad de un volcan, en el contexto
de los hechos politicos, econdémicos y sociales de la época en
la que ocurri6 la actividad eruptiva de interés, tal y como fue
abordado por Mora et al. (2024) para la fase eruptiva de 1917
a 1921 del volcén Irazu.

2. Método
2.1. Fuentes de informacion y curacion de datos

El analisis se realiz6 con base en fuentes hemerograficas
que se encuentran disponibles, en forma digital y fisica (segin
su estado de preservacion), en la Hemeroteca de la Biblioteca
Nacional de Costa Rica, accesible digitalmente desde el portal
del Sistema Nacional de Bibliotecas (SINABI, https:/www.
sinabi.go.cr/). Se analizaron 187 noticias que fueron transcritas y
sistematizadas cronolégicamente en una base de datos organizada
con los siguientes elementos: periddico, pagina, autoria, titulo de
la noticia, dia, mes, afio y la transcripcion. Las transcripciones de
las noticias mantienen, en gran medida, los rasgos gramaticales
y ortograficos originales; solo se corrigieron algunos errores
tipograficos de imprenta.

Los textos relativos a la actividad eruptiva y su impacto
se extrajeron manualmente y se analizaron desde el prisma de
la percepcion, la cual es permeada por el contexto cultural e
histérico del momento, asi como también en contraposicion y
complemento por la convergencia de otros procesos naturales
como los sismos, que para la primera mitad del siglo XX ain
eran cercanamente correlacionados segtin la interpretacion no
cientifica, y particularmente la noticiosa. La comparacion de los
discursos contenidos en las noticias analizadas permite identificar
sesgos y distorsiones y resalta los elementos consistentes sobre la
actividad volcéanica. Finalmente, esta informacion se calibra, al
menos en parte, con la informacion cientifica de la misma época
obtenida no solo de las fuentes hemerograficas, sino también del
Fondo José Fidel Tristan (FTRIS) que forma parte del Archivo
Historico (AH) del Archivo Nacional de Costa Rica (ANCR),
accesible desde su portal (https://archivodigital.go.cr/). Fi-
nalmente, se interpretan los hechos a la luz del conocimiento
cientifico actual, lo que obliga a generar hipdtesis y suposiciones
con respecto a la informacion localizada (Mora et al., 2024). La
contextualizacidn histdrica se basé en periddicos, revistas, obras
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literarias y publicaciones relativas al contexto histérico, social
y econdmico de la época, accesibles desde el portal del Sistema
Nacional de Bibliotecas de Costa Rica (SINABI), bibliotecas
institucionales y colecciones privadas.

2.2. Definicion de los periodos de analisis

En 1924, la supuesta actividad eruptiva del volcéan Irazua fue
vinculada por la prensa escrita al sismo del 4 de marzo de ese
aflo, conocido como el terremoto de Orotina o de San Casimiro,
con epicentro aproximadamente 22 km al suroeste de Orotina,
una profundidad menor a 40 km y una magnitud Ms = 7,0 (Mon-
tero, 1999; Figura 1c). Las réplicas se extendieron durante todo
marzo y parte de abril, acompafiadas por una intensa sismicidad
inducida en otras fuentes corticales (Montero, 1999). El evento
causo dafios severos tanto en el Pacifico Central como en el
Valle Central, particularmente en San José, lo que generd una
amplia cobertura mediatica en la prensa escrita, con mas de 300
noticias publicadas. De estas, inicamente 22 hacen referencia a
la supuesta actividad eruptiva del Iraz( y son las que se utilizan
en este trabajo.

Entre 1925 y 1932 se identificaron numerosos reportes de
supuesta actividad eruptiva en el volcan Irazi, muchos en un
unico periddico (Figura 2). En contraste, en 1933 y de 1939 a
1940 se dispone de un conjunto mas consistente de noticias que
documentan caidas de ceniza y algunos impactos asociados. Para
el periodo 1934-1938 no se registraron referencias a actividad
eruptiva; inicamente se identificaron dos noticias que aluden a
supuestas erupciones en el volcan Poas (Figura 2).

Con el fin de cuantificar lo anterior, se analizaron las 187
noticias mediante la bisqueda y contabilizacion de tres palabras
clave: irazii, erupcion y ceniza. Las dos primeras aparecen en
la mayoria de los registros, mientras que la mencién de ceniza
se concentra principalmente en los afios 1933, 1939 y 1940; su
presencia es escasa en 1924 y 1932, y esta ausente entre 1935
y 1938 (Figura 3). De modo que, con base en la frecuencia de
reportes, consistencia entre fuentes y presencia de indicadores
directos de actividad eruptiva (p. ej. caida de ceniza), el analisis y
la presentacion de los resultados se organizé en cuatro periodos:
1924, 1925-1932, 1933 y 1939-1940 (Figura 2).

3. Breve contexto historico-cientifico de la época

A finales del siglo XIX y durante la primera mitad del siglo
XX la vulcanologia en Costa Rica no fue favorecida institu-
cionalmente y su desarrollo recayd en un grupo de cientificos
de la época que se encargaron, con poco tiempo y recursos,
de explorar y describir los volcanes y su actividad, asi como

otros relieves, rocas y procesos igneos (Mora, 2024). Una de
las voces predominantes en el ambito del estudio de volcanes
fue la de José Fidel Tristan, quién describid varias erupciones
volcanicas, entre ellas, las erupciones de 1917 a 1921 del volcan
Irazd (Mora et al., 2024). También, particip6 activamente en
las discusiones sobre la actividad sismica ocurrida en 1924 y
su impacto (Mora, 2024). Con la muerte de José Fidel Tristan,
en 1932, hubo un cambio hacia otros cientificos gedlogos que
llegaron del exterior, como Paul Schaufelberger (1929 a 1938)
y de César Déndoli (1939 en adelante) (Mora, 2024). Otras
voces fueron las del Ing. Rafael Tristan, hermano de José Fidel,
asi como también las de Ricardo Fernandez Peralta, Anastasio
Alfaro, Rubén Torres Rojas, Carlos Borel, Manuel Valerio,
Fernando Torres Vincenzi, entre otros; y aunque ninguno tuvo
el rol protagénico que tuvo José Fidel Tristan en el ambito
vulcanolégico, dejaron valiosos relatos y descripciones sobre
el Irazu en la prensa escrita que permiten sustentar el analisis
sobre la actividad del Irazi en este estudio.

4. Vinculo de las erupciones volcanicas y actividad
sismica desde la percepcion

El vulcanismo y la sismicidad, desde el prisma de la per-
cepcion, son dos procesos geoldgicos que producen un gran
asombro y temor en el ser humano, ya sea por el evento mismo
(evidentemente disruptivo de la cotidianidad), la tradicién, la
religidn, las creencias, las leyendas, la literatura o el cine, de
modo que, quienes conviven con los procesos volcanicos, han
llegado a tejer en su imaginario individual y colectivo, gran
cantidad de explicaciones no formales y saberes populares en
torno a la actividad volcéanica y sismica (Peraldo y Mora, 2009,
2016). Peraldo y Mora (2009) estudiaron el miedo inducido por la
prensa sensacionalista, la cual genera noticias en torno a eventos
naturales carentes de sustento cientifico ni corroboracion, y que
por tanto exacerbaban los 4nimos ya caldeados por la actividad
sismica. Esto resulta en la percepcion de una relacion directa,
causa-efecto, entre los sismos y las erupciones volcanicas, tal
y como ocurrié con varios sismos importantes que ocurrieron
entre 1924 y 1940 y que causaron gran consternacion sobre si
eran causantes de erupciones volcanicas o viceversa (Tabla 1
del Apéndice A).

Por otro lado, algunas interpretaciones de la comunidad
cientifica de la época se alineaban con la percepcion general de
la relacion directa sismos-erupciones. Uno de ellos fue el Ing.
Rafael Tristan (hermano de José Fidel Tristan, fallecido en enero
de 1932) quien asoci6, por ejemplo, los temblores ocurridos el
13 de julio de 1933 (La Tribuna, 1933c) y un sismo ocurrido el
18 de junio de 1939 (La Prensa Libre, 1939) con la actividad
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del volcan Irazd. Mas interesante todavia es que el mismo Ing.
Rafael Tristan primero manifest6 que la sismicidad producto del
terremoto de Puerto Armuelles del 17 de julio de 1934, que se
extendi6 por varios dias, estaba asociada a una falla (La Prensa
Libre, 1934a) y luego, en otra entrevista, contradictoriamente
sugirié un origen volcanico (La Prensa Libre, 1934b). Esta
dualidad pone en evidencia el pobre entendimiento del origen
de los procesos sismicos y volcanicos, asi como también del
concepto de falla tectonica activa.

Unos afios mas tarde, Paul Schaufelberger, ge6logo que es-
tuvo en el escenario cientifico de Costa Rica entre 1929 y 1938
(Mora, 2024), aunque no relaciond los temblores ocurridos el
13 de julio de 1933 con la actividad del volcéan Irazq, si inter-
pretd que se habrian generado por “hundimientos de cavernas
subterrdneas” producto de la accién quimica y mecanica del
agua subterranea (La Tribuna, 1933d). En contraste, el mismo
Paul Schaufelberger atribuy6 un origen volcanico a los sismos
ocurridos el 26 y 27 de agosto de 1936, tal y como lo hizo la
prensa (La Prensa Libre, 1936a, 1936b).

En esa época, una idea analoga a las “cavernas de aguas
subterraneas” vinculaba los sismos con la actividad volcanica
a través de la formacién de cavidades bajo los volcanes como
resultado de la gran cantidad de ceniza que era lanzada y que
debian “acomodarse” en algiin momento, tal y como se pensé
que ocurri6 durante la erupcion del volcan Poas que dej6 una
cavidad que luego origind los terremotos en 1910 (p. ¢j. Serre del
Sagués, 1920). De forma similar, se penso que la fase eruptiva
de 1917 a 1921 del Iraza debi6 formar grandes cavidades que
originaban los movimientos sismicos que se sintieron en 1924,
lo cual fue retomado por Paul Schaufelberger para interpretar el
origen de la actividad eruptiva del volcan Irazi en 1933 (Diario
del Comercio, 1924c; La Hora, 1933; Schaufelberger y Jiménez,
1933). También hubo cientificos que refutaban la idea de que los
temblores se generaran por actividad volcanica, y uno de ellos
fue José Merino y Coronado (Novedades, 1939b). No fue sino
hasta 1939 que César Déndoli introdujo, categéricamente, la idea
del origen tecténico de los eventos sismicos (Déndoli, 1939).

5. Resultados
5.1. Primer periodo: 1924
5.1.1. El terremoto de Orotina y el volcan Irazu
Como consecuencia del terremoto de Orotina surgieron en
los periddicos numerosas noticias imprecisas, e incluso contra-

dictorias, sobre supuestas erupciones en el Irazi (Tabla 2 del
Apéndice A). El propio dia del temblor (4 de marzo), mientras

La Noticia y La Tribuna informaron que el Irazu se encontraba
tranquilo, La Prensa y el Diario de Costa Rica reportaron que si
habia hecho erupcion (Tabla 2 del Apéndice A). El 5 de marzo,
La Voz, La Prensa y La Noticia informaron que desde Tierra
Blanca (Figura 1c) se escuchaban retumbos, se veian relampagos,
llamas y erupciones de humo denso y negro; mientras que el
Diario de Costa Rica referia que esas observaciones eran falsas
y exageradas e informé que tanto Tierra Blanca como Cartago
estaban tranquilos (Tabla 2 del Apéndice A). La Nueva Prensa
reportd, el 5 de marzo, un “penacho blanco” que catalogé como
erupcion, y el dia siguiente (6 de marzo), informé que el Iraza
no presentaba ninguna actividad especial como tampoco ceniza
ni lodo en las erupciones (Tabla 2 del Apéndice A).

Entre el 7 y el 9 de marzo de 1924 surgi6 una polémica
entre Francisco Jiménez, entonces Gobernador de Cartago, y
el periddico La Tribuna (Tabla 2 del Apéndice A) . El prime-
ro, con base en informes del Lic. Arturo Volio, desmentia que
el Irazi estuviera arrojando cenizas, en tanto que el segundo
respondid con un tnico reporte de una erupcion de ceniza en
poca cantidad desde un caserio de Llano Grande (Figura 1c).
El 9 de marzo el periddico La Verdad hizo eco de ese reporte
de caida de ceniza, mientras que, el 11 de marzo La Tribuna
publicd, segun su corresponsal en Cartago, que el Irazd “no
daba sefiales de amenazadora actividad” y solo se divisaba una
“débil columna de humo” (Tabla 2 del Apéndice A). El 22 de
marzo el Diario del Comercio inform6 sobre una erupcién cuya
ceniza fue dispersada hacia el sureste, pero es una noticia aislada
y no es posible confirmarla (Tabla 2 del Apéndice A). A finales
de marzo y también en abril hay algunas referencias de que el
Irazd presentaba actividad, pero no son precisas en describir
erupciones propiamente dichas (Tabla 2 del Apéndice A). Lo que
si es consistente, y llama la atencidn, es la ausencia de reportes
explicitos de caida de ceniza cerca o allende del créter activo
o de algtin impacto producto de la actividad eruptiva (Tabla 2
del Apéndice A).

El cientifico y profesor José Fidel Tristan (en ese entonces
director del Liceo de Costa Rica) realiz6 observaciones diarias de
la actividad del volcan Iraza entre 1924 y 1927 desde la ciudad
de San José y, ocasionalmente, desde Rancho Redondo de Goi-
coechea (Figura 1c), al oeste del volcan, en un lugar llamado en
ese entonces Corralillo, actual Hacienda Guayabillos (Tristan
1927a, 1927b; Figura 1c). La mayoria fueron hechas entre las
6:00 y las 8:00 de la mafiana, pero también, ocasionalmente,
las hacia en otros momentos del dia. Aunque los reportes son
parcos, evidencian que entre enero y febrero de 1924 el volcan
Iraza presentaba una actividad exhalativa débil a moderada y
un poco més conspicua en marzo de ese afio. También reporta
algunas erupciones, pero no hay descripciones explicitas que
confirmen si hubo emisién de ceniza y/o caida de ella en alguna
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parte, o bien, si solo fueron plumas de vapor de agua y gases
(Tabla 3 del Apéndice A). A juzgar por las descripciones, una
erupcion para José Fidel Tristan se trataba de una salida de vapor
o de gases, y no implicaba ceniza a menos que explicitamente
haya escrito “erupcién de ceniza”.

El 17 de marzo de 1924 lleg6 a Costa Rica el gedlogo aleméan
Karl Sapper, quien ya habia realizado una breve visita a Costa
Rica en 1899, como parte de sus investigaciones geoldgicas de
carcter regional en América Central (Sapper, 1942). De modo
que el gobierno de Costa Rica aprovech6 para incorporarlo a la
comision cientifica que ya habia integrado, desde el 6 de marzo,
con José Fidel Tristan, Ricardo Ferndndez y Anastasio Alfaro
(Tristan, 1927a, folio 14; Mora, 2024). Como resultado, Karl Sa-
pper publicé algunos trabajos cientificos en los que hace algunas
anotaciones relativas al volcan Irazi (Tabla 4 del Apéndice A).

Karl Sapper, con base en un reporte de Emilio Robert, hace
referencia a una erupcion grande, pero no dice la fecha en que
ocurrid; aunque por contexto habria ocurrido el 4 de marzo a
las 5:00 a. m., una hora después del terremoto de Orotina. Sin
embargo, ya vimos que los peridédicos publicaron informacién
contradictoria al respecto y José Fidel Tristan no reporta ninguna
actividad eruptiva relevante ese dia (Tabla 3 del Apéndice A).
El 5 de marzo, al amanecer, José Fidel Tristan describio varias
erupciones a las que siguidé un “desprendimiento constante de
vapores”, congruente con lo descrito en el periédico La Nueva
Prensa ese dia (Tablas 2 y 3 del Apéndice A).

Karl Sapper menciona unas erupciones el 20 y el 23 de marzo
en la madrugada, pero solo el Diario del Comercio reporta una
“erupcion de ceniza” en la noche del 20 y otras el 21 de marzo
en la mafiana (Tablas 2 y 4 del Apéndice A). Sin embargo,
José Fidel Tristan reporta que el 21 de marzo en la mafiana no
habia visto ninguna actividad (Tabla 3 del Apéndice A). Sobre
la supuesta erupcion del 23 de marzo resulta relevante que Karl
Sapper, José Fidel Tristan y Ricardo Fernandez Peralta se encon-
traban, ese dia, hospedados en la casa de Emilio Robert (a pocos
kilémetros de la cima del Irazd) y el 24 de marzo estaban en la
cima del volcan. Por lo tanto, resulta extrafio que no hicieran
descripciones de la actividad eruptiva, por ejemplo, alguna caida
de ceniza u otras evidencias que podrian observarse alrededor
del crater activo. Méas atn, José Fidel Tristan solo reporta, laco-
nicamente, que el 23 de marzo a las 3:00 p. m. habia ocurrido
una erupcion y en declaraciones que €l brind6 al Diario de Costa
Rica del 26 de marzo, solo informa que las erupciones no son
tan frecuentes como antes y que salen vapores blancos que se
desvanecen rapidamente y dejan un “humo azul, que es acido
sulfarico” (Tabla 2 y 3 del Apéndice A).

Sobre el ascenso al Irazid, Karl Sapper solo publicé una
pequefia descripcion sobre la actividad fumarélica en el crater
M (formado durante la fase eruptiva de 1917-1921, Fernandez,
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1920), muy similar a lo comentado por José Fidel Tristan en
el Diario de Costa Rica el 26 de marzo de 1924 (Tablas 2 y 4
del Apéndice A). Por otra parte, en el libro publicado en 1925,
Los volcanes de la América Central, que fue reproducido en la
Revista Conservadora del Pensamiento Centroamericano, Sa-
pper (1967) lista los eventos volcénicos ocurridos en América
Central, y para 1924 no refiere ninguna actividad eruptiva del
Irazd, solo menciona que el “4 de marzo comienza una serie larga
de temblores en Costarica [sic]” (Sapper, 1967). Finalmente,
en un manuscrito inédito titulado Los efectos geogrdficos de
los terremotos y erupciones volcdnicas, Karl Sapper hace una
breve mencion sobre unas nubes de polvo en el cerro Turrubares
(Figura 1c) producto del terremoto de Orotina y no refiere nada
sobre el Iraza (Sapper, 1924, folio 33).

Las descripciones lacénicas realizadas por José Fidel Tristan
en 1924 sobre la actividad del volcan Irazd, contrastan con la
amplia informacién que €l y Ricardo Fernandez Peralta brindaron
durante la fase eruptiva de ese volcan entre 1917 y 1921 (Mora
et al., 2024), lo que hace muy significativo que no detallaran las
erupciones que supuestamente ocurrieron en marzo y abril de
1924. Karl Sapper en su visita a Costa Rica en 1924 se enfoco
en otros temas, particularmente, en la erupcion de 1723 del Iraza
(Tristan, 1927b, folio 86) y lo poco que aport6 sobre la actividad
sismica de 1924 se baso en lo que la comision cientifica ya habia
concluido previo a su incorporacion.

Adicionalmente, es muy sugestivo que algunas noticias sobre
la ciudad de Cartago no mencionan nada sobre el volcan Irazi
o su presunta actividad, solo mencionan lo poco que fue afec-
tada por el terremoto de Orotina (Diario de Costa Rica, 1924c).
El 16 de marzo de 1924 se coment6 que el Irazi vivia “en su
indiferencia de siempre”, refiriéndose a que no tenia nada que
ver con el terremoto del 4 de marzo y el que no mencione nada
explicito relativo al Iraza sugiere que el volcan no presentaba
ninguna actividad significativa (Diario de Costa Rica, 1924e).
De hecho, poco méas de una década mas tarde, en 1933, en el
contexto de una fase eruptiva del Irazi que veremos mas ade-
lante, una noticia da a entender que no hubo ninguna actividad
eruptiva entre la fase de 1917-1921 y ese afo (La Republica,
1933). Finalmente, D6ndoli (1965, p. 5) y Murata et al. (1966)
refieren que las Gnicas erupciones histéricas bien documentadas,
previas a la erupcion de 1963-1965, fueron las fases mayores de
1723 y 1917-1921 y las fases menores de 1933 y 1939-1940.

5.1.2. La supuesta actividad volcanica del cerro Turrubares

Inmediatamente después del terremoto de Orotina, se infor-
mo que los cerros Turrubares (Diario del Comercio, 1924ay b;
Figura Ic) y La Cangreja (Diario de Costa Rica, 1924b; Figura
1c) estaban en erupcién. En los alrededores de Turrubares “el
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vecindario esta alarmado y sospecha que se trata del nacimiento
de un nuevo volcan en Herradura o Turrubares” (Diario de Costa
Rica, 1924a). La atencion fue tal, que incluso se propuso que
se trajeran dos aeroplanos desde Panama para inspeccionar el
cerro Turrubares y que sacaran fotografias que sirvieran a los
cientificos a entender lo que alli ocurria y que estaba alarmando
a la poblacién (Diario del Comercio, 1924a). Un testimonio
describe que “la tierra se abri6 [en la regién de Turrubares] en
diferentes lugares dejando enorme grietas, y que en algunos sitios
se desprendian vapores sulfurosos y brotaba agua hirviendo”
(Diario del Comercio, 1924b). También surgieron reportes sobre
columnas de humo, un crater e incluso de lava y fuego y se hizo
el llamado a que se investigara para constatar si se trataba de
un “nuevo volcan” o de “un lejano respiradero de los actuales™
(La Nueva Prensa, 1924). Esta supuesta actividad volcanica
del Turrubares despert6 el interés de José Fidel Tristan, quien
dudaba si realmente era posible y a su vez sospechaba que po-
dria tratarse de otra cosa, ya que el notd que los reportes de las
personas tenian la particularidad de describir que “el humo se
veia salir inmediatamente después que se sentia algin temblor [el
subrayado es original]” (Tristan, 1927a, folio 13). El 11 de marzo
de 1924 la comisidn cientifica (atn sin Karl Sapper), inform¢ al
Ministro de Fomento lo siguiente: 1) que en el cerro Turrubares
no habia manifestaciones volcanicas, sino numerosos derrum-
bes que levantaban nubes de polvo y 2) que la zona epicentral
del terremoto del 4 de marzo se encontraba al sur de Orotina y
visiblemente tenia un origen tecténico (Diario de Costa Rica,
1924d; Gobierno de la Republica de Costa Rica, 1924; Tristan,
1927a, folios 27, 28;).

En el siglo XIX el cerro Turrubares no solo fue considerado
como un volcan, en tanto es un cerro prominente de 1756 m de
altitud en medio de muchos otros cerros mas bajos, sino que tam-
bién se le conocid con otros nombres. Stephens lo 1lamé volcan de
San Pablo en 1840 (Fernandez, 2002, p. 37) al igual que Marr en
1853 (Marr, 2004, p. 316) y Meagher en 1858 (Fernandez, 2002,
p- 279). Marr en 1853 (Marr, 2004, p. 316) y Meagher en 1858
lo distingui6 del mitico volcan Herradura (Fernandez, 2002, p.
279). Montessus de Ballore (1884, p. 208) también se refiri6 al
Turrubares como volcan, pero Pittier (1890) lo corrigid y negb
que fuera un volcan (Mora, 2024). El ge6logo William Gabb fue
categoérico en indicar que el pico de Herradura, refiriéndose al
cerro Turrubares, no era un volcin (Denyer y Soto, 1999). La idea
de que el Turrubares era un volcén prevaleci6 a inicios del siglo
XX (Noriega, 1904, p. 108, p. 224), pero en la segunda mitad
de ese siglo se comprobd, geolégicamente, que no es un volcan
y se cartografié como rocas volcanicas antiguas en diferentes
mapas (Denyer y Arias, 1990; Déndoli et al., 1968; Gobierno
de Costa Rica, Direcciéon de Geologia, Minas y Petréleo, 1963;
Sandoval et al., 1982).

5.2. Segundo periodo: 1925 a 1932

Un reporte del periddico La Tribuna y otro de José Fidel
Tristan coinciden sobre una gran erupcién del volcan Iraza el
8 de junio de 1925 en la mafiana, pero que no pudo ser obser-
vada en San José por estar nublado; ademés habria generado
caida de cenizas cerca del volcan segtin inform6 el telegrafista
de Tierra Blanca (Tabla 5 del Apéndice A, Figura 1c). Estos
reportes, aunque coinciden, son aislados, ya que otros rotativos
no informaron al respecto y, mas adin, tampoco hay reportes de
caida de ceniza desde otras localidades, lo que seria de esperar
si la erupcién hubiese sido grande y realmente hubiera habido
dispersion de ceniza hacia sus faldas.

En agosto e inicios de septiembre de 1925, las erupciones
en el Irazu se describen como pequefias y acompaifiadas de un
ruido sordo, segin una carta de José Fernandez a José Fidel
Tristan; sin embargo, estudiantes del Liceo de Costa Rica que
ascendieron al volcéan el 6 de septiembre de 1925 observaron
mas bien columnas de vapor que emergian del crater M tras ese
ruido (Tabla 5 del Apéndice A).

El 24 de septiembre de 1925 La Tribuna que informé de una
gran erupcién que habria durado dos horas, pero fue desmentido
por José Fidel Tristan, quien ademas critica acremente al cronista
que redact6 la noticia (Tabla 5 del Apéndice A). De hecho, José
Fidel Tristan resume que durante 1925 la actividad en el Iraza
habia disminuido mucho y no habia nada anormal, solo algunas
“erupciones pequefias”, razén por la cual no visitaba el volcan
(Tabla 5 del Apéndice A).

A fines de febrero de 1926, José Fidel Tristan, con base en
unas fotos que tom¢ de Edwin Géngora durante una excursion al
Irazq, constat6 que la fuerte erosion estaba ensanchando la parte
superior del crater M (Figura 4f) y dandole forma de embudo
con una chimenea algo cilindrica (Tabla 5 del Apéndice A).
Ademas, not6 que del lado del crater M no habia ceniza donde
usualmente caia durante las erupciones, lo que le sugeria que
no habia habido actividad eruptiva en mucho tiempo, aunado a
que solo salia “humo blanco” en pocas cantidades y que el olor
a gases sulfurosos era escaso (Tabla 5 del Apéndice A).

El ensanchamiento del crater M y la salida de humo cons-
tante también fue reportado en diciembre de 1927 por el joven
excursionista E. van der Laat (La E. corresponde al nombre de
Enrique, L. van der Laat com. pers., 2026), alumno de V afio
del Liceo de Costa Rica, que envi6 un relato y fotografias a José
Fidel Tristan (Tabla 5 del Apéndice A; Figura 4a). También vio,
lejos del crater, arbustos llenos de lodo fresco a lo cual se afiade
que los peones de la finca Volio informaron que en los dltimos
meses de 1927 habian ocurrido algunas erupciones grandes
acompaifiadas de retumbos. Sin embargo, no existen noticias en
la prensa u otros reportes de comunidades cercanas que consta-
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Figura 4. Fotografias del drea de los créteres del volcan Irazd entre 1927 y 1930. a) van der Laat (1927), b) [Dos fotografias del drea de los
crateres del Volcén Irazi] (1928), ¢) Izquierda: Calvo (1929), derecha: Bolaiios (1929), d) Izquierda y derecha: [Dos fotografias del 4rea de
los crateres del Volcédn Irazi] (1929), ) Izquierda y derecha: Valerio (1930). En cada fotografia se indica el créiter correspondiente segiin el
esquema basado en Fernandez (1920) y modificado de Mora ef al. (2024) que se muestra en f) el cual indica la posicion de los crateres en
la cima del volcén Irazd en 1920 como referencia. La nomenclatura de los crateres de A al G fue dada por Sapper (1901, modificado de la
figura 8 de Mora ef al., 2024).
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ten que hubieran ocurrido erupciones de gran magnitud en esa
época. El mismo José Fidel Tristan sefiala que la actividad no
habia aumentado mucho en los Gltimos meses de 1927 (Tabla
5 del Apéndice A).

El 18 diciembre de 1927 se publicaron unos comentarios
de Abelardo Quesada Chacon quien aseguraba que el Irazi se
encontraba en “erupcion constante”, lo cual se apreciaba siem-
pre en horas de la madrugada y que incluso habian “lluvias de
ceniza en la capital” que afectaba plantas que €l cultivaba (Tabla
5 del Apéndice A). Esto contrasta con las observaciones de José
Fidel Tristan que daban cuenta que la mayor parte del tiempo
hubo actividad débil en el Irazd, generalmente descrita como
“humo flojo” o “muy transparente” o “muy ralo” y ocasional-
mente hacia referencia a alguna erupcion “grande” como sucedid
el 3,17, 19y 28 de diciembre (Tristan, 1927a, folios 351-366).

Algunos esquemas que dibuj6 José Fidel Tristan entre 1924
y 1927 muestran columnas que habrian superado facilmente los
1000 m sobre el nivel del crater (Figura 5b, c, e, f, g, 1, k, m,
n, 0) 0 que tienen un patrén de puntos que parece sugerir que
contenian ceniza (Figura 5d, i, j). De modo que serfa de esperar
que por su magnitud, se hubiera reportado alguna caida de ceniza
y con ello un mayor impacto mediatico pero no fue asi. El 25
de abril de 1927, al amanecer, describié una “erupcién” como
una nube negra y resalta en el esquema la luz del sol detras
de la pluma, lo cual genera que, independientemente si es una
erupcidn o una columna de vapor de agua, esta se vea oscura,
de modo que puede generar confusion (Figura 5n). Algo similar
ocurri6 el 28 de abril de 1927 a juzgar por los colores que utiliza
(Figura 50). Finalmente, José Fidel Tristan describi6 el 18 de
abril de 1925 y el 24 de febrero de 1927 supuestas erupciones
cuyas columnas se habrian mantenido poco mas de una hora,
lo que parece contradecir lo que habia criticado al periodista el
24 de septiembre de 1925 (Figura 5Se, 1). Solo en algunos casos
José Fidel Tristan claramente describié columnas de humo no
volcanicas, producto de carboneras (p. ej. el 13 de enero 1924,
Tristan, 1927b, folio 13) y quemas (p. €j. el 2 de febrero de 1924
y el 8 de marzo de 1926, Figura 5a, h). Lo que se desprende con
seguridad de las notas que José Fidel Tristan escribi6 entre 1925
y 1927 es que el Irazi mantuvo una actividad exhalativa débil
e intermitente, que ocasionalmente se tornaba mas vigorosa.

En febrero de 1928 una publicacién del Diario de Costa
Rica informé sobre una erupcion con una “poderosa columna
de humo negro” (Tabla 5 del Apéndice A). Empero, se indica
que esto fue observado a las 4:30 a. m., cuando todavia esta os-
curo, ya que en febrero generalmente el sol sale entre las 5:30 y
6:00 a. m. en Costa Rica, de modo que es posible confundir una
columna de vapor de agua y gases con una de ceniza; ademas
no se encontrd informacidn al respecto en otros periédicos que
sustenten que hubiera ocurrido una erupcién. De hecho, el 21

de mayo de 1928 el mismo rotativo informé sobre “continuas
erupciones que se elevan a gran altura” pero en la misma noticia
describe que son “bastante blancas” y llegaban a confundirse
con las nubes (Tabla 5 del Apéndice A). También, y sin mayor
detalle, José Fidel Tristan observo una columna vertical sobre
el Irazi a las 5:20 a. m. del 21 de mayo de 1928 y la describe
simplemente como un “espectaculo” lo cual, muy posiblemente,
se trataba de una columna de vapor de agua y gases, tal y como
se observa en fotografias de ese afo (Tabla 5 del Apéndice A;
Figura 4b).

La actividad exhalativa se mantuvo entre 1929 y 1931, como
lo revelan las noticias que describen una “actividad constante”
y emision de “humo blanco” que era catalogada errébneamente
como erupciones (Tabla 5 del Apéndice A; Figura 4c,dy e). En
noviembre de 1929, publicé una foto de la actividad del volcan
Irazid en la que se observa la pluma siendo dispersada posible-
mente hacia el noroeste o norte, si se considera que la fotografia
se habria tomado desde San José (con base en la morfologia del
volcan) pero no se reporta caida de ceniza (Figura 6). Ademas,
en marzo de 1930 se reportd que caia ceniza en el cerro Cabeza
de Vaca (Figura 1c¢), en la finca de Alfredo Volio, pero, a unos
5 km al oeste del créter activo del Irazd; sin embargo, es un
reporte aislado y no se puede confirmar (Tabla 5 del Apéndice
A). Por otra parte, las cronicas de excursionistas, algunos de
ellos académicos, que visitaron la cima del volcan en 1929 y
1930, describen que habia una erosion intensa de los crateres
(que ya se reportaba en afios anteriores) y una profusa actividad
hidrotermal caracterizada por: ruidos continuos, trepidaciones y
retumbos, sonidos de oleaje, posiblemente erupciones freaticas
que lanzaban sedimento y cenizas hacia las paredes del créter,
lo que implica la presencia de un lago activo (Tablas 5 y 6 del
Apéndice A, figura4c,dy e).

En noviembre de 1932 se public6 una noticia que reportaba
que la ceniza estaba afectando el ganado en Coronado (Diario de
Costa Rica, 1932). Sin embargo, no se tienen reportes de actividad
volcénica del Irazd en ese afio. Una posibilidad es que se tratara
de ceniza retrabajada arrastrada por el viento, lo cual es posible
ver en época seca y los terrenos estan desprovistos de cultivos,
aunque no es comun que en Coronado haya alguna afectacion
por ese tipo de nubes de polvo.

5.3. Tercer periodo: fase eruptiva de 1933

En junio de 1933 hubo un aumento en la actividad del volcin
Irazid y se report6 caida de ceniza cerca del crater activo y en San
José. Se tiene certeza de que hubo erupciones entre el 12 y el 22
de junio y, si bien atrajo la atencidn, las descripciones son escasas
y hace dificil una interpretacién robusta sobre su naturaleza y
dindmica (Tabla 7 del Apéndice A). Los reportes describen que


https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99
https://revistagi.geofisica.unam.mx/index.php/RGI/libraryFiles/downloadPublic/99

Mauricio Mora et al. | 2535

Cerro Pico
de Piedra
¥

Ministerio de Salud

U ek e e

Figura 5. Esquemas de la actividad del Irazi elaborados por José Fidel Tristan entre 1924 y 1927. a) 2 de febrero de 1924 (Tristan, 1927b,
folio 33), las equis sefalan el sitio donde observé una gran quema. b) 1° de mayo de 1924 (Tristan, 1927b, folio 122), a las 6:30 horas “se-
guramente varias erupciones por la forma de la columna”. ¢) 13 de enero de 1925 (Tristan, 1927b, folio 13), menciona que a las 6:40 horas
estaba despejado y sospecha que antes debid haber una erupcion grande. d) 24 de enero de 1925 (Tristan, 1927b, folio 24), 1a describe como
una nube amarillenta con “todo el aspecto de contener ceniza”. e) 18 de abril de 1925 (Tristan, 1927b, folio 109), a las 6:40 horas vio “salir
una erupciéon muy grande que formd un enorme penacho arremolinado” y asi se mantuvo hasta las 8:10 horas cuando empez6 a nublarse.
f) 2 de junio de 1925 (Tristan, 1927b, folio 154), a las 6:20 horas indica que habia una erupcién grande, tapada en parte por una nube. g) 8
de junio de 1925 (Tristan, 1927b, folio 160), a las 6:30 horas describe una “grandisima erupcién”. h) 8 de marzo de 1926 (Tristan, 1927b,
folio 68), a las 8:00 horas noté una columna de humo que parecia una erupcién y alarmoé a varias personas, pero resultd ser una quema. i)
24 de agosto de 1926 (Tristan, 1927b, folio 237), a las 6:00 horas describe un “gran velo de color amarillo producido por polvo fino” debajo
de la columna. j) 6 de febrero de 1927 (Tristan, 1927b, folio 37), describe erupciones pequefias muy divididas y que dejan una delgada capa
de ceniza. k) 21 de febrero de 1927 (Tristan, 1927b, folio 52), a las 16:50 horas describe un cordén de nubes blancas “y se vio salir una
erupcion de humo oscuro” que durd pocos minutos. 1) 24 de febrero de 1927 (Tristan, 1927b, folio 55), a las 6:50 horas vio una “enorme
erupcion” que doblaba hacia el sur y continué por media hora y a las 8:10 horas una nube tapd la erupcion. m) 20 de marzo de 1927 (Tristan,
19270, folio 80), a las 17:30 horas observé “una erupcion bastante grande”. n) 25 de abril de 1927 (Tristan, 1927b, folio 116), a las 6:30
horas describe una erupcion grande y densa cuya parte central se veia negra. o) 28 de abril de 1927 (Tristan, 1927b, folio 119), describe una
columna blanca y en la tarde generaba un “lindo espectaculo” con la luz de la puesta del sol. El cerro prominente de forma triangular que
Tristan siempre dibuja a la izquierda de los esquemas corresponde al cerro Pico de Piedra. p) Fotografia actual para comparacion tomada
por Giovanni Peraldo desde San José, cerca del Ministerio de Salud (edificio color celeste) en la cual se aprecia el cerro Pico de Piedra, el
cerro Cabeza de Vaca y el volcan Irazi (ver figura 1c).
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Figura 6. Fotografia tomada el 13 de noviembre de 1929 (ABC, 1929). Noétese el cerro Pico de Piedra (ver Figuras 1c¢ y 5p), primer cerro
prominente de forma triangular a la izquierda de la pluma, mismo que José Fidel Tristan dibujaba en sus esquemas.

las columnas eruptivas pudieron alcanzar entre 400 m y 2000
m, aunque es posible que este ultimo dato esté sobreestimado,
ya que de las pocas fotografias que existen se puede notar que
la columna es rapidamente dispersada por el viento a una altura
de pocos cientos de metros (Tabla 7 del Apéndice A; Figura 7).

La ceniza que llegd a San José fue poca y generalmente fina,
lo que denota que la actividad eruptiva era débil. El 17 de junio
se inform6 que se habian recolectado, en San José, entre 63 y
64 g/m? de ceniza equivalentes a 3 mm de espesor en un dia, lo
cual, como veremos es exagerado (Tabla 7 del Apéndice A). En
el Diario de Costa Rica se inform6 de 1250 libras por hectarea,
asi como de 2 oz de ceniza caida en 24 h, lo que equivale en
ambos casos a unos 57 g/m? y es consistente con el dato anterior,
en tanto que otra noticia de La Tribuna informé sobre 36 g/m?
recolectados en el Centro Nacional de Agricultura en San José
(Tabla 7 del Apéndice A; Chaves, 1933). Si se considera una
densidad de 1,5 g/cm’, tipica de una ceniza de caida vesicular
y porosa (la densidad de una andesita acida es de ~2,7 g/cm® y
una porosidad tipica de un depdsito de caida distal es de 45 %,
lo que da una densidad aproximada de 1,5 g/cm?) el espesor real
para los 63 a 64 g/m? de ceniza seria de 0,04 mm y no de 3 mm
como se confirid anteriormente. Jiménez (1933) y Schaufelberger
y Jiménez (1933) estimaron en 3 250 000 toneladas el volumen
de ceniza emitida por el Iraza del 16 al 22 de junio de 1933 (si
se usa una densidad de 2,7 g/cm?® para roca densa, ese volumen
corresponde a 1,2X10°m?; o bien ~2,2 X 10°m? de ceniza porosa).
Esa cantidad podria equivaler a un espesor constante de 1 cm
de ceniza densa o 1,8 cm de ceniza porosa distribuido en una
distancia de 20 km (p. ej. desde el crater activo hasta el sector
mas oriental del Valle Central) y un ancho de unos 6 km. No
obstante, si se toma el valor de los 0,04 mm por dia, el espesor

total serian apenas 0.28 cm entre el 16 y 22 de junio en San
José. Rubén Torres Rojas describié 1 cm de espesor sobre las
hojas y los troncos en las cercanias del volcan, lo cual contrasta
con otra descripcion realizada entre el 21 y 22 de junio, que se
refiere a un espesor de 2 pulgadas (5 cm; Tabla 7 del Apéndice
A) en algunos potreros de Coronado (Figura 1c). Ambos datos
estan sobreestimados, pero el primero es mas es mas coherente
con los calculos anteriores y la disminucién del espesor de la
ceniza con la distancia. A modo de contraste, para la fase eruptiva
de 1963-65 se estim6 en 27 kg/m? de ceniza caida en San José
(Instituto Costarricense de Electricidad, 1965) lo que equivale,
si se usa una densidad de 1500 kg/m?, a 2 cm de espesor.

Profesores y cientificos de la época como Carlos Borel,
Rubén Torres y el gedlogo Paul Schaufelberger visitaron los
crateres del Irazi y coinciden en que no observaron balisticos,
lo que es consistente con la opinién de Arturo Volio, duefio de
una de las fincas cercanas al crater activo, quien desminti6 las
noticias que hablan de “caida de piedras” y que se habian visto
“llamas” (Tablas 7 y 8 del Apéndice A). Rubén Torres y Paul
Schaufelberger, observaron derrumbes en las paredes internas
del créter activo, lo que los condujo a interpretar que la ceniza
emanada pudo ser generada por el colapso del material y no por
la actividad eruptiva (Tabla 8 del Apéndice A).

Durante la fase eruptiva de 1933 se publicaron algunas des-
cripciones macroscopicas de las cenizas. El Ing. Rafael Tristan
describi6 en La Tribuna las cenizas de las primeras erupciones
como “arenas negruzcas” en tanto que aquellas de erupciones
posteriores eran “finamente pulverizadas como el cemento”,
también resalta diferentes colores en la ceniza: “unas veces son
negruzcas, otras grises y otras rojas como el polvo de ladrillo”
(Tabla 7 del Apéndice A). El Diario de Costa Rica comenta
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Figura 7. Erupciones de junio de 1933. a) Foto de la erupcion del 16 de junio de 1933 a las 4:45 a. m. tomada por Paco Hernandez desde
el barrio Gonzélez Lahmann en San José (La Tribuna, 1933a, 1933b, 1933c¢). Fotos tomadas el 18 de junio de 1933 (Diario de Costa Rica,
1933a), en b) se indica el crater M o principal segiin la nomenclatura de Fernandez (1920); salen en c¢) Francisco Campos J., Alberto Morta,
Marco T. Carazo, José Rafael Moria y Bolivar Alfaro. d) Foto publicada en Schaufelberger y Jiménez (1933) y La Tribuna (1933b).

que las cenizas contienen “particulas blancas y grises” y Rubén
Torres Rojas describié acumulaciones de ceniza en la vegetacion
en la cima del volcan e indica que la primera que cay¢ era de
color “amarillento rojizo” y el superficial gris oscuro (Tabla 7
del Apéndice A).

Algunos estudios sobre la composicion de la ceniza llevaron
a un debate cientifico interesante. En La Tribuna publicé, sin
indicar la fuente de la informacion, que la ceniza tenia un 80 %
de cuarzo (un valor muy alto que podria darse por una confusién
entre la plagioclasa fresca y el cuarzo) y, en la misma noticia, se
refieren a una entrevista al Ing. Rafael Tristan donde habla de
sus andlisis de la ceniza e indica la existencia de hierro metalico
en pequefias cantidades y muy poco o nula cantidad de azufre lo
que lo lleva a concluir que las cenizas son neutras y compuestas
por silicatos y cuarzo (Tabla 7 del Apéndice A). Por su parte, el
quimico del Centro Nacional de Agricultura puso en evidencia
el error de Rafael Tristdn de confundir el hierro metalico con el
oxido ferroso-férrico o magnetita y ademas reporta que la ce-
niza contiene un 38,3 % de silice (Chaves, 1933). Finalmente,
otro andlisis reporta un 58,52 % de silice en la ceniza (Diario
de Costa Rica, 1933b). Este tltimo dato parece més acertado
con la quimica tipica de las cenizas del Irazd, que normalmente

flucttan entre los 53 y 60 % de silice (Murata et al., 1966; Al-
varado et al., 2006).

5.4. Cuarto periodo: fase eruptiva de 1939 y 1940

Después de la actividad de junio de 1933, el volcéan Iraza
se mantuvo en calma eruptiva o, al menos, con una actividad
poco perceptible restringida al crater activo (Figura 8). Fernando
Torres Vincenzi realiz6 excursiones a los criteres del volcan en
febrero, agosto y noviembre de 1937, durante las cuales constatd:
(1) emanaciones de vapor de agua y gases en el crater G; (2) la
presencia de un lago activo en el crater M, que no solo “parecia
hervir”, sino que ademas presentaba grandes burbujas de gas
y producia un ruido caracteristico de ebullicién; y (3) la salida
de agua desde las paredes del crater que alimentaba dicho lago
(Tabla 9 del Apéndice A).

El 28 de enero de 1939, Fernando Torres Vincenzi visitd
nuevamente los crateres del Iraza (Figura 8b, ¢ y d) y observo
varios cambios que lo llevaron a concluir que la actividad del
volcéan se habia incrementado. En particular, describid: (1) una
emanacién mas profusa de vapor de agua y gases en los crateres
Gy M, incluso de forma simultanea, lo que lo llevd a sugerir una
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Figura 8. a) Foto tomada el domingo 15 de enero de 1939 en la que se observa la actividad exhalativa (Novedades, 1939a). b, ¢ y d) Fo-
tograffas publicadas el 5 de febrero de 1939 en las que se observa la actividad y la laguna en el fondo del crater M, posiblemente. Aunque la
nota la escribié Fernando Torres Vincenzi, la publicacion no refiere la autoria de las fotos (Tabla 9 del Apéndice A). En cada foto se indica
el criter segiin la nomenclatura de Sapper (1901) y Fernidndez (1920).
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posible interconexién entre ambos (quizas mediante la extension
del lago en el fondo de los créteres); (2) un aumento de la actividad
en el lago, que “parecia hervir con més fuerza y se formaba enor-
me oleaje”, lo cual atribuyd a un incremento en la temperatura;
(3) el deposito de “grandes masas” de azufre en las paredes del
créter; y (4) la presencia de manchas amarillentas, interpretadas
como “posiblemente azufre flotante” (Tabla 9 del Apéndice A).

Un relato de Rubén Torres Rojas publicado el 29 de octubre
de 1939 en La Tribuna sefiala que ya a finales de junio de 1939
el volcan mostraba sefiales de reactivacion: la laguna del fondo
del créter era claramente visible y sus aguas se encontraban en
movimiento continuo, con aspecto “hirviente”, aunque sin los
ruidos fuertes asociados a erupciones (Tabla 9 del Apéndice A).
Por otro lado, para José Merino y Coronado y César Déndoli,
cientificos de la época, la actividad en el Irazi en junio de 1939
no parecia tan intensa, pese a reconocer que era mayor que en
afios anteriores, y solo se observaba la emanacion de una columna
con una temperatura de alrededor de los 100°C, compuesta de
vapor de agua, gases azufrados (‘“hidrégeno sulfurado, anhidri-
do sulfuroso y sulfatos (acido sulfdrico)”, H,S, SO, y H,SO,,
respectivamente) cuyo olor se sentia hasta casi una decena de
kilémetros del crater (Tabla 9 del Apéndice A).

Mas de un mes antes de la erupcion del 10 de octubre se
reportaban caidas de ceniza en los alrededores del volcan, espe-
cialmente hacia el suroeste, lo que sugiere, con base en fotografias
tomadas el 8 de octubre de 1939, una fase inicial de actividad
eruptiva débil a moderada (Figura 9a y b). La erupcién del 10 de
octubre habria alcanzado casi los 2 km de altura, lo que la hizo
muy visible desde San José gracias a las condiciones favorables
del tiempo (Figura 9c, d y e). Se report6 caida de ceniza en varias
localidades del Valle Central, entre ellas Escazu, Villa Colén
(hoy Ciudad Col6n) y Puriscal (Figura 10). Durante la visita del
20 de octubre, Rubén Torres Rojas describi6 una actividad mas
intensa, caracterizada por emisiones continuas de gases y ceniza,
ruidos eruptivos y columnas que se elevaban y colapsaban al
disminuir la presién de los gases. En ese momento la emision
gaseosa era tan densa que impedia observar la laguna del fondo
del crater. Asimismo, el mismo observador destacé la aparicion
de manifestaciones “geiseriformes”, con columnas ocasionales
de agua termal semejantes, aunque de menor magnitud, a las
observadas en el volcan Poas (Tabla 9 del Apéndice A).

Luego de un corto periodo de calma entre noviembre y
diciembre de 1939, la primera mitad de enero se reportd impor-
tante actividad eruptiva en la que las columnas de vapor, gases y
cenizas finas se tornaron més conspicuas (Tabla 9 del Apéndice
A). El 18 de enero se report6 caida de ceniza fina en San José y
en agosto se constatd una importante actividad hidrotermal que
generaba columnas de vapor de agua y gases sulfurosos (Tabla

9 del Apéndice A).
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6. Impacto de las fases eruptivas de 1933 y 1939-1940
6.1. Ganaderia y produccion de leche

Uno de los aspectos que generé mas preocupacion durante
las fases eruptivas de 1933 y de 1939-1940 fue el impacto en la
ganaderia (Tabla 10 del Apéndice A), considerando que en las
faldas del Irazd habia importantes fincas dedicadas principalmen-
te al ganado lechero y que eran propiedad de personas adineradas,
como Arturo Volio, Alfredo Volio, Arturo Gonzalez, Emilio
Robert, Bernardo Montes de Oca, Cristdbal Jiménez, Franz de
Tattenbach, algunas también pertenecientes, en esa época, a la
clase politica de Costa Rica.

En ambos periodos eruptivos surgieron noticias en distintos
perioddicos que informaban que la ceniza caida en los pastos
estaba obligando a los finqueros a trasladar el ganado hacia
otros terrenos libres de ceniza, a veces a mucha distancia, como
Copey ubicado ~40-50 km al sur, o una finca en “Pirrisito”, sin
embargo esta localidad no existe, por lo que puede ser un error
tipografico y referirse a Birrisito, ubicado unos 15 km al sur del
crater activo del Irazd (Figura 1c). Esto implicaba una inversion
importante atin para los grandes hacendados por los costos de
traslado y alquiler de los terrenos, siendo este tltimo incierto
porque dependia de la evolucién de la actividad volcénica, pero
mas importante ain, no era una solucién aplicable al ganado de
raza fina, ya que estaba aclimatado y trasladarlo era igualmente
perjudicial, por lo que debia mantenérsele encerrado y alimen-
tado con pasto de corta (Tabla 10 del Apéndice A). Es notable
también que las noticias informaron solo sobre el impacto a los
grandes hacendados y no se refieren a la suerte que corrian los
pequeiios y medianos productores, quienes posiblemente no
tenian los medios econdmicos para trasladar su ganado. Solo
La Prensa Libre public6 un dato que referia que las pérdidas
ascendian a méas de 100 mil colones entre varios hacendados y
sefialaba especificamente el caso de Arturo Volio, Alfredo Volio
y Cristobal Jiménez (Tabla 10 del Apéndice A). Dicha cifra, sin
embargo, traida a valor presente equivaldria a muchos miles de
millones de colones, de modo que la pérdida reportada por el
rotativo podria ser una cifra muy sobreestimada.

Lo que si es claro es que no hubo muerte de cabezas de
ganado durante las fases eruptivas de 1933 y 1939-1940. El
15 de junio de 1933, La Tribuna informé que la ceniza habia
provocado la muerte de cabezas de ganado en las fincas de
Emilio Robert y Alfredo Volio, lo cual fue desmentido por
este ultimo en una entrevista publicada el 17 de junio por el
mismo periddico (Tabla 10 del Apéndice A). Otra noticia
publicada también en La Tribuna el 18 de junio de 1933 relata
la visita del Dr. A. Rivera a una finca cercana al volcan para
investigar una enfermedad que afectaba al ganado; alli describe
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Figura 9. a y b) Erupciones del domingo 8 de octubre de 1939 tomadas por Fernando Cafias Vargas y publicadas en Vargas (1967). Vistas
desde San José de la erupcion del 10 de octubre de 1939 en la mafiana publicadas en: ¢) Vargas (1967), d) Diario de Costa Rica (1939) y e)
La Tribuna (1939) tomada desde las terrazas del Palacio de Salubridad Publica (hoy Ministerio de Salud) en San José, ubicado en el centro

de la ciudad (coordenadas 9,9320° Ny 84,0862° O; comparar con la foto de la Figura 5p).
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Figura 10. Dispersion de la tefra de caida de la erupcion del 10 de octubre de 1939 con base en los reportes publicados en Novedades (1939c).

varios animales enfermos con sintomas como fiebre, trastornos
respiratorios y digestivos, y debilidad general, y sefiala que
selecciond y sacrificé deliberadamente al ejemplar mas afec-
tado para practicarle una autopsia en sitio, a partir de la cual
concluye que la causa era un “proceso lento de intoxicaciéon”
provocado por la ingestién de ceniza volcédnica, a la que atri-
buye propiedades causticas y toxicas (Tabla 10 del Apéndice
A). Si bien es correcto que la ceniza puede afectar gravemente
al ganado al contaminar pastos y agua, generando un cuadro
progresivo de enfermedad, el articulo describe principalmente
morbilidad mas que mortalidad directa. Una polémica similar
ocurri6 en noviembre de 1939 por una publicacién en el Diario
de Costa Rica que informaba que el gobierno daba por perdida
la ganaderia, lo cual fue desmentido categdricamente por Ber-
nardo Montes de Oca, ganadero de la zona y en ese entonces
diputado de la Reptiblica de Costa Rica, quien vehementemente
solicit6 a la Secretaria de Fomento que rectificara. Al mismo
tiempo, Franz de Tattenbach, propietario de la hacienda “Los
Guayabillos” en Rancho Redondo (Tabla 10 del Apéndice A;
Figura 1c), compartié el mismo criterio, asi como también el
gedlogo César Dondoli, quien consideraba que el impacto de
la actividad eruptiva no era tan severo.

En cuanto a la produccién de leche, la informacién heme-
rografica no es suficiente para tener una idea de si realmente la
impactd y en qué medida. En junio de 1933 se informé sobre un
desmejoramiento en la calidad de la leche que se consumia en San
José, debido a que habia muchas vacas enfermas y otras que no
estaban en condiciones 6ptimas para producirla; mientras tanto,
en 1939 se report6 una disminucion en la produccién de leche en
aproximadamente 4000 botellas y, en consecuencia, un alza en su
precio, por lo que se pretendia intensificar la produccion, espe-
cialmente de las fincas més grandes (Tabla 10 del Apéndice A).

En ambos periodos el Gobierno de Costa Rica propuso
medidas de ayuda al sector. En 1933, el Congreso de Costa
Rica aprobd una ley para importar 25 000, colones en forraje
y ofrecerlo al sector ganadero bajo condiciones favorables de
pago, aunque no es posible saber si la ayuda se materializé.
Esta iniciativa fue muy criticada por algunos sectores de corte
comunista con el argumento de que favorecia solo a los ganaderos
poderosos (Lacteo, 1933; Trabajo, 1933). Por otro lado, en 1940
el gobierno también prometié ayudar al sector ganadero, a lo
que la Asociacién Nacional de Ganaderos planteé dos medidas
de caracter temporal dirigidas a beneficiar inicamente a los
ganaderos damnificados con la actividad del Irazu: 1) la exen-
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cion temporal de impuestos territoriales; 2) la importacién de
alimentos concentrados y su venta a precio de costo, excluyendo
ademas el valor del flete ferrocarrilero (Tabla 10 del Apéndice
A). Empero esas solicitudes nunca fueron atendidas (La Tribuna,
1940a;1940b). Queda en duda si esas medidas solo beneficiarian
a los ganaderos mas poderosos o si lograria permear a aquellos
mas pequefios. En todo caso, tampoco se pudo constatar si las
ayudas se concretaron.

En 1940 surgi6 una preocupacion adicional, el “aborto con-
tagioso” (brucelosis en el ganado) que habria generado pérdidas
de consideracion en vacas y sementales (Tabla 10 del Apéndice
A). La actividad ganadera de Coronado estaba siendo perjudi-
cada, y aunque aparentemente esta enfermedad no la relacionan
con la caida de ceniza, la movilizacién de ganados de fincas en
donde habia ganado infectado pudo haber incidido en ello, y
habria generado pérdidas en Coronado y, a su vez, un impacto
en la produccién general de recursos lacteos.

6.2. Agricultura

Desde la colonia, el macizo volcanico ya era usado para
la creacién de fincas ganaderas y agricolas. Por ejemplo, se
conoce desde el siglo XVII fincas pertenecientes a Jeronimo
de Retes, en las alturas de lo que hoy se llama Cerro Retes, y
Wilhem Marr en 1852 menciona que el volcan presenta casi
hasta la cima dehesas de vecinos de Cartago (Marr, 2004, p.
383). Es asi que en la mitad del siglo XX la produccién agricola
como papas y otros tubérculos, ademas de hortalizas desde las
dehesas abiertas en el volcan fueron parte de las actividades
econdmicas de la provincia y del pais. Cuando ocurrian épocas
de erupciones importantes, la actividad se veia afectada, tal
como demuestran Mora et al. (2024) para el periodo eruptivo
de 1917 a 1921. No obstante, la informacién sobre el impacto
de la actividad del Irazi en la agricultura durante las fases
eruptivas de 1933 y 1939-1940 es muy escasa. En junio de
1933 se comentaba sobre la posibilidad de pérdidas en diver-
sos productos agricolas tales como maiz, papas y frijoles, asi
como también surgidé preocupacién por la produccién de café
en las fincas de Tres Rios, ya que la escasez de lluvias reducia
la posibilidad de lavar la ceniza de las hojas de las plantas
(Tabla 10 del Apéndice A). La preocupacion por las siembras
de café no se volvié a mencionar en las noticias posteriores,
muy probablemente porque la erupcién fue corta y llegaron
algunas lluvias, como lo es usual en junio en el Valle Central, y
no es sino hasta 1940 de nuevo surgi6 producto de la actividad
eruptiva (Tabla 10 del Apéndice A).

De las notas periodisticas recabadas respecto a la agricultu-
ra, destaca el hecho de que la mayoria es de tipo especulativo
sobre el temor de los agricultores y sobre lo que podria pasar

si la erupcion hubiese continuado con vehemencia o por largos
periodos, pero no informan de manera explicita sobre pérdidas
o areas especificas afectadas o con destruccion de cultivos
(Tabla 10 del Apéndice A). En contraposicion a la posibilidad
del impacto en los sembradios, la ceniza se percibia como algo
positivo que a futuro generaria beneficios para la agricultura, tal
y como lo sefialan Rubén Torres Rojas y César Déndoli (Tabla

10 del Apéndice A).

6.3. Salud

Pocas noticias reportan efectos de la actividad eruptiva de
1933 y de 1939-1940 en la salud de la poblacién. En San José
se informdé que caia polvo fino y como lo hizo continuamente
por casi dos semanas, muchas personas se quejaron de molestias
en los 0jos o en la nariz (Tabla 10 del Apéndice A). Pero parece
haber sido algo muy transitorio y sin efectos duraderos, en tanto
no se mencionan mas. En octubre de 1939 se hizo mencién del
efecto de los gases volcanicos en la piel y la respiracion (Tabla
10 del Apéndice A).

También hubo preocupacion de parte del Gobierno de Costa
Rica por la posible contaminacién del agua producto de la ceniza,
por lo que se tom6 la medida de hacer una inspeccién, en junio
de 1933, con Paul Schaufelberger, gelogo y entonces jefe del
Departamento de Geologia del Museo Nacional, a partir de la
cual se descartd cualquier impacto en el recurso (Tabla 10 del
Apéndice A).

Una noticia del 26 de junio de 1933 en La Republica, vincula
la caida de ceniza intensa con la muerte de varios enfermos de
tuberculosis, pero un informe de la Junta de Caridad de San José
revela que hubo 163 muertes por tuberculosis en 1933, aunque no
se hace ninguna relacion explicita con la ceniza del Irazt (Tabla
10 del Apéndice A; Junta de Caridad de San José, 1933, p. 82).

Para las erupciones de junio de 1933 y de 1939-1940, no hay
reportes extensos ni prolongados en el tiempo, y solo de manera
casi puntual y hasta exagerada en el caso de los supuestos enfer-
mos de tuberculosis fallecidos en 1933 (Tabla 10 del Apéndice
A). Se infiere por tanto, que solo hubo las molestias evidentes y
tipicas por caida de cenizas y lluvia acida, pero que no incidieron
en efectos duraderos o en la salud publica en general.

6.4. Ecosistema

Un aspecto que dificilmente podria considerarse un impacto
es la manera natural que la fauna responde a la actividad volca-
nica, al trasladarse a areas no afectadas, sin embargo, en 1933 se
trata de plantear esta situaciéon como un problema para la practica
de la caza. Tal vez, se puede pensar que el impacto seria para
familias empobrecidas que basaban parte de su dieta a partir de
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la “carne de monte” como se le decia al consumo carnico de
especies silvestres. Otro impacto ecoldgico sefialado, esta vez
en 1939, es la muerte de aves por las erupciones y la contami-
nacién del ambiente (Tabla 10 del Apéndice A). [gualmente,
en enero de 1940 se mencioné la muerte de animales (Tabla 10

del Apéndice A).

7. Discusion

Durante las tltimas décadas ha sido frecuente citar multiples
erupciones del volcan Irazu entre sus dos principales ciclos
eruptivos histdricos: 1723-1724 y 1963—1965. No obstante,
hasta la fecha no se conocen erupciones durante el siglo XIX,
y recientemente se reconstruyd una cronologia robusta para el
periodo eruptivo de 1917-1921, el tnico posterior conocido al
de 1723-1724 (Mora et al., 2024). En este trabajo se reviso in-
formacién hemerografica y documentacion de archivos histéricos
con el objetivo de reconstruir, con la mayor certeza posible, la
actividad volcanica del Irazu entre 1924 y 1940.

7.1. ¢Las erupciones de 1924 en el volcan Irazu ocurrieron
realmente?

El terremoto de Orotina dispar6 una serie de noticias con-
tradictorias en la prensa escrita, asi como entre funcionarios
publicos y cientificos de la época, sobre si habian ocurrido
0 no erupciones en el volcan Irazd. Adicionalmente, el cerro
Turrubares se constituy6 en un elemento distractor, por cuanto
atrajo la atencidn de la poblacion, particularmente de José Fidel
Tristan, quien prioriz6 investigar las supuestas erupciones que
alli ocurrian, no solo a peticién del gobierno sino también por
interés propio.

De modo que lo que emerge de forma consistente de nues-
tro andlisis es que durante 1924 el volcan Irazi presentaba un
sistema hidrotermal activo que generaba actividad exhalativa de
intensidad variable, la cual en ocasiones era mas notable y podia
confundirse con erupciones propiamente dichas. De hecho, el que
José Fidel Tristan priorizara la investigacion del cerro Turrubares
sugiere que el Irazd no presentaba una actividad suficientemente
conspicua ni erupciones de ceniza de importancia que volvieran
a atraer su atencién hacia un volcan que conocia muy bien.

Algunos trabajos previos de revision histérica del compor-
tamiento eruptivo del volcan Irazd han aceptado directamente,
y sin discusion, las noticias (y no todas, pues mencionan solo
algunas pocas), de modo que los resultados previos condicionan
los siguientes, en este caso respecto a las supuestas erupciones
del Irazi en 1924 (p. ej., Barquero, 1975,1976; Alvarado, 1993;
Campos-Durén et al., 2024a, 2024b).
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7.2. Actividad del Irazu entre 1925y 1932

Entre 1925 y 1932 hay numerosos reportes de supuestas
erupciones del Irazd que, en gran medida, parecen derivarse
tanto de la percepcion de una relacion entre sismos y erupciones
como de la interpretacion de diversos fendmenos visibles en el
volcan. Entre estos se incluyen incrementos en la emision de
vapor de agua y gases asociados a una mayor actividad hidro-
termal. Asimismo, ciertas condiciones meteoroldgicas locales
(por ejemplo, vientos débiles) pueden permitir que una pluma
de vapor y gases ascienda a gran altura y adquiera una morfo-
logia similar a la de una pluma eruptiva. De igual modo, nubes
comunes sobre el volcan podian, dependiendo de la perspectiva
del observador, asemejarse a una erupcion. En conjunto, estas
circunstancias pudieron llevar con frecuencia a interpretar tales
fendmenos como erupciones propiamente dichas.

No obstante, no puede descartarse que eventualmente hayan
ocurrido desde borbollones, erupciones freaticas de baja magnitud
que produjeran inicamente columnas de vapor de agua o incluso
erupciones ligeramente mas explosivas pero confinadas al crater,
cuya manifestacion visible se limitara a una columna de vapor
elevandose sobre este. Todas estas formas de actividad han sido
observadas en el volcin Pods y, en muchos casos, solo pueden
caracterizarse con precision mediante instrumentacién moderna
y observaciones continuas (p. ej. van der Laat et al., 2026).

Lo anterior sugiere que el Irazi contaba con un sistema
hidrotermal activo y probablemente una acumulacion de agua,
ya sea en forma de pozas o posiblemente como un lago somero,
al interior del crater principal (denominado M, figura 4f). Esta
interpretacion resulta plausible, ya que Karl Sapper menciona,
aunque de manera vaga, la presencia de un lago en el crater en
1924 (Tabla 4 del Apéndice A) y entre 1929 y 1930 las descrip-
ciones de los excursionistas reforzaban la idea de un lago por el
sonido del oleaje que escuchaban (Tablas 5 y 6 del Apéndice A).
En este contexto, una intensa actividad fumardlica subacuatica
podria generar el “oleaje” descrito, asi como favorecer la acu-
mulacién de sedimentos derivados de la erosion de las paredes
del créter. Dichos sedimentos, mezclados con agua hidrotermal,
habrian producido el lodo que era expulsado mediante borbollo-
nes o pequefias explosiones freaticas similares a las del volcan
Poés (p. ej. van der Laat et al., 2026).

7.3. Naturaleza de las fases eruptivas de 1933 y 1939-1940

Las erupciones ocurridas en junio de 1933 y entre septiembre
de 1939 y abril de 1940 pueden corroborarse mediante fuentes
hemerograficas y cientificas consistentes. Sin embargo, las des-
cripciones de la actividad eruptiva son escasas y poco precisas,
y las referencias a la ceniza -disponibles inicamente para la fase
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de 1933- son aisladas y en gran medida especulativas.

En junio de 1933 la actividad eruptiva parece haber evolucio-
nado desde una fase inicial de caracter freatico -probablemente
asociada a la emision de cenizas claras- hacia una actividad
freatomagmatica caracterizada por pulsos relativamente ricos
en materiales juveniles (escorias negruzcas). Esta evolucion
sugiere una interaccion progresiva entre el sistema hidrotermal
y magma ascendente. Es posible que también hayan ocurrido
algunos eventos vulcanianos discretos, de caracter casi magma-
tico, responsables de la emision de las cenizas mas oscuras. El
volumen total de ceniza emitido, aunque no despreciable, parece
haber sido relativamente pequefio, del orden de 1.2 X 10°m?
en equivalente de roca densa (DRE), lo que sugiere un evento
eruptivo de magnitud limitada.

En el caso de la fase eruptiva de 1939 no es posible determinar
con precision su naturaleza, aunque probablemente haya sido
similar a la de 1933, pero de menor magnitud, con excepcion
de la erupcién del 10 de octubre de 1939. En conjunto, las fases
eruptivas de 1933 y 1939-1940 parecen haber sido mucho mas
discretas, menos energéticas y de menor duracién que la fase
eruptiva de 1917-1921, por lo que es posible que no hayan dejado
evidencias geoldgicas.

En este sentido, Mora et al. (2024) sugieren que los depodsitos
observados en la cima del Volcéan Irazd, previamente atribuidos a
las erupciones de 1939-1940 por Alvarado (1993) y Soto y Sjobo-
hm (2015), podrian corresponder en realidad a las etapas finales de
la fase eruptiva de 1917-1921. De ser ast, los depdsitos generados
durante las fases de 1933 y 1939-1940 -al ser mas pequefios y de
menor duracion- habrian sido posteriormente erosionados.

Esta cuestion resulta dificil de resolver debido a la escasez
de afloramientos accesibles en la zona cuspidal del volcan.
Asimismo, durante las fases eruptivas de 1933 y 1939-1940 se
registraron pocos eventos de caida de ceniza en el area josefina
y sus alrededores, y estas no alcanzaron la costa pacifica, como
si ocurri6 en la fase eruptiva de 1917-1921. En consecuencia,
no es posible reconstruir con certeza las areas de dispersion de
ceniza. Con base en la informacién disponible, se estima que
estas erupciones alcanzaron, a lo sumo, un indice de explosividad
volcéanica (VEI) de 1 a 2.

7.4. Actividad precursora de las fases eruptivas de 1933
y 1939-1940

En la informacién analizada existen pocos detalles que
arrojen luz sobre la condicién del sistema hidrotermal previo a
las erupciones de 1933. En cambio, las fuentes disponibles son
mas descriptivas respecto al periodo previo a las erupciones de
1939. Las excursiones realizadas por Fernando Torres Vincenzi
en 1937 a los crateres del volcan Irazi documentaron emana-

ciones de vapor y gases en el crater G, asi como la presencia
de un lago activo en el crater M, caracterizado por burbujeo
vigoroso, liberacion continua de gas y aporte de agua desde las
paredes del crater. Este comportamiento es comparable con el
observado frecuentemente en la laguna acida del volcan Poas,
donde un sistema freatico activo, alimentado por calor y gases
desde el fondo, mantiene el lago en continua conveccién y pro-
duce borbollones de agua y lodo ricos en gases (p. €j. van der
Laat et al., 2026).

En enero de 1939, el mismo observador registré cambios
que interpretd como un incremento en la actividad: emisiones
mas abundantes de vapor y gases en los crateres G y M, mayor
agitacion del lago -con burbujeo intenso y oleaje-, abundante
depositacion de azufre en las paredes del crater y la presencia de
manchas amarillentas interpretadas como posible azufre flotante.
Posteriormente, en junio de 1939, Rubén Torres Rojas también
observo mucha agitacion en el lago cratérico, posiblemente
asociada con procesos convectivos y, posiblemente eventos
desde tipo borbollén que podrian generar oleaje, pero no un
sonido tan fuerte como el de las erupciones freaticas, lo cual se
ha observado en el volcan Poas (p. ej. Rouwet et al., 2014; van
der Laat et al., 2026). En conjunto, estas observaciones sugieren
un sistema hidrotermal activo que mostrd sefiales de intensi-
ficacion en los afios previos a la fase eruptiva de 1939-1940.
Destaca particularmente el incremento en la actividad del lago,
evidenciado por su mayor agitacion, la probable elevacion de la
temperatura, la actividad fumardlica subacuética y la presencia
de azufre nativo flotante, rasgos muy similares a los observados
en la laguna acida del Poas durante varias fases de actividad
en las décadas de 1980 y 1990 y a inicios del siglo XXI (p. e;j.
Rouwet et al., 2014; Mora Amador et al., 2019).

7.5. Analisis del impacto de las fases eruptivas de 1933
y 1939-1940

El impacto de las fases eruptivas de 1933 y 1939-1940 fue
considerablemente menor que el de la fase de 1917-1921; sin
embargo, resulta dificil precisarlo y dimensionarlo debido a la
escasez de reportes sobre dafios. En términos generales, cabe
suponer que el impacto de la fase eruptiva de junio de 1933 fue
reducida o incluso casi imperceptible, dado su corta duracion
(aproximadamente 11 dias), aunque se registrara caida de ceniza
hasta la capital. Los efectos parecieran haberse concentrado
principalmente en el sector occidental y suroccidental del volcan
Irazq, especialmente en las areas mas proximales al crater, donde
predominaban las fincas dedicadas a la ganaderia lechera. En
contraste, las fincas situadas hacia el suroeste y sur del crater,
de vocacién mas agricola, habrian experimentado impactos
nulos o muy leves.



Por su parte, la fase eruptiva de 1939 parece haberse pro-
longado durante unos siete meses, con episodios intermitentes
de actividad, pero sin eventos particularmente energéticos, con
excepcion de la erupcion visible del 10 de octubre. En conse-
cuencia, es probable que sus efectos tampoco hayan sido extensos
ni en el espacio ni en el tiempo.

La actividad de 1939-1940 fue ademas contemporanea a
una seguidilla de sismos, algunos posiblemente de profundidad
intermedia en la region central y pacifica del pais, lo que afiadi6
interés publico a las manifestaciones eruptivas. Aun asi, estas
nunca alcanzaron la intensidad suficiente para generar una alarma
generalizada, ni para producir dafios significativos o malestar sos-
tenido en la poblacion. Pese a ello, el volcan captd la atencion de
los gobiernos de turno y surgieron algunas iniciativas orientadas
a mitigar posibles impactos, aunque no es posible determinar con
certeza si estas llegaron a materializarse. Asimismo, conviene
considerar hasta qué punto las quejas del sector ganadero -uno
de los mas mencionados en las fuentes- reflejaban un impacto
real de la actividad del volcén o si, més bien, respondian también
a otros intereses o circunstancias, tal como sugieren algunos
comentarios publicados por Lacteo (1933) y Trabajo (1933).

8. Conclusiones

El analisis critico de las fuentes hemerograficas y cientificas
disponibles no aporta evidencias concluyentes que confirmen la
ocurrencia de erupciones en el volcan Irazd entre marzo y abril de
1924 en relacion con el terremoto de Orotina. De manera similar,
los escasos reportes de supuesta actividad eruptiva entre 1925 y
1932 parecen explicarse principalmente por factores perceptivos,
entre ellos la frecuente asociacién entre sismos y erupciones o
la confusion entre columnas eruptivas y manifestaciones exha-
lativas del volcan -particularmente plumas de vapor de agua y
gases- e incluso nubes meteoroldgicas observadas sobre la cima.

En conjunto, la evidencia histérica y geoldgica siguiere que,
entre 1925y 1932, el volcan Irazi tenia un sistema hidrotermal
activo, responsable de emisiones vigorosas de vapor y gases y
posiblemente asociado con un lago activo al fondo del crater.
Finalmente, las erupciones registradas en 1933 y entre 1939
y 1940 habrian correspondido a episodios eruptivos menores,
probablemente de caracter freatico a freatomagmatico, de corta
duracién y magnitud limitada (VEI 1-2), muy inferiores en in-
tensidad y alcance al ciclo eruptivo de 1917-1921.

Esta reinterpretacion permite conciliar los registros histori-
cos y la escasez de depésitos volcanicos claramente atribuibles
a las erupciones de 1933 y 1939-1940 en la zona cuspidal del
volcan y pone de relieve la importancia de analizar criticamente
las fuentes histdricas al reconstruir ciclos eruptivos recientes.
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En términos mas generales, los resultados sugieren que el
Iraza ha sido menos frecuentemente eruptivo en tiempos his-
toricos -desde el siglo X VIII hasta la erupcion de 1963- de lo
que se ha planteado en diversos trabajos ampliamente citados.
La reconstruccion de la actividad del volcan entre 1924 y 1940
contribuye asi a mejorar el conocimiento de su historia eruptiva
y proporciona una base mas sdlida para la evaluacion de escena-
rios de amenaza volcénica y la gestion del riesgo en Costa Rica.
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Abstract

Earthquake rupture modeling has proven to be a useful tool to understand the physics behind different
slip sequences inferred from observations. However, modeling earthquake dynamics is challenging due
to the complex frictional behavior during the rupture evolution. We implement a rate-and-state friction
law in DGCrack (Tago et al. 2012), a numerical code based on the discontinuous Galerkin method,
with a time staggered strategy inspired by the work of (Rojas ef al. 2009). We propose an ad hoc flux
along the fault instead of an upwind flux commonly used in discontinuous Galerkin schemes (e.g. Zhang
et al. 2023). While this approach generates high-frequency oscillations, we control them through an
artificial damping parameter without compromising spectral content. We show that DGCrack correctly
reproduces fault waveforms compared with other higher-order state-of-the-art numerical strategies. Our
simulations indicate that the artificial damping introduces numerical dispersion and dissipation that are
actually smaller than those inherently introduced by an upwind flux.

Resumen

La modelacion de la dinamica de la ruptura sismica ha demostrado ser una herramienta til para com-
prender la fisica detras de las distintas secuencias de deslizamiento inferidas a partir de observaciones.
Sin embargo, modelar la dindmica de los terremotos resulta un desafio debido al complejo comporta-
miento de la friccidn durante la evolucion de la ruptura. Implementamos una ley de friccion rate & state
en DGCrack (Tago et al. 2012), un cédigo numérico basado en el método de Galerkin discontinuo, con
una estrategia de escalonamiento temporal inspirada en el trabajo de (Rojas et al. 2009). Proponemos
un flujo ad hoc sobre la falla en lugar del flujo upwind cominmente utilizado en esquemas de Galerkin
discontinuo (e.g. Zhang et al. 2023). Si bien este enfoque genera oscilaciones de alta frecuencia, las
controlamos con un pardmetro de amortiguamiento artificial sin comprometer el contenido espectral.
Demostramos que DGCrack reproduce correctamente las formas de onda en la falla en comparacioén con
otras estrategias numéricas de orden superior del estado del arte. Ademas, mostramos que el amortigua-
miento artificial produce una dispersion y disipaciéon numérica en nuestras simulaciones que resultan
menores que las introducidas intrinsecamente por un flujo upwind.
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Galerkin method; Dynamic
rupture; Rate and state friction
law.
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1. Introduction

Understanding the rupture process of earthquakes has been
one of the most challenging research topics of the seismological
community. Dynamic rupture has been studied from complex
experimental setups to computational modeling studies. Among
the different friction laws that have been proposed, rate and state
friction laws have proven particularly useful for reproducing
both short- and long-term behavior of fault dynamics. These
friction laws are favored by seismologists to model sequences
of earthquakes and aseismic slip, as they can model not only the
rupture but the healing process that follows (Erickson et al.,2020;
Erickson et al.,2023).

Some of the earliest dynamic rupture numerical simulations
were done with a boundary integral equation method (BIEM)
(Das and Aki, 1977; Andrews, 1985). This approach has since
been continuously developed due to its low computational cost
and its suitability for simulating complex geometries (Lapusta
et al., 2000; Ando and Kaneko, 2018; Qian et al., 2019; Aochi
and Cruz-Atienza, 2025). However, BIEM is limited in its ability
to handle heterogeneous media, prompting the development of
full-domain discretization strategies. These include the finite
difference method (FDM) (Andrews, 1976; Day, 1982; Madaria-
ga et al., 1998; Cruz-Atienza and Virieux, 2004; Dalguer and
Day, 2007; Moczo et al., 2007; Rojas et al., 2008; Kozdon et
al., 2012, 2013), the finite volume method (FVM) (Benjemaa
et al., 2007; Benjemaa et al., 2009), the finite element method
(FEM)(Oglesby et al., 1998; Oglesby et al., 2000; Barall, 2009;
Galis et al., 2010; Aagaard et al., 2013) and the spectral element
method (SEM) (Ampuero, 2002; Kaneko et al., 2008; Galvez
etal.,2014).

Among these, the staggered-grid finite difference method
(FDM) has been widely adopted due to its computational effi-
ciency and simplicity (Day et al., 2005; Dalguer and Day, 2007).
Day and Ely (2002) described an artificial damping parameter
for this strategy to suppress spurious high-frequency oscillations
(HFOs) due to the abrupt stress drops at the rupture front. This
method has been highly successful because of its simple imple-
mentation and its ability to preserve the elastodynamic spectrum
while selectively attenuating high-frequency oscillations (Day
et al., 2005; Rojas et al., 2009).

The discontinuous Galerkin method (DGM) is particularly
well suited for earthquake dynamics, as its solutions are inher-
ently discontinuous at element boundaries. DGM combines the
high-order accuracy of FEM (Zienkiewicz and Taylor,2005)
with the flux strategies of FVM for handling discontinuous
solutions (LeVeque, 2002). The first DGM for elastodynamics,
using a linear slip weakening law, was introduced by Benjemaa
et al.(2007) with constant basis functions in 2D, equivalent to
FVM, and later extended to 3D (Benjemaa et al., 2009). De la

Puente et al. (2009) developed ADER-DG, a high-order DGM
combined with an arbitrarily higher-order derivatives (ADER)
time integration scheme (Késer and Dumbser, 2006), for dy-
namic rupture with higher order approximations in space and
time. However, high-order convergence was not achieved for
dynamic rupture problems due to the nonlinearity of the fault
rupture equations, as also reported by others (Day et al., 2005;
Rojas et al., 2008). In ADER-DG, a modal basis is used, and the
rupture discontinuity is resolved via an upwind flux (Godunov
state). This strategy avoided the appearance of HFOs because
of its dissipative nature (Hesthaven and Warburton, 2007). The
3D ADER-DG implementation was later completed by Pelties
et al.(2012).

Another DGM approach, DGCrack, was simultaneously intro-
duced by Tago et al. (2012) as a development of the GeoDG3D
parallel code (Etienne et al., 2010). This nodal-basis method uses
second order elements next to the fault discontinuity with an ad
hoc fault flux. While DGCrack suffers from HFOs, its simplicity
yields high computational efficiency and results comparable to
those from third-order ADER-DG.

Rate and state friction laws were first coupled with DGM by
Pelties et al. (2014), who also used an upwind flux to solve the
Riemann problem. More recently, Zhang et al. (2023) introduced
a Mixed-Flux-Based Nodal DGM that also solves the Riemann
problem with an upwind flux on fault faces but with central
fluxes along non-fault faces to mitigate spatial spike oscillations
(SSOs) caused by mesh asymmetry. They avoided central flux-
es elsewhere due to potential HFOs, although these may have
resulted from strong mesh coarsening. In fact, Etienne et al.
(2010) demonstrated that dispersion remains controlled when
the minimum wavelength resolution requirement, dependent
on the approximation order, is satisfied.

In this study, we extend DGCrack to incorporate rate and state
friction laws, drawing inspiration from Rojas ez al. (2009) who
proposed a time staggered for the friction coefficient computation.
Our aim is to maintain the simplicity of second-order ad hoc fault
fluxes while using energy-conserving central fluxes elsewhere.
To suppress HFOs, we employ an artificial damping strategy
following Day et al. (2005). This choice allows us to control
energy dissipation, something not achievable with upwind fluxes,
while also exploring an alternative approach that remains both
simple and computationally efficient. In the following sections,
we first introduce the elastodynamic hyperbolic system together
with the fault boundary conditions governed by rate-and-state
friction. We then describe the discretization of these equations
using a DGM, with particular emphasis on the computation of
fault fluxes where frictional properties evolve dynamically. The
Results section presents the verification of our implementation
with the rate-and-state friction benchmark TPV104 from the
Statewide California Earthquake Center (SCEC)(Harris et



al.,2018). We begin by analyzing the role of artificial damping,
followed by waveform comparisons with other state-of-the-art
numerical approaches and an assessment of convergence under
grid refinement. Finally, we conclude with a discussion of the
advantages and limitations of our formulation.

2. Dynamic rupture equations

In dynamic rupture modeling, a friction law is applied along
an inner boundary, the fault, embedded within an elastic medium.
The following subsections present the governing continuum
equations, the associated boundary conditions, and the formu-
lation of the rate-and-state friction law.

2.1. Elastodynamics: First order hyperbolic system

The elastic wave propagation can be modelled with a ve-
locity-stress formulation as a first-order hyperbolic system as:

pow= 3 OMpo, (1)
0c{z,y,z}

Adio= ) N, 2)
0e{z,y,2}

where 0, and d, are the time and space derivatives for 8 € {x, y, z},
p is the density, A=diag(3/(3A+2p),3/(21), p~ p ) is
the diagonal compliance matrix with the Lamé parameters A and
u, v = [v,v,0]"is the velocity vectorand 6 = [w @' ®" 6,,6,.6,. ]
is the stress vector composed by linear combinations of the in-
dependent components of the stress tensor, proposed to fac-
torize medium properties (Benjemaa et al., 2009). The first
three components of the stress vector are w= % (0gatoy+o::),
w':%(Qam — oy — 02.) and W' = %(_Umz + 20y —0.,). The
matrices M ) and N . for all & € {x, y, z} are constant real matrices
defined in Appendix A.

2.2. Fault boundary conditions and rate and state friction law

Rupture is described by the velocity field discontinuity over
a known fault surface, I'. The fault, I, is considered as an inner
boundary where dynamic boundary conditions are imposed. It
is convenient to arbitrarily identify a plus side (+), and a minus
sign (—) of I" to express the velocity, v, over I" as

v (t,z) =limu(t, z + ei(z)), 3)

e—0
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where € € R, n(z) is the unit normal vector to the fault. For 3D
simulations the fault, I', is simply a plane, or a set of adjacent
planes. In the remainder of the manuscript, we omit the explicit
dependence of the fields unless needed for clarity.

The velocity, v*, can be decomposed in its normal (N) and
tangential (T) components as

vy = (2-v7)n, )
vy =v" —oy =v" — (A v")h. )

The discontinuity of the tangential velocity through I" is
known as the slip rate, V, and is defined as

V=gl = v —vp, ©)

V=Vl ™
while the discontinuity of the normal component is

Vy = loyl = vy — vy, ®

Vi = [Vl ©)

The frictional strength of the fault, 7, is determined with the
Amontons-Coulomb model as

7= f(V,¥)on, (10)

where f(V, ) is the friction coefficient which is a function of
the norm of the slip rate, V eq. (7), and the state variable, 1,
which can be interpreted as the average lifetime of the asperity
population (Dieterich and Kilgore, 1996). This last variable al-
lows modelling the fault healing after rupture, which is crucial
for earthquake cycle simulations. When the normal component
of the traction, Ty, is compressive throughout the motion, then
the normal stress over the fault can be computed as

ox = |Zy . an

Tensile excursions can likewise be accommodated with only
minor modifications (Day et al., 2005). With a rate and state
friction law, the modulus of the tangential traction is always
equal to the shear strength of the fault, i.e. ||T ;|| = 7.

For the friction coefficient we use the regularized rate and
state friction law

f(V,v¥) = a-asinh [%exp (%)] (12)
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where a is a frictional parameter and V), is the steady state sliding
reference velocity. These types of friction law were first intro-
duced by Dieterich (1979) and Ruina (1983) from small-scale
laboratory experiments and have been widely used in numerical
modeling of earthquake processes (Rice and Ben-Zion, 1996;
Lapusta et al., 2000; Rice, 2001). The state variable evolves
according to its own ordinary differential equation (ODE) as

14
dt'ﬁb: _f["/"_"abss(v)]a (13)

where L is a critical slip distance and 1), (V) is the state variable
at steady state computed as

wss(V)=a-ln{751 h{fss( )”, (14)

a
where f,,(V) is the steady state friction

fLV(V) - fw

, (15)
[1 + (V/Vw)ﬂ e

fss(V) = fw +

[, and V,, are friction parameters and f; , (V) is the low-velocity
steady state friction coefficient given by
fov(V) = fo— (b—a) In(V/Wo), (16)
where b is another friction parameter. The rupture evolution
strongly depends on the friction parameters a and b. Whenever
b > a, the fault is velocity weakening; otherwise it is velocity
strengthening. A velocity weakening region permits ruptures
to nucleate and propagate, and therefore models a seismically
strong-coupled surface (whereas rupture cannot nucleate in a
velocity-strengthening region).
Finally, the last condition is

VI, =1V, a7
which indicates that the slip rate must follow the same direction

as the tangential traction.

3. Discrete equations with a discontinuous Galerkin
method

To solve the hyperbolic system, egs. (1) and (2), the domain
Q is discretized into a conforming mesh of K elements as

K
Q=q, =D, ()

i=1

where D' is the i-th straight-sided tetrahedron of the mesh.

Following Etienne et al. (2010), a nodal Discontinuous
Galerkin method with central fluxes and an explicit leap-frog
time scheme is applied to egs. (1) and (2) to obtain

im+3) _ U(i,m—%)

. LS
P Ler) g — :-%%z} (2, 0.))"
3 3 (e z") (e +atm)],

19

L glime) _ glim) N
(wox) g™~ o (x,08)stn 0

Z [(:Qik ®:7'“°) (E(i,m%) + y(k,er%))]
keN
(20)

where m is the time index, V' is the neighbor list of the
i-tetrahedron, At is the time step size, I, is the identity matrix
of R3, ' is the mass matrix, 8; for 8 € {x, y, z} are the stiffness
matrices, F¥ is the flux matrix and P and Q”“ are defined in
Appendlx B. If we use second-order elements we have a second
order numerical scheme in space and time. We follow Tago et
al. (2012) to separate the flux over the fault and to rewrite egs.
(19) and (20) as

p(Em) —y(Em=3) 4 if ( oK ) -1 _oeg’;’z} ( Mo EZ )g(i,m)
T (o) (et
D'nDF¢T
Lot (1 ( ]_-zk) [ (Cism+% )}’

ey

gmtt) =glm) 4 % (A’ L) B {— (¥, @£ )ulim)

0{z,y,2}
T2 keZN ng ®£Zk) (90%7) +Q(’“’"+3)>]
D'nD"¢r

+5r< ®}-zk) I‘zm+1):|’
(22)

where 6" is a Dirac delta function to identify fault faces and the
fault fluxes, FTm+3) and G+ are defined as

FTim+3) _ pOikmed) _ i)

+T(l"zkm+ ) (23)
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@(Fi,erl) _ gz’ky(i,er%) , (24)

(Tik,m++) (Tik,m+5)

and Ty and T'y,
tractions at the fault computed from the i-tetrahedron at time

step m, respectively. The fault flux to update the stress vector,
G(Fi,erl)

are the normal and tangential

, only considers the velocity vector from the element
in which that stress vector is computed.

If the integration of the Galerkin matrices, g’ and gk, is
done in the standard element (Zienkiewicz and Taylor, 2005),
they can be written as
Fit = gikFe, (25)
where Ee is the standard mass matrix, éik is the standard flux
matrix, W7, is the volume of the i-tetrahedron and S is the surface
shared by the i- and k-tetrahedara.

Using the standard matrices, £ and iik, we can rewrite the
update velocity scheme, eq.(21), as

Wlim)  ylim1) 4 glm) 4 5FZA;VSW (1 ® K f)( pfikmes) | plikmid )),
(26)
where
A o i\ (im
R =piwt/i (£3®E ) 1 _ee%ﬂ (£9®§9)£(’ )
45 (es)en e
DIND*T 27

contains the stiffness term and the non-fault fluxes.

The next subsections will explain how to compute the fault
(Pikym-3) and T(nk m+3) , that fulfill the rate and
state frlctlon law and the inner boundary conditions.

tractions, T

3.1. Fault tangential traction, T( ikmt3)

, computation

Assuming that the i-tetrahedron is in the plus side of the
fault, the slip rate between two adjacent tetrahedra can be com-
puted from eq. (6) and the tangential projection of the velocity
scheme, eq. (26), as

ylimed) — ylimd) _

(k;m+%)
Yr

) ; STALS™ (o'W + pFIWF) . ikt L
_ ylim-% (im) _ p(km) 1 (Dik,m-+3)
B L o

(28)

(Pikim+7)

in terms of the initial tangential traction, I

The tangential fault traction, T', , can be decomposed

Lik,0) and the total
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Tik,
shear traction due to the friction evolution, T( wemty ), as
; 1 ; ; 1
I;I‘zk,m+ 2) _ Ig‘zk,o) _ I;sz,m+ 2) (29)

Then, the slip rate update in terms of the total shear traction
can be written as

1)

~ (i,m++ ikm+L1
V(i,m+%) V( ’ 2) (I C)T(F k, +3) (30)
where

STALS* (pW + pPWE)
i ok i k E £e= (31)
pip WiWw = =

_E:(ka) (I ®C) I‘sz),

(32)
is the slip rate assuming a frictionless fault free surface, so it
will be called free slip rate. Since the total tangential traction

magnitude must equal the fault’s shear strength, eq.(10), it should
be computed as

(Tikm+3)
|7

— T(Fik,m+%) =f (V(i,m+%)’¢(i,m+%))a_%,m)‘ (33)

Following a staggered time stepping of the velocity-state
system, as done by Rojas e al.(2009), we decouple the state
variable from the previous equation computing the friction co-
efficient with the state variable and the stresses simultaneously

FCikmid) _ p (V (Bm+3) qr/;(i””))ag\i,’m). (34)

So the state variable can be updated independently for each
degree of freedom (DOF) located in the fault following the
next steps:

1. Update the low-velocity steady state friction coefficient,

eq. (16),

i (VEm ) = fi— (6 = o) i (VO /)
(35)
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2. Compute the steady state friction coefficient, eq. (15),
(i,m) im—1 i
fiv (V(’ 2))_fw
1/8°
[1 + ( v m=1) /v ) ]
(36)

3. Update the steady state variable, eq. (14),

) (Vi) = g 4

pim (vemD) = ot 1n
(37)

4. Update the state variable with the exact solution of its
ODE, eq. (13),

) (V(i,m—%)) —yplm-1) (V(i,m—%)> exp (_ V(i’m;%)At

. (Em=13)
+ 1/)?377") ( (z m——)) (1 —exp < |4 - At ) ) )
(38)

In order to compute the total tangential traction, 7;"""*?,

the slip-rate norm , v 6m+3) must be computed first. To do
so, we must first recognize that the slip, as well as the free slip,
should be parallel to the total tangential traction due to the slip
direction condition, eq. (17), so we can write the slip rate update

scheme, eq. (30), as

ym+s) =

(Z,@L)vEr) — (1 @ eN) V), (39)

(Gm+3)

ov;) ~1(im+4 )) N = Diag (T(szm+ )@V—l(i,m+%)))gg;m+%)

where L = Diag (V
is a vector with the norm of the free slip rate of all DOFs of the
i-tetrahedron, V', 1emt3) is a vector with the inverse of the norm
of the slip rates of all DOFs of the i-tetrahedron, T;Mm ™) s a
vector with the norm of the total tangential tractions of all DOFs
of the i-tetrahedron and © is the operator for the component-wise
multiplication.

Substituting the total tangential traction with the Amon-
tons-Coulomb model, eq. (10), and the friction coe cient, eq.
(12), in eq. (39), it can be reformulated as a non-linear equa-
tio(n, I(;g’ that depends only on the magnitudes of the slip rates,
Kﬂ;m+7 ,as

which is solved with a Newton-Raphson method to update the
slip rate in every p-iteration

VJ(VI +1)p+1 _Vz(\ller 1)? —J "'(Vl(&m+ )), (41)

where i is the Jacobian, which is defined in Appendix C.
Once the Newton-Raphson method has converged, the total
tangential traction is computed as

(Tik,m+%

TR = p (V) pm)

oo™ o VM) (42)

where Ii'(i’m#) is the normalized free slip.

Finally, to update the Velocuy in eq. (28), we evaluate the
tangent1a1 traction, T, Pikim+3 using the total tangential traction,
TR ith eq. (42).

Tik,m++5 )

3.2. Fault normal traction, T( , computation

ik,
For the computation of the fault normal traction, T( wmty ),
we force the continuity of the normal component of the velocity
to avoid an opening mode during rupture, as

(;m+%)

4% _v(z’,m+ ) (km+ )

=Yy Un =0. 43)

We project the velocity update scheme, eq. (26), along the
fault normal and substitute it in eq. (43) to clear the normal
fault traction as

(Pikm+3) _
Ty

JFpipkWiWk S (im) (ym)
T ALSE (piWi 4 phWE) (£3X££ ) [ Ry + Ry ]

(44)
3.3. Artificial viscosity to attenuate numerical noise

The abrupt stress drop at the rupture front induces numeri-
cal noise in a high frequency band (HFO). This issue has been
observed in diverse numerical methods, such as FDM (Day,
1982; Cruz-Atienza and Virieux, 2004; Day et al. 2005), FEM
(Oglesby et al., 1998; Barall, 2009; Aagaard et al., 2013), FVM
(Benjemaa et al., 2009) and DGM (Tago et al., 2012). Some
DGM strategies have used upwind fluxes to solve the Riemann
problem due to the velocity discontinuity along the fault, and
because of their dissipative nature, they do not generate HFOs
(De la Puente et al., 2009; Pelties et al., 2012; Zhang et al.,
2023). However, the amount of dissipation and dispersion
introduced depends strongly on the discretization and order of
approximation. Instead of using an upwind flux, whose dissi-
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pative effect cannot be controlled, we opted for a simple, but
very efficient, strategy used by Day (1982), and in subsequent
papers, and described by Day et al. (2005), that introduces an
artificial viscosity with a damped stress term for the motion
equation, (1), as

pow= M, (c+10:0), (45)

0c{z,y,2}

where v is an artificial damping parameter.

Rojas ef al. (2009) made a detailed analysis of this damping
parameter, y, and showed that for a given discretization and
small values of y, the absorption-wavelength spectrum can be far
separated from the cohesive zone dimension. This means that the
physical wavelength spectrum is practically unaffected and only
the HFOs are eliminated. This strategy is appealing for energy
conservative numerical schemes like ours (due to the central
fluxes and the ad hoc fault fluxes). The damping parameter, vy,
will be discussed in the following section.

The DGM implementation of the artificial damping is
straightforward; instead of using ¢ in the velocity update

scheme, eq. (21), we use the damped stresses, gff;z;ed =

im) _ glim=1)

At

. (
g(z,m) + d

4. Results

The verification and performance assessment of our numerical
implementation was done by solving the benchmark TPV 104
from SCEC (Harris et al., 2018).

4.1. TPV104 SCEC benchmark

The TPV 104 is a strike-slip planar fault embedded in an
isotropic, homogeneous linearly elastic half-space that reaches
the free surface. The hypocenter is located in the middle of a
velocity-weakening portion of dimensions of 30 km X 15 km.
At its borders, there is a 3 km zone of transition from veloci-
ty-weakening to velocity-strengthening, beyond which the fault
is velocity-strengthening. The values of all the friction-law pa-
rameters, initial conditions and the nucleation parameters can be
found in the benchmark website https://strike.scec.org/cvws/
tpv103_104docs.html. The locations of the nine on-fault stations
and six free-surface stations can also be consulted.

We use Gmsh software (Geuzaine and Remacle, 2009) to
discretize the domain with a tetrahedral conforming mesh. The
fault plane is defined before the mesh generation, such that it
cannot be crossed by any tetrahedron. For subsections 4.2 and
4.3, we discretized the fault with an edge-length characteristic

J. Tago et al. | 2557

size of 100 m. Since we use second-order elements, the distance
between DOFs along the edge length is 50 m.

We start by evaluating the effect of the artificial damping pa-
rameter, y, on dispersion and accuracy of our solution. Then, due
to the absence of an analytical solution, we compare our results
with those obtained using other numerical strategies. Finally,
we evaluate the convergence as a function of grid refinement.

4.2. Artificial damping

As clearly stated by Rojas et al. (2009), the larger the value
of v, the smaller the amplitude of the HFOs. However, large y
can also lead to overdamped solutions and a significant delay
in the rupture front.

Figure 1 shows the shear stress and slip rate using the
damping factors y = {0.0, 0.1, 0.2, 0.3, 0.4}, registered on one
of the farthest on-fault stations located 12 km along strike and
12 km along dip from the hypocenter. From Figures 1.a and 1.d,
we do not observe a significant difference for those y values in
the shear stress and slip rate, respectively. To better appreciate the
difference in the shear stress, we made zooms around the peak
shear stress, Figure 1.b, and the noisiest time interval, Figure 1.c,
respectively. The maximum per cent difference of the peak shear
stress with respect the non-damping solution, y = 0.0, was of
0.0709% for y = 0.4. And also for y = 0.4, the maximum percent
difference in the delay between peak shear stresses, relative to
the undamped solution, is 0.2672%. When assessing the noisest
time interval, we find a strong reduction of the HFOs. Since for
vy = 0.1 we still observe small high frequency oscillations, we
choose y = 0.2 as an optimal value. For the slip rate, the HFOs
were eliminated for all y > 0 (see Figure 1.f). As illustrated in
Figure 1.e, the peak slip rate differences are almost negligible;
the maximum percent difference relative to the undamped solu-
tion was 1.1141% for y = 0.4 and for y = 0.2 it was 0.4093%.
It is important to state that optimal y is h—dependent, however
Rojas et al. (2009) showed that for y € (0, 0.1] the HFOs are
satisfactorily removed without perturbing the important features
of the undamped solution.

Figure 2 shows the convergence results with common se-
lected rupture features to assess the accuracy (Day et al., 2005;
Pelties et al., 2012; Zhang et al., 2023). The damped solutions
fory={0.1,0.2,0.3,0.4} are compared with the undamped solu-
tion, y = 0.0, by computing the Root Mean Squared Percentage
Error (RMSPE) of the rupture time along the fault (Figure 2.a),
the RMSPE peak slip rate (Figure 2.b) and the RMSPE final
slip (Figure 2.c), with the latter two considering all the on-fault
stations of the benchmark. The convergence rates are 0.4952
for the rupture time, 1.0382 for the peak slip rate, and 0.7324 for
the final slip. All convergence rates in the range of y = [0.1, 0.4]
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Figure 1. On-fault records for damping factors, y = {0.0, 0.1, 0.2, 0.3, 0.4}, of the shear stress [MPa], (a), and slip rate [m/s], (d), at the fault
station located 12 km along strike and 12 km along dip from the hypocenter. (b) and (c) are zoom figures of the peak shear stress and the noisest
shear stress time interval, respetively. (e) and (f) are zoom figures of the peak slip rate and the noisest slip rate time interval, respectively.
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Figure 2. Convergence results of TPV104 for y = 0.1, 0.2, 0.3, 0.4 relative to the un-damped solution, y = 0.0. The circles are the RMSPE for
selected rupture features and the lines are the logarithm linear regressions. (a) RMSPE of the rupture time along the fault with convergence
rate of 0.4952. (b) RMSPE of the peak slip rate considering all the on-fault stations of the benchmark with convergence rate of 1.0382. (c)
RMSPE of the final slip considering all the on-fault stations of the benchmark with a convergence rate of 0.7324.



are small as expected from the previous analysis of Figure 1. So
even with large values of y, compared to the recommendation of
v < 0.1, we still preserve the main features of the rupture prop-
agation. The peak slip rate is the most sensitive to the damping
parameter, so it would be an adequate feature to compare with
other numerical solutions. Our solutions in the next subsection
were computed with our selected optimal damping factor y =
0.2, whose RMSPE values for rupture time, peak slip rate, and
final slip are 0.3528, 1.0040, and 0.1861, respectively.

4.3. Waveform assessment

Since no analytical solutions exist for dynamic rupture prob-
lems, we selected three numerical approaches for comparison
with our solution. These reference solutions were computed with
aroughly comparable DOF density in order to illustrate the vari-
ability among similar methods. One exception was deliberately
oversampled by a factor of four to serve as a high-precision
benchmark. It is important to note that equalizing the DOF den-
sity should not be interpreted as a basis for ranking the methods,
as DOF density is not directly related to computational cost.

The numerical schemes selected for comparison were Fault-
Mod, a FEM code (Barall, 2009); SPECFEM3D, a SEM code
(Ampuero, 2002; Kaneko et al., 2008); and MixF-DG, a DGM
code (Zhang et al., 2023). FaultMod is a first-order FEM code
that employs Newmark time integration, artificial damping to
mitigate HFOs and a grid-doubling technique for mesh refinement
near the fault. An element size of 50 m was used for TPV104,
corresponding to the recommended spacing between DOFs for
this benchmark. This strategy has been used as a reference for
all SCEC benchmarks since it was developed by the same group
in charge of SCEC benchmarks development. SPECFEM3D is
SEM with an adapted Newmark time integration and without
artificial damping. The fault element size was also 50 m with 5
Gauss-Lobato-Legendre (GLL) nodes per edge for fourth order
elements. The distribution of the GLL nodes is not equidistant,
but we consider a DOF’s equivalent distance of 12.5 m. Finally,
MixF-DG is the most recent DGM reported to date with upwind
fluxes everywhere except on the off-fault fluxes of the on-fault
elements where central fluxes are implemented. It does not add
artificial damping due to the upwind on fault flux that does not
generate HFOs. The use of central fluxes prevents spatial spike
oscillations (SSO) generated by large on-fault stress drops and
the use of upwind fluxes. These SSOs are strongly mesh-depen-
dent and can lead to instabilities, specially with near-fault mesh
refinement. The fault element size was 200 m with fourth order
elements as well. The node distribution is optimal and not equi-
distant (Hesthaven and Warburton, 2007), but we consider the
DOFs equivalent distance of 50 m. For DGCrack we use second
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order elements with a fault element size of 100 m, i.e. a 50 m
DOFs equivalent distance. Since, of all strategies, SPECFEM3D
has the smallest DOFs distance and it does not add any damp-
ing procedure, explicitly nor implicitly, it was selected as our
reference solution. FaultMod and SPECFEM3D discretize the
medium using hexahedral elements, whereas MixF-DG and
DGCerack use tetrahedral elements.

In Figure 3, the rupture velocity along the fault is in good
agreement among all solutions except for FaultMod solution,
where a rupture delay can clearly be observed at the edges. On-
fault records of the shear stress and the slip rate are shown in
Figure 4. On-fault records located 9 km along strike and 7.5 km
along dip from the hypocenter are shown in Figures 4.a and 4.b.
Those located 12 km along strike and 3 km along dip from the
hypocenter are shown in Figures 4.e and 4.g. All of them are
quite similar, with a small delay of the FaultMod solution, as
was expected from the rupture time contour plots (Figure 3).
This delay can be better appreciated in the zoom insets around
the peaks of the shear stress and the slip rate, Figures 4.f and
4.h, respectively. The SPECFEM3D solution is the only one
that we expect to have no delay since it has the smallest DOF
spacing and no damping was applied. Afterwards, the order of
the rupture front is DGCrack, MixF-DG and FaultMod, which
can be appreciated in the peak shear stress delay in Figure 4.f.
Thus, with our (explicitly imposed) artificial damping, the dis-
persion is smaller than that produced by the implicit damping
of the upwind flux from MixF-DG. However, artificial damping
requires the specification of a hyperparameter, y, which must
be tuned through numerical tests or heuristic rules. Compar-
ing the peak slip rate at a single station is challenging, as the
differences may be more related to interpolation effects than to
attenuation artifacts. Figure 4.h shows that MixF-DG has the
lowest amplitude, but it would be better to assess the differences
considering all fault stations (Figure 6.b).

The noise in the on-fault records seems negligible for all
numerical approaches (see Figure 4.c). However, this is not the
case for the off-fault records. Figure 5 shows the velocity field
registered at a free surface station located 12 km along strike
and 6 km perpendicular to the fault. It should be noticed that
not all noise comes from the strong singularity evolution of the
rupture front, but it can also be due to the mesh coarsening used
by the different strategies for better computational performance.
Unfortunately, the noise differentiation for the different strategies
is not possible, so we will assume that most of the noise comes
from the dynamic rupture modeling. All numerical approaches
show noise in the records but with different frequency content.
As it is expected, SPECFEM3D has the largest peak velocities
(Figures 5.b, 5.d and 5.f) but also the largest HFOs. In amplitude,
our solution, DGCrack, seems to be closest to SPECFEM3D.
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Figure 4. On-fault records for the different numerical strategies, DGCrack, SPECFEM3D, MixF-DG and FaultMod. The DOFs equivalent
distance for DGCrack, MixF-DG and FaultMod is 50 m, while for SPECFEM3D is 12.5 m. Horizontal shear stress [MPa] and slip rate [m/s]
at the fault station located 9 km along strike and 7.5 km along dip from the hypocenter, (a) and (b) respectively. (c) shows the noisest segment
of the slip rate plot in (b). Horizontal shear stress [MP a] and slip rate [m/s] at the fault station located 12 km along strike and 3 km along dip
from the hypocenter, (e) and (g) respectively. (f) and (h) are plots around the peak of the shear stress, (e), and the slip rate, (g), respectively.
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Figure 5. Free surface off-fault records at a station located 12 km along strike and 6 km perpendicular to the fault. The DOFs equivalent
distance for DGCrack, MixF-DG and FaultMod is 50 m, while for SPECFEM3D is 12.5 m. (a) and (e) are the parallel and perpendicular to
the fault horizontal velocity field components [m/s] and (c) is the vertical velocity field component [m/s]. (b), (d) and (f) show the intervals

with the peak values of the corresponding velocity field.

FaultMod and MixF-DG seems to have similar peak velocities
with even smaller values. It should be noticed that MixF-DG
shows the cleanest records and the same phase arrivals as the
rest of the solutions.

Figure 6 shows the RMSPE for the on-fault metrics used
by Zhang et al. (2023), which includes the rupture time along
the fault and the peak slip rate and the final slip recorded at
nine on-fault stations. The RMSPEs are computed using the
SPECFEMZ3D solution as the reference, due to its finer fault
discretization. We can observe that for all these metrics DGCrack
is closest to SPECFEM3D, followed closely by MixF-DG. In
every metric, DGCrack achieves a RMSPE roughly 50% lower
than MixF-DG’s. FaultMod shows the worst RMSPEs, but as
shown in Figure 4, the on-fault records are almost noise-free
and similar to the other solutions.

We have shown that DGCrack’s solution is in agreement with
other numerical strategies. In the next section we will show its
convergence under grid refinement.

4.4. Convergence under grid refinement

In this section, we assess the accuracy according to the grid
size. We solved TPV 104 for different element sizes, & = {100,
150, 200, 300, 400} m, with the previously selected artificial
damping parameter y = 0.2.

Figure 7 shows that the horizontal shear stress and the
slip rate for the different discretizations are quite similar even

with the discretization of 42 = 300 m that is three times larger
than the suggested discretization for the cohesive zone. Figure
7.c shows low frequency noise that seems to get stronger with
grid coarsening. A slight delay in the rupture front is more
clearly visible in the zoomed views around the peak shear stress
and slip rate (Figures 7.f and 7.h, respectively). However, it is
remarkable how the peak slip rate remains nearly identical across
all discretizations.

The convergence rates are shown in Figure 8 as a function
of grid refinement. The convergence rates for the rupture time,
the peak slip rate and the final slip, were 1.6008, 0.6774 and
1.4470, respectively. These low convergence rates are expected
due to the nonlinearity of the friction equations. Moreover,
higher-order approximations do not improve the convergence
rates, as has been shown numerically (Zhang et al., 2023; Pelties
etal.,2012).

5. Discussion and Conclusions

We have implemented a rate-and-state friction law in DG-
Crack (Tago et al., 2012), inspired by the work of Rojas et al.
(2009). The friction coefficient computation is done with a
staggered time strategy for the velocity-state system. Unlike
previous implementations with DGM (e.g. Pelties et al., 2012;
Zhang et al., 2023), we do not employ an upwind flux; instead,
we use an ad hoc flux along the fault. While an upwind flux
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naturally suppresses HFOs due to its intrinsic dissipation, the
magnitude of the dissipation and dispersion introduced has not
been studied in detail.

Our ad hoc fault flux generates HFOs, which we attenuated
using an artificial damping strategy. This required the introduction
of a damping parameter that needs tuning. As previously shown
by Rojas et al. (2009), for y < 0.1 the damped frequency band
lies above the frequency band in which the undamped numer-
ical scheme has effectively converged, so almost no unwanted
damping is applied. In practice, the phase delay produced by
the artificial damping is more noticeable than any amplitude
reduction. However, as illustrated in Figures 4 and 2, these
effects are negligible. For the TPV 104 case, we chose a larger
damping parameter than the recommended value, y = 0.2, to
eliminate all visible noise. For earthquake simulations, however,
we recommend starting with a conservative value of y = 0.1,
increasing it only if HFOs persist.

In the waveform comparison, DGCrack demonstrated good
performance relative to recent and validated numerical strategies.
For the fault metrics shown in Figure 6, our solution was closer
to the reference than that of MixF-DG, even though MixF-DG
employed a higher-order approximation. Furthermore, dissi-
pation and dispersion in DGCrack fault fields were smaller
than in MixF-DG fault fields (see Figures 4.f and 4.h). These
numerical artifacts appear to arise more from the upwind flux
used in MixF-DG than from the artificial damping introduced
in our approach.

Convergence rates from grid refinement are inherently limited
by the nonlinearity of dynamic rupture modeling. For DGCrack,
the convergence rates obtained are relatively low, as expected
from the earlier numerical comparison of the SCEC slip-weak-
ening TPV3 benchmark by Zhang et al. (2023). This should not
be viewed as a drawback, since our solution delivers accuracy
comparable to higher-order approximations. Moreover, for coarser
grids DGCrack should outperform high-order numerical strate-
gies due to its relatively low convergence rates (see Figure 7.h).

Although we have shown that for y < 0.1 the fault field spectra
are largely preserved, the need to introduce a damping parameter
may be seen as a disadvantage compared with approaches that
use upwind fluxes to avoid HFOs. However, since numerical
damping is necessary, it may be better to have a control parameter
for it, rather than it being implicit in a numerical flux. We believe
that an upwind flux formulation with controlled dissipation and
dispersion still needs to be developed to address this limitation.
Finally, we plan to apply DGCrack to simulate earthquakes in
Mexico, using friction parameters and initial conditions inferred
from seismotectonic studies (Cruz-Atienza et al., 2021).
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Geophysical model of the hydrothermal system of the Amado Nervo Volcano (Nayarit,
Mexico) and preliminary evaluation of its geothermal potential

Jimena ltzel Castellanos—Villalpando®2®, Mario Alberto Fuentes—Arreazola?3**2(, Ana Mercedes
Cupul-Velazquez?¢®, Nancy Vazquez—-Hernandez*4® and Francisco Javier Nufiez—Cornu3e

Abstract

This study presents a conceptual model of the hydrothermal system associated with the Amado Nervo Volcano in western Mexico, Key words: Geothermal exploration,
integrating geological, gravity, magnetic, and geothermal data. The objectives were to characterize the subsurface structure of ~ Hydrothermal system, Trans—Mexican
the volcanic system, identify geophysical signatures potentially associated with hydrothermal alteration, and provide a prelimi- Volcanic Belt, Potential geophysical
nary estimate of the region’s exploitable geothermal potential. Aeromagnetic data were processed using reduction to the pole, data, Amado Nervo Volcano.

analytical signal, and upward continuation, and spectral analysis techniques, whereas gravity data were derived from the Global
Gravity Model (GGM+) and transformed into simple and residual Bouguer anomalies. The radially averaged power spectrum
method was applied to estimate magnetic source depths, the Curie point depth, the geothermal gradient, and conductive heat
flow. The geophysical results reveal a special association among magnetic attenuation zones, analytical signal minima, and
negative gravity anomalies, delineating structurally complex domains characterized by reduced density and magnetization.
Spectral analysis yielded a Curie point depth of approximately 7.5km, from which a geothermal gradient of 70.8 °C-km™ and
a conductive heat flow of 176 mW-m? were estimated. These values are consistent with those reported for geothermal regions
of the Trans—Mexican Volcanic Belt. Integration of geophysical and geological information enabled the development of a
conceptual hydrothermal model of a structurally controlled volcanic—hydrothermal system potentially sustained by a residual
intrusive heat source. A preliminary geothermal resource assessment was conducted using the volumetric Heat in Place method
coupled with 9,999 Monte Carlo simulations. The results yielded a mean geothermal potential of 19.75 MW, with simulated
values ranging from approximately 5 to 34 MW. Although subject to uncertainties in reservoir geometry and thermophysical
parameters, the estimated resource ranks the Amado Nervo volcanic system among medium-scale geothermal prospects in
Mexico. The proposed hydrothermal architecture shows similarities to that of the nearby San Pedro Domes geothermal field
and supports continued exploration through detailed geophysical, geochemical, and drilling investigations. Overall, this study
demonstrates the value of integrating indirect geophysical methods for early—stage geothermal assessment in volcanic regions
of the Trans—Mexican Volcanic Belt.

Resumen

Este estudio presenta un modelo conceptual del sistema hidrotermal asociado al Volcan Amado Nervo, en el occidente de México, Palabras clave: Exploracion
mediante la integracion de informacion geoldgica, gravimétrica, magnética y geotérmica. Los objetivos fueron caracterizar la ~ geotérmica, Sistema hidrotermal,
estructura subsuperficial del sistema volcanico, identificar firmas geofisicas potencialmente asociadas a la alteracién hidrotermal ~ Cinturén Volcanico Trans—Mexicano,
y proporcionar una estimacion preliminar del potencial geotérmico explotable de la region. Los datos aeromagnéticos fueron  Datos geofisicos potenciales, Volcan
procesados mediante técnicas de reduccion al polo, sefal analitica, continuacién ascendente y analisis espectral, mientras que ~ Amado Nervo.

los datos gravimétricos se derivaron del Modelo Gravimétrico Global (GGM+) y se transformaron en anomalias de Bouguer

simple y residual. El método del espectro de potencia promediado radialmente se aplicé para estimar la profundidad de las

fuentes magnéticas, la profundidad del punto de Curie, el gradiente geotérmico y el flujo de calor conductivo. Los resultados

geofisicos revelan una asociacion entre zonas de atenuacién magnética, minimos de sefial analitica y anomalias gravimétricas

negativas, delimitando dominios estructuralmente complejos caracterizados por una reduccién de la densidad y la magnetizacion.

El analisis espectral permitié estimar una profundidad del punto de Curie de aproximadamente 7.5km, a partir de la cual se

calcularon un gradiente geotérmico de 70.8 °C-km™ y un flujo de calor conductivo de 176 mW-m2. Estos valores son consistentes

con los reportados para regiones geotérmicas del Cinturén Volcénico Trans—Mexicano. La integracion de la informacion geofi-

sica y geoldgica permiti6 desarrollar un modelo conceptual hidrotermal correspondiente a un sistema volcanico—hidrotermal

estructuralmente controlado y potencialmente sustentado por una fuente de calor intrusiva residual. La evaluacién preliminar del

recurso geotérmico se realizé mediante el método volumétrico Heat in Place acoplado con 9,999 simulaciones de Monte Carlo.

Los resultados arrojaron un potencial geotérmico promedio de 19.75 MW, con valores simulados que oscilan entre 5 y 34 MW.

Aunque esta estimacion estd sujeta a incertidumbres relacionadas con la geometria del reservorio y los pardmetros termofisicos

empleados, el recurso estimado sitda al sistema volcanico Amado Nervo dentro del rango de prospectos geotérmicos de escala

media en México. La arquitectura hidrotermal propuesta presenta similitudes con la del campo geotérmico cercano de Domos

de San Pedro y respalda la continuidad de las actividades de exploracién mediante investigaciones geofisicas, geoquimicas

y de perforacién més detalladas. En conjunto, este estudio demuestra el valor de integrar métodos geofisicos indirectos para la

evaluacion geotérmica en etapas tempranas dentro de regiones volcanicas del Cinturén Volcénico Trans—Mexicano.
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1. Introduction

The Trans—Mexican Volcanic Belt (TMVB) is one of the
regions with the highest geothermal potential in Mexico, owing
to tectonic activity driven by the subduction of the Rivera and
Cocos Plates beneath the North American Plate (Figure 1). This
geodynamic configuration favors the development of hydro-
thermal systems dominated by fluid convection, in which the
primary heat source originates from shallow magmatic bodies
(Prol-Ledezma and Moran—Zenteno, 2019). Consequently, the
TMVB hosts multiple geothermal exploration projects, several
of which are currently under commercial operation.

Within this volcanic province, the state of Nayarit contains
several volcanic edifices of geothermal significance, including
Sangangiiey, Ceboruco, San Juan, Tepetiltic, Las Navajas, the
San Pedro Domes, and the Amado Nervo Volcano. A key struc-
tural feature in the region is the San Pedro—Ceboruco Graben
(SPCG), an east—west—trending tectonic depression formed by
normal faulting associated with crustal extension in the TMVB.
The graben exhibits evidence of recent tectonic activity and
Holocene volcanism, conditions that are favorable for the de-
velopment of active hydrothermal systems (Ferrari et al., 2003).
Its central sector hosts the San Pedro Domes geothermal field,
with an installed capacity of 35.5 MW, recognized as the first
geothermal power plant operated by a private company in Mexico
(Reyes—Orozco et al., 2019).

Scientific research in the SPCG has been extensive yet
heterogeneous. Several decades ago, the Comision Federal
de Electricidad conducted geological, geophysical, and geo-
chemical surveys, the results of which remain in confidential
internal reports. Over the past 30 years, numerous studies have
contributed to understanding the region’s geology, stratigraphy,
and eruptive history (Ferrari et al., 1999, 2003; Petrone et al.,
2001; Sieron and Siebe, 2008). Concurrently, a wide range of
geophysical investigations, including gravity, magnetic, seismic,
and electromagnetic studies, have provided insights into the
subsurface structure of the graben (Venegas, 1995; Sanchez et
al., 2009; Rodriguez—Uribe et al., 2013; Fernandez—Co6rdoba
et al., 2017; Sawires and Aboud, 2019; Nufiez—Cornu et al.,
2020; Fuentes—Arreazola et al., 2021; Mufioz—Burbano et al.,
2024). Additionally, several studies have proposed models of the
hydrothermal system hosted within the graben, primarily based
on geological information and well data (Reyes—Orozco et al.,
2019; Rodriguez et al., 2019).

At the southeastern end of the SPCG lies the Amado Nervo
Volcano, a shield—type edifice composed mainly of basaltic lava
flows, located in a structural context similar to that of the San Pe-
dro Domes geothermal field. Despite these favorable conditions,
this volcano has received comparatively little scientific attention,

with most studies focusing on general geological descriptions
(e.g., Ferrari et al., 2003). The absence of integrated geophysical
studies represents a significant gap in understanding its internal
structure and geothermal potential.

To address this gap, the present study integrates acromagnetic
and gravity data with existing geological and hydrogeological
information to characterize the geophysical configuration of the
Amado Nervo Volcano. Through the analysis and interpretation
of potential-field anomalies, we identify key subsurface prop-
erties, delineate zones potentially associated with hydrothermal
alteration, and propose a preliminary conceptual model and
geothermal potential of the hydrothermal system that may be
hosted beneath the volcanic edifice. This work represents the first
detailed geophysical characterization of the area and provides a
robust foundation for subsequent stages of advanced geothermal
exploration.

2. Study area
2.1. Tectonic—geological setting and eruptive history

The Amado Nervo Volcano is a Quaternary shield volca-
no (0.22 Ma) located in the state of Nayarit (21.150399°N,
—104.756680°W; 1447 m.a.s.1.), near the northwestern limit of the
TMVB. It lies within the SPCG, a tectonic structure associated
with the Tepic—Zacoalco Rift, which marks the boundary be-
tween the Jalisco Block and the North American Plate (Figure 1).
Together with the Chapala and Colima rifts, the Tepic—Zacoalco
Rift defines a triple—junction zone near the city of Guadalajara
(Nelson, 1980; Stock, 1993; Ferrari et al., 2003). This tectonic
framework is characterized by crustal extension, normal faulting,
and recent volcanism.

The geological evolution of the SPCG spans from the late
Miocene to historical times and is marked by shifts in magma
composition and tectonic activity (Figure 2). Intense rhyolitic
volcanism dominated the early Pliocene (5—4.2 Ma), followed
by mafic eruptions associated with regional extension. Around
1.1 Ma, activity evolved into a more differentiated bimodal re-
gime, leading to the formation of the San Pedro—Cerro Grande
volcanic complex, including dacitic—andesitic domes and the
Tepetiltic stratovolcano (~480 ka) (Ferrari et al., 1999, 2003;
Petrone et al., 2001).

A major event in this sequence was the collapse of the San
Pedro caldera between ~450 and 283 ka, followed by intracal-
dera dome growth (e.g., Los Ixletes, Los Ocotes, Cerro Lobos)
and the Cuastecomate Plinian eruption (~210 + 260 ka), which
produced widespread pyroclastic deposits. Subsequently, the
Amado Nervo Volcano developed (220 + 29 ka) through the
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Figure 1. Location map of the Amado Nervo Volcano illustrating its spatial relationship with major tectonic domains and plate boundaries.
The Tepic—Zacoalco (TZR), Chapala (ChaR), and Colima (ColR) rift zones are also indicated. Inset: Location of the study area within the

American continent. Modified from Fuentes—Arreazola et al. (2021).

effusion of mildly alkaline basaltic lavas, representing a late ef-
fusive stage that contrasts with the predominantly silicic activity
of the San Pedro complex (41 + 20 ka) and suggests magmatic
rejuvenation during the Quaternary. The southeastern sector
hosts the Ceboruco Volcano, the youngest and most active cen-
ter (45-0 ka), with historical eruptions [A.D. 930, 1870-1875]
(Nufiez et al., 2022) and persistent fumarolic activity indicating
an active hydrothermal system (Ferrari et al., 2003; Sieron and
Siebe, 2008; Nunez—Corn et al., 2020).

At a more local scale, the Amado Nervo Volcano is situated
within the San Pedro—Amado Nervo subgraben, limited by NW—
SE and NE-SW-oriented normal faults and by minor strike—slip
faults in its southeastern portion (Figure 2). Major structures in
this area include the Borbollén, Milpillas—Cerro Grande, and
Las Cebollas faults, as well as the Amado Nervo strike—slip
fault. This structural configuration strongly influences regional
morphology (Reyes—Orozco et al., 2019) and, speculatively,
also the fluid circulation.

According to the geological map (Figure 2), constructed
using data from INEGI (2025) and the Mexican Geological
Survey (Servicio Geoldgico Mexicano, 2025) , the study area
comprises the following surface lithologies: rhyolitic ignimbrite,
pumice—fall deposits, alluvium, Tertiary rhyolitic breccia, Qua-
ternary basaltic lava flow, and Quaternary andesitic lava flow.
Locally, sandstone—limestone units may also crop out, although
they are more commonly present at depths greater than 400 m.
At deeper stratigraphic levels, rhyolitic ignimbrites, calcarenite,
Tertiary andesitic lava flows, and granitic bodies are identified.
Basaltic breccia is exposed at the eruptive vent of the Amado
Nervo Volcano, consistent with its effusive origin.

2.2. Hydrogeological and hydrothermal setting
From a hydrological perspective, the region exhibits a

predominantly dendritic drainage pattern, transitioning to a
radial configuration over the volcanic edifices. Surface runoff
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and stream channels generally flow toward the southwest. The
volcanic units exposed in the study area may exhibit variable
porosity and permeability depending on their lithology, degree
of fracturing, and volcanic textures. Although quantitative hydro-
geological data are currently unavailable for these units, highly
fractured zones associated with regional and local structures may
plausibly act as preferential pathways for infiltration, groundwa-
ter recharge, and fluid circulation within shallow aquifers and
potential hydrothermal systems.

Three unconfined aquifers have been identified in the vicin-
ity of Amado Nervo Volcano: Valle de Compostela, Valle de
Banderas, and Ixtlan—Ahuacatlan. Although detailed hydrogeo-
logical properties of these systems remain poorly constrained,
groundwater occurrence and flow are likely influenced by litho-
logical heterogeneity and rock fracturing. Available piezometric
information is limited and should be regarded only as a regional
hydrogeological reference. For example, groundwater-level mea-
surements obtained during a well-leveling survey conducted in

October 2017 indicate that the water table in alluvial deposits
near the community of Juan Escutia, approximately 10 km west of
the volcano, ranged between 10 and 30 m below ground surface
(Comision Nacional del Agua, 2025). The referenced report also
indicates that slight groundwater-level declines typically begin in
November due to agricultural groundwater extraction following
the rainy season. Because these measurements correspond to a
nearby alluvial aquifer rather than the volcanic edifice itself,
they are presented solely to provide a general regional context
regarding groundwater occurrence and flow conditions.

The geochemical study of hot springs surrounding the
Ceboruco Volcano (Figure 2), conducted by Tello-Hinojosa
(1994), revealed an active hydrothermal system linked to both
the volcanic edifice and its immediate structural framework.
The hydrothermal manifestations exhibit chemical compositions
consistent with the heating of meteoric waters that infiltrate
through highly permeable zones, primarily fractures and faults
associated with the regional geological-structural configuration.



These fluids then recirculate toward the surface, driven by ele-
vated thermal gradients.

Within this regional setting, geothermal gradient measure-
ments from nearby exploratory wells indicate significant thermal
anomalies around the Amado Nervo Volcano (Figure 2): GC-5
(~6.9 km south—southeast) with 53.2 °C km™'; CB-2 (~6.1 km
southeast) with 102.5 °C km™; GC-3 (~7 km east—southeast) with
103.6 °C km™, and CB-3 (~7.8 km northeast) with 52.4 °C km!
(Espinoza—Ojeda et al., 2023). These values support the presence
of a high—temperature regime consistent with the development
of deep hydrothermal systems.

Additionally, the geochemical signatures, including character-
istic concentrations of silica, bicarbonate, and other major ions,
suggest a medium— to high—temperature reservoir influenced
by water—rock interaction processes. The spatial distribution of
springs and their alignment with major structural lineaments
further indicate that hydrothermal flow is channeled along faults
that serve as preferential pathways for upward fluid migration.

3. Data and method of analysis
3.1. Geophysical data

The aeromagnetic data used in this study were obtained
from a 1983 survey conducted by the Mexican Geological
Survey (SGM, 2005). The survey was carried out using GPS
navigation along flight lines spaced 1,000 m apart, at an average
elevation of 300 m above ground level. The total magnetic field
was computed after applying corrections for aircraft motion,
diurnal variation, and flight-line leveling. The residual mag-
netic field (RMF) was derived by subtracting the International
Geomagnetic Reference Field (1980), using reference values of
total intensity (43,415 nT), inclination (47°49’), and declination
(8°52”). The SGM produced a 1:50,000—scale contour map of
the RMF with 10 nT contour intervals. For this study, a digital
ASCII grid with 200 m spacing and an extent of 20 X 20 km
(400 km?) was acquired from the SGM and centered near the
Amado Nervo Volcano. This grid served as the basis for aero-
magnetic processing and analysis.

In this study, gravity data from the Global Gravity Model
GGM+ (Hirt et al., 2013) were used. This model is a modern tool
for regional gravity analysis, integrating satellite measurements
from missions such as GRACE and GOCE. GGM+ provides an
approximate spatial resolution of 200 m, comparable to the station
spacing typically employed in terrestrial gravity surveys for local
characterization of volcanic structures. Binary files correspond-
ing to the N20W 105 cell were downloaded, containing gravity
acceleration values (N20W105.ga) and gravity disturbance
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values (N20W105.dg). From these files, data within the study
area were extracted, yielding a grid of 90 rows by 97 columns
(8,730 nodes) that served as the basis for regional analysis and
geophysical interpretation.

3.2. Aeromagnetic and gravimetric data processing and
analysis

The residual magnetic field data were processed through a
series of standard transformations, including reduction to the
pole (RTP), analytic signal amplitude, and upward continuation,
to enhance magnetic source signatures and facilitate geological
interpretation. Following the RTP transformation, the workflow
described by Fuentes—Arreazola et al. (2023) and references
therein was applied to compute and correct the radially averaged
power spectrum. This spectral analysis enabled estimation of the
upper and lower depths of the magnetic sources responsible for
the observed anomalies. The lower bound of these sources was
interpreted as the Curie Point Depth, from which the thermal
gradient and conductive heat flow were subsequently estimated
following the formulations of Turcotte and Schubert (2002).

The gravity disturbance data derived from the GGM+ model
correspond to Free—Air Anomaly values, defined as the differ-
ence between the measured gravity at a specific point on Earth's
surface and the theoretical gravity, after correction for elevation
and the atmospheric mass between the terrain surface and the
satellite (Seigel, 1995; Hildenbrand et al., 2002). From these
disturbance values, the observed gravity at each hypothetical
station was reconstructed. Latitude, elevation, and Bouguer slab
corrections were then applied to compute the simple Bouguer
anomaly (Telford et al., 2012; Seigel, 1995). To isolate the local
residual gravity field, a band—pass filter with a long—wavelength
cutoff of 20 km, corresponding to the lateral extent of the ana-
lyzed grid, was applied to remove regional trends.

From the RTP magnetic anomaly upward continued to 1 km,
together with the residual simple Bouguer anomaly, a 10-km-—
extended west—east profile was extracted across the study area.
This profile was subsequently modeled to approximate the re-
gional geological framework. All aeromagnetic and gravimetric
processing steps, including data reduction, spectral analysis,
filtering, and potential-field transformations, were carried out
using Oasis montaj software (Seequent Ltd., 2025).

3.3. Geothermal potential assessment

The volumetric Heat in Place method is commonly used in
preliminary geothermal assessments to estimate the thermal
energy stored within a volume of hot rock. The recoverable
thermal energy [Q,..] can be expressed as (Equation 1):
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Qrec = RV [¢pwcw + (1 - ¢)Prcr] (Tr - TTef) Eq.1
where, V is the reservoir volume, ¢ is the porosity, p is the water
and rock densities, c is the water and rock specific heat, 7, is the
reservoir temperature, 7, is the reference temperature, and R,
is the recovery factor.

To account for parameter uncertainty, Monte Carlo simula-
tions were performed using a custom MATLAB script developed
for this study following the methodology described by Muffler
and Cataldi (1978), Hiriart—Le Bert et al. (2011), and Garg and
Combs (2015). The simulations generated probabilistic estimates
of geothermal potential, and the distribution’s mean was adopted
as the most likely resource estimate.

4. Results
4.1. Gravimetric and magnetic anomalies

The geophysical results are presented beginning with the
gravimetric anomalies, followed by the magnetic anomalies and
their transformations. Together, these observations provide the
basis for developing the hydrothermal conceptual model and for
assessing the geothermal potential of the study area.
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The simple Bouguer anomaly ranges from —81.74 mGal to
—149.13 mGal and exhibits a well-defined regional trend across
the study area (Figure 3a). Higher values (~—90 mGal) occur
in the southwestern sector, whereas lower values (~—120 mGal)
are concentrated toward the northeast. Subtle gravity gradients are
observed throughout the area, several of which are spatially
coincident with major northwest—southeast structural features,
including the Borboll6n and Milpillas—Cerro Grande faults.

At the local scale, the Amado Nervo Volcano (ANV) is lo-
cated within a domain characterized by intermediate Bouguer
anomaly values of approximately —116 mGal, whereas Cerro Las
Tetillas coincides with a relative gravity minimum of approx-
imately —129 mGal. The San Pedro Domes are situated within
a well—defined circular anomaly that reaches minimum values
of approximately —140 mGal. The geothermal wells of the San
Pedro Domes project are located in the northeastern sector of
this anomaly, within an area characterized by negative Bouguer
anomaly values relative to the surrounding region.

To isolate the local gravity response, a band—pass filter with
a long—wavelength cutoff of 20 km, corresponding to the lateral
extent of the data block, was applied. The resulting residual
Bouguer anomaly (Figure 3b) ranges from —29.62 mGal to
15.53 mGal, with a mean value of 0.02 mGal. After removing
the regional trend, a continuous negative anomaly is observed
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Figure 3. (a) Simple Bouguer and (b) residual/local Bouguer anomaly map of the Amado Nervo Volcano and surrounding areas. Colors
and contour lines represent the distribution of gravity anomaly intensities. White lines correspond to geological faults compiled from INEGI
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beneath both the Amado Nervo Volcano and Cerro Las Tetillas.
The residual anomaly reaches —4.32 mGal at the ANV and at-
tains its lowest value at Cerro Las Tetillas (—17.83 mGal). This
negative domain is located between the Las Cebollas fault to the
northwest and the Milpillas—Cerro Grande fault to the northeast.

Higher residual values are observed south, east, and northeast
of the Amado Nervo Volcano. In contrast, the San Pedro Domes
coincide with a well-defined negative residual anomaly, with
values below —20 mGal.

Figure 4a displays the residual magnetic field anomaly of
the Amado Nervo Volcano and surrounding areas, with values
ranging from —337.20 to 1,120.86 nT. Positive anomalies occur
primarily over the central sector and toward the south, coinciding
with the Amado Nervo Volcano edifice and the San Pedro Domes.
An additional positive domain is observed to the northeast in the
vicinity of Tepetiltic Volcano, whereas negative anomalies are
distributed along the western, northern, and eastern margins of
the Amado Nervo Volcano. A well-defined dipolar anomaly is
observed at the volcanic vent, characterized by magnetic values
ranging from approximately —157 nT to 630 nT. The boundaries
of the principal anomaly are spatially coincident with the Bor-
bolldn, Las Cebollas, and Milpillas—Cerro Grande faults systems.

To remove the effects of magnetic field declination and in-
clination, the total magnetic field data were transformed to the
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magnetic pole (Figure 4b). The resulting anomaly ranges from
—485.46 nT to 1,391.61 nT and exhibits a predominant northwest—
southeast orientation. The principal anomaly remains centered on
the Amado Nervo Volcano and comprises three high—intensity
lobes with amplitudes of 1,384 nT, 1,061 nT, and 976 nT togeth-
er with a fourth lower—intensity lobe of 135 nT. The anomaly
boundaries are spatially coincident with major regional faults.

To better isolate the magnetic sources within the study
area, the analytical signal of the reduced—to—the-pole magnetic
anomaly was calculated (Figure 5a). The Amado Nervo Volcano
exhibits analytical signal values of approximately 1.30 nT-m,
whereas the San Pedro Domes are characterized by values of
approximately 0.50 nT-m. Other volcanic structures also exhibit
notable analytical signal amplitudes: Cerro Tetillas, located
northwest of the Amado Nervo Volcano, exhibits a value of
0.83 nT-m!, whereas Cerro Lobos, situated southeast of the San
Pedro Domes, reaches 1.05 nT-m! and is spatially aligned with
the Milpillas—Cerro Grande fault. Three of the five geothermal
gradient wells are located in zones with low analytical signal
values ranging from 0.07 to 0.15 nT-m!. Similarly, wells from
the San Pedro Domes geothermal project occur in areas with
analytical signal values between 0.03 and 0.30 nT-m..

To obtain a regional perspective of the magnetic field, a
1 km upward continuation was applied to the reduced—to—
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surrounding areas. Colors and contour lines represent the distribution of magnetic field intensities.



2576 | Geofisica Internacional (2026) 65-4

the—pole anomaly (Figure 5b). The resulting anomaly ranges
from —157 to 580 nT. Following continuation, the principal
magnetic anomaly remains prominent, with amplitudes ap-
proaching 500 nT, and remains spatially associated with the
Amado Nervo Volcano.

4.2. Hydrothermal conceptual model

The hydrothermal conceptual model for the Amado Nervo
volcanic system was developed by integrating geophysical,
geothermal, and geological information (Figure 6). Spectral
analysis of the reduced-to-the-pole magnetic anomaly was used
to constrain the depth distribution of magnetic sources and esti-
mate the lower magnetic boundary. Together with gravimetric
anomalies, magnetic anomaly patterns, mapped structural fea-
tures, and available geothermal data, these results provide the
framework for the proposed model.

Magnetic source depths were estimated from a radially aver-
aged power spectrum calculated over a 20 X 20 km block of the
reduced—to—the—pole anomaly. Using the spectral slope analysis
of Ravat et al. (2007) and Fedi et al. (1997), the centroid depth
was estimated at Z, = —4.34 km and the top of the magnetic
sources at Z, = —1.18 km. Applying the methodology of Okubo
et al. (1985) and Tanaka et al. (1999), the lower bound of the
magnetic source was estimated at Zy = —7.50 km.
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Assuming Zg corresponds to the Curie point depth and using
a Curie temperature of approximately 580 °C, a geothermal
gradient of 70.79 °C-km™ was calculated following Nufiez—
Demarco et al. (2020), using a surface temperature of 28 °C
and a flight altitude of 0.3 km. Using a thermal conductivity
of 2.5 W-m.°C™ (Turcotte and Schubert, 2002), a conductive
heat flow of approximately 176 mW-m?2 was obtained. Based
on the estimated geothermal gradient, subsurface temperatures
were calculated as a function of depth, yielding approximately
150°C at 1.5-1.7km depth and exceeding 700 °C at approxi-
mately 11km depth.

The conceptual model comprises a shallow volcanic se-
quence overlying deeper basement rocks and intrusive units. A
transition in geophysical properties is identified near sea level,
corresponding to the boundary between volcanic and deeper
lithological domains. Geothermal gradient wells, magnetic
anomalies, gravity anomalies, and mapped structural features
were integrated to define the principal components of the pro-
posed hydrothermal system.

4.3. Geothermal potential estimation

The conceptual model proposes a potential geothermal
reservoir located beneath the inferred cap-rock sequence and
hosted within fractured crystalline basement rocks intruded
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Figure 5. (a) Analytical signal of the residual magnetic field reduced to the magnetic pole, and (b) upward—continued (1 km) anomaly map

of the Amado Nervo Volcano and surrounding areas.
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Figure 6. Conceptual hydrothermal model of the Amado Nervo volcanic system. The inset illustrates the residual gravity anomaly and the 1-km
upward-continued magnetic anomaly along a 10-km west—east profile. Geological units correspond to those shown in Figure 2. Regional fault
systems are incorporated as structural features associated with fluid recharge, permeability enhancement, and hydrothermal fluid migration.

by intermediate—composition bodies. The model identifies this
domain as a potential target for future exploratory drilling.

The integration of magnetic, gravity, and geothermal—gra-
dient data reveals a spatial association between negative mag-
netic anomalies, analytical signal attenuation, negative gravity
anomalies, and elevated geothermal gradients. These features
define geophysical domains characterized by contrasting physical
properties within the study area.

The proposed conceptual model exhibits several similarities
to the San Pedro Domes geothermal field. In both areas, hydro-
thermal alteration zones occur at depths of approximately 1 km,
temperatures near 150 °C have been reported or estimated, and

crystalline basement rocks of the Jalisco Block occur at depths of
approximately 1.2—1.8 km beneath volcanic sequences (Reyes—
Orozco et al., 2019).

A set of key parameters derived from geological, geophysi-
cal, and geothermal data was integrated into a volumetric Heat
in Place model coupled with Monte Carlo simulations (Table
1). Based on a MATLAB implementation developed for this
study and 9,999 simulations, a mean geothermal potential of
19.75 MW with an uncertainty of +14.41 MW was estimated.
The resulting distribution spans approximately 5 MW under
conservative scenarios to approximately 34 MW under more
favorable conditions.

Table 1. Range of values for the variables involved in the volumetric model used to estimate

geothermal potential.

Variables for the Volumetric (Heat In Place) Model

Parameter

Minimum value Maximum value

Project lifetime [years]

Separation pressure [bar]

Reservoir area [km?]

Reservoir thickness [km]

Reservoir temperature [°C]

Ambient temperature [°C]

Reservoir rock porosity [%]

Reservoir rock density [kg-m™]
Reservoir rock specific heat [kJ kg=-°C™]
Reservoir recovery factor [%]

Cycle efficiency [%]

25 35

5 12

1 15
0.10 1.50
140 250

20 35
0.01 0.17
2400 2900
0.60 1.20
0.05 0.25
0.10 0.25
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5. Discussion

5.1. Geophysical interpretation of gravity and magnetic
anomalies

The gravimetric anomalies reveal significant spatial variations
that may reflect changes in subsurface density and structural
conditions across the Amado Nervo volcanic complex. At the
regional scale, the southwest—northeast decrease in Bouguer
anomaly values suggests the presence of large—scale density
contrasts, while the spatial coincidence between gravity gradients
and the Borboll6n and Milpillas—Cerro Grande fault systems
indicates that regional structures may influence the distribution
of these contrasts. Although the observed gradients are subtle,
they could be associated with lithological boundaries, zones of
enhanced fracturing, or other structurally controlled heteroge-
neities within the volcanic system.

Local gravity anomalies further highlight variations in the
physical properties of the volcanic centers. The intermediate
Bouguer anomaly values associated with the Amado Nervo
Volcano contrast with the pronounced gravity minima observed
at Cerro Las Tetillas and the San Pedro Domes. These negative
anomalies may reflect reduced bulk density resulting from en-
hanced fracturing, hydrothermal alteration, volcanic deposits
with elevated porosity, structural collapse, or a combination
of these processes. The continuous negative residual anomaly
extending beneath both the Amado Nervo Volcano and Cerro
Las Tetillas suggests that these volcanic centers may be linked
by a common subsurface domain characterized by reduced den-
sity. Likewise, the distribution of residual anomalies around the
volcanic complex, including relatively high values south, east,
and northeast of the Amado Nervo Volcano, points to significant
lateral heterogeneity in subsurface properties. These higher
residual values may correspond to denser lithological units or
structurally coherent blocks that have experienced comparatively
limited alteration.

The geometry and spatial distribution of the gravity anoma-
lies further emphasize the importance of tectonic controls. The
negative residual anomaly shared by the Amado Nervo Volcano
and Cerro Las Tetillas is located between the Las Cebollas and
Milpillas—Cerro Grande faults, suggesting that regional fault
systems may influence the distribution of density contrasts and
the organization of subsurface structures. More broadly, the oc-
currence of the Amado Nervo Volcano, Cerro Las Tetillas, and
the San Pedro Domes within a continuous negative gravimetric
domain is consistent with a regionally extensive zone of reduced
density and structural complexity. This interpretation agrees with
the structural model of Reyes—Orozco et al. (2019), which de-
scribes a southeastward—deepening faulted block system beneath

the San Pedro Domes area, and with the tectonic framework
proposed by Venegas (1995), in which the San Pedro—Tepetiltic
Block represents the most subsided structural domain in the
region. Such structural depressions may constitute long—lived
zones of crustal weakness that favor magma ascent and volcanic
activity within the San Pedro—Ceboruco Graben.

Taken together, the gravity data suggest that the Amado
Nervo volcanic complex is characterized by pronounced density
heterogeneity controlled by both volcanic and tectonic processes.
Although the origin of individual anomalies cannot be uniquely
determined from gravity data alone, the regional and residual
anomaly patterns are consistent with a structurally complex vol-
canic system shaped by fault—controlled deformation, volcanic
construction, and density—reducing processes such as fracturing
and alteration.

The magnetic anomalies provide complementary constraints
on the structural and magmatic framework of the Amado Nervo
volcanic system. At the regional scale, the residual and reduced-
to-the-pole magnetic anomaly maps reveal a heterogeneous
magnetic fabric characterized by positive magnetic domains
associated with the Amado Nervo Volcano, the San Pedro
Domes, and other volcanic centers, as well as magnetic lows
distributed along the margins of the volcanic complex. The
spatial correspondence between several magnetic gradients and
major fault systems suggests that tectonic structures may have
significantly influenced the distribution of magnetic contrasts
and the organization of the volcanic edifice.

The prominent dipolar anomaly centered on the Amado
Nervo Volcano suggests the presence of a strongly magnetized
source beneath the volcanic edifice. Similar magnetic signatures
are commonly associated with basaltic volcanic rocks, shallow
intrusive bodies, or volcanic units that preserve significant
remanent magnetization (Blakely, 2009; Telford et al., 2012).
Furthermore, the reduced-to-the-pole anomaly map reveals a
series of northwest—southeast—trending magnetic domains whose
boundaries closely coincide with the principal regional faults.
The clustering of high—amplitude magnetic lobes beneath the
volcano may indicate the presence of multiple magnetized bodies
or distinct volcanic units contributing to the overall magnetic
response. Together, these observations suggest that tectonic and
magmatic processes have jointly influenced the present—day
magnetic fabric of the volcanic complex.

The upward continuation results provide additional evidence
regarding the scale and continuity of the magnetic sources. The
persistence of the principal anomaly following 1 km upward
continuation indicates that a substantial component of the
magnetic field is associated with sources extending beyond
the shallowest levels of the subsurface. This behavior may re-
flect the presence of a consolidated volcanic conduit, intrusive



complexes, or accumulations of mafic volcanic material that
retain strong magnetic properties at depth. The continuity of
the anomaly from shallow to deeper levels is therefore consis-
tent with a structurally coherent magmatic system beneath the
Amado Nervo Volcano.

Magnetic contrasts within the volcanic complex also provide
insight into possible alteration—related processes. The subdued
magnetic response observed within the central volcanic sector
contrasts with the higher—intensity magnetic lobes surrounding
the edifice. This pattern may reflect differences in magnetic min-
eral preservation, whereby hydrothermal alteration and prolonged
fluid—rock interaction reduce bulk remanent magnetization in
the central sector, while peripheral volcanic units retain a larg-
er proportion of their original magnetic mineral assemblages.
Similar magnetic signatures have been documented in other
volcanic-hydrothermal systems where alteration is concentrated
near eruptive centers and structurally controlled fluid pathways
(e.g., Okubo et al., 1985; Fuentes—Arreazola et al., 2023).

The analytical signal results provide additional evidence.
The contrast between the relatively high analytical signal am-
plitudes observed at the Amado Nervo Volcano and the lower
values associated with the San Pedro Domes suggests significant
differences in the magnetic characteristics of their subsurface
sources. The lower amplitudes at the San Pedro Domes may
reflect diffuse magnetic boundaries resulting from hydrothermal
alteration, structural disruption, or enhanced fracturing. The
spatial relationship between analytical signal boundaries and
regional fault systems further suggests that tectonic structures
may have influenced both the emplacement of magnetic sources
and their subsequent modification. Likewise, the analytical sig-
nal responses observed at Cerro Las Tetillas and Cerro Lobos
indicate that significant magnetic sources occur throughout the
volcanic field. At the same time, the alignment of Cerro Lobos
with the Milpillas—Cerro Grande fault highlights the potential
role of regional structures in controlling volcanic emplacement.

Taken together, the magnetic anomalies, analytical signal
patterns, and upward—continuation results support a model in
which the interaction between magmatic and tectonic process-
es controls the Amado Nervo volcanic system. Regional fault
systems appear to influence the geometry and distribution of
magnetic sources, while alteration—related processes may locally
modify magnetic properties. The persistence of major magnetic
anomalies at depth, combined with evidence for magnetic atten-
uation in specific sectors, suggests that the volcanic complex is
underlain by a long—lived magmatic framework that continues
to influence its structural evolution.

The combined gravity and magnetic signatures support the
interpretation of a structurally controlled volcanic framework
characterized by pronounced density and magnetic contrasts.
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Gravity lows, magnetic attenuation, and variations in the analyti-
cal signal delineate sectors that have experienced varying degrees
of structural disruption and physical-property modification,
whereas persistent magnetic highs define the broader magmatic
architecture of the volcanic complex. Although the individual
geophysical datasets are inherently non—unique, their spatial
convergence provides a coherent framework for evaluating the
hydrothermal architecture and thermal evolution of the Amado
Nervo volcanic system.

5.2. Hydrothermal architecture and thermal constraints

The integrated geophysical interpretation provides the basis
for evaluating the thermal structure and hydrothermal architecture
of the Amado Nervo volcanic system. In particular, the spectral
analysis of magnetic sources offers additional constraints on
the depth distribution of thermally significant crustal domains.
The estimated lower magnetic boundary (Zg = 7.50 km) may
approximate the Curie point depth, implying that ferromag-
netic minerals lose their magnetization at relatively shallow
crustal levels. Assuming this interpretation is valid, the derived
geothermal gradient (70.79 °C-km™) and conductive heat flow
(~176 mW-m™) indicate a thermal regime that is elevated relative
to typical continental crust and comparable to values reported
for geothermal regions within the Trans—Mexican Volcanic Belt
(150-200 mW-m%; Prol-Ledesma and Moran—Zenteno, 2019).
Furthermore, the close agreement between the spectral geother-
mal gradient (70.79 °C-km™) and the independent borehole-based
estimate of 77.92 °C-km! reported by Espinoza-Ojeda et al.
(2023) lends support to the reliability of the spectral approach
and reinforces the interpretation of a thermally active volca-
nic-hydrothermal system beneath the Amado Nervo complex.

The depth distribution of magnetic sources suggests a
vertically organized volcanic system extending from shallow
hydrothermal domains to deeper magmatic levels. The upper
magnetic domain, above approximately 1.2 km depth, may have
been modified by hydrothermal alteration, oxidation, fracturing,
or by volcaniclastic deposits characterized by reduced mag-
netic susceptibility. In contrast, the deeper magnetic sources
may be associated with intrusive rocks of the Jalisco Block
described by Reyes-Orozco et al. (2019), providing a plausible
explanation for the observed magnetic layering. Although no
direct geophysical evidence confirms the existence of an active
magma chamber, the persistence of magnetic sources at depth,
together with the elevated geothermal gradient, is consistent
with the presence of a residual intrusive body that supplies heat
to the hydrothermal system. Similar interpretations have been
proposed for other volcanic geothermal systems where deep
intrusive complexes provide long-lived thermal input despite
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the absence of active silicic magma reservoirs (Henley and
Ellis, 1983; Arnérsson, 1995).

The conceptual model further suggests that the transition in
geophysical properties identified near sea level may correspond
to an important lithological boundary separating the volcanic
edifice from deeper intrusive and basement rocks. If this interface
represents a significant permeability contrast, it could contribute
to the development of a cap—rock system that restricts vertical
fluid migration and promotes the accumulation of geothermal
fluids at depth. Beneath this level, the fractured crystalline base-
ment and associated intrusive bodies may provide the structural
framework for geothermal fluid storage and circulation.

Based on the estimated geothermal gradient, temperatures
of approximately 150 °C are expected at depths of 1.5-1.7 km
(0-200 m.b.s.1.), near the inferred base of the cap—rock sequence.
These temperatures fall within a range commonly considered
suitable for geothermal development. In the proposed hydrother-
mal framework, meteoric recharge may occur through fractured
volcanic units and fault—controlled permeable zones, allowing
groundwater to penetrate toward deeper thermally anomalous
sectors. Subsequent mixing between ascending thermal fluids
(Heat—mass flux envelope) and cooler meteoric waters may
promote cooling and vapor condensation, potentially explaining
the absence of fumarolic manifestations and the occurrence of
intermediate—temperature springs characteristic of secondary—
condensation hydrothermal systems, identified in the vicinity of
Amado Nervo Volcano (Tello-Hinojosa, 1994).

Structural controls appear to play a fundamental role in
organizing the hydrothermal system. The regional Borbollon,
Las Cebollas, and Milpillas—Cerro Grande fault systems define
major zones of crustal weakness that likely influenced volcanic
emplacement and may continue to govern fluid circulation. The
coincidence of gravity lows, magnetic attenuation, and analytical
signal minima with sectors affected by faulting suggests that
fracturing and structural permeability are concentrated within
specific portions of the volcanic complex. In this framework,
meteoric recharge may occur through fault—controlled pathways
and fractured volcanic units, whereas heat transfer and hydro-
thermal circulation are focused within structurally favorable
sectors of the basement and volcanic succession.

The spatial relationship between geothermal wells and geo-
physical anomalies provides additional support for this inter-
pretation. Geothermal production wells at San Pedro Domes are
located along the margins of the principal gravity low, whereas
geothermal—gradient wells are preferentially associated with
domains characterized by subdued analytical signal amplitudes
and locally elevated geothermal gradients. Although the specific
causes of these geophysical signatures are not unique, their re-
current association with geothermal manifestations suggests that

density reduction, magnetic attenuation, and structural complexity
collectively represent useful indicators of hydrothermal activity.
Similar relationships have been documented in other volcanic
geothermal systems where alteration, fracturing, and fluid cir-
culation modify the physical properties of the host rocks (e.g.,
Okubo et al., 1985; Arnérsson, 1995; Pandarinath er al., 2019).

The overall architecture of the proposed hydrothermal system
shows notable similarities to the conceptual model for the San
Pedro Domes geothermal field (Reyes-Orozco et al., 2019), in
which hydrothermal alteration, elevated temperatures, and base-
ment—controlled fluid circulation have also been documented.
In both cases, the volcanic sequence overlies basement rocks of
the Jalisco Block, and geothermal activity appears to be strongly
influenced by fault—controlled permeability and lithological
contrasts. This correspondence suggests that both systems may
share common tectonic and thermal controls within the San
Pedro—Ceboruco Graben and may form part of a broader geo-
thermal province associated with regional extensional tectonics
and late Quaternary volcanism.

Although additional drilling, petrophysical characterization,
and subsurface imaging are required to validate the proposed
system geometry, the integrated geophysical and geothermal
evidence supports the presence of a structurally controlled
volcanic—hydrothermal system characterized by elevated heat
flow, shallow thermal anomalies, pervasive faulting, and ex-
tensive hydrothermal alteration. Together, these characteristics
provide a coherent framework for evaluating the geothermal
significance of the Amado Nervo volcanic complex and establish
the basis for the geothermal potential assessment presented in
the following section.

5.3. Geothermal implications, uncertainties, and limitations

The estimated geothermal potential of the Amado Nervo
volcanic system should be interpreted in the context of both
supporting geophysical evidence and the uncertainties associated
with the adopted resource—assessment methodology. The proposed
reservoir geometry is based on integrating gravity anomalies, mag-
netic attenuation, analytical signal patterns, geothermal—-gradient
estimates, and the conceptual hydrothermal model developed in
this study. Collectively, these observations suggest a structurally
controlled hydrothermal system characterized by enhanced frac-
turing, hydrothermal alteration, and elevated thermal gradients.
The inferred reservoir beneath the volcanic sequence and within
the fractured crystalline basement is therefore consistent with
the available geophysical constraints, although its geometry and
continuity remain unverified by deep drilling.

The comparison with the San Pedro Domes geothermal field
provides additional evidence supporting the plausibility of the



proposed model. Similarities in structural setting, estimated
reservoir temperatures, depth to basement, and evidence of
hydrothermal alteration may indicate that both systems share
common tectonic and thermal controls within the San Pedro—
Ceboruco Graben. Nevertheless, these similarities should not
be interpreted as proof of equivalent reservoir properties, as
significant differences in permeability, fluid chemistry, reservoir
volume, and thermal recharge may exist between the two systems.

The Heat in Place assessment provides a first—order estimate
of the geothermal resource and suggests that the Amado Nervo
volcanic system may possess a resource capable of supporting
small- to medium—scale geothermal development. However, the
uncertainty associated with the estimate remains substantial, as
reflected by the wide range of simulated outcomes. This uncer-
tainty arises from the limited availability of direct subsurface
information and from the assumptions required to define key
model parameters. Several of these parameters were adopted
from published geothermal studies, theoretical ranges reported
in the literature, or analogies with nearby geothermal systems
such as San Pedro Domes. Consequently, the resulting geothermal
potential should be regarded as a preliminary estimate rather
than a proven resource.

Additional uncertainty stems from assumptions regarding
reservoir thickness, areal extent, porosity, recovery factor, thermal
properties, and reservoir temperature distribution. Moreover,
the Curie—point—depth—derived geothermal gradient represents
an average crustal thermal condition and may not fully capture
local thermal heterogeneity associated with fault—controlled
fluid circulation. Likewise, the conceptual reservoir geometry
remains dependent on indirect geophysical evidence and has
not yet been validated through exploratory drilling or detailed
reservoir characterization.

Despite these limitations, the convergence of multiple inde-
pendent datasets—including gravity anomalies, magnetic anom-
alies, analytical signal attenuation, Curie point depth estimates,
geothermal gradients, and regional geological and hydrogeolog-
ical information—provides a coherent framework supporting the
geothermal prospectivity of the Amado Nervo volcanic system.
The estimated resource magnitude places the system within the
range reported for several medium—scale geothermal projects in
Mexico, including San Pedro Domes (35.5 mW), Las Tres Vir-
genes (10 MW), and Cerritos Colorados (5-15 MW). Although
substantially smaller than major geothermal fields such as Cerro
Prieto (500 MW) or Los Azufres (240 MW), the resource esti-
mate suggests that Amado Nervo may represent a viable target
for future geothermal exploration. Further progress will require
exploratory drilling, detailed geochemical studies, reservoir
modeling, and economic evaluation to reduce uncertainty and
determine the technical feasibility of geothermal development.
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6. Conclusions

This study integrated geological information, gravity and
magnetic data, geothermal gradient measurements, and spectral
magnetic analysis to develop a conceptual hydrothermal model
for the Amado Nervo volcanic system. The combined geophysical
evidence reveals a structurally controlled volcanic framework
characterized by significant density and magnetization contrasts,
suggesting fractured and hydrothermally altered domains asso-
ciated with the regional fault network.

Gravity and magnetic anomalies delineate zones of reduced
density and attenuated magnetization beneath the Amado Nervo
Volcano, Cerro Las Tetillas, and the San Pedro Domes area.
These geophysical signatures are spatially associated with ma-
jor regional structures, including the Milpillas—Cerro Grande,
Borbollén, and Las Cebollas fault systems, highlighting the
importance of tectonic controls on volcanic evolution, structural
permeability, and hydrothermal fluid circulation.

Spectral analysis of the reduced-to-the-pole magnetic anom-
aly yielded a Curie point depth of approximately 7.5 km, from
which a geothermal gradient of ~70.8 °C-km™ and a conductive
heat flow of ~176 mW-m? were estimated. These values are
consistent with previously reported geothermal gradients in the
region and support the existence of an elevated thermal regime
beneath the Amado Nervo volcanic complex. The resulting
conceptual model is compatible with a vertically organized
volcanic—hydrothermal system in which a residual intrusive heat
source may sustain hydrothermal activity at depth.

Integration of available geophysical, geological, and geother-
mal information suggests the presence of a potential geothermal
reservoir beneath the inferred cap sequence rock and within the
fractured crystalline basement rocks. Estimated temperatures of
approximately 150 °C at depths of 1.5-1.7 km indicate conditions
that may be favorable for geothermal development and provide
a preliminary target for future exploration drilling.

Application of the volumetric Heat in Place method coupled
with 9,999 Monte Carlo simulations yielded a preliminary geo-
thermal potential estimate of 19.75 + 14.41 MW, with simulated
values ranging from approximately 5 to 34 MW. Although this
estimate is subject to uncertainty associated with reservoir ge-
ometry, thermal parameters, recovery factors, and the limited
availability of direct subsurface information, it places the Amado
Nervo volcanic system within the range of medium-scale geo-
thermal prospects reported in Mexico.

Overall, the results support the geothermal prospectivity
of the Amado Nervo volcanic complex and justify continued
exploration efforts, including exploratory drilling, detailed
geochemical investigations, hydrogeological characterization,
and reservoir modeling. While the proposed conceptual model
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remains constrained primarily by indirect geophysical evidence,
the integrated methodology applied here provides a robust frame-
work for geothermal assessment. It may be transferable to other
volcanic regions of the Jalisco Block and the Trans—Mexican
Volcanic Belt.
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