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Magma and related hydrothermal fluid movement, and their interaction with solid rock, in active volcanic re-
gions, generate a wide variety of seismic waves whose characterization can mitigate the risk of a potential erup-
tion. Located in the western region of the Trans-Mexican Volcanic Belt, Ceboruco Volcano, whose last eruptive
period was 1870-1875, is considered to be one of the most hazardous volcanoes in Mexico. We have conducted
a detailed study of the seismicity in the surroundings of Ceboruco's volcanic edifice to assess the current state of
this volcano. A dense temporary seismic network with 25 seismic stations in an area of 16 km x 16 km was de-
ployed between November 2016 and July 2017, as part of the P-24 project of the CeMIEGeo consortium; this ef-
fort has allowed the detection of 81 earthquakes concentrated beneath the crater with depths between 4 and
8 km. In this study, We observe that the recorded seismicity occurs in swarms, and we specifically identify
four sequences that we characterize in detail via the first focal mechanisms available for this volcano. Our results
suggest a change in the local seismicity distribution compared to earlier observations, which reported seismic ac-
tivity near the volcano edifice associated with fluid migration along zones of weakness related to the extensional
stresses of the Tepic-Zacoalco rift. The changes in seismic patterns and obtained focal mechanisms are consistent
with observed fluid effects at many geothermal sites worldwide, but also could suggest resumption of activity at
this currently dormant volcano.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction The Plinian Jala Eruption was responsible for the formation of the

outer crater of the volcano. Subsequently, the Dos Equis dome was

Ceboruco Volcano is an active stratovolcano located in northwestern
Mexico (Fig. 1a). The volcano has a truncated conical shape and asym-
metric relief with a maximum height of 2280 m at its highest point, La
Coronilla, in the inner crater (Fig. 1b). The volcano's edifice exhibits a
difference in elevation of 1160 m on its eastern and southeastern flanks
related to the remnants of the ancient volcanic edifice and 850 m on its
northwestern flanks characterized by more recent lavas.

The onset of its volcanism is unknown since the oldest lavas are not
exposed at the surface, and pyroclastic deposits are absent in the sur-
rounding valleys. Therefore, it is assumed that there were no violent ex-
plosive eruptions during the early construction of the volcanic edifice.
This period is termed the pre-Jala stage. The oldest known age is
370 =+ 2 ka (Ferrari et al., 1997), at which time the volcano may have
reached an altitude of 2700 m with a conical shape, and extruded a vol-
ume of 45-60 km? of lavas of andesitic composition (Nelson, 1980;
Nelson, 1986; Sieron, 2009) (Fig. 1c).
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emplaced and laterally drained towards the south by the dacitic Copales
lava flow. Deflation and subsidence associated with this event produced
the inner crater. Lava flows of andesitic and andesitic-basaltic composi-
tion within a period of 150 years after the Jala Eruption formed the cur-
rent appearance of the volcano (Bohnel et al., 2016). The absence of
deposits on its slopes and other information indicates that there may
have been a period of inactivity of 700 years.

In February 1870, Ceboruco Volcano resumed its activity, producing
ashfall, basalt blocks and pyroclastic flows. Later, a dacitic lava flow (VEI
3) was extruded and, within two years, reached 8 km in length in the di-
rection of the town of Uzeta, SW of the volcano (Fig. 1b). Contemporary
historical reports (e.g., Caravantes, 1870; Banda, 1871; Iglesias, 1875;
Iglesias et al., 1877; Barrera, 1931) compiled observations on under-
ground noise, seismic activity, and white steam above the volcano in
1783 and 1832 and closer in time to the eruption. Some of these authors
reported constant seismic activity prior to the eruption, prompting in-
habitants of Jala to leave their houses for a few days. As many as eight
vents were observed, through which steam, ash, and incandescent ma-
terial were released. The eruptive activity of the volcano ceased in 1875.
Since then, fumarolic activity has been observed in the inner and outer
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Fig. 1. a) Western Mexico tectonic framework. Abbreviations: BB, Bahia de Banderas; CoR,

flows) to the

Colima rift; CR, Chapala rift; EPR, East Pacific rise; GDL, Guadalajara; IMB, Islas Marias block; IME,

Islas Marias escarpment; MAT, Middle America trench; PV, Puerto Vallarta; RFZ, Rivera fracture zone; SC, Sierra de Cleofas; TFZ, Tamayo fault zone; TZR, Tepic-Zacoalco rift; 1, San Juan; 2,

Sangangiiey; 3, San Pedro Complex; 4, Tepetiltic Volcano; 5, Tequila Volcano; 6, La Primavera Caldera; 7, Colima; 8, Nevado de Colima. Shadow zone denotes the location of Ceboruco-San

Pedro graben. (Inset) Location map of the study area within the North American continent. b) Simplified geologic map of Ceboruco Volcano with structural lineaments (lithologic units
after de Ferrari et al., 2003; Sieron and Siebe, 2008). The Post-caldera lavas subdivision follows Nelson (1986). ¢) Schematic timeline of the eruptive episodes of Ceboruco Volcano

(after Bohnel et al., 2016; Sieron et al., 2019).

caldera (Fig. 1b), as well as seismic activity (Sanchez et al., 2009;
Rodriguez-Uribe et al., 2013; Nifiez-Corndi et al., 2020).

Based on the eruptive episodes and periods that Ceboruco Volcano
has presented throughout history (Fig. 1c), together with the growing
population, increasing socio-economic activities, and communication
routes in the region near the volcano (Martinez-Alvarez, 2019), the vol-
canic hazard of Ceboruco is arguably one of the most critical in the

country (Sudrez-Plascencia, 1998; Sieron et al., 2019), supporting an
imperative to monitor and study this volcano.

Mitigating the risk of a potential eruption is one of the civil authori-
ties' interests around the world's volcanic areas; however, it is not al-
ways possible to forecast when a volcanic eruption will occur. The
forecasting difficulties are mainly related to a lack of knowledge for
the volcano in question. Long-term monitoring of volcanoes worldwide
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has demonstrated that seismicity can be a powerful tool to infer ongoing
processes at volcanoes (White and McCausland, 2016, 2019). These
studies show that reactivation of dormant stratovolcanoes after long pe-
riods of comparative quiescence is often preceded by volcano-tectonic
seismicity (VT) within the distal tectonic fault systems around the vol-
cano. Determining general patterns of seismicity and their underlying
mechanisms (Chouet and Matoza, 2013), as well as their evolution
over time from long-term data sets, real-time monitoring, and particu-
lar knowledge of the volcano affords the potential to generate realistic
short-term forecasts regarding the likelihood of an eruption.

Over the last 20 years, seismic monitoring of Ceboruco has been dis-
continuous, with temporary networks of one and four stations provid-
ing general characteristics of seismicity in the vicinity of the volcano.
This sparse information, inadequate for establishing a baseline for the
current state of the volcano, motivated the installation of a dense tem-
porary seismic network of 25 stations covering an area of 16 x 16 km
in the vicinity of the volcano. The main objectives of this deployment
were to identify and characterize seismicity and microseismicity in the
region and establish various local volcanic seismic origins as well as
those arising from regional and local tectonic stresses, classify event
types, determine focal mechanisms, and corroborate the occurrence of
seismic swarms. The results of this study will be extending our knowl-
edge of the volcano and contribute to an assessment of the potential
risk it represents. The enhanced network has improved the earlier
event detection threshold, allowed for better location accuracy, permit-
ted the first determination of associated focal mechanisms, and high-
lighted the need to install a permanent local seismic network. Long-
term and continuous data generated by a permanent network would
allow the application of more advanced methods for detailing internal
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volcanic structures and tracking displacements of magmatic fluids that
could lead to a volcanic eruption.

2. Regional tectonic and seismic setting
2.1. Tectonic background

The subduction of the Cocos and Rivera Plates beneath the North
American Plate controls the complex tectonic processes that occur in
the western region of Mexico (Fig. 1a). The interaction between these
plates gives rise to both the local seismicity and the Trans-Mexican Vol-
canic Belt (TMVB), which has an oblique orientation to the Middle
America Trench. Ceboruco Volcano is located in the western section of
the TMVB and is the largest among the numerous volcanoes along the
Tepic Zacoalco rift (TZR).

The tectonic environment of the TZR is mainly extensional and, to-
gether with the Sierra Madre Occidental, is part of the TMVB (Fig. 1a).
Some authors proposed an extensional regime with a right-lateral com-
ponent (Nieto-Obregbén et al., 1985; Rodriguez-Castafieda and
Rodriguez-Torres, 1992; Petrone et al., 2006; Duque-Trujillo et al.,
2014). In contrast, Ferrari et al. (2005) suggested an extensional regime
with a left-lateral component. Although it is uncertain if the lateral com-
ponent is to the right or the left, there is evidence of accommodation
zones (Ferrari et al., 2005). Some authors (Nieto-Obregén et al., 1985;
Ferrari et al., 2012; Duque-Trujillo et al., 2014) propose the existence
of fault systems with NS, NNW-SSE, EW, and ENE-WSW orientations
that may have arisen through the complex tectonic history of the
study area.

—104°30' -104°24'

Fig. 2. Station deployment of the Ceboruco Temporary Seismic Network. Purple stations correspond to stations used for cross-correlation; the dark blue station is CEBJ from the RESAJ
seismic network. Blue, purple and dark blue stations depict the seismic stations used for this study, while the red inverted triangles were not used. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Seismic signals and spectra of templates used for cross-correlation in this study. Events occurred on a) 2017/04/14 (104) at 12:38 h, b) 2017/05/15 (135) at 13:30 h, c) 2017/05/18
(138) at 06:54 h, and d) 2017/05/18 (138) at 11:08 h observed by CB02, CB13 and CB19 seismic stations (purple triangles of Fig. 2), respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Ceboruco Volcano, together with Tepetiltic Volcano, near the San
Pedro Complex, intersect the North Volcanic Chain of the Ceboruco-San
Pedro graben (Fig. 1a). This is a sub-structure of the TZR, whose opening
occurred in several stages and may have initiated 8.5 Ma ago based on the
existence of late Miocene basalts at the bottom of the Ceboruco graben
(Ferrari et al., 2003). This extensional regime, characterized by a variety
of magmas, hosts a monogenetic field composed of scoria cones and
domes aligned north and south of the edge of the graben (Northern and
Southern Volcanic Chains) (Petrone, 2010). In the vicinity of Ceboruco,
the local structures exhibit two preferential trends, NW-SE, similar to
the trend of the TZR and associated with its origin, and an ENE-WSW
trend that transects the volcano and passes through the crater (Nufiez-
Cornd et al., 2020) (Fig. 1b). These fault systems intersect in the study

area and may provide the zone of weakness capable of generating up-
ward movement of magma, and the formation of Ceboruco Volcano.
These fault systems have hosted seismicity, suggesting changes in the
local stress regime or fluid movement (Sanchez et al., 2009).

Geologically, the current litho-stratigraphic regions are divided into
eight units (Fig. 1b) which reflect the lavas' geochemical affinity and
their association with the change in the tectonic regime (Ferrari et al.,
2003; Sieron and Siebe, 2008). The oldest dated lithological unit, the
Jala unit, is comprised of ignimbrites and rhyolites, ranging from 4.9 to
4.1 Ma. More recently, the Marquezado tuff (1000 yr) was extruded in
the form of domes extending throughout the southern flank of the vol-
cano. The most recent units are the Post-caldera lavas, including the
most recent deposits of the 1870 lava flow (Fig. 1b).
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2.2. Volcano-seismicity background

Ceboruco Volcano seismicity studies began more than 25 years ago
through various research projects that deployed temporary seismic net-
works for short time periods and consisted of a small number of stations
(Nava et al., 1997; Nafiez-Corn et al., 2002). In 2002 a collaboration
agreement was signed between the Research Group CA-UDG-276
Sismologia y Volcanologia de Occidente (SisVOc) and Nayarit State
Civil Defense Department for the installation of a semi-permanent seis-
mic station on the Ceboruco Volcano (CEBN). This station operated in-
termittently until 2009, when the theft of batteries and solar panels
ended data acquisition. From the data generated by CEBN, the funda-
mental characteristics of the volcano's seismicity could be established.
Sanchez et al. (2009) classified observed events as volcano-tectonic
(VT), low frequency (LF), and hybrid, according to the terminology pro-
posed by McNutt (1996) (Fig. S1a, Supplementary Material). Of the
events found, distances for VT-type events were estimated, finding
that they were distributed within a 6 km radius of CEBN. Rodriguez-
Uribe et al. (2013) used the same database to subclassify LF earthquakes
into four types according to their waveform and frequency content:

i) Short Duration (Type I), Extended Coda (Type II), Bobbin (Type III),
and Modulated Amplitude (Type IV) (Fig. S1b, Supplementary Mate-
rial). These events were distributed randomly within a radius of 9 km
from the station. Motivated by the results obtained with a single station,
SisVOc installed a temporary seismic network in 2012 made up of three
new seismic stations and the reinstallation of CEBN. From the data gen-
erated by this seismic network, Nafiez-Corn et al. (2020) establish that
volcanic seismicity is mainly related to the structural features of the vol-
canic edifice and reactivated tectonic structures with ENE-WSW orien-
tation with no obvious hypocentral location pattern for the different
types of events found (Fig. S1c, Supplementary Material).

3. Seismic data and methods

The seismic data presented in this work were recorded from Novem-
ber 2016 to July 2017 in the vicinity of Ceboruco Volcano, as a part of the
strategic project of Centro Mexicano de Innovacién en Energia
Geotérmica (CeMIEGeo) denoted as P-24 “Passive seismic and
magnetotelluric exploration of the Ceboruco Volcano and the La Prima-
vera caldera geothermal fields”.
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3.1. Data acquisition

During the experiment, 21 portable seismic stations were deployed
to augment the semi-permanent seismic stations, which had been oper-
ating since 2012, and CEBJ, a telemetered seismic station belonging to
the Jalisco Seismic Accelerometric Telemetric Network (RESA], acronym
in Spanish) (Nafiez-Cornd et al., 2018). This array provided a dense
temporary seismic network of 25 instruments with an average intersta-
tion distance of 2-3 km, covering an area of 16 x 16 km? (Fig. 2). The 21
portable seismic stations were each equipped with an Obsidian 4x/8x
multichannel seismic recorder (Kinemetrics) and one Lennartz 3D Lite
1 Hz sensor. CEBJ has a Quanterra Q330-6ch Digital Acquisition System
digitizer, one Lennartz 3D Lite sensor, and an ES-T Kinemetrics
episensor triaxial accelerometer. Each semi-permanent seismic station
comprised a Taurus Portable Seismograph digitizer (Nanometrics) and
one Lennartz 3D Lite 1 Hz sensor. All stations recorded at 100 samples
per second (sps) and 200 sps for the CEBJ accelerometer.

The installation process was conducted in two stages: i) mid-
November-early December 2016 with the deployment of 5 stations
and ii) February-March 2017 for the others (Fig. S2, Supplementary Ma-
terial). Simultaneously, Ceboruco magnetotelluric data were being ac-
quired at the end of November 2016, but the theft of some equipment
prompted us to suspend both studies until better security was arranged.
The deployment resumed in February 2017.

3.2. Seismic data analysis

A database was generated with the seismic records obtained by 25
seismic stations of the Ceboruco dense temporary network using the
Antelope software (Lindquist et al., 2007), which automatically per-
forms pre-processing steps, including removal of instrumental response
and de-meaning. First, automatic detections were identified using the
Antelope system through a short-term average (STA)/long-term aver-
age (LTA) signal energy algorithm with an STA window of 1.0 s and
LTA window of 30.0 s, with detections in at least four stations. We
then manually reviewed the continuous records and picked the P-
waves on the vertical component and the S-waves on the horizontal
components. Earthquake locations were calculated using the Antelope
system and iasp91 velocity model. We selected 56 earthquakes within
the region (21.0°, 21.2°) N and (—104.65°, —104.40°) W. A review of
waveforms for located events (Fig. S3, Supplementary material) re-
vealed that many shared similar waveforms. We used the cross-
correlation detector function of ObsPy (Beyreuther et al., 2010; Megies
et al,, 2011; Krischer et al., 2015) to assess the similarity between our
continuous signals. Four different high-quality waveform templates, ex-
tracted from stations CB02, CB13, and CB19 (Fig. 2), were selected based
on signal/noise ratio and azimuthal coverage to detect similar or low
magnitude events (Fig. 3). Our continuous data scan was conducted ap-
plying a 1-15 Hz band-pass filter, a similarity coefficient > 0.75 and a
temporal distance between two detections of 10 s to eliminate the pos-
sibility of redundancy. We found 25 new events via correlation that
were added to our catalog, providing 81 earthquakes. We also calcu-
lated local magnitudes (My).

Our final catalog (Fig. 4, Figure 5) was relocated using Hypo71PC
(Lee and Valdés, 1985) with the same P-wave velocity model used by
Ntiiez-Cornt et al. (2020) (Fig. S4a, Supplementary Material). The
criteria applied to select the better relocation were: root-mean-square
(RMS) arrival time error < 0.5 s, epicentral and depth errors (ERH and
ERZ, respectively) < 5.0 km, using seven different starting depths to

Journal of Volcanology and Geothermal Research 421 (2022) 107451

Table 1

Hypocentral distribution of recorded events during the study period.
Depth Intervals (km) Number of Events %
[0-4) 1 12
[4-6) 22 272
[6-8) 48 59.3
[8-10) 9 11.1
>10 1 1.2

avoid local minima (1, 3,7, 10, 12, 15 and 20 km) (Fig. S4b, Supplemen-
tary Material).

We present the first Ceboruco Volcano focal mechanisms (Fig. 6).
Despite the number of stations used in this work, we chose to calculate
composite solutions of the focal mechanisms, under the assumption
that it is more appropriate in studies of microearthquake activity in con-
fined active regions where the tectonic complexity is elevated (Udias
and Buforn, 1980). Application of this method in regional studies allows
classification of the mechanisms for a regional solution.

We select those events exhibiting ten or more discernable polarities
to evaluate their focal mechanism. The fault plane solution, strike, dip,
and slip data were used to calculate the orientation of the principal
stresses using first motion direction of P-waves in the Ceboruco Volcano
region. We applied the method developed by Brillinger et al. (1980)
modified in the MEC93 code by Nifiez-Cornd and Sanchez-Mora
(1999), in which a probability approach is used to achieve the best solu-
tion. Using the output generated by Hypo71PC, this program calculates
the fault plane orientation from the first motions of P-waves, adjusting
the pressure (P) and tension (T) axes to the observations. MEC93 also
calculates the slip, dip, and strike of both nodal planes, the T and P
axes directions, and the statistical uncertainty of each parameter
(Fig. 6). As a measure of the fit of an observation set, this program
uses a score (p) that establishes the proportion of the correct readings
comparing theoretical and observed polarities of first motion
(Brillinger et al., 1980).

4. Results

4.1.4.1 Spatio-temporal distribution of Ceboruco microearthquake seismic-
ity

During the experiment, 81 events were detected within the study
area (Fig. 4a), whose numbers of P and S wave readings used for each
event is shown in Fig. 4b. The hypocentral and temporal distributions
are shown in Fig. 5 and Table 1. Of the total number of events, 48 earth-
quakes (59.3%) occurred between depths of 6 and 8 km, while 23 shal-
lower events comprised 28.4% of the catalog, and those deeper than
8 km make up the remaining 12.3%. Only one event was deeper than
10 km. In the profiles shown in Fig. 5, we demonstrate that several
events occurred synchronously and at similar depths, fitting the defini-
tion of seismic swarms. Magnitudes were calculated for 64 earthquakes
(79%) of our catalog, obtaining values between 0.5 < M, < 1.5, while 14
events (17.2%) have magnitudes greater than 1.5 (Table 2). Only four
events have M, > 2.0 (Fig. S3, Supplementary material). The largest
event, with M, = 2.6, occurred on April 27, 2017, at 5:41 p.m.
(Fig. S3a). In Fig. 5a, a temporal migration of the seismicity from NW
to SE (Fig. 5e) is exhibited, and a depth migration from 8 km to 4 km
(Fig. 5¢). The epicentral and depth errors obtained in the relocation pro-
cess show that 75 (93%) events have ERH < 2.0 km while 59 (73%) of 81
total events have ERZ < 2.0 km. The RMS travel-time error is the

Fig. 5. a) Seismicity recorded during this study with P1, and P2 profiles drawn. Circle sizes scale by magnitudes, while color denotes occurrence time according to the day-of-year.
b) Seismicity projected along latitude; c) Seismicity projected along longitude. Over b) and c), topographic profiles are depicted. d), and e) correspond to depth sections of P1 and P2
profiles along SW-NE and NW-SE orientations, respectively. Dashed lines show the position of the conductive anomaly C2 proposed by Fuentes-Arreazola et al., (2021). Inverted

triangles represent seismic stations, according to Fig. 2.
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Table 2

Magnitude distribution of recorded events during the study period.
Magnitude Intervals Number of Events %
[0-0.5) 3 3.7
[0.5-1.0) 35 432
[1.0-1.5) 29 35.8
[1.5-2.0) 10 123
>20 4 49

majority in the range of 0.4 s to 0.49 s with 53 (65%) events and 32.5%
(26) of the events have RMS < 0.4 s (Fig. S4b, Supplementary Material).

4.2. Focal mechanisms determination

Five composite focal mechanisms were obtained (Fig. 6), whose spa-
tial distribution is shown in Fig. 7 and their temporal and depth distribu-
tion in Fig. 8. Most focal mechanisms solutions correspond to reverse
faults (a2d), reverse with strike-slip component (alc), and oblique
faults (a2j) and are mainly located inside the volcano edifice with N-S

Group: A2d  Events: 13  Polarities: 153  Accuracy: 83% Group: A2k Events: 10

Polarities: 135  Accuracy: 78%
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preferential orientations (Fig. 7a). The normal faults (a2k) show an
NW-SE preferential tendency, parallel to the orientation of the TZR
(Fig. 7b). The strike-slip focal mechanisms obtained are situated at the
edge of the volcanic structure and could be associated with pre-
existing tectonic faults (Fig. 7¢).

The occurrence in time and depth of the events associated with focal
mechanisms shows most of them occurred between Julian days 115 and
159 (Fig. 8) and in a depth range of 5-10 km. We observe four seismic
sequences during this period (Fig. 9): I (115-118 Julian days), II
(135-140]ulian days), Il1 (143-145 Julian days), and IV (147-150 Julian
days). Sequence I (Fig. 8b, 9a) is composed of 13 events. The first nine
events are spatially aligned in the N-S direction west of the volcano
summit. Sequence II (19 events) is characterized by pure reverse focal
mechanisms located in the southern sector of the volcanic edifice
(Fig. 8c, 9b), followed three days later by sequence III (8 earthquakes),
whose normal fault mechanisms exhibit nodal planes oblique to the
S-N linear migration direction of the hypocenters (Fig. 8c, 9c). This
could indicate the presence of en-echelon extensional cracks related
to the general regional stresses. Sequence IV comprises 15 seismic
events whose epicentral distribution is mainly NW-SE (Fig. 8¢, 9d).

Events: 8

Group: Alc

Polarities: 145  Accuracy: 79%

Fault plane Strike Dip Slip Axis Trend Plunge
: 350 39 77 T 141 10
187 79 P: 269

Fault plane Strike Dip
A: 102

B: 52 B: 307 44

Group: A1b  Events: 7 Polarities: 50  Accuracy: 90%

Fault plane Strike Dip Slip Axis Trend Plunge

272 69 3
181

T.
P:

134
228

73

B: 87 21 7

Slip Axis Trend Plunge
3 T 204 89

72

Fault plane  Strike
: 328
60

Dip Slip Axis Trend
88 45 T 23
45 3 P: 273

Plunge
62

P: 301 12 B: 58

Group: A2j Events:5 Polarities: 37  Accuracy: 89%

Fault plane Strike Dip Slip Axis Trend
: 281 15 35 T 300

B: 45 81 78 P: 145

Fig. 6. Stereographic projection of the solutions obtained for our seismic catalog with the number of used events, focal planes, T and P axis, and score p (%). Black dots represent

compression first motion, whereas empty circles represent dilatational first motion.
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The resulting mechanisms calculated in this sequence have a mainly re-
verse fault component.

4.3. Seismic signal classification

Following Ceboruco Volcano seismicity classification schemes by
Sanchez et al. (2009), Rodriguez-Uribe et al. (2013), and Nuiiez-Cornd
et al. (2020), we classified the events of our catalog into hybrid and
low-frequency types. Low-frequency events (LF), in turn, have been
subclassified into Type I or Short Duration events (Figs. 10aq, a’), Type
Il or Extended Coda (Figs. 10b, b’), and Type IV or Modulated Amplitude
earthquakes (Figs. 10c, ¢’), according to the classification made by
Rodriguez-Uribe et al. (2013). Hybrid events (Figs. 10d, d’) are charac-
terized by high-frequency onsets and low-frequency codas with spec-
tral contents of approximately 2 to 10 Hz. In Fig. 11a, we observe the
spatial distribution of these types where the Hybrid events are aligned
in a NW-SE direction, while Type I and II events are located within the
volcano, and Type IV events are distributed more broadly in the area
surrounding the volcano. In Figs. 11b, ¢, and d, we observe their

temporal and depth distribution, where the Hybrid events occurred
mainly between Julian days 143 and 157 and within a depth range of
5 to 8 km. The LF Type I and Il events usually occur in very close periods
and depths. Although Type IV events appear to be observed in simulta-
neous periods, their depths are more variable.

5. Discussion

The analysis of new seismic data, obtained through the dense tem-
porary network installed during the P-24 project of the CeMIEGeo, pro-
vides us a detailed distribution of seismic activity in the Ceboruco
Volcano region and its relationship with the main tectonic structures.

Previous seismicity studies at Ceboruco Volcano revealed that earth-
quakes occurred mainly on the faults near the volcano. Those studies
were carried out with a single seismic station, CEBN, where the presence
of VT-type, low-frequency and hybrid events was observed (Sanchez
et al.,, 2009; Rodriguez-Uribe et al., 2013). Most of the VT events were
epicentrally distributed within a radius of 5 km from CEBN. In compar-
ison, the low-frequency events were randomly distributed within a
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radius of 9 km from CEBN with no clear distribution pattern according 2012-2014 (Nafez-Cornd et al., 2020). It was observed that the events
to the observed families. The installation of three temporary seismic sta- largely occurred between depths of 0 and 10 km within a radius of 9 km
tions and CEBN allowed calculating hypocenters of events recorded in from CEBN, but locations had significant uncertainty. Low-frequency

10
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mechanisms.

events of type I, Il and IV were observed but no swarming or spatial clus-
tering was detected. No VT events were observed in the study period.
The epicentral distribution of recorded events showed three alignments
coinciding with structural guidelines associated with local and regional
stresses, two of which transect the volcanic edifice; the other was lo-
cated to the SE of the volcano. This seismicity might be related to the
movement of magmatic fluids along these structural lineaments.

The analysis of our microseismicity was influenced by the two
stages of the installation process. From November 2016 to February
2017, only three seismic stations worked correctly and the other
three intermittently (Fig. S2). In this period, only five events were re-
corded with magnitudes 0.73 < M, < 1.0. The remaining stations
were installed from February to March, and their operation was
adequate from April until the end of June 2017. This is reflected in
the quantity and quality of P and S wave readings used for location
(Fig. 4b). In addition, we can observe that around the 100th day of
2017, most of the events were located with more than 20-25

11

readings, and those with magnitudes greater than 1.1 with more
than 36 readings, so at least 18 stations were able to record them.
The small magnitude events were only recorded by stations close
to the events and not by the entire network.

In our study, we observed that most of the recorded microearth-
quake activity occurs within the volcanic edifice, spatially concentrated
between the NW and SW region of the volcano and primarily between 6
and 8 km in depth, having magnitudes between M; 0.5 and 2.6.

We observed a migration from NW to SE and from 8 to 4 km depth
(Fig. 4a and c), corresponding to the events that occurred during Se-
quences I and II. The migration speed from NW to SE has been estimated
at 0.12 km/day (almost 3 km laterally in about 24 days), while the
shoaling rate is approximately 0.16 km/day (almost 4 km of ascent in
about 24 days). During this period the average event rate was 1.52 eq/
day, predominantly Type I and Il LF events (Fig. 11); these events exhib-
ited both normal and strike-slip focal mechanisms in Sequence I and in-
verse mechanisms in Sequence II (Figure 9).
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Fig. 10. Spectrograms and seismograms of each type of event detected. a) and a’) correspond to Low-Frequency Type I (Short-duration); b) and b’) Low-Frequency Type Il (Extended
Coda); c) and ¢’) Low-Frequency Type IV (Modulated Amplitude) and d) and d') Hybrids (after Sanchez et al., 2009 and Rodriguez-Uribe et al., 2013).

Our study also suggests that a significant part of the low-magnitude temporary network allowed establishing a consistent detection thresh-
seismicity may have been beneath the detection threshold of the tem- old in the area of interest, whose minimum magnitude was 0.4-0.5. It
porary networks previously installed. The deployment of the dense increased the accuracy of hypocentral determinations, obtaining an
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average ERH and ERZ of 1.1 and 1.3 km (Fig. S4b, Supplementary Mate-
rial), respectively, a 50% reduction compared to the Nifiez-Cornd et al.
(2020) values of 2.5 km for 88% of their earthquake locations. We
have identified four seismic sequences with an average duration of
three days and one that lasted five days (Sequence II, Fig. 9b), which
provided unambiguous focal mechanisms. Sequence Il exhibited mainly
reverse faulting.

A diurnal and semidiurnal apparent periodicity of the Ceboruco
swarms suggests a tidal influence to triggering the events, and such be-
havior has been noted at numerous other volcanoes (e.g., Dzurisin
(1980); Rydelek et al. (1988); Petrosino et al., 2018; Miguelsanz et al.,
2020). Some of the Ceboruco Volcano microseismicity (Sequences I
and II) occurred almost exclusively during tidal maxima or minima
(Fig. 12a, b), begging the question of associated crustal stress modifica-
tions in a shallow hydrothermal system that is in a state of unstable
equilibrium. The short time series and small number of events, how-
ever, do not conclusively indicate tidal effects, as other local diurnal
influences may be in play. Neuberg (2000) suggests that such observa-
tions could indicate shallow perturbations due to daily temperature
changes or rainfall, although such effects would seem applicable to
only near-surface events, and not those at depths of 2 km and more.
Neuberg (2000) also points to the potential for the influence of chang-
ing diurnal barometric pressure, which in a warm climate could con-
ceivably perturb an especially gas-rich system. Barometric pumping is
a known effect for gas leakage from shallow sources (e.g., Forde et al.,
2019) and might control the shallowest fracture mechanics at Ceboruco
where fumarolic activity is observed at the surface, but its contribution
to system perturbations influencing seismic swarms at depths on the
order of 2 km or greater may be negligible. One of the arguments
supporting a tidal forcing influence for Ceboruco can be seen in
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Fig. 12b, in which the solar and lunar tidal functions are clearly distin-
guishable and some events appear associated with both curves;
Neuberg (2000) dismissed tidal effects based on the lack of correlation
with the lunar curve for the example volcanoes he considered. In
short, our data are insufficient to state with certainty what the diurnal
influence is, only that we seem to observe one.

The strike-slip fault solutions (a1b) are associated with hypocenters
located at the edge of the volcano edifice (Fig. 7c). One nodal plane indi-
cates a left-lateral mechanism orientated towards the NW-SE (alc and
alb), parallel to the TZR. Most of the events correspond to Type I and
I LF earthquakes. The lateral movement of the a2j group is less clear,
and they are located at the southwestern edge of the volcano (Fig. 7a).
The ENE-WSW right lateral fault solution is oblique to the rift trend
and is consistent with the most recent deformation stage in the area.
The more modern structures could be related to Riedel R or P shear sec-
ondary structures associated with the main faulting.

Inside Ceboruco Volcano, both thrust and normal fault mechanisms
are observed. The pure thrust fault solutions (a2d) have N-S preferred
trend and do not follow the regional deformation pattern, indicating
that these faults may be associated with older faults reactivated by the
ascent of fluids (Fig. 7a); however, the normal fault (a2k) trend is
NW-SE, parallel to the main orientation of the TZR, whose associated
events correspond to modulated amplitude and hybrid types (Figs. 8b
and 12a). Their events and mechanisms are consistent with extensional
movement along the rift, as shown by the fault solution orientation and
the trend of its extensional axis.

A recent study from 3D inversion modeling of magnetotelluric data
(Fuentes-Arreazola et al., 2021) proposes the existence of a conductive
anomaly C2 beneath the Ceboruco Volcano summit with resistivity
values of 2-5 Qm, whose interpretation is intriguing and could
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Fig. 12. Correlation between tide and seismic sequence occurrence. a) Sequence I (days 115-118, 2017); b) Sequence II (days 135-140, 2017); c) Sequence III (days 143-145, 2017);
d) Sequence IV (days 147-150, 2017). Red squares denote seismic events that occurred during the corresponding sequence. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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correspond to a shallow ancient magma chamber enveloped by high-
temperature fluids interacting with the host-rocks and hydrothermal
system. Most of the seismicity obtained in this study is located in the
southwestern region of the C2 anomaly (Fig. 5b, c), supporting the pre-
vious interpretation; however, the events associated with reverse fault
mechanisms and the temporal-depth migration from deeper to shallow
could indicate compression of ascendant material, implying a possible
resumption of the volcano activity.

6. Conclusions

The present study has allowed us to obtain locations for seismic-
ity associated with Ceboruco Volcano, confirming the existence of
seismic events associated with the interaction of the volcano system
and local tectonics. Most of the events observed in this analysis occur
in seismic swarms. This study presents the first detailed analysis of
microearthquakes occurring within and adjacent to Ceboruco Vol-
cano. We have observed the occurrence of seismic sequences and
temporary migrations from NW to SE and from deeper to shallower
hypocentral depths. Furthermore, the different focal mechanisms ob-
tained from our seismicity data provide new insights regarding the
local faults that follow the Tepic-Zacoalco rift orientation, but also
ancient faults, which are not associated with the current regional de-
formation pattern and could be exhibiting reactivation by the ascent
of magmatic fluids.

These results confirm the necessity of maintaining a permanent seis-
mic network on and around this active volcano to follow in real-time
the state of the volcanic system that could allow a short-time forecast.
The seismic data provided by a permanent seismic network will allow
exploiting in more detail advanced methods for the identification of mi-
croearthquakes, tomography methods to improve the knowledge of the
internal volcanic structures or define variation in seismic velocities.
These studies would allow us to complement the work presented here
and clarify the resulting hypotheses.

The documented violent explosive eruptions of Ceboruco Volcano in
the past and the significant economic and demographic growth in the
area today compels us to conclude that the vulnerability and risk have
increased significantly. It is therefore vitally important to understand
and document Ceboruco's baseline behavior in order to detect and in-
terpret anomalies in the future properly.
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