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Abstract

Knowledge about the temporal evolution of a volcano is fundamental for an accurate
understanding of the occurring physical dynamic processes and an appropriate assess-
ment of the most probable near-future volcanic scenarios. Using seismic data recorded
in the area of one of the most hazardous volcanoes along the Argentina—Chile,
international border—Copahue volcano, we obtain information for an improved inter-
pretation of the processes that occurred before, during, and after eruptive events. We
use a single-station methodology to assess variations in the mechanical properties and
internal structure of the Copahue volcano. Thus, we obtain information about struc-
tural alterations, friction and fractures, and variations in rigidity in the volcanic sys-
tem. Our results show that the time variations of the evaluated seismic parameters
correlate to the volcanic phenomena observed on the surface, that is, incandescence
and ash emissions. Accounting for the physical processes, to which the analyzed seis-
mic parameters are sensitive, and previous models developed for the area, we propose
a physical model explaining the eruptive events that occurred at Copahue in the
period 2018-2023. This model can potentially be used for the assessment of future
scenarios, which is of fundamental importance for the institutions in charge of the
real-time monitoring of Copahue volcano to improve the quality of their evidence-
based decisions.
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Introduction
Early warnings are a key element in reducing volcanic risk.
Volcano observatories implement methodologies to effectively
describe the current state of volcanic systems and anticipate
hazardous volcanic phenomena (Ewert and Swanson, 1992;
Aspinall and Blong, 2015). Although the major geological
processes that lead to the formation of volcanoes are well
understood, the volcanic systems exhibit unique dynamics
caused by the complex relationship between their constituent
materials and the structural setting shaped by their geological
history. This complex dynamics leads to high uncertainty in
classifying the volcanoes as likely or not to erupt within a short
time (Papale, 2020).

Seismic signals are the main source of information for
evaluating volcano dynamics. Because fluids (magma, gases,
and meteoric water) move in the system, fractures are created
or reactivated, pressure and temperature change, and the com-
position of some fluids varies. Each of these changes produces
seismic signals (McNutt, 2005). Traditionally, monitoring a
magmatic system has been carried out through the identifica-
tion and localization of seismic sources, signals for which are
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recorded by instruments deployed in the local area of influence
(Battaglia et al., 2005; Thompson et al, 2015; Bueno et al.,
2019). Through this approach, the evolution of a system
can be interpreted based on the quantity, magnitude, spatio-
temporal distribution, and physical mechanisms associated
with the diverse types of seismic events occurring in volcanic
areas. In such a way, volcano tectonic (VT), long-period (LP),
and tremor events (among the most often identified types of
volcanic events) can provide information relevant to rock frac-
ture, fluid movement, and resonance phenomena in cracks
(McNutt, 2005). However, because not all subsurface processes
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are associated with distinguishable seismic events, using just a
limited part of a seismogram leads to an incomplete under-
standing of the dynamic processes occurring in the subsurface.

As a response to this challenge, the complete seismic records
have been extensively used to describe the temporal evolution of
a magmatic system (Endo and Murray, 1991; Kumagai et al.,
2010; Bueno et al., 2021; Rey-Devesa et al., 2023). These meth-
ods and techniques have markedly increased the amount of
information obtained about the structures and processes occur-
ring in the subsurface (Rey-Devesa et al., 2023). The complete
seismic data recorded by stations (or a station) located in an area
of interest can be used to monitor changes occurring in the sub-
surface (Lesage, 2022). To accomplish this goal in a volcanic
environment with limited station coverage, we evaluate selected
physical parameters sensitive to structural alterations, friction
and fractures, and subsurface rigidity (namely, the horizontal-
to-vertical spectral ratio [HVSR], real-time seismic amplitude
measurements [RSAM] and frequency index, and relative seis-
mic velocity variations, respectively). Based on a single-station
approach, according to which the recordings of a three-compo-
nent station are used, we characterize the variations in the
subsurface in the vicinity of the station.

The target volcanic system is classified as one with the high-
est risk in Argentina and Chile—Copahue volcano (Elissondo
and Farias, 2024; SERNAGEOMIN, 2024). We propose a
methodology for monitoring Copahue representing the joint
interpretation of the results from four methods. Based on sin-
gle-station three-component records, we demonstrate that this
methodology provides valuable information to describe the
temporal evolution of the Copahue volcano. This information
is of relevance for understanding the workings of the analyzed
dynamic magmatic system.

Case Study: Copahue Volcano

Copahue volcano (see location in Fig. 1) is the current eruptive
structure of the Caviahue-Copahue volcanic complex. This
volcanic complex is characterized by a significant interaction
between tectonics, volcanic activity, and the local geothermal
field (Folguera et al., 2016; Barcelona et al., 2019; Tardani et al.,
2021). This is evidenced by the volcanic manifestations not
only within the active crater and the volcano edifice but also
throughout its associated geothermal field (Agusto et al, 2018).
In this area, the main cause of eruptions is not the differentia-
tion of long-lived magma volumes (as in many volcanic sys-
tems along the Andes) but the mixing of new and emplaced
magmas (Stern, 2002).

Copahue is the highest-risk volcano in Argentina (Elissondo
and Farias, 2016) and the -eighteenth-riskiest in Chile
(SERNAGEOMIN, 2024). This volcanic system has produced
around 15 small eruptions (VEI 1 to 2) in the last 250 yr
(Caselli, Liccioli, and Tassi, 2016; Caselli, et al., 2016). The towns
affected most by this activity are Copahue and Caviahue, which
are 5 and 9 km from the volcano, respectively (Caselli, Liccioli,
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Figure 1. Location of Copahue volcano, the closest towns, and
the seismic station MLZ (upside-down triangle) used for

processing.

and Tassi, 2016; Caselli, et al, 2016). The Copahue volcano is
monitored by the Observatorio Volcanolégico de los Andes
del Sur (OVDAS) and the Observatorio Argentino de
Vigilancia Volcanica (OAVV). OVDAS and OAVV perform
seismic, geochemical, geodetic, and remote-sensing monitoring,
as well as real-time visual inspection. The information collected
by these institutions is then interpreted and published in
Volcanic Activity Reports, the periodicity for which is related
to the level of activity of the volcanoes (SEGEMAR, 2024;
SERNAGEOMIN, 2024).

The latest eruptive cycle of the Copahue volcano started in
2012 (Agusto et al., 2017). This period displayed phreatic and
phreatomagmatic activity with maximum gas and ash columns
of 1.9 and 2.5 km, respectively, and a broad range of seismic
activity (SEGEMAR, 2024; SERNAGEOMIN, 2024). Examples
of the most recent less-energetic eruptive phases during this
period are the phreatic eruptions that started in July 2018,
September 2019, June 2020, July 2021, and November 2022,
which were characterized by maximum ash columns between
1.2 and 1.74 km above the crater together with the intervals of
incandescence (that is, luminosity originated by high-temper-
ature releasing gases).

Based on seismic, geochemical, deformation, and meteoro-
logical data, the complementary subsurface models for the
Copahue volcano were developed (Ibanez et al, 2008;
Lundgren et al, 2017; Carbajal et al, 2022; Farias et al.,
2023; Astort et al., 2024). Lundgren et al. (2017) suggested
the system to be composed of a deep reservoir located below
the CCVC caldera (around 10 km depth) supplying magma
to a shallow reservoir below the crater at Copahue (at
2.5 km depth). Farias et al. (2023) used seismic data recorded
around the Copahue volcano to estimate the b-value of the
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Gutenberg-Richter law over time (Gutenberg and Richter,
1944), providing a measure of variations in the state of stress
in the volcanic system (Scholz, 2015). Based on an interpretation
of the results of the b-value and the nature and depth of the
seismicity in the area, they infer several instances of rock frac-
turing and/or opening of cracks as well as instances of fluid flow
in the hydrothermal system (indicated with light and dark
orange in Fig. 2f, respectively, for the interval 2019-2023).
Based on the ground deformation time series, Astort et al.
(2024) indicated that inflation occurred in the system during
the period 2018-2020, which was followed by subsidence in
2021-2023 (see Fig. 2a). Carbajal et al. (2022) proposed that
the volcanic phenomena occurring in 2019-2023 at Copahue
is regulated by seasonal variations. Weather conditions and sur-
face processes (e.g., snow melting) influence the dimensions of
the crater lake, leading to processes of chemical precipitation
(Carbajal et al., 2022). This process affects the fluid pressure
in the hydrothermal system, developing periodic phreatic
eruptions.

Copahue volcano has been cooperatively seismically moni-
tored from both Argentina and Chile after governmental insti-
tutions agreed on the deployment of a binational seismic
network. Currently, the OAVV and OVDAS maintain eleven
seismic stations deployed in the area of Copahue. In this study,
from the stations located in Argentina, we use the one closest
to the crater and with a sufficiently long recording time to ana-
lyze the volcanic phenomena that occurred between 2018 and
2023, that is, MLZ station (see location in Fig. 1). We use seis-
mic data recorded by MLZ to characterize the subsurface proc-
esses that occurred before, during, and after the eruptive
episodes observed in the period 2018-2023.
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Figure 2. Evolution of the evaluated seismic parameters in the
analyzed period: (a) fundamental frequency (f,); (b) frequency
index (Freq Idx); (c) reciprocal of the real-time seismic amplitude
measurement (1/RSAM); (d) relative seismic velocity variations
(dv/v); (e) stages of the cyclical processes as in the proposed
physical model; and (f) stages of the noncyclical processes as in the
proposed physical model. For fq, frequency index and 1/RSAM,
low-pass filtered (for periods larger than 2 months) curves are
shown. The green dashed vertical lines indicate the boundaries
between the interpreted intervals based on the evolution of fy. In
panel (a) a horizontal dashed line indicates the median f value. At
the top of panel (a), the intervals characterized by inflation and
subsidence are indicated (Astort et al.,, 2024). Relevant features
along the curves are indicated with ellipses and squares; for a
given seismic parameter, ellipses indicate a repeated pattern, and
dashed rectangles indicate inconclusive (see Freq Idx) and non-
repeated (see fy and dv/v) anomalous features. As a reference,
gray shaded areas indicate the intervals in which ash columns and
incandescence were reported by the local governmental institu-
tions, and red shaded areas indicate intervals with only incan-
descence. For the cyclical processes in panel (e), the green vertical
dashed line indicates stage I, and stages II-IV are indicated with
blue scale, and stage V is indicated in white between stage IV and
stage [; for the noncyclical processes in panel (f), stages | and Il are
indicated with orange scale and the interval with no results is in
gray (Farias et al., 2023).

Multiparametric Approach

Volcano observatories seek the most effective tools for the detec-
tion of anomalous volcanic phenomena (Ewert and Swanson,
1992). Changes observed in selected seismic parameters might
indicate a variation in the physical state of the volcanic system
(Sparks et al., 2012). The observed changes are related to the
physical processes to which the corresponding seismic
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parameters are sensitive, contributing to understanding the
current volcano dynamics (Scarpa et al, 1996; Machacca
et al., 2023). The number and type of physical parameters used
for monitoring affect the quality of the extracted information as
well as the timing in which the interpretations can be performed.
Although there are many seismic parameters, using a limited
quantity of effective nonredundant parameters is fundamental
for an appropriate examination of the seismic records (Cortés
et al., 2015). Thus, volcano observatories explore the parameters
most sensitive to the changes that occur in each specific moni-
tored volcanic system (Pallister and McNutt, 2015).

A comprehensive monitoring describes the evolution of the
internal structure and mechanical properties of a complex vol-
cano system. Effective monitoring can be achieved through the
analysis of the variations in time of the three fundamental
physical parameters: structural alterations, friction and frac-
tures, and rigidity (Le Breton et al, 2021). In this work, we
explore these three physical parameters using the full seismic
data recorded near Copahue volcano during the interval 15
April 2018-15 December 2023. Of the seismic methods that
are sensitive to these three physical parameters, we select four
methods widely used by the scientific community for monitor-
ing purposes, namely, HVSR, RSAM, frequency index, and rel-
ative seismic velocity variations. We combine them into a
proposed methodology to describe the evolution of Copahue
during the analyzed time interval.

In the following subsections, we introduce the applied
methods and relate their results to the observed volcanic
phenomena. In the last subsection, we collate and compare
the results obtained for each technique. Figure 2 shows the evo-
lution of the evaluated seismic parameters. For each of the
seismic parameters, a systematic occurrence of a specific
anomalous feature (i.e., a pattern) is indicated by ellipses.
Furthermore, the dashed rectangles indicate the intervals
characterized by anomalous but nonrepeated (see Fig. 2a,d)
or ambiguous (see Fig. 2b) features in the analyzed period.

HVSR

Several seismic methods are extensively applied for the explo-
ration of subsurface structures. One of them is the HVSR
method, first proposed for site-effect exploration (Nakamura,
1989). According to this method, the ratio between the hori-
zontal and vertical spectral amplitudes of the motion recorded
by a seismometer at the surface can be used to estimate the
fundamental frequency (f,) of a volume around the station
(roughly, within a radius of one wavelength for a related
frequency) (Okamoto and Tsuno, 2018).

Spatial variations of HVSR have been reported as caused
by anomalous structures (Satoh et al, 2001; Khalili and
Mirzakurdeh, 2019). Spatially, the dense observations of HVSR
can reveal local variations in subsurface structures (Nishitsuji
et al, 2014; Gosar, 2017). However, temporal variations of
HVSR are scarcely reported (Okamoto et al., 2021).
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The HVSR method can be applied using ambient seismic
noise. Because of the randomness of the noise wavefield, the
position and attributes of the noise sources might change in
space and time, thus affecting the estimation of HVSR. In these
unfavorable situations, the results from HVSR could be unsta-
ble: the HVSR curves obtained for different times of the day
might significantly differ in amplitude and shape; the estimated
fundamental frequency could also deviate (Cipta et al., 2018).
Moreover, environmental noise sources like wind and rain
could introduce nonnegligible errors to the calculations.
Because of all these factors affecting the stability of the calcu-
lations, a robust statistical method should be used for HVSR
calculations (Xu and Wang, 2021).

To address these issues, we perform HVSR calculations using
hvsrpy—an open-source Python package for HVSR processing
based on a statistically robust approach (Cox et al., 2020). hvsrpy
uses a lognormal distribution to describe the resulting resonant
frequency values; the algorithm can reject deficient windows to
effectively decrease the variance of the results and improve the
quality of the data (Acerra et al., 2004) (an example of the results
obtained for arbitrarily chosen days can be found in Fig. SI,
available in the supplemental material to this article).

We use hvsrpy to analyze the evolution of the statistically
obtained fundamental frequency (from here on, named as f)
between April 2018 and December 2023. The curve in
Figure 2a shows f in the analyzed period. To remove the
high-frequency small-amplitude variations, Figure 2a shows
a low-pass filtered (for periods larger than 2 months) curve
(see the nonfiltered results in Fig. S2a). The results evidence
a median f,, of 0.64 Hz and a median standard deviation of
0.10 Hz; then, variations of f; higher than the obtained
deviation are statistically significant, which we interpret as
caused by changes in the volcanic system.

In general terms, between April 2018 and December 2023, f,
shows a slow decrease in its values. Based on the rate of the
decreasing trend, the f, curve suggests two contiguous intervals,
that is, 2018-2020 with a median f,, of 0.72 Hz and 2021-2023
with a median of 0.56 Hz. Furthermore, along the f,, curve, four
intervals can be distinguished (see the vertical dashed lines in
Fig. 2 and also in Fig. S2): interval A, April 2018-May 2019;
interval B, May 2019-July 2022; interval C, July 2022-April
2023; and interval D, April 2023-December 2023.

The intervals A-C are characterized by a monotonous
decrease of f,; these are separated by a rapid increase in the
values of f,. The last interval (D) is defined by transient
anomalously high-f, values (in an average, 0.74 Hz), which
disappear by December 2023.

Only intervals B and C, out of all the distinguished intervals,
are fully contained within the recording period. These two
intervals show a pattern characterized by a rapid increase in
the values of f, that breaks the monotonously decreasing trend
of the curve, which is followed by ash emissions a few months
later: for interval B, ash emissions were recorded ~4 months
Number 5
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later, and for interval C, ~5 months later. Although new ash
columns were reported in June 2020 and July 2021 (that is,
during interval B), no previous significant variations were
detected along the f, curve. We infer that such precursory
signals are missing or below the threshold of detection.
Conceptually speaking, an increase (decrease) of f, in a sys-
tem is caused by an increase (decrease) of its volumetric mass
or its density or by a decrease (increase) of its damping (Moore
et al., 2018). At the seismological scale, higher (lower)-f, values
are usually interpreted as originating by stiffening (softening)
of the subsurface below a station, caused by multiple reasons
such as an increase (decrease) of the pressure field in the sys-
tem or variations in the composition of subsurface elements
(Bour et al., 1998; Mundepi et al., 2009; Torrese et al., 2020).
Analyses of the deformation processes that occurred around
Copahue indicate an inflation during the interval 2018-2020
and a subsidence during 2021-2023 (Astort et al, 2024).
We interpret the higher f; median in the interval 2018-2020
as caused by a transient higher pressure in the volcanic system
originating the inflation; similarly, we interpret the lower f,
median observed in the interval 2021-2023 as caused by a
decrease of the pressure in the subsurface due to subsidence.
The distribution of gas columns along the analyzed period
indicates that the boundaries between the interpreted intervals
occur during periods characterized by low gas emissions (see
Fig. 3). Carbajal et al. (2022) proposed that the sequence of
water deficiency and oversupply in the hydrothermal system
caused by seasonal weather variations (i.e., snow on the surface
in winter and melted water percolating into the system during
warmer seasons) results in episodes of chemical precipitation
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Figure 3. (a) Evolution of the statistical fundamental frequency (f,)
obtained for MLZ station during April 2018-December 2023. The
curve shows a low-pass filtered (periods larger than 2 months)
curve of the f, values obtained for each day. As a reference, gray
shaded areas indicate the intervals in which ash columns and
incandescence were reported by the local governmental insti-
tutions, and red shaded areas indicate intervals with only
incandescence. (b) Height of gas columns reported by OVDAS
and OAVV (SEGEMAR, 2024; SERNAGEOMIN, 2024). The green
dashed vertical lines indicate the boundaries between the
intervals with decreasing fg values followed by a rapid increase in
fo during the analyzed period.

that obstruct near-surface conduits. These episodes of obstruc-
tion would increase the local pressure, resulting in higher f,
values. Based on an analysis of the obtained f, values, the
heights of the gas columns for the same period (SEGEMAR,
2024; SERNAGEOMIN, 2024), and considering the chemical
precipitation processes occurring in the area, we interpret the
rapid increase in f, obtained in our results as indicative of epi-
sodes of subsurface conduit obstruction.

Frequency index

Frequency index is a relevant seismic parameter for describing
active volcanic systems (Buurman et al., 2006). The frequency
index is computed as FI = log, % . This parameter
describes the relation between the spectral content of a given
signal at high and low frequencies. Through a selection of the
range of frequencies composing the high- and low-frequency
bands, Ap,, and Ay, are computed as the average spectral
amplitude for the higher and lower frequencies, respectively.
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Even though the frequency index has been mainly
employed to efficiently classify the seismic events by means
of their spectral attributes, the frequency index can be used
to analyze any recorded time window offering a tool for mon-
itoring spectral variations along the records (Ketner and
Power, 2013).

We use the vertical-component records of MLZ station, for
which instrument-response correction, demeaning, and
detrending are applied. Provided the typical range of frequen-
cies of the processes relevant to fluid flows and rock fractures
(McNutt, 2005; Wassermann, 2012) for the computation of the
frequency index values, we select a low-frequency band of
0.8-2 Hz and a high-frequency band of 4-10 Hz. Using
10 min nonoverlapping windows, we compute the frequency
index values taking the median of the spectral amplitudes
for the selected high- and low-frequency bands.

Figure 2b shows the low-pass filtered (for periods larger
than 2 months) frequency index values obtained for the ana-
lyzed time period (see the nonfiltered results in Fig. S2b). The
frequency index curve shows significant variations for the time
of the eruptive events that occurred during the analyzed
period, characterized by a local minimum followed by a local
maximum (note that only the increasing part of this feature is
indicated in Fig. 2b). This feature is evident for the time before
the volcanic events observed in 2021 and 2022 (see blue ellipses
in Fig. 2b); however, it is harder to distinguish in 2019 and
2020 (see blue dashed rectangles in Fig. 2b).

A gap of data (occurred during the last 3 weeks of August
2019) was present a week before the ash emissions in
September 2019. During the period prior to this volcanic event,
the curve shows a local minimum when a local maximum is
not observed. Even though this gap of data does not affect the
long-term trend of the curve, it increases the uncertainty on the
interpretation. Observing the tendency of the curve during
such an interval, we speculate that, were the data complete,
the frequency index curve would have kept increasing to
develop the missing maximum. In addition, during the time
before the ash column started in June 2020, the gentle local
minimum and maximum values are observed.

An increase (a decrease) along the frequency index curve is
caused by a transient higher energy at higher (lower) frequen-
cies compared to the lower (higher) frequencies. Because the
observed pattern occurs after the features observed along f,
and before ash columns and incandescence (see Fig. 2), we
interpret the drops along the frequency index curve as relevant
to more energetic low-frequency events, likely caused by an
increase of the flow of fluids in the hydrothermal system.
The increased flow of fluids would cause an increase in the
local pressure, which reduces the effective pressure in the sys-
tem and, consequently, leads to a process of local opening of
cracks; we interpret the increasing frequency index values as
caused by the progressive increase in the high-frequency
energy associated with this process (Bolton et al., 2022).
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RSAM
The energy recorded by seismic instruments deployed around
an active volcano is indicative of the level of activity of the vol-
canic system. RSAM (Endo and Murray, 1991) is a method
widely used among worldwide volcano observatories to esti-
mate the energy released by an active system. RSAM applied
to the sequential time windows provides estimates of the
variations of the seismic energy released by an active volcanic
system (Qamar et al., 2008). The acceleration of RSAM with
time has been shown to be a valuable indicator of an imminent
eruption (Cornelius and Voight, 1994, 1996; Chardot et al.,
2015). Then, to efficiently identify the major variations, its
reciprocal (i.e., 1/RSAM) is commonly used (Cornelius and
Voight, 1996; Sparks, 2003).

We use the vertical-component records of MLZ station to
compute RSAM. Daily seismic data are corrected for instru-
ment response, detrended, and demeaned. Data are also
band-pass filtered between 0.2 and 10 Hz—a frequency range
above the microseism energy and below the most energetic
weather influences. Then, we compute RSAM for 10 min non-
overlapping windows by taking the mean of its envelope.
Finally, we use 1/RSAM to analyze the evolution of
Copahue volcano in the period April 2018-December 2023.

Figure 2c shows the low-pass filtered (for periods larger
than 2 months) 1/RSAM curve obtained for the analyzed
period (see the nonfiltered curve in Fig. S2c). These results
show local minima occurring in an interval (in average,
2 months) previous to ash emissions.

The 1/RSAM results appear to show an annual pattern. To
test that, we compare these results with weather parameters for
the period analyzed (that is, precipitations and temperatures)
(Funk et al., 2015; Rivera et al., 2018; Climate-Hazards-Center,
2020; Verdin et al., 2020). This seismic parameter presents the
local minimum values during the maximum precipitations and
minimum temperatures along each year (see Fig. 4).

Some physical models describe the seismic signals originated
by the subsurface fluid dynamics (Girona et al, 2019); fluid
flows and accumulation of fluids cause pressure oscillations
in the volcanic system, which are recorded by the nearby seismic
instruments as changes in amplitudes along the time and fre-
quency. We interpret the significant correlation of 1/RSAM
and the weather parameters at Copahue (see correlation values
in Table 1) as indicating that 1/RSAM values describe the
general condition of the hydrothermal system.

1/RSAM presents an above-average correlation to precipi-
tations. Higher precipitation increases the amount of fluids
contained in the hydrothermal system. Depending on the sub-
surface structures, the already present fluids, and the pressure
in the system, the penetrating fluids create new accumulation
zones and fluid flows. The percolating water flows in the
hydrothermal system filling the pore space in a process con-
trolled by the properties of the subsurface materials. The new
subsurface conditions alter the stress state in the system
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causing variations in the recorded seismic field. Note that,
depending on the released seismic energy during this process,
the variations might not be recorded as isolated detectable seis-
mic events. We interpret that the processes caused by the
increased amount of fluids in the hydrothermal system are
manifested in the 1/RSAM.

Relative seismic velocity variations

The ambient seismic field has been extensively used in recent
decades to measure seismic velocity variations, particularly
in volcanic environments (Obermann et al, 2013; Sens-
Schonfelder and Brenguier, 2019; Cabrera-Pérez et al., 2023).
Green’s functions can be estimated using different time
windows at the same location. Then, phase shifts in the
retrieved coda waves are exploited to estimate changes in the
propagation velocity in the medium (Snieder et al, 2002;
Snieder, 2006).

Provided the efficiency of multiple scattered waves to sam-
ple the medium of interest, coda waves have high sensitivity to
small changes in the medium so that even weak velocity
changes (even less than 10%) are detectable (Weaver et al.,
2011). One of the techniques developed to analyze the relative
velocity variations of a medium is the wavelet cross-spectrum
technique (Mao et al., 2020). This technique accounts for the
travel-time shifts between two traces with high resolution in
both frequency and time. The wavelet analysis proposes study-
ing nonstationary signals through decomposition in the time-
frequency domain and extracting localized time-frequency
characteristics. As a result, the wavelet technique is character-
ized by higher accuracy, stability, and frequency resolution
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Figure 4. (a) Evolution of 1/RSAM obtained for MLZ station during
April 2018 to December 2023. The curve has been low-pass
filtered for periods larger than 2 months. As a reference, grey
shaded areas indicate intervals in which ash columns were
reported by OVDAS and OAVV, and red-shaded areas indicate
intervals with incandescence. (b,c) Evolution of two weather
parameters such as precipitations and temperature (Funk et al.,
2015; Rivera et al., 2018; Climate-Hazards-Center, 2020; Verdin
et al., 2020).

than other commonly used techniques, for example, the
stretching technique (Lobkis and Weaver, 2003) or multiple
windows cross-spectrum (Clarke et al., 2011).

We focus our analysis on the seismic sources originating
from the volcano dynamics. Through a visual inspection of
the records at MLZ station, we select the frequencies for which
persistent higher seismic energy is present (see Fig. S3). Then,
we set the processing frequency range at 0.8-2.0 Hz to be well
above the microseism band.

We apply a processing sequence based on a single-station
approach (see details in Figs. $3-S9), in which the correlations
between the components of a three-component broadband sta-
tion are computed. We use phase correlations and phase-
weighted stacking (Schimmel and Paulssen, 1997; Schimmel,
1999) to obtain daily cross-component correlations. Because the
directionality of the propagating seismic energy can affect the
computed relative seismic velocity variations, we analyze
the dominant propagation directions for MLZ during the period
we look at, obtaining that roughly east-west (EW) and north-
south (NS) are the dominant directions (see Fig. S5). We then
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TABLE 1
Pearson Correlation Coefficients between the Four
Seismic Parameters Analyzed

1/RSAM  FI dviv f, Temp Precip
1/RSAM 1.0 -0.08 0.35 0.03 0.73 -0.20
FI 1.0 0.08 -0.30 -0.02 0.01
dviv 1.0 0.44 0.23 -0.11
fo 1.0 -0.22 0.14
Temp 1.0 -0.28
Precip 1.0

For the computation of the values, the filtered time series were used. dv/v, relative
seismic velocity variations; o, fundamental frequency; FlI, frequency index; 1/RSAM,
reciprocal of the real-time seismic amplitude measurement; the weather variables:
Precip, precipitation; and Temp, temperature.

calculate daily relative velocity variations in the time-frequency
domain for both dominant directions using the wavelet cross-
spectrum technique (Mao et al., 2020).

The resulting relative velocity variations obtained for daily
correlations polarized along both the NS and the EW direc-
tions are generally coherent with each other (see Fig. S8).
We consider the average of the results for the NS and EW
directions to represent the actual relative velocity variations
around the station. In Figure 2d, a curve indicates a median
moving average (using a 7-day window) fit of the results.

Our results are contemporaneous to the eruptive episodes at
Copahue in the period 2018-2021, that is, ash and gas emis-
sions as well as incandescence at the crater. The relative veloc-
ity-variation curve indicates a systematic alternating behavior
between a first period of decreasing values (i.e., a preparation
phase) preceding a second period (i.e., an activity phase), start-
ing with the occurrence of ash emissions and during which
the velocity values change. However, this pattern along the
resulting relative velocity variation (dv/v) curve is missing
or unclear previous to the ash emissions in November 2022.

Varijations of the weather parameters (like precipitations
and temperature) are known to affect the overall physical
conditions of the subsurface that are manifested as dv/v var-
iations (Wang et al., 2017; Feng et al., 2021). Furthermore,
the dv/v variations describe the subsurface down to 1 km depth
(see Fig. 89); thus, the dv/v curve is affected by variations in the
dynamics of the hydrothermal system, which are influenced by
changes in the seasonal weather conditions. However, these
conditions do not explain all the variations along the complete
dvlv curve. Even though the maximum and minimum values
along the temperature and precipitations are regular over the
years, we observe different shifts of the dv/v curve for different
temperature and precipitation maximum (minimum) and
minimum (maximum) values, respectively. These shifts are
correlated to the eruptive phenomena observed at the surface.

2644 Seismological Research Letters

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/95/5/2637/6918570/srl-2024074.1.pdf
bv L ltrecht nivers<itv | ibrarv liser

www.srl-online.org

Specifically, maximum dv/v values occur within 2 months after
the ash columns in 2018, 2019, and 2020, whereas the maxi-
mum temperatures and minimum precipitations occur
2-4 months later; the minimum dv/v values occur within
2 months from the ash column of June 2020 and of July
2021, whereas the minimum temperatures and maximum
precipitations occur ~6 months earlier and ~2 months later,
respectively. Therefore, we interpret that important dv/v
variations are relevant to eruptive processes.

Joint results
Figure 2 shows the results obtained for the evaluated seismic
parameters, that is, fundamental frequency, frequency index,
1/RSAM, and relative velocity variations. Note that even
though there are six value gaps in dv/v, there are only three
gaps in f,, frequency index, and 1/RSAM. The gaps that
occurred in September 2018 and August 2019 are shared
between the curves and relevant to the absence of seismic data.
The following gaps are relevant to alternating availability of
data due to instrumental issues (i.e., June 2022) or to noncon-
vergent dv/v results (in February 2020, July 2020, July 2022,
and December 2022) or f, results (in July 2022). The gaps
are longer in dv/v, because the resulting curve is computed
by fitting the results obtained for the dominant directions
of propagation using a 7-day running window.

Our results show that all the seismic parameters correlate to
the eruptive phenomena observed at the surface, that is, ash
emissions and incandescence. During the analyzed period,
changes along both 1/RSAM and dv/v curves are gradual,
showing the minimum before or during ash emissions and
incandescence, and the maximum after the eruptive phenom-
ena. Our results indicate a notable correlation (see Table 1)
between 1/RSAM and dv/v parameters, the eruptive phenom-
ena observed on the surface and the meteorological parame-
ters. However, the dv/v curve is less correlated with the
seasonal weather parameters, with local maxima within
2 months after the ash emissions and minima occurring up to
2 months earlier than those ash emissions. These results
suggest that, although 1/RSAM is dominated by the physical
variations in the hydrothermal system caused by changes in
seasonal weather conditions, variations in the dv/v values are
not (only) affected by these changes, being more sensitive to
eruptive phenomena.

On the other hand, f,, values correlate to intervals of inflation
and subsidence (Astort et al, 2024), and both f,, and frequency
index parameters correlate to several eruptive events that
occurred in the analyzed period. Patterns along the f; and fre-
quency index curves are characterized by an increase in their
values; however, the rate of this variation is different for each
parameter. f, shows a rapid variation months before the volcanic
events in September 2019 and November 2022; the frequency
index curve gradually increases after the local minimum and
before the ash emissions and incandescence in 2019-2022.
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The f, values show an abrupt increase by May 2019. This
feature occurs within a month before a transient drop of the
frequency index and during a decrease of both 1/RSAM and
the relative velocity variations. Note that the abrupt decrease
of the frequency index is indicated with a dashed rectangle in
Figure 2 because this is an anomalous feature along the fre-
quency index curve in the period 2018-2023. Given the gap
of data that occurred two weeks before the ash emissions
started by September 2019, we think that this feature may cor-
respond to the same pattern distinguished for this parameter
before other eruptive events in the analyzed period but with a
missing maximum. After that, I/RSAM and the relative veloc-
ity variations kept on decreasing until the ash columns were
observed by September 2019.

After the increase of 1/RSAM and dv/v during the ash emis-
sions from September to November 2019, a new interval of
decreasing values starts until the new ash emissions in June
2020. During this time interval, no anomalous variations were
observed along the f, which kept on decreasing when the fre-
quency index showed a gentle increase in its values. Because
the increase is not steep, we use a dashed rectangle to mark
this interval in Figure 2. During the ash columns observed
in the interval June to September 2020, 1/RSAM keeps decreas-
ing, dv/v increases, and no significant changes occur along the
fo and the frequency index curves.

Within 2 months after the ash emissions culminating in
September 2020, the dv/v values start to decrease until they
reach their local minimum around a month after the ash emis-
sion in July 2021. On the other hand, the 1/RSAM values keep
on increasing for 4 months, decreasing after that period down
to their local minimum by mid-July 2021. Furthermore, the f,
values decrease during this period, when the frequency index
values show a local maximum simultaneous to the start of the
incandescence in June 2021.

The interval between October 2021 and November 2022 (the
start of the next eruptive phase) is characterized by a gradual
decrease of the 1/RSAM values between a new local maximum
in January 2022 and a local minimum in August 2022, before the
ash emissions in November 2022. This period also exhibits an
abrupt variation of the f, values by July 2022 and the maximum
in the frequency index curve coinciding with the start of the ash
columns (note the high similarity between this feature and the
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Figure 5. Noncyclical processes of the physical model for Copahue
volcano for the period 2018-2023. Temporary ordered stages
indicate the evolution of the system. The arrows indicate whether a
variable is increasing (1, /) or decreasing (1,\.). A change in a
seismic parameter from one stage to another is indicated with red
letters. o, fundamental frequency; [VILP, [very-] long-period events;
and VT, volcanotectonic events. For the analysis of the noncyclical
processes, we use information about the evolution of the number
of VT events, their depths, the number of LP events, and the
b-value; these time series can be found in Farias et al. (2023).

one observed before the ash emissions in 2019, 2020, and 2021).
Furthermore, the pattern observed in dv/v during the previous
eruptive events is not present in 2022 and 2023, showing no
clear maxima and minima and, therefore, no anomalous varia-
tions before the ash emissions in November 2022.

The period between April and December 2023 exhibits
anomalously high-transient f, values (dashed rectangle in
Fig. 2a), showing a median 0.2 Hz higher than the period
April 2018-April 2022; the 1/RSAM shows similar variations
to previous years, when the frequency index and dv/v curves
indicate no anomalous values for this period.

Interpretation and Discussion

We combine the results obtained from the analyzed seismic
parameters and the subsurface models proposed for the
Copahue volcano (Agusto and Vélez, 2017; Carbajal et al., 2022;
Farias et al., 2023; Astort et al., 2024) to suggest a physical model
that describes the processes leading to the eruptive events in the
period 2019-2023. This model consists of a combination of non-
cyclical and cyclical processes, see Figures 5 and 6, respectively.
Cyclical processes are strongly influenced by seasonal weather
variations that affect the shallow dynamics of the volcanic sys-
tem causing the phreatic eruptive events recorded in 2019-2023
(Carbajal et al., 2022). Contrary to that, noncyclical processes
are dominated by the dynamics of the deep magmatic system,
comprising deep pressure variations, fracturing, deep magma
movement, and affecting fluid flows at the depths of the hydro-
thermal system (Farias et al., 2023).

Noncyclical processes
The location and nature of the seismic events recorded around
Copahue volcano (SEGEMAR, 2024; SERNAGEOMIN, 2024),
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the b-value results (Farias et al., 2023), the deformation mea-
surements (Astort et al., 2024), as well as a dissimilar median f,,
value before and after 2021 support the noncyclical dynamics
(Fig. 5). The noncyclical processes occur during an interval of
inflation (Astort et al., 2024), which is characterized by a lower
rate of the f, curve and higher-f, values. These processes are
originated by pressure perturbations at the depths of the mag-
matic reservoir, which causes sufficiently large variations in the
stress state of the volcanic system and triggers the seismic
events associated to rock fracturing (VT) (Wassermann, 2012;
Farias et al., 2023). Then, seismic events evidence fluid flow at
depth (that is, very-long-period [VLP] and/or LP events)
(SEGEMAR, 2024; SERNAGEOMIN, 2024), likely through
newly-opened pathways toward the surface (even though
the surface might not be reached).

Cyclical processes. The seismic parameters we analyze here
also provide evidence to support the mechanisms comprising
the cyclical processes (Fig. 6). The cyclical circuit starts with
the processes leading to an increase of f,, values (stage I in
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Figure 6. Cyclical processes of the physical model for the eruptive
events occurred in the period 2018-2023 at Copahue volcano.
Temporary ordered stages indicate the evolution of the system.
The arrows indicate whether a variable is increasing (1,,7),
decreasing (},\,), or invariant («). A change in a seismic
parameter from one stage to another is indicated with red
letters.dv/v indicates relative seismic velocity variations; Fl,
frequency index; f,, fundamental frequency; and RSAM, real-
time seismic amplitude measurement. The dashed (solid) curves
indicate nonobstructed (obstructed) near-surface conduits.

Fig. 6). This increase evidences a stiffer subsurface. Then,
based on a model proposed for the area (Carbajal et al,
2022), we interpret this feature as caused by an obstruction
of the near-surface conduits, probably caused by chemical
precipitation at shallow depths. This obstruction of the
shallow conduits increases the fluid pressure and affects
the flow of fluids in the hydrothermal system because of
the change in the pressure conditions of the system at these
depths (stage II in Fig. 6). An increased pressure gradient
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would increase the fluid flow, causing a transient dominance
of the seismic energy recorded at lower frequencies relative
to that at higher frequencies. Therefore, the frequency index
values decrease.

Because of the increase in the subsurface pore pressure,
the effective stress in the rock decreases; the elastic moduli
of the subsurface are reduced, causing a decrease in dv/v val-
ues (stage III). This condition promotes a process of opening
the cracks at these shallow depths. We interpret that a fast
opening of the cracks occurs, so that larger seismic energy
at higher frequencies is generated, leading to a transient
increase in the frequency index values (Bolton et al., 2022).
The roughly monotonous increase along the frequency index
curve before the ash emissions may indicate an increase in the
magnitude of the openings caused by the higher pressure of
the system and/or an increase of the number of cracks being
opened.

In stage IV, the sufficiently opened shallow fissures cause
depressurization of the system, leading to an eruptive phase.
This stage is characterized by increasing 1/RSAM values
and increasing dv/v values, which is caused by a relaxation
of the system during the ash emissions together with an
increase in the effective stress due to a reduction in the pore
pressure.

The last stage of the circuit is stage V. At this stage the
hydrothermal system starts to recover because the ash emis-
sions concluded. Then, both the 1/RSAM and the dv/v values
decrease. Furthermore, no major fluid flows or crack openings
occur in the shallow subsurface, and therefore the frequency
index values do not show significant variations.

Note that the proposed physical model describes the erup-
tive events characterized by variations in the analyzed four
seismic parameters. However, the eruptive events that started
in June 2020 and July 2021 lack a previous distinguishable
variation along the f; curve. We relate this to the occurrence
of a physical process with sufficiently low energy to be below
the detection threshold for this parameter. Both the cyclical
and noncyclical processes occur during a decreasing trend
of the f, values in the period 2019-2023; we interpret this
feature as relevant to a gradual decrease of the stress in
the system, likely caused by a decreasing volcanic stress
field and/or a regional structural relaxation (Walter et al,
2007; Vargas-Bracamontes and Neuberg, 2012). The period
April-December 2023 exhibits unique features along f,, the
frequency index, and the dv/v parameters, whereas 1/RSAM
indicates variations similar to those of the previous years. We
recommend continuing to describe the evolution of these
parameters to identify the physical causes of the variations
over this time period. A next step in this work is to implement
the applied methodology to the seismic data recorded at other
stations deployed in the area of the Copahue volcano to
perform a joint interpretation of the processes occurred at
the system.
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Conclusions

We analyzed the evolution of magmatic activity at the
Copahue volcano—one of the highest-risk volcanoes along
the international border between Argentina and Chile between
April 2018 and December 2023. Using the complete seismic data
recorded by a three-component station deployed near Copahue,
we analyzed the resonance frequency, the RSAM, the frequency
index, and the relative seismic velocity (dv/v) variations. The val-
ues of resonance frequency correlate to intervals of inflation and
subsidence. Furthermore, rapid increases of the resonance-fre-
quency values split up the period 2018-2023 in four intervals,
each one showing decreasing resonance-frequency values; the
heights of gas emitted to the surface present minimum values
at the boundaries of each interval. In an interval before the erup-
tive phenomena that occurred at Copahue during the analyzed
period, the frequency index curve shows a local minimum
followed by a local maximum, which we interpreted as origi-
nated by an increase of the flow of fluids followed by a process
of opening of cracks. RSAM and dv/v values are correlated to
weather parameters (temperature and precipitations) as well
as to the eruptive phenomena, indicating minimum values
before the ash emissions and maximum values after the ash
columns culminate.

Combining our results with previous models for the erup-
tive phenomena at Copahue, we proposed a physical model
explaining the processes leading to the eruptive events
occurred in the period 2018-2023. The model is composed
of cyclical and noncyclical processes, originated by changes
in the shallow dynamics due to seasonal weather variations
and an increase of the pressure at the depths of the magmatic
reservoir, respectively.

The information we obtained could be helpful as an indi-
cation of an imminent change in the level of volcanic activity in
new volcanic scenarios. Thus, it is fundamental that similar
information be available in real time or near real-time in
the future. Such knowledge would be fundamental for a better
assessment of possible future scenarios at Copahue by the insti-
tutions in charge of the volcano monitoring in Argentina
and Chile.

Data and Resources

The seismic records utilized in this work were provided by the
Observatorio Argentino de Vigilancia Volcanica (OAVV) and the
Observatorio Volcanoldgico de los Andes del Sur (OVDAS). The data
are available upon request to the institutions in charge at
oavv@segemar.gov.ar and comunicaciones@sernageomin.cl, respec-
tively, or from the Incorporated Research Institutions for
Seismology (IRIS), Data services (https://www.fdsn.org/networks/
detail/VV/, https://www.fdsn.org/networks/detail/VC/, last accessed
December 2023). Maps were created with Generic Mapping Tools
(GMT, v.5.2.1). The processing was performed by combining the
ObsPy Python-based programming package and GNU Fortran.
Horizontal-to-vertical spectral ratio (HVSR) processing was per-
formed using the algorithms provided by hvsrpy—a freely-available
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Python package. The supplemental material provides figures showing
the resulting HVSR calculations for two arbitrarily chosen days; the
nonfiltered obtained results; and further details of the processing
sequence applied for the computation of the relative seismic velocity
variations.
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