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A B S T R A C T

Although the Planchón-Peteroa Volcanic Complex (PPVC) has undergone many hazardous eruptions, only a small
number of geological, geochemical, and geophysical studies have been performed to describe this active volcanic
system. In order to characterize the subsurface structures present at the PPVC, we applied seismic interferometry to
fracture seismicity originating in this volcanic complex and along active geologic faults located nearby. We utilized
seismic data recorded by two arrays of stations deployed in Argentina and Chile. Nine of these stations (three in
Chile and six in Argentina) recorded data simultaneously and were used for this application. Only seismic events
with energy arriving (sub) vertically to the stations were chosen for processing. According to the magnitude and
the location of the selected seismic events, relocated seismic sources were used for the Chilean stations while, for
the Argentine stations, only seismic sources located near that array were used. We obtained seismic evidence of the
location of the subsurface reflectors underneath each station using zero-offset reflection responses retrieved from
seismic interferometry by autocorrelation of (time windows extracted from) the selected seismic events. Then,
applying a comparative analysis between the seismic results and the available geological information, we imaged
the shallow subsurface of the area enclosed by the Chilean stations, and also by the Argentine stations. The results
are consistent with the available geological information, provide accurate depth values for several subsurface
discontinuities, indicate areas of higher heterogeneity, and support the emplacement of a magma body at ∼4 km
depth from the surface. This work shows the first application of a novel variation of seismic interferometry based
on autocorrelations to local-earthquake data recorded in a volcanic area.

1. Introduction

Along the western continental margin of South America, the con-
vergence between the Nazca and the South-American plates has caused
the uplift of the Andes. The subduction of the Nazca plate below the
continental plate has developed the active volcanic chain situated along
much of this deformation zone. This volcanic chain is segmented in four
well-constrained volcanic zones: Northern Volcanic Zone (between la-
titudes 2° N and 5°S), Central Volcanic Zone (14°S – 28°S), Southern
Volcanic Zone (SVZ, 33°S and 46°S), and Austral Volcanic Zone (49°S -
55°S). The Transitional Southern Volcanic Zone (TSVZ) is located be-
tween latitudes 34.5°S and 37°S (López-Escobar et al., 1995) in the

Southern Volcanic Zone (see Fig. 1). In the TSVZ, the angle of sub-
duction ranges between 30° and 35° approximately, allowing the gen-
esis of magmas at 100 km–200 km depth (Gill, 1981). The active tec-
tonics have caused NW-SE and NE-SW fault systems, which enable
ascent and emplacement of magma causing spatial control of calderas,
stratovolcanoes, and geothermal activity, and as a consequence, the
genesis of the Planchón-Peteroa Volcanic Complex –PPVC (Cembrano
and Lara, 2009). The PPVC is constituted by three volcanic structures,
i.e., Azufre, Planchón, and Peteroa volcanoes (see location in Fig. 4).
The Peteroa is the current active volcano of this volcanic complex; it
has been originated by volcanic activity concentrated in several scat-
tered vents (Tormey et al., 1989; Haller et al., 1994). Historical activity
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records of Peteroa volcano expose about twenty eruptive events with
VEI ≤4 (Haller and Risso, 2011). Based on analyses of the volcanic
deposits in the area of the PPVC and those ejected during the ash pulses
occurred between August 2010 and July 2011, Naranjo (2012) char-
acterized the observed volcanic activity as indicating a system re-
activation. Aguilera et al. (2016) performed analyses of fall deposits
and geochemical samples from fumaroles and crater lakes associated to
the 2010–2011 eruption period; they integrated this information with
eruptive records and satellite data, suggesting two possible mechanisms
for the transfer of heat and mass from buried hydrothermal-magmatic
reservoirs: the development or reactivation of cracks after the Mw 8.8
Maule earthquake in February 2010, or an instability produced by a
reduction of fluid pressure within a shallow reservoir which caused a
rupture of the seal zone confining an underlying magma chamber,
causing phreatic eruptions.

Based on the geological information available for the area of the
PPVC and through geochemical analyses of fluid discharges located at
the summit of Peteroa volcano and its surroundings, in addition to re-
mote sensing studies, Benavente Zolezzi (2010) proposed a conceptual
model for the first 10 km of the subsurface (see Fig. 2). This model
shows highly heterogeneous zones caused by mixing of waters, boiling,
and liquid-gas segregation; it also indicates the emplacement of a

magma body at ∼4 km depth in the eastern flank of the volcano.
Benavente Zolezzi (2010) proposed that the interaction of a shallow
water reservoir with rocks heated by the shallowest part of the magma
chamber (about 4 km depth) could explain the periods of volcanic un-
rest. Tassi et al. (2016) also analyzed the fluid discharges in the area for
the period 2010–2015; the composition of the samples would suggest
the presence of two magma batches emplaced at different depths: a
shallow dacitic reservoir and a deeper basaltic reservoir. The eastern
flank of the Peteroa volcano is characterized by bubbling pools and a
shallow aquifer, which is fed by a melting ice cap and infiltrating
groundwater. Gases from the bubbling pools are characterized by a
small magmatic fluid contribution, which could suggest a proximity to a
magma reservoir. The likely presence of magma approaching a sub-
surface saturated by water warrants the necessity of studying the area.

Currently, the monitoring of the PPVC is operated by the
Observatorio Volcanológico de los Andes del Sur (OVDAS - SERNAG-
EOMIN, Chile) which analyze seismic records, GNSS data, and SO2
measurements. The Argentine side, i.e., the eastern flank, of Peteroa is
monitored by two seismic stations, real-time camera observations, and
SO2 and diffuse CO2 measurements (Raponi et al., 2017; Agusto et al.,
2017). This information is available to the local authorities for the
development of strategies during periods of volcanic instability. Seismic

Fig. 1. Location of the study area (left), and tectonic setting, location of the Transitional South Volcanic Zone (TSVZ), and the developed volcanic edifices (right). A
white star indicates the Planchón-Peteroa Volcanic Complex (PPVC).

Fig. 2. Conceptual subsurface model for the area of
the PPVC. Depth values are related to the mean sea
level. U: Lithological Unit. F: Geological Feature. U1:
Vega Negra. U2: Gypsum layer. U3: Valle Grande. U4:
Lotena. U5: Grupo Cuyo? U6: pre-Jurassic Basement?
U7: Abanico. U8: Basement. F1 and F2: Fumaroles. F3:
Zone of waters blending. F4: Water boiling and li-
quid-gas segregation. F5: Magma body. Modified
from Benavente Zolezzi (2010).
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data processing provides knowledge of the structures and the physical
processes occurring in the subsurface. Knowledge contributes to the
better understanding of this volcanic complex, thus improving decisions
and future strategies.

Casas et al. (2014) concluded that, during 2012, Peteroa volcano
showed seismic activity with continuous low-energy signals and a large
number of transient signals with slightly higher energy. They identified
long-period tremor, events associated with fractures, and long-period
events related to degassing and hydrothermal phenomena. Based on the
large number of identified seismic events per day, the Peteroa active
volcanic system showed sustained energy release. The identified and
localized events constitute a frame for the development of this work.

New techniques for subsurface characterization and monitoring of
dynamic processes have been developed in the last 50 years. One of
these techniques is seismic interferometry (SI) - an innovative metho-
dology that can greatly improve the resolution of seismic images
compared to classical seismic images (Schuster, 2009). SI is a data-
driven method that retrieves a seismic response between two seismic
sensors from their seismic records using correlation, coherence, con-
volution, or deconvolution (e.g., Wapenaar et al., 2008; Vasconcelos
and Snieder, 2008a,b; Nakata et al., 2011; Wapenaar et al., 2011). This
method is now regularly used in exploration and global seismology with
active and/or passive sources, i.e., with artificial sources (dynamite,
vibroseis, sledge hammer, etc.) or natural sources (earthquakes, an-
thropogenic noise, ocean microseisms, etc.). SI basically redatums the
wavefields generated by these sources to retrieve virtual-source re-
sponses as if one of the sensors were a source. Moreover, SI allows one
to extract subsurface information from complicated or random wave-
fields (Sens-Schönfelder and Wegler, 2006; Brenguier et al., 2008;
Schuster, 2009), after which the extracted information can be used with
traditional seismic methods.

The work of Claerbout (1968) is part of the foundation upon which
SI was developed. Claerbout (1968) showed that the autocorrelation of
the plane-wave transmission response of a layered subsurface, recorded
at the Earth surface, retrieves the reflection response of a virtual source
co-located at the receiver (see also Wapenaar et al., 2010). SI by au-
tocorrelation is a very powerful and robust tool, so it is applied with
field data in different ways. For example, it was applied to teleseismic
and global phases (i.e., waves that propagate across the mantle and
mantle + core, respectively, before reaching a station) for crustal
imaging on a regional scale (Ruigrok and Wapenaar, 2012, Nishitsuji
et al., 2016a,b), to P-waves from microearthquakes for imaging the
shallow subsurface of a volcano (Kim et al., 2017), and to ambient-
noise measurements (Gorbatov et al., 2013; Boullenger et al., 2014;
Oren and Nowack, 2017).

By application of SI by autocorrelation, reflection responses are
retrieved which are further used to image the P-wave reflectivity of the
shallow subsurface underneath each of the deployed stations. This in-
formation contributes to the detection of key features of the subsurface
(i.e., the depth of several previously proposed discontinuities, areas of
higher heterogeneity, and a zone of supposed magma emplacement),
which is essential for an appropriate explanation of the volcanic pro-
cesses occurring in the area and for reducing the ambiguity in previous
studies.

2. Seismic interferometry by autocorrelation

SI by autocorrelation can be used to obtain information about the
reflectivity of the subsurface below stations located at the surface. The
relation
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(equations (36) and (37) from Wapenaar and Fokkema (2006) after
modification for autocorrelation) establishes that the reflection re-
sponse R X t( , )A can be obtained at station “A” located (at XA) at the top
of the subsurface of interest by autocorrelating a plane-wave trans-
mission wavefield T X t( , )A propagated through a horizontally layered
subsurface. The operator “ ” denotes convolution, “ ” indicates de-
convolution, and t( ) is the Dirac's delta function. The sources are
characterized by a “source time function” (STF) (Yilmaz, 2001). The
STF is a transient waveform with a finite duration, which describes the
energy release at the rupture as a function of time. Then, the factor

s t s t[ ( ) ( ) ] i is the Autocorrelated Source Time Function (ASTF),
which is estimated (see Section 4.b. Processing) to deconvolve the true
ASTF for each employed source (si).

In the light of the theory and applications in Wapenaar (2003) and
Ruigrok and Wapenaar (2012), we use the fracture seismicity recorded
by stations located in the area of PPVC, which might have been caused
by volcanic processes. Equation (1) requires sources inside through the
whole stationary-phase area (i.e., the Fresnel zone) for the accurate
retrieval of R X t( , )A . Even though most of the seismic variables (e.g.,
amount of seismic events, their magnitudes, and source properties, even
sources caused by volcanic activity) present a wide range of values at
convergence subduction-type zones, the distribution of sources in space
and time does not completely cover the stationary-phase area. There-
fore, events inducing waves with nearly vertical incidence at a station
are selected. Because of the choice of incidence energy we make, the
vertical component of the records are a good estimate of the P-wave
transmission response. We retrieve the reflection response (from here
on, R X t( , )v A ) of a virtual source that radiates energy (sub) vertically
downwards, co-located with the station at the surface.

Fig. 3 presents a cartoon illustrating the methodology applied in this
research. A source in the subsurface releases energy that propagates to-
wards a surface station and thus reflects at the surface before propagating
in the subsurface again. In such a way, seismograms are shaped by the
arrival of direct waves followed by reverberated waves. The latter are
energy that underwent multiple reflections/scattering on discontinuities
and heterogeneities in the subsurface or at the surface before arriving at
a station. SI isolates these arrivals by removing the paths preceding them
(e.g., the direct waves) to obtain information about subsurface reflectors.

3. Data

We use seismic data recorded by stations deployed in Argentina and
Chile (see Fig. 4). The Argentine stations were deployed by the Ma-
lARRgue project (Ruigrok et al., 2012; Nishitsuji et al., 2014), whose
main goal was to image and monitor the subsurface below the Malargüe

Fig. 3. Effect of application of seismic interferometry
by autocorrelation to normal-incidence events in an
idealized horizontally layered subsurface. ti stands
for two-way travel time to the displayed reflectors.
The autocorrelation eliminated the common travel
path, in this case the direct wave (left), to turn the
reverberations (left) into reflections (right).
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region, Mendoza Province, Argentina. For this project, 38 seismic sta-
tions were installed; the data from six of these stations were used in this
study (in text, the PV-array). The stations used here were located on the
eastern (Argentine) flank of Peteroa volcano from January 2012 to
January 2013. They were equipped with 2-Hz 3-component seismic
sensors (Sercel L-22).

Another source of data is provided by the Red Nacional de
Vigilancia Volcánica (RNVV, Chile) which is maintained by the OVDAS.
The RNVV runs a seismic network on the Chilean side of Peteroa vol-
cano since 2010. OVDAS has a permanent array of broadband (30-s
period) 3-component Guralp and Trillium sensors. Three of the OVDAS
stations that recorded data simultaneously with the Argentine stations
were used for this research.

4. Application and Results

4.1. Pre-processing

In order to apply SI by autocorrelation to P-wave seismic energy, the
propagating waves have to arrive vertically (or sub-vertically) at the
vertical component of a station. In the case of a subsurface composed of
horizontal homogeneous layers, the sources have to be located exactly
below the station to get a reliable measurement of the propagation time
between the subsurface layers and the station at the surface. In volcanic
areas, the heterogeneity of the subsurface is sufficiently high so that the
source location is not a critical parameter for the P-wave transmission
response to be accurately estimated by the vertical-component records
(Fan and Snieder, 2009). Therefore, the selection of sources located
near the stations is a satisfactory condition for the application of the
proposed methodology. Still, reduced uncertainties in source locations
are important to select properly the events to be processed.

The location of seismic events is of great importance to understand
active magmatic systems and to determine the extent and evolution of
source regions of magmatic energy (Chouet, 2003). Event location is a
fundamental component of the conventional activities of worldwide
volcano observatories. In particular, since 2010, the OVDAS has applied
seismic monitoring on the Chilean side of the PPVC; this information is
recounted on public-domain activity reports and on internal-use seismic
catalogues.

Independently, based on data recorded by the temporal stations
deployed by the MalARRgue Project, Casas et al. (2014) identified and
located seismicity from fracturing that originated at PPVC or in active
geologic faults located nearby this volcanic complex. Then, based on
the location of these seismic sources, we select those suited for appli-
cation of SI by autocorrelation to the Argentine seismic stations.

Each one of the deployed seismic arrays is characterized by poor
azimuthal coverage, leading to high uncertainties in the event location.
Therefore, in order to obtain a better estimate of the source locations,
Olivera Craig (2018) applied a re-location procedure to the seismicity
from fracturing recorded by both arrays in 2012. The relocation scheme
was performed by a double-difference algorithm (i.e., HypoDD
–Waldhauser and Ellsworth, 2000), based on a velocity model modified
from the one developed by Bohm et al. (2002). Their results showed
that the sources are distributed in three groups, which are related to
specific geological settings in the area, in particular to the fault system
responsible for the genesis of this volcanic complex. One of the three
groups is close to the Chilean stations, while no relocated sources result
near the Argentine stations. Thus, if the fracture events are to be used
with SI by autocorrelation, only one of these groups can be used to
retrieve the reflection responses at the Chilean stations.

We select the events close to the stations for further application of SI
by autocorrelation; this selection was performed by estimation of the

Fig. 4. The Planchon-Peteroa Volcanic Complex and the seismic stations active during 2012 (left plot). At the right, distribution of the selected events previously
relocated close to the OVDAS stations (solid diamonds), and those selected events located close to the PV-array (empty circles).
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angle of incidence for each event at each of the stations in consideration
of P-wave energy in an effective homogeneous-velocity medium, i.e.,
one whose response in propagation time is analogous to that of the
actual heterogeneous subsurface. Provided the errors on the location
procedure and the depth of the sources (i.e., peak horizontal and ver-
tical errors of 4.02 and 3.35 km, respectively), angles of incidence less
than 20° at a station were accepted for retrieval of the reflection re-
sponse using SI by autocorrelation. Fig. 4 shows the distribution of the
selected relocated events (solid diamonds); this figure also displays the
selected seismic events (with circles) whose location was calculated
using only the PV-array (Casas et al., 2014). The latter sources were
characterized by a lower energy, so they could not be identified on the
OVDAS stations. One should note that the closer to the array, the more
accurate the location (Husen and Hardebeck, 2010). Thus, for the
sources relatively close to the stations of the PV-array, the location
uncertainty is also relatively low.

4.2. Processing

We retrieve reflection responses at each of the stations through the
application of several processing steps to the vertical-component re-
cords of the selected sources. The retrieval procedure comprises an
instrument response deconvolution, frequency band-pass filtering, ex-
traction of the time windows to be further processed, energy normal-
ization, autocorrelation, Source Time Function (STF) estimation and
deconvolution, and linear stacking (see workflow diagram in Fig. 5).

Seismometers are sensitive to vibrations within a specific range of
frequencies, which defines their instrument-response curve. Thus, we
apply an instrument-response deconvolution. Short-period and broad-
band stations have been utilized. The broadband sensors (Guralp 6TD)
have a planar response between frequencies 0.033Hz and 20 Hz, while
the short-period (Sercel L22) sensors have a flat response in velocity
above 2 Hz. Despite the corner frequency of 2 Hz for the latter, accurate
amplitudes are still obtained down to 0.1 Hz, given that the data is
corrected for the instrument response (Weemstra et al., 2017).

Based on the comparison of spectral amplitudes of the signal and the
background noise, we select the frequency range for processing at each
station. Time intervals for background noise and for signal plus back-
ground noise are defined per event. For each event, the background
noise window corresponds to the 10 s of seismic data previous to the
arrival of the P-wave energy; the signal-plus-background-noise window
corresponds to the seismic data between the P-wave arrival and the S-

wave arrival. The average signal (noise) spectral amplitudes are esti-
mated for every station (see Fig. 6a, for the PV06 station). As the SNR is
similar for the considered events, we average the SNR over events and
determine per station the frequency band in which the contribution of
the signal is greater than that of the noise; we then use this frequency
range further for processing. Table 1 shows the frequency range se-
lected at each of the stations.

Incoherent noise is largely suppressed when applying SI (e.g.,
Wapenaar et al., 2008; Schuster, 2009). Nevertheless, including rela-
tively noisy data in the processing requires the inclusion of a greater
number of records, so the seismic energy related to subsurface reflectors
is enhanced. The selection of the frequency range at each of the stations
is based on the general spectral characteristics of the group of events
selected for every station. If SNR of the events is still low after filtering,
we discard these events. As an example, Fig. 6b shows the events finally
utilized in the retrieval for the PV06 station.

When the aim is to retrieve arrivals from seismic data that does not
comply with the requirement to have separate recordings of P- and S-
wave sources for utilization of the approximate SI relations (Wapenaar
and Fokkema, 2006; Draganov et al., 2007), artifacts would be re-
trieved due to cross-talk from correlations between different types of
waves (P-, S-, and surface waves). Because of this, a step for suppressing
cross terms is required. As we aim to retrieve P-wave reflections, sup-
pression of cross-talk could easily be achieved by selecting for further
processing only time windows starting just before the direct P-wave
arrival and ending before the arrival of the direct S-wave, i.e., we use
the primarily P-wave direct arrival and the P-wave coda.

Equation (1) assumes that the sources have the same energy level. If this
is not the case, in the summation process information from weaker sources
would be lost. Therefore, normalizing data will equalize the contribution
from each event recorded by a station to the same energy level. To achieve
this, we apply energy normalization, which scales the data of a selected P-
wave window by the vertical-energy flux in that P-wave window.

We aim to retrieve reflections by applying SI by autocorrelation to
selected time windows of events identified as having (sub) vertical in-
cidence of the P-wave energy to a station. In the application of Equation
(1), a first approximation of the zero-offset reflection response is ob-
tained by (after autocorrelation) the deconvolution of the estimated
ASTF in a process that involves a prior analysis of its time-frequency
characteristics. We estimate the ASTF per event by taking the times
relevant to the main zero-lag lobe. Fig. 7 shows an example of an es-
timated ASTF and the effect of its deconvolution for one of the events
recorded by the PV02 station. As a result of the deconvolution proce-
dure, deconvolved retrieved arrivals close to time 0 s (i.e., the 0 s main
lobe and its contiguous monotonously decreasing secondary lobes) are
interpreted as most likely artifacts. Because of this, before summation,
we taper to zero the times earlier than 0.1 s.

The stationary-phase region (or Fresnel zone) comprises (in our
case) a part of a layer/structure from which an arrival in the auto-
correlated trace from a selected seismic event will exhibit very small to
no time difference among autocorrelated selected seismic events. The
final step of Equation (1) is summation over the sources. This process
results in constructive interference inside the stationary-phase zone
(due to the little to no time difference between events) and destructive
interference outside it (Snieder, 2004), thus arrivals from real reflectors
are enhanced (Schuster, 2009).

4.3. Results

The application of the workflow described in the previous sections
(see Fig. 5) allows us to identify the two-way travel time of the P-wave
reflection energy of shallow-subsurface reflectors underneath each of
the stations deployed in the area of Peteroa volcano. The heterogeneous
nature of the subsurface in the PPVC might blur weak reflection arrivals
produced by low-impedance contacts as well as attenuated scattered
waves (e.g., diffracted waves). Therefore, in order to obtain a reliable

Fig. 5. Pre-processing and processing steps applied to the vertical-component
records of previously selected events for each of the used stations.
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interpretation of the subsurface underneath each station, only high-
amplitude arrivals in the results are interpreted as potential reflectors,
even though we expect that several layers are most probably present at
other times. As an example, Fig. 8 shows the SI results and the candi-
dates to subsurface reflectors for the CRI station (Fig. 8a) and for the
PV01 station (Fig. 8b). The identified features are used further to in-
terpret the subsurface structures of the area.

5. Interpretation and discussion

The SI results per station suggest similar main subsurface structures
for the area occupied by the PV-array, and also for the OVDAS array, as
expected based on the geological information provided for the area
(González and Vergara 1962, Godoy et al., 1999; Charrier et al., 2002;
Giambiagi et al., 2003; Silvestro et al., 2005; Fock et al., 2006;
Giambiagi et al., 2009; Tapia Silva, 2010).

As the obtained results are to be compared to the geological in-
formation already available for the area, depth values are required to
interpret the subsurface structures. Using the P-wave velocity model
employed in the relocation process (see the previous subsection 4.a
–Application and Results. Pre-processing), we transform the two-way
travel times of the retrieved seismic results to depth values. Despite the
fact that more accurate depth values would be obtained if a velocity
model would have been developed exclusively for the area enclosed by
the stations, the selected P-wave velocity model has shown to provide a
good estimate of the velocities for the area as seismic sources are located
properly in relation to the known geological features of the area (Olivera
Craig, 2018; Volcanic Activity Reports, OVDAS-SERNAGEOMIN, Chile).

The utilized range of frequencies affects the accurate identification
of adjacent subsurface layers located close in depth (or, seismic

Fig. 6. (a) Average amplitude spectrum of the background noise and signal plus background noise for the P-wave energy of the vertically incident events at the
station PV06. (b) Best SNR records for the station used in (a). The spectral amplitude pick at ∼2Hz is caused by the volcanic tremor present in the area (Casas et al.,
2014).

Table 1
Station location, altitude, and selected processing frequency range.

Seismic
Station

Location Altitude
[m.a.s.l]

Frequency band
[Hz]

Latitude [° S] Longitude [° W]

AD2 35.148 70.474 2061 [ 2; 40 ]
TEN 35.167 70.504 2264 [ 3; 25 ]
CRI 35.1905 70.524 2909 [ 3; 30 ]
PV01 35.251 70.503 2454 [ 5; 25 ]
PV02 35.2477 70.4902 2427 [ 3; 40 ]
PV03 35.2568 70.5023 2448 [ 3; 40 ]
PV04 35.255 70.5123 2474 [ 5; 40 ]
PV05 35.2482 70.5105 2495 [ 7; 40 ]
PV06 35.2475 70.5033 2476 [ 5; 40 ]
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reflection energy arriving with a small time difference at a station). To
interpret two reflectors in a seismic section as separate reflectors, they
should be separated by at least 1/4 of the characteristic wavelength
(Widess, 1973). Using the useful range of frequencies for the stations
(see Table 1), we take a predominant frequency of 19 Hz. For the P-
wave velocity model used for the relocation, the average P-wave ve-
locity at the relevant depths is 5500m/s. This means that the pre-
dominant wavelength is ∼295m and, thus, the predominant resolution
is 72m.

The identification of a subsurface reflector comprises an analysis of
the amplitudes of the waveform arrivals. A subsurface reflector must
fulfill the following criteria: present a high-amplitude arrival in the
results (i.e., a local maximum of the absolute values of the waveforms),
and agree with the available geological information (i.e., to the esti-
mated depth and slope of the subsurface structures). Note that, pro-
vided the (sub) vertical incidence of the P-wave energy, the first re-
quirement we pose constitutes a filter for the attenuated arrivals (i.e.,
scattered waves and inter-bed multiples), as most of the P-wave energy
(∼90%) is transmitted through impedance contacts (Shuey, 1985).
Then, primary P-wave reflection arrivals are expected to be dominant in
the results. Fig. 9 shows the SI results for the stations of each array (i.e.,
the estimated reflection response, R t( )v ) organized according to their
location, i.e., from west to east; the shaded areas indicate the reflectors
we interpret underneath each station.

We perform a comparative analysis between the depth of the in-
terpreted subsurface structures and those indicated in the conceptual
subsurface model proposed for the area of the PPVC (see Fig. 10). This
application allows the interpretation of a maximum number of six im-
pedance contrasts down to ∼4 km depth for each of the arrays. Based
on the known geological features of the area and considering the alti-
tude of the stations, Fig. 10 a and Fig. 10 b show the depth (related to
the mean sea level) of the interpreted contacts underneath the PV and
the OVDAS arrays, respectively (shown previously in Fig. 9); black lines
track the same interpreted contact, dashed lines show a higher ambi-
guity in the interpretation, the height of the rectangles indicate the
width of the pulse defining the local-maximum amplitude in the results.

The relatively small inter-station distance allows a joint inter-
pretation of the subsurface structure for the PV array (Fig. 10a). Based
on the interpretation rules we set up above, we interpret six impedance
reflectors below the PV array, labeled A to F from shallow to deep in
Fig. 10 a. In the figure, we see that the reflectors we interpret follow the
trend of the proposed geological model. Even though dipping subsur-
face reflectors decrease the reflection energy arriving at the surface,

they are clearly interpreted in the subsurface of the PV array, sug-
gesting the contacts to be locally horizontal below the stations. We
interpret the contacts to be constituted by alternating slanted and
horizontal sections.

The results not only support the geological features in the proposed
regional model, but they also provide an estimate (local) depth for
several geological contacts. The insufficient information about the
seismic velocity distribution for the first kilometers of the subsurface
impedes an accurate analysis of the impedance contrast. Nevertheless,
based on the known lithology of the relevant geological units, their
likely velocity values (Kearey and Brooks, 1991), and the limited
available information of seismic velocities in the area (Bohm et al.,
2002; Casas et al., 2018), we estimate the P-wave velocity distribution
in depth. Table 2 describes the lithology and average density for the
geological units relevant to the depth of analysis (Benavente Zolezzi,
2010), as well as estimated P-wave velocity values, and impedances.
The impedance contrast in depth would explain the reflectors C, D, E,
and F, shown in Fig. 10 a. Discontinuities C and D are related to sig-
nificant amount of gypsum (ρ=2.3 gr/cm3) between the Vega Negra
(ρ= 2.8 gr/cm3) and the Valle Grande (ρ= 2.7 gr/cm3) geological
units, E is the contact between the Valle Grande and the Lotena (its
shallower section has a density of 2.4 gr/cm3) units, and F is the contact
between the shallower section of the Lotena unit and its deeper section
(ρ= 2.8 gr/cm3). The shallower unit of the area is the Vega Negra,
composed of sedimentary rocks. The impedance contrasts A and B
would correspond to intra-unit discontinuities. Despite the available
geological information states that there should not be high-density
contrasts within The Vega Negra unit, sufficiently strong impedance
contrasts could result in the retrieved amplitudes due to intra-unit ve-
locity variations. Furthermore, the shallow reflectors will result in more
free-surface multiples being present inside the processing time windows
chosen for autocorrelation, meaning that retrieved shallow reflections
might have relatively stronger apparent amplitude than retrieved
deeper reflections, for which only a small number of free-surface mul-
tiples might be present in the chosen time windows.

For the OVDAS array, the larger inter-station distance impedes an
accurate association of the subsurface features inferred at different
stations. Therefore, the interpretation in Fig. 10 b is performed by
station. The results of AD2 and TEN stations are consistent to those
interpreted for the PV stations, which is expected based on their similar
longitudes and the little geological changes in ∼6 km in latitude for the
processing dominant P-wave wavelength (∼295m). The AD2 results
support the presence of two intra-unit contacts in the Vega Negra unit

Fig. 7. Example of estimation and deconvolution of the source time function (STF) for one of the processed events recorded by the PV02 station. From top to bottom:
Input (autocorrelation) trace, estimated STF, and deconvolved trace.
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(A and B), its contact with the gypsum layer (C), the contact between
the latter and the Valle Grande unit (D), and the Valle Grande with the
Lotena unit (E).

The TEN results show the presence of the two observed intra-unit
contacts (A and B), and the contact between the Vega Negra and the
gypsum layer (C). A remarkable feature in the TEN results is the lack of
dominant amplitudes for depths greater than 1.8 km. This feature could
be caused by a local increase of the slope of the layers in depth, causing
the seismic energy to be reflected with an angle instead of (sub) verti-
cally and thus not reaching the station at the surface from these depths.
Another factor could be the presence of the Valle Hermoso fault (see in
Fig. 2), which provides a local secondary permeability causing a flow of
high-temperature fluids through the Valle Grande unit (Benavente
Zolezzi, 2010), and, consequently, increasing the intrinsic attenuation of
the propagating seismic energy. Furthermore, the vergence of the Valle
Hermoso fault favors the fluid flow to the east (Benavente Zolezzi, 2010),
providing an asymmetric intrinsic-attenuation effect, i.e., greater to the
east. This effect would be greater in the northern part, since the results
for the PV array (at the south) are not apparently affected.

The CRI station is the closer one to the Peteroa volcano; its results
show new impedance contrasts, i.e., G and F in Fig. 10 b. This figure
shows three interpreted reflectors, indicated as G, inside the first unit of
the subsurface at the location of the CRI station, the Valle Grande unit.
The location of G is characterized by complex geochemical processes
comprising separation of cold and hot waters, as well as boiling and
segregation of liquids and gases at temperatures around 350 °C
(Benavente Zolezzi, 2010). These processes produce local changes in
the subsurface conditions, i.e., spatial density variations caused by
differential saturation percentages and the nature of the saturating fluid
(Pola et al., 2012). Therefore, a change in the subsurface impedance
distribution might arise. Furthermore, the shallow location of the Valle
Grande at this longitude might favor the identification of intra-unit
impedance contrasts. Fig. 10 b also shows two impedance contrasts
between 0 and 1 km depth. The presence of the Valle Hermoso fault
increases the complexity of the results, and so the ambiguity in the
interpretation. We interpret these two impedance contrasts as the
contacts between the Valle Grande and the Lotena units (reflector E)
and between the shallower and deeper sections of the Lotena unit

Fig. 8. Pre-stack panel (processed events) and stack for the CRI station (in a) and PV01 station (in b). Vertical axis stands for two-way travel time. Horizontal dashed
lines exhibit interpreted main reflectors in the subsurface underneath the station.
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(reflector F). Nevertheless, more information is required to confirm this
interpretation. The CRI results also evidence a reflector at ∼4 km depth
(from the summit of the volcano, i.e., about −0.2 km a.s.l), i.e., contact
H in Fig. 10 b. This feature might be interpreted as the contact between
the Lotena and the Grupo Cuyo geological units, in case the contact
would be shallower than estimated (Tapia Silva, 2010; Benavente
Zolezzi, 2010). Nevertheless, such interpretation is unlikely, as the
density and the lithology of these two units would not define a suffi-
ciently high impedance contrast to be detected in the results, provided
the frequency range of processing and the depth of the contact. We infer
two possible interpretations. One hypothesis is the presence of solidi-
fied magmatic material. The density and seismic-velocity variation
caused by even a small volume of solidified magmatic material would
define an impedance variation sufficiently great to be distinguished in
the results. The second hypothesis suggests that the impedance varia-
tion is caused by a sufficiently large magma body at depth. Both hy-
pothesis are consistent with the geological model developed for the area
(Benavente Zolezzi, 2010). However, complementary research (as, for
example, seismic tomography and seismic attenuation studies) are re-
quired to accurately understand the detected subsurface reflectors.

One of the advantages of the applied methodology is its simple and
invariant implementation for different recording periods, providing

exceptional information to understand the evolution of the magmatic
systems at different time scales. Another advantages are: its in-
dependence of the amount and distribution of stations, as the workflow
is applied station by station; the robustness of the processing sequence
because just some minor changes on the workflow are expected to be
applied in the case of a different volcano, station distribution, and/or
recording period. All these properties make SI by autocorrelation easily
exportable to almost every volcano of the world.

6. Conclusions

We used local-earthquake data recorded around the Peteroa volcano
by three stations in Chile and six in Argentina to apply seismic inter-
ferometry by autocorrelation for retrieval of reflections. As only P-wave
energy arriving (sub) vertically to the stations is required for this ap-
plication, previously relocated events were used for Chilean stations
while very local earthquakes had to be used for the stations installed in
Argentina. We used the retrieved zero-offset reflection traces to inter-
pret potential reflectors in the subsurface underneath each station. The
depth of the reflectors was estimated by the usage of a P-wave velocity
model adopted for the previous relocation of the events. These potential
reflectors are used to interpret the main subsurface reflecting

Fig. 9. Potential reflectors interpreted underneath (a) the PV-array and (b) the OVDAS array. Stations are organized according their location, from west to east.
Shaded areas exhibit the depth of the interpreted layer contacts below each station. Depth values are referred to the surface at each station location.
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boundaries down to about 4 km from the surface. The interpreted
subsurface structures are in agreement with previous geological results.
We provide an accurate estimation of the depth of the main subsurface
layers (i.e., the Vega Negra unit, the gypsum layer, the Valle Grande
unit, and the Lotena unit), and also intra-layers in the Vega Negra and
Valle Grande units, in three dimensions. Furthermore, our results pro-
vide information about the location of heterogeneous areas caused by
complex geochemical processes and the location of the Valle Hermoso
fault. The results also support the emplacement of a magma body to
about 4 km depth at the eastern flank of the active volcano. This study
obtained the closest-ever seismic characterization of the subsurface
structure to the Peteroa volcano.
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