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The Planchón-Peteroa Volcanic Complex (PPVC) is located in the Central Andes, Argentina-Chile. Even though
this active volcanic system is considered one of the most dangerous volcanoes in the region, with more than
twenty modest (VEI b 4) Holocene eruptions, knowledge of its subsurface structures, internal processes, dynam-
ics, and their relation, is still limited.
Seismic interferometry (SI) is a high-resolution technique based on analyses of the interference of the propaga-
tion seismic energy at one or many stations. SI can be used to characterize the subsurface properties of a target
area. In particular, previous SI studies performed in the area of the PPVC describe specific ranges of depth; there-
fore, more information is required for a thorough description of the subsurface features in the area and for a bet-
ter understanding of the PPVC dynamics.
We apply SI based on autocorrelations of selected regional and teleseismic events to image the subsurface struc-
tures below stations located in Argentina and Chile during 2012. The selection of the events is performed accord-
ing to their location, magnitude, angle of incidence of P-wave seismic energy, and signal-to-noise ratio in the
records. For each station, we extract time windows and we process them using two ranges of frequency,
which are sensitive to different depth ranges.
This work describes depths and zones previously not analyzed in the area using SI methods. The results not only
complement the available geological, geochemical, and geophysical information, but present new information for
depths between 10 and ~750 kmdepth, increasing the general knowledge of the subsurface features in the PPVC.
Finally, we also propose a model for the subsurface down to the Moho, which indicates the crustal structure and
the likely distribution of magma bodies in depth.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The Planchón-Peteroa Volcanic Complex -PPVC- (35.223∘ S, 70.568∘

W; see location in Fig. 1) is located in the Andes at the international bor-
der between Argentina and Chile. The PPVC is composed of three main
volcanic edifices, i.e., the Azufre, the Planchón, and the Peteroa, out of
which the latter is the current active volcano. The PPVC presents over-
lapped calderas originating from the destruction of several volcanic
structures during past explosive events (Tormey, 1989). Through anal-
yses of its historical activity and products, this volcanic system is ranked
as the most hazardous volcano in Argentina (Elissondo and Farías,
2016) and the eighth most risky volcano in Chile (Technical
sheet, Observatorio Volcanológico de los Andes del Sur, OVDAS-
SERNAGEOMIN, Chile).
The knowledge of the PPVC has been developed by the contribution
from several disciplines, i.e., geology (Tormey, 1989; Haller et al., 1994;
Naranjo et al., 1999; Tapia Silva, 2010; Haller and Risso, 2011), geo-
chemistry (Benavente, 2010; Tassi et al., 2016; Benavente et al., 2016),
meteorology (Guzmán et al., 2013), ash analysis (Ramires et al., 2013),
seismology (Casas et al., 2014; Manassero et al., 2014; Olivera Craig,
2017; Casas et al., 2018, 2019), gravimetry (Tassara et al., 2006), and
risk analysis (Haller and Coscarella, 2011). These studies contribute to
the knowledge of the eruptive history and the current subsurface condi-
tions of this volcanic system. Nevertheless, the dynamics of the PPVC
and their relation with the subsurface structures are still poorly under-
stood, increasing the local risk (Elissondo and Farías, 2016).

A description of the subsurface structures (i.e., depth, associated di-
mensions, density contrasts, etc.) is essential for developing accurate
knowledge of the dynamics of any volcanic system. In particular, knowl-
edge of subsurface discontinuities provides constraints for tomographic
studies, for magma-ascent modeling, among others, contributing to a
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Fig. 1.Distribution of the seismic stations used in the present application in relation to the
main edifices of the Planchón-Peteroa Volcanic Complex (PPVC).
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better inference of the subsurface conditions, and, therefore, leading to
more reliable analyses of likely future volcanic scenarios. Based on
structural-geology analyses, Tapia Silva (2010) describes the subsurface
geological units located in the very first 10 km of the subsurface in the
area of the PPVC, and presents their distribution in depth. Even though
no local studies have been applied for describing the crustal structure in
the PPVC, Farías et al. (2010) and Giambiagi et al. (2012) provide a
crustal structure as a function of depth and the distance from the trench
in the Central Andes. They indicate the crust to be structured by four
zones delimited in depth at ~12 (upper-crust discontinuity), ~20
(upper-lower crust discontinuity), and ~35 (lower-crust discontinuity)
km, with uncertainties smaller than 5 km. The crust-mantle discontinu-
ity (the Moho) is estimated at ~48 km depth, the lithosphere-
asthenophere boundary at ~75 km depth, and the top of the subducting
slab (oceanic lithosphere) at ~120 km depth (see also Tassara et al.
(2006)). Nevertheless, more scientific evidence is required to increase
the information about the known subsurface structures, leading to a
more accurate characterization of their properties, aswell as to describe
the subsurface features previously not analyzed. These goals motivate
local studies, as the one presented in this article.

Claerbout (1968) has constituted a frame over which the theory of
seismic interferometry developed. This passive seismic method -from
here on, Seismic Interferometry by Autocorrelations (SIbyA)- suggests
that the autocorrelation of a plane-wave transmission response propa-
gating in a horizontally layeredmedium, recorded at the surface, allows
the retrieval of the reflection response of a virtual source co-located
with the recording station. SIbyA has shown to be a robust method; it
has been applied to different types of seismic data, in several areas
and at different scales. For example, SIbyA was applied to global- and
teleseismic phases to image the subsurface at regional scales -array
lengths greater than 50 km (Ruigrok and Wapenaar, 2012; Nishitsuji
et al., 2016), to P-wave of microseismic events to image the shallow
(down to ~3 km depth) volcanic subsurface (Kim et al., 2017), and to
ambient-noise seismic data at several scales -local and regional
(Draganov et al., 2007; Gorbatov et al., 2013; Boullenger et al., 2014;
Oren and Nowack, 2017; Delph et al., 2019). The robustness of SIbyA
has motivated its application to local (Casas et al., 2019), regional, and
teleseismic seismic data (present article) recorded in the area of the
PPVC.

Nishitsuji et al. (2016) apply SIbyA to global seismic phases recorded
in the eastern flank of the Peteroa volcano during 2012. They confirm
the location of the Moho at ~45–50 km depth, and propose a deforma-
tion feature in the subducting slab in the form of detachment, shearing,
necking, or any combination of them.

Casas et al. (2019) apply SIbyA to local seismic events to image the
subsurface below the stations located in the Argentine and Chilean
sides of the PPVCduring 2012. They confirm the geological structure de-
scribed for the first 4 km of the subsurface (Tapia Silva, 2010), provide
information about regions of higher heterogeneity caused by faulting
and complex geochemical processes, and support the presence of a
magma body emplaced at ~4 km depth (previously suggested by
Benavente (2010)).

We apply SIbyA to regional and teleseismic events selected accord-
ing to their location, magnitude, angles of incidence of the P-wave seis-
mic energy at each station, and the signal-to-noise ratio in the records.
The results for two different frequency ranges allow the description of
the subsurface structures between ~10 and ~750 km depth, as well as
the inference of the crustal structure and the likely location of magma
bodies down to the Moho.

2. Data

The present application uses seismic data recorded by stations de-
ployed in Argentina and Chile during 2012 (see station distribution in
Fig. 1).

The temporary deployment of seismic instruments in an area of in-
terest is a widely used tool for reaching several goals, e.g., perform
first analyses of the propagating wavefield and the subsurface condi-
tions, increase the number of the recording stations, extend the ana-
lyzed area, and improve the accuracy of previous results. The
MalARRgue project (Ruigrok et al., 2012) was designed by institutions
from The Netherlands (Delft University of Technology -TUDelft),
Argentina (Comisión Nacional de Energía Atómica CNEA), and The
United States (Boise State University -BSU). Its goal was imaging and
monitoring the subsurface of the Malargüe region (Mendoza,
Argentina), an area of high scientific interest due to peculiar volcanic
and tectonic processes (Stern, 2004). The MalARRgue project consisted
of a temporal deployment (from January 2012 to January 2013) of 38
stations, out of which six were deployed along the eastern flank of the
PPVC (from here on, the PV array). The PV array was equipped with
short-period (2 Hz) three-component (Sercel L-22) sensors.

Another source of data is provided by three broad-band stations of
the Observatorio Volcanológico de los Andes del Sur (OVDAS-
SERNAGEOMIN, Chile), which are located ~6 kmnorthwards. These sta-
tions (fromhere on, OVDAS array)were active during 2012, through the
same period as the PV array.

3. Application and results

SIbyA is described by the reciprocity theorem of correlation type
(Wapenaar, 2003, 2004). Based on this theorem for transient sources
(Wapenaar and Fokkema, 2006), and using autocorrelation in the time
domain, we obtain:

X

sources
T xA ;−tð Þ � si −tð Þ � T xA; tð Þ � si tð Þ½ �⊗ s −tð Þ � s tð Þ½ �i

� �

≈ −R xA ;−tð Þ þ δ tð Þ−R xA; tð Þ;
ð1Þ

which states that the reflection response R(xA, t) can be retrieved at
the station A located (at xA) at the surface through the autocorrelation
of a recorded transmitted wavefield T(xA, t). The operator ∗ indicates
convolution,⊗means deconvolution, and δ is the Dirac's delta. The fac-
tor [s(− t) ∗ s(t)]i corresponds to the autocorrelated source time
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function (ASTF), which allows the deconvolution of each source time
function si(t).

Even though Eq. (1) requires sources over the whole stationary
phase area (i.e., the Fresnel Zone), seismic events present a non-
uniform spatial distribution. Therefore, performing a selection of the
seismic sources to be used is essential for a proper application of
SIbyA. In order the transmission response of the propagating seismic en-
ergy to be accurately estimated by the vertical component of the re-
cords, we select only seismic events with P-wave seismic energy
arriving (sub) vertically to a station at the surface. The retrieved reflec-
tion response (from here on, Rv(xA, t)) is related to a seismic source co-
located with the station at the surface, radiating P-wave energy (sub)
vertically downwards.

A seismic source in the subsurface releases energy that propagates
towards the surface, where the energy is reflected back to the subsur-
face. This seismic energy is reflected, refracted, converted and diffracted
at the subsurface structures and heterogeneities (or the surface), part of
which arrives to the recording station at the surface. Seismograms are
then composed of direct waves followed by these reverberated waves.
SIbyA removes the times previous to the direct arrival, and attenuates
the incoherent noise, providing reflection evidence of the location of
the subsurface structures. Fig. 2a depicts the application of SIbyA in an
idealized horizontally layered 2-D medium, given a plane wavefield
originated by a seismic source located exactly below the station. The ob-
tained virtual reflection response can be used to estimate the depth of
the reflectors located in the subsurface below the station. Based on
Nishitsuji et al. (2016), Fig. 2b shows the scenarios (except the one
shown in Fig. 2a) in which this methodology would (would not) re-
trieve seismic reflection energy: a gently dipping layer, a steep layer, a
Fig. 2. (a) Seismic interferometry by autocorrelation applied to vertically arriving energy in a h
station at the surface and the reflector j in the subsurface. The autocorrelation allows the retriev
the position of the station. Each layer is heterogeneous, which is perceived by the arriving energy
results with reflector multiples removed. (b) Schematic scenarios in which the applied method
arrows represent seismic energy leaving or arriving at the station,while a dashed arrow indicate
1. A sub-horizontal layer; 2. A steep layer; 3. A stair-like steep layer; 4. A steep layer with an a
stair-like steep layer, and a steep layer with an abrupt break along its
structure.

In the real Earth, neither the wave fronts are planar at local and re-
gional scales nor is usually the subsurface horizontally layered. In highly
heterogeneous zones (as, for example, the area of the PPVC; Manassero
et al. (2014)), the location of a seismic source exactly below the station
is not an imperative condition for an accurate retrieval of the subsurface
reflection response Rv(xA, t) as small variations in the location of the
sources do not affect the propagation of the seismic energy in the area
of interest (Fan and Snieder, 2009), i.e., the vertical component of the
records is still an accurate estimation of the transmission response.
Therefore, sources with small P-wave angles of incidence are selected.

3.1. Pre-processing

Here, we obtain the input data and prepare it for the proper applica-
tion of the Eq. (1). Using the reference seismic catalogs (IRIS and USGS),
we select events that occurred during the recording period (i.e., January
2012 until January 2013) and which are characterized by a sufficiently
high magnitude to have a high signal-to-noise ratio in the records of
each station. Due to likely variations of the local seismic wavefield in
space and time, we evaluate the signal-to-noise ratio of each event at
each of the stations.

For the selection of seismic events, we use the software JWEED (Java
version of Windows Extracted from Event Data) developed by IRIS.
Based on restrictions in the origin time, the location, and themagnitude,
we pre-select events (see Fig. 3). According to their epicentral distance,
we classify them in two groups. One group is composed of events with
epicentral distances between 30∘ and 120∘, andmagnitudes higher than
orizontally layered medium. Parameter tj represents the two-way travel time between the
al of a seismogram composed of reflected energy released by a virtual source co-located at
at times between strong arrivals. For sake of simplicity,we showonly vertical-component
ology would (would not) retrieve seismic reflection energy from a subsurface layer. Solid
s seismic energy not arriving at the station. A dashed line shows the vertical as a reference.
brupt discontinuity along its structure (Nishitsuji et al., 2016).



Fig. 3. Location of seismic events pre-selected for the application of SIbyA in the area of the PPVC. A triangle indicates the location of themain edifices constituting the PPVC. Stars show the
location of events with epicentral distances less than 30∘ andmagnitudesMw N 5. Circles indicate events with epicentral distances greater than 30∘ and less than 120∘, andmagnitudesMw
N 6.
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Mw. 6; each event in this group guarantees a sufficiently small P-wave
ray parameter (b0.08s/km) so that seismic energy arrives (sub)verti-
cally at a station, i.e., with incident angles b ~ 25∘ (Kennett et al.,
1995). The second group is composed of events with epicentral dis-
tances lower than 30∘ and magnitudes higher thanMw. 5. These events
present a wide range of possible P-wave angles of incidence. Therefore,
we perform an examination analysis (per station) on this second group
in order to select only those eventswith at least one P-wave phase arriv-
ingwith a ray parameter smaller than the adopted threshold (i.e., 0.08s/
km). The ray parameters estimated by the regional velocity model
ak135 (Kennett et al., 1995) are appropriate for this analysis, as the seis-
mic energy arrives to a zone with velocities lower than those predicted
by the model (Casas et al., 2018), deviating the ray paths towards the
vertical. Note that once the seismic events are selected, there is no
need to keep the distinction between the groups, i.e., the information
provided by the records are equally important (noweights are assigned
during processing).

The origin time of the selected events is used to extract the seismic
waveforms from the records of the PV and OVDAS stations. A first esti-
mate of the P- and S-wave arrival times for each event is calculated
using the regional velocitymodel ak135; this estimate is then employed
to manually pick accurate P- and S-wave arrival times. These times are
used to compute the signal-to-noise ratio in the frequency domain
(FSNR= As/An, where As and An are the signal and noise amplitude spec-
trums, respectively) and subsequently obtain a frequency range of a suf-
ficiently high ratio.We request a good (FSNRN4) signal-to-noise ratio for
the events to be processed, in order to avoid high amplitudes of events
we are not interested in.

Once we obtained the origin time of the selected events and the ac-
curate arrival times, andwe examined the (sub)vertical incidence of the
P-wave energy and high signal-to-noise ratio of the records, we extract
the vertical-component records of the selected events at each of the
used stations.
3.2. Processing

The vertical-component records of seismic events with P-wave en-
ergy arriving (sub)vertically at a station represent an accurate estimate
of the P-wave transmission response of such propagating wavefield
(provided the discontinuities are not excessively inclined; Nishitsuji
et al. (2016)).
From the frequency range of the processing previously selected for
each event at every station according to its signal-to-noise ratio in the
records, we use the frequencies higher than 0.3 Hz, a threshold defined
by the instrumental characteristics of the PV-array stations (Nishitsuji
et al., 2014). Furthermore, we only use those frequencies which are
common for all the events, i.e., [0.3 3] Hz. In order to perform a better
interpretation of the results in depth, we segmented this frequency
range in two sub-ranges, i.e., [0.3 0.8] Hz and [0.8 3] Hz. The separation
frequency (0.8 Hz) is selected after a trial and error approach, based on
the observed coherency in the results for all the stations in advanced
stages of the processing.

In order to avoid the rise of high-amplitude non-physical arrivals
caused by cross-terms in the correlations, we extract the times between
the first P-wave arrival (including this first arrival) and the first S-wave
arrival. As an example, Fig. 4 shows the processingwindows for the sta-
tion PV04 in the frequency range [0.8 3] Hz).

As the information provided by each of the events is equally impor-
tant, we normalize the processing windows according to their vertical
flux of seismic energy. Therefore, all the events will contribute in the
summation process in Eq. (1).

As suggested by Eq. (1), we estimate and deconvolve the ASTF from
each of the autocorrelated time windows. The ASTF of each event is es-
timated by the main lobe and its secondary monotonously decreasing
amplitudes, as shown in Fig. 5 for the vertical component of station
AD2 and the frequency range [0.3 0.8] Hz. A dominance of the main
lobe in the autocorrelated deconvolved traces is observed after
deconvolution. These features close to 0 s are amplitudes remaining
from the deconvolution relevant to the Dirac's delta. Therefore, we re-
move them through windowing, i.e., muting the monotonously de-
creasing amplitudes relevant to the 0 s lobe. However, high
amplitudes are still present at early times, i.e., down to ~10 − 15s.
These arrivalsmight bemultiples of reflections at the crustal discontinu-
ities and the crust-mantle boundary (theMoho). We then apply predic-
tive deconvolution in order to attenuate these multiples (as also
implemented by Nishitsuji et al. (2016) for the same area).

SIbyA is based on the autocorrelation of time windows extracted
from the records of selected seismic events. Despite an appropriate se-
lection of the seismic event and the P-window, note that this autocorre-
lation trace could contain non-physical arrivals at times equal to the
time interval between two P-wave phase arrivals (as, for example, PP
or PcP phases), reducing the quality of the results. However, these
time intervals are a function of the epicentral distance of the events.



Fig. 4. Processing timewindows (vertical-component P-wavewindows) for each of the events selected for PV04 station for frequencies [0.8 3] Hz. Eachwindow is normalized according to
its vertical energy flux. Vertical axis indicates propagation time. Each window is composed of a pre-event time (20 s) and the times between the first P- and S-wave arrival times.
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The seismic events used in this application present a wide range of epi-
central distances, so that the non-physical arrivals are located at differ-
ent times in the autocorrelations, leading to a destructive interference of
their energy during stacking (Kim et al., 2019; TorkQashqai et al., 2019).

In addition, converted waves (e.g., P-to-S and S-to-P) might also
contribute to the retrieved result in the autocorrelated traces. However,
provided we correlate vertical-component data, non-physical arrivals
from S-wave converted energy are expected to be attenuated on these
zero-offset results (Delph et al., 2019). Furthermore, we choose to
autocorrelate only (sub)vertical energy on the vertical components.
This further limits recording S-wave arrivals; even though a transmis-
sion path from an earthquake source to the stations might contain S-
waves, the final leg of the transmission path before being detected on
the vertical components of the stations will contain little to no S-wave
energy. When such arrivals are reflected by the Earth's free surface,
and consecutively by impedance contrasts in the subsurface, they will
also be characterized by little to no conversions to S-waves. Thus, by
choosing for autocorrelation only (sub)vertical arrivals at the stations,
we naturally suppress the presence in the retrieved results of cross-
terms due to correlation of P- and S-wave arrivals thus obtainingmainly
retrieved P-waves on the vertical component and S-waves on the
Fig. 5. Autocorrelated source time functions (ASTFs) estimated for the vertical component of st
autocorrelation panel (for graphical purposes, we only show the first 15 s).
horizontal components of the stations. Nevertheless, in order to provide
evidence of the attenuation of these cross terms, as well as for testing
the stability of our seismic results, we also apply SIbyA to the P and SH
wavefields associated to each of the seismic sources (as applied by
Kim et al. (2019)).We employ the three component records at a station
and the location of the selected seismic sources to estimate the P and SH
wavefields (Kennett, 1991). Shallow P- and S-wave velocities are re-
quired for estimating these wavefields. For (sub)vertical incident seis-
mic energy, even though shallow velocities would not be accurately
known, small variations of selected velocities do not cause big changes
on the results (Kennett, 1991). Then, estimates of P and SH wavefields
are sufficiently accurate. Thus, we apply the same processing scheme
as for the vertical component but to the estimated wavefields. For the
P wavefield, we use the same processing time window as for the
vertical-component data, i.e., enclosing the first P-wave arrival and its
seismic coda; for the SH wavefield, we use the same window size but
enclosing the first S-phase arrival and its seismic coda. Note that P-
and SH-wavefield estimation requires three-component data. As we
have access to the three-component records of the PV stations only,
the results using these estimated wavefields might be significant for
this array exclusively.
ation AD2 for the frequency range [0.3 0.8] Hz. A highlighted area shows the ASTFs in the



Fig. 7. Velocity model used to perform the time-to-depth transformation of the retrieved
zero-offset reflection traces.
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The last step in the application of Eq. (1) is stacking the resulting
autocorrelated traces for each station, which enhances the energy
from the stationary phase area. We use phase-weighted stacking
(Schimmel and Paulssen, 1997; Schimmel andGallart, 2003) for a better
treatment of spurious out-of-phase arrivals compared to the classical
linear stacking (Delph et al., 2019; Andrés et al., 2019). Fig. 6a and b
show the pre-stack panel (deconvolved and windowed autocorrelated
traces) and the stacked traces for PV05 and CRI stations, which use P-
wavefield data in the frequency range [0.3, 0.8] Hz and vertical-
component data for [0.8 3] Hz, respectively. Provided the stations of
each array are relatively close to each other,we also stacked the individ-
ual retrieved reflection trace per array in an attempt to further increase
the signal-to-noise ratio of retrieved events. Fig. 6c and d show the re-
sults for the OVDAS array using vertical-component data in the [0.3
0.8] Hz frequency range and the results using the P-wavefield data for
the PV array in the [0.8 3] Hz frequency range, respectively.

4. Interpretation and discussion

Aiming to compare the seismic results with the known features of
the subsurface, we transform the time axis of the results to depth
through construction and utilization of a velocity model. This model is
composed of velocities provided by the regionalmodel ak135 for depths
greater than 60 km, and a modified version of the model obtained by
Bohm et al. (2002) for shallower depths (see Fig. 7).

Fig. 8 (right) shows the results for the PV and OVDAS arrays for each
processing frequency range and each employed source of data
(i.e., vertical component, P wavefield, and/or SH wavefield). Provided
Fig. 6. Pre-stacking panels (left) and stacked seismic trace (right) for (a) station PV05 using the
component data for the frequency range [0.8 3] Hz. We also show the individual retrieved refl
using the vertical-component data for the frequency range [0.3 0.8] Hz, and (d) the PV array u
the complex impedance contrast with depth expected for the area of
the PPVC, and the possible presence of non-physical arrivals, we only
seek for the dominant amplitudes on the obtained reflection responses
(i.e., localmaximumamplitudes on the envelope of the resulting signal),
which are potentially related to themain subsurface discontinuities. Av-
erage energy is computed for overlapping running windows; a candi-
date local maximum is selected when the averages of several
consecutive windows are more than double the seismic energy for
P-wavefield data for the frequency range [0.3 0.8] Hz, and (b) station CRI using the vertical-
ection traces at each station (left) and their stacked result (right) for (c) the OVDAS array
sing the P-wavefield data for the frequency range [0.8 3] Hz.



Fig. 8. Interpretation of the results for [0.3 0.8] Hz, (b) [0.8 3] Hz. Filled rectangle areas in the seismic results show the local maximum amplitudes, i.e., the interpreted subsurface discon-
tinuities below each array. Empty rectangles indicate a higher uncertainty at the identification of a discontinuity. Vertical axes are in km; the horizontal size of the interpreted features is
arbitrary and it does not follow any particular scale. In (b), inverted triangles indicate the longitude of the stations, thick horizontal lines below the stations show the average depth of the
reflectors interpreted in the seismic results, and dashed lines are the interpreteddiscontinuities between the different regions of the crust (based on Farías et al. (2010) andGiambiagi et al.
(2012)). Question marks indicate zones of likely magma storage based on Jackson et al. (2018). MASH = Melting, Assimilation, Storage and Homogenization zone (Gilbert et al., 2006).
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earlier consecutive windows. From the maximums selected automati-
cally, we select manually the accepted local maximum amplitudes.

The lowest frequency range (i.e., [0.3 0.8] Hz) gives us the possibility
to describe the subsurface between ~30 and ~750 km depth, whereas
the results for the frequency range [0.8 3] Hz allow us to interpret the
subsurface features for depths between 10 km and the Moho. The min-
imum depth limit is set by the smeared delta-function (central-lobe
monotonously decreasing) amplitudes removed after deconvolution.
Themaximumdepth limit is set by significant attenuation of the seismic
amplitudes at later times.
The interpretation of the results for each frequency range is per-
formed through contrast of the seismic results and the expected loca-
tion of the known subsurface features based on the geodynamic
scenario and the available geological information for the area of the
PPVC (Ferrán and Martínez, 1962; Tassara et al., 2006; Farías et al.,
2010; Benavente, 2010; Tapia Silva, 2010; Giambiagi et al., 2012;
Bostock, 2013; Deuss and Woodhouse, 2004; Faccenna et al., 2017;
Jackson et al., 2018).

For each array, the obtained seismic results (see Fig. 8, right) for the
vertical component and the P and/or SH wavefields show dominant
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amplitudes (i.e., local maximum amplitudes on the waveform enve-
lopes) in common,whichwe classify as potential subsurface impedance
contrasts.

Note that the SH-wavefield results are not shown in Fig. 8a (i.e., for
[0.3 0.8]Hz frequency range). The SH-wavefield results are not coherent
over the stations of the PV array. This might be caused by higher atten-
uation of the S-wave energy in comparison to the P-wave energy in this
volcanic zone for the vertically incident seismic energy; then, attenua-
tion would seriously affect S-wave coherency on the autocorrelations
traces. Therefore, for the lower frequency range, the interpretation of
the potential subsurface features is performed using the vertical-
component and P-wavefield results for the PV array and the vertical-
component results for the OVDAS array.

For the shallowest depths in the results, the multiples, although at-
tenuated after predictive deconvolution, might still be significant, likely
challenging the identification of the amplitudes representing primaries.
Thus, for the shallowest depths, our interpretation is based on analyses
of the spatial correlation between the arrivals in the seismic results and
the known subsurface discontinuities. For arrivals at the later times, two
considerations limit the possibility of them being multiples. First, the
target volcanic area presents high attenuation effects (Manassero
et al., 2014); therefore, long paths are highly attenuated. Second,
based on Zoeppritz's equations (Shuey, 1985) and provided vertical in-
cidence of the propagating seismic energy, refracted (i.e., transmitted)
energy represent ~90% of such propagated energy. Thus, the seismic en-
ergy relevant to latermultiples or higher-ordermultiples is significantly
reduced. These effects led us to infer that multiples at later times are
highly attenuated, making those multiples most likely unidentifiable.

For the lower frequency range, the interpretation of the shallowest
(down to ~200 km) section of the subsurface is the most intricate as a
consequence of the number of discontinuities reflecting energy and
the likely presence ofmultiples. However, the close location of the iden-
tified features in the seismic results and the known subsurface features
lead us to the interpretation of theMoho discontinuity at ~50 kmdepth,
a low-velocity zone (LVZ) at ~100 km depth down to the top of the
subducting slab at ~120 km depth, and the bottom of the subducting
slab at ~200 km. Even though the available information points to the
lithosphere-asthenosphere boundary being at ~75 km depth (Tassara
et al., 2006; Giambiagi et al., 2012), it emerges ambiguous in our results
(see the shallowest empty rectangle in Fig. 8a) likely due to hydration
originating by the subducting slab at these depths (Gilbert et al.,
2006), or the presence of multiples from the crustal structure.

The results for this frequency range evidence the presence of the
Lehmann discontinuity (Deuss and Woodhouse, 2004) at ~270 km
depth, the 410 kmand 660 kmdiscontinuities, aswell as three extra dis-
continuities named Reflector A, Reflector B, and Reflector C in Fig. 8a.
Reflector A is located around 325 km depth; we think this is relevant
to the discontinuity previously identified by Havens (1999) for the
same area, which might be an evidence of ancient subducted oceanic
crust (Williams and Revenaugh, 2005). Reflector B is located at
~480 km depth; given its location and relatively low amplitude, it is
probably a multiple from a shallower reflector. Reflector C is located at
~600 km depth; its distinguished amplitude guides us to think it is not
a multiple of any previous arrival. The bottom of the transition zone
(i.e., around 660 kmdepth)would present its own topography as a con-
sequence of an ancient subducting slab moving horizontally at these
depths, then undergoing thickening and folding (Faccenna et al.,
2017). Reflector C might be indicating the top of this feature.

The OVDAS array is located ~6 km to the north of the PV array, com-
posed of half the stations of the PV array. The results for OVDAS array for
the two used frequency ranges are similar to those for the PV array,
which evidences that main subsurface features do not change largely
along the volume separating them.

Even though dipping structures in the subsurface restrict the reflec-
tion energy arriving at the surface, we clearly identify the depth of the
top and bottom of the subducting slab. Therefore, two hypotheses
arise. One hypothesis suggests a stair-like subduction (Fig. 2b-3),
according to which the top and the bottom of the oceanic slab present
horizontal (or gently inclined) regions. This hypothesis, though, would
not explain the lack of seismicity at the longitude of the stations and
depths of analysis (US Geological Survey; Nishitsuji et al. (2016)). A sec-
ond hypothesis proposes a slab deformation in the form of detachment,
shearing, necking, or any combination (see Fig. 2b-4, Nishitsuji et al.
(2016)). However, more information is required to elucidate the proper
interpretation.

For the second range of frequencies (i.e., [0.8 3] Hz), we also use
vertical-component data for the PV and OVDAS arrays, as well as P-
and SH-wavefield data for PV array. In this case, coherent similar results
are obtained from all those sources of data (see Fig. 8b, right). Note that,
opposite to [0.3 0.8] Hz results, SH results for [0.8 3] Hz also provide in-
terpretable information about the subsurface reflectors. Even though
the higher the frequencies, the greater the expected attenuation effect
(Schön, 2015), the interpreted propagation distances are shorter for
this frequency range; therefore, coherent energy arises on the SH
results.

The interpretation of the results for the second frequency range is
based on the average depth of the identified reflectors, the available sci-
entific information about the subsurface in the PPVC (e.g., Ferrán and
Martínez (1962); Benavente (2010); Gonzalez-Vidal et al. (2018)), the
proposed structure of the crust for the area (Gilbert et al., 2006;
Tassara et al., 2006; Farías et al., 2010; Giambiagi et al., 2012), and the
physics of magma storage in the crust (Jackson et al., 2018).

The results for both arrays for this frequency range indicate six dom-
inant amplitudes. Those located at ~13, ~18, and ~37 km depth agree
with the depth of intra-discontinuity in the upper crust (rigid-ductile
discontinuity), the intra-crustal discontinuity (between the upper and
lower crust), and the intra-discontinuity in the lower crust (rigid-duc-
tile discontinuity), respectively.

Jackson et al. (2018) models the formation, storage, and chemical
differentiation of magma in the Earth's crust. According to the physics
of magma storage, the melt fraction is not homogeneously distributed
with depth. A high percentage of melt is located in the very upper part
of a reservoir, a low percentage is located throughmost of the reservoir,
while a solid area is present in the lowest part. The seismic results are
most probably evidence of the solid lower section of the reservoir
(Jackson et al., 2018). Because of this, we speculate that magma could
be stored right above some of the identified reflectors (see Fig. 8b), in
particular the one located at ~28 km depth, as it is not associated with
any of the main discontinuities of the crust.

The seismic results also show the location of two reflectors at ~46
and ~52 km depth; we interpret these reflectors as the top of the
MASH (Melting, Assimilation, Storage and Homogenization zone, previ-
ously imaged by Gilbert et al. (2006) for this area) and the Moho, re-
spectively. The MASH zone is composed of low-velocity zones
(Hildreth andMoorbath, 1988)which supports the negative amplitudes
of the reflector identified at ~46 km depth, as well as the presence of a
blurred Moho arrival (Gilbert et al., 2006). Finally, following Cashman
et al. (2017) and Gonzalez-Vidal et al. (2018), we interpret those
areas between zones of likely storage of magma as transfer zones via
dikes.

Our results support the information obtained for the subsurface in
the area (Yuan et al., 2006; Ward et al., 2013; Gonzalez-Vidal et al.,
2018) which indicates (although with a limited resolution) low-
velocity zones for approximately the same range of depths.

The resolution of the results is a function of the uncertainties in the
velocity model, as well as the quality of the data and the processing ap-
plied. We estimate the uncertainty of our interpretation based on the
width of the identified features in the seismic results. This strategy not
only accounts for the vertical resolution, according to which the pulse
relevant to a discontinuity might be wider in case of small differences
in the arrival times at the traces to be stacked, but also for the horizontal
resolution. The energy from the Fresnel zone interferes constructively to
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provide the resulting seismic trace. This zone is larger for deeper discon-
tinuities. This means that a zone that we describe as vertically below a
station should be understood as starting vertically below a station and
extending laterally on both sides of the vertical to include the Fresnel
zone. As a result, a zone that we interpret as (sub-)horizontal or locally
deformed below a station, might actually be lying away from the verti-
cal up to the extent of half the Fresnel zone at that depth. The features
on the results for the lower frequency range present an average width
of ~12 km for depths below 350 km, and ~33 km for higher depths;
the features for the higher frequency range present an average width
of ~2.7 km. Provided the close spatial correlation of our results with
the geological information available for the area,we infer that the (com-
posed -vertical and horizontal) resolution of our results is sufficiently
high.

Because the interpretations performed in this article are based on
the available scientific information for the area of the PPVC in addition
to the obtained seismic results, Fig. 8 represents a reasonable subsurface
model for depths between 10 and 750 km. We expect this model to be
used as a starting point for more accurate estimation of the locations
of the subsurface features. It is also worth noting the importance of de-
veloping a high-resolution (P- and S-wave) velocity model for the area
of the PPVC, which would allow an appropriate location of seismic
events in depth as well as an efficient removal of multiples, enhancing
the quality of the results. Therefore, more research (particularly, local
seismic velocity -or attenuation- tomography studies) is required to ac-
curately locate and characterize the regions of magma storage.
5. Conclusions

Even though the Planchón-Peteroa Volcanic Complex (PPVC) is one
of themost hazardous volcanic systems in the Central Andes, its internal
processes, structures, dynamics, and their relation are still not satisfac-
torily understood.

We applied seismic interferometry by autocorrelation to regional
and teleseismic earthquake arrivals recorded by nine stations
deployed in the area of the PPVC (six in Argentina and three in
Chile) during 2012. The events are selected according to their loca-
tion, magnitude, angle of incidence of the P-wave energy,
the signal-to-noise ratio on the results, and the related useful fre-
quency range. The interferometric results represent virtual reflection
measurements from virtual sources co-located with each of the array
stations, where the virtual sources emit energy (sub) vertically
down. With the virtual reflection measurement, we aimed to shed
extra light on the subsurface below the PPVC. In order to perform
an appropriate description of the subsurface structures below the
stations, we used two frequency ranges ([0.3 0.8] Hz and [0.8 3]
Hz) which are sensitive to different range of depths.

We used the lower frequency range ([0.3 0.8] Hz) to infer tectonic
features, i.e., the Moho (at ~50 km depth), the lithosphere-
asthenosphere boundary (~75 km), the top of a low-velocity zone at
~100 km depth, the top and bottom of the subducting slab (~120 and
~200 km), the Lehmann discontinuity at ~270 km, a discontinuity at
~330 km depth, the 410 km discontinuity, and a layer between ~600
and ~660 km depth likely originating from accumulated ancient
subducting slab at these depths.

Based on the results for the higher frequencies (i.e., [0.8 3] Hz) and
previous geological, geochemical, and geophysical information, we pro-
posed a model which describes the structure of the crust and the sub-
surface regions storing magma bodies down to the Moho. We
suggested three regions of magma emplacement right above ~13 km,
~28 km, and ~37 km depth, respectively.

The present work provides valuable information about the subsur-
face conditions of an active volcanic system -the CVPP. We expect the
obtained knowledge to be employed in future research aiming to better
understand the dynamics of the CVPP.
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