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Shallow S-Wave Velocity Structure from Ambient Seismic Noise

at Planchón-Peteroa Volcanic Complex, Argentina-Chile

by José Augusto Casas, T. D. Mikesell, D. Draganov, S. Lepore,
G. A. Badi, L. Franco, and M. Gómez

Abstract We applied the seismic interferometry technique to characterize the sub-
surface velocities of the Planchón-Peteroa Volcanic Complex, Argentina-Chile, down
to a depth of about 350 m. Ambient seismic noise data were recorded by an array of
six stations deployed in the eastern flank of the current active volcano of this volcanic
complex—the Peteroa. To ensure retrieval of accurate surface-wave Green’s func-
tions, we analyzed the directivity of the recorded ambient noise and then selected
the noise windows containing source directions in line with the stationary-phase area
for each station pair. Then, we obtained dispersion curves and further utilized them for
the estimation of the S-wave velocity profile for the area enclosed by the stations.

We inferred two layers above the investigation depth limit. In the first 70 m, a low-
velocity layer (300–400 m=s) is present, which is followed by a higher velocity layer
(450–570 m=s) down to, at minimum, a depth of about 350 m. Higher velocities are
observed at the northeast and the very southwest of the area under investigation, and
lower velocities are observed between these areas. The S-wave velocity structure is
consistent with the known near-surface lithologies of the area. The results along the
western side of the area corroborate previous results obtained from geochemical stud-
ies. Velocity variations in the area are potentially caused by changes in lithology,
porosity, and water saturation. This work contributes to the understanding of the sub-
surface of Peteroa volcano and provides useful information to the authorities for de-
cision-making. Furthermore, these results are expected to be used by studies preceding
risk analysis and hazard-assessment investigations.

Introduction

In active volcanic areas, one of the main goals of local
governments and the scientific community is to reduce the risk
experienced by nearby populations (Loughlin et al., 2015).
This goal is achieved mainly through accurate monitoring of
the dynamic volcano system. In particular, seismic monitoring
could increase the knowledge of the subsurface properties and
structures, which improves the forecasting performed by
volcano observatories. This forecasting, in turn, influences the
strategies adopted by the authorities.

The Planchón-Peteroa Volcanic Complex (PPVC;
35.24° S, 70.57° W, and 3603 m.a.s.l.) is located in the Andes,
along the Argentina–Chile border (see Fig. 1). In particular,
PPVC is located in the Transitional South Volcanic Zone,
a region characterized by an angle of subduction ranging
approximately between 30° and 35°, providing appropriate
temperature and pressure conditions on the subducting plate
for the development of magmas at depths between 100 and
200 km (Gill, 1981). In this area, northwest–southeast and
northeast–southwest fault systems enable ascent and emplace-
ment of magma, as well as spatially constrain the location of

calderas, stratovolcanoes, and geothermal activity, and, as a
consequence, the genesis of the PPVC (Cembrano and Lara,
2009).

During the last 7000 yrs, volcanic activity was concen-
trated in several scattered vents, which gave rise to Peteroa
volcano (Tormey et al., 1989; Haller et al., 1994). Historical
activity records of Peteroa volcano expose about 20 eruptive
events, most of them weak. Based on analyses of the tephra
deposited in the area of the PPVC, Naranjo (2012) charac-
terized the observed volcanic activity between 4 September
and November 2010 as an indication of a system reactiva-
tion. Currently, a hydrothermal system fed by a melting ice
cap and infiltrating groundwater is present in the area of
PPVC. The interaction of this system with rocks heated by
the shallowest part of the magma chamber (about 4 km
depth) could explain the periods of volcanic unrest (Bena-
vente Zolezzi, 2010). Aguilera et al. (2016) characterized
the physical processes that occurred during and after the
eruptive period 2010–2011 by means of an analysis of fall
deposits and geochemical samples from fumaroles and crater
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lakes. They suggest two possible physical mechanisms that
caused the 2010–2011 volcanic unrest: the development or
reactivation of cracks after the Mw 8.8 Maule earthquake
in February 2010, which caused the escape of fluids and heat
from a shallow magmatic-hydrothermal reservoir; or an insta-
bility produced by a reduction of fluid pressure within the
shallow reservoir could have caused a rupture of the seal zone

that confined an underlying magma cham-
ber, causing phreatic eruptions (Fournier,
2007).

Lemus Hernandez (2010) character-
ized the geology in the area of the PPVC
and provided a general stratigraphic col-
umn down to ∼5 km depth (see Fig. 2).
From the shallowest stratigraphic units,
those relevant to our study area are the
Volcán Peteroa-Azufre unit and the Cola
de Zorro formation. The first is exposed
at the surface of the studied area (Tapia
Silva, 2010); it is composed of eroded
lavas and pyroclastic rocks (basaltic, da-
citic, and andesitic material) deposited in
a layer of variable thickness (a minimum
of ∼100 m). The next unit is the Cola de
Zorro formation, a layer ∼200 m thick
composed of andesitic–basaltic volcanic
material.

Tassi et al. (2016) analyzed the fluid
manifestations at the summit and surround-
ing the Peteroa volcano for the period
2010–2015. They propose that the com-
position of the geochemical samples is
induced by the presence of two magma
batches emplaced at different depths; that
is, a shallow dacitic reservoir and a deeper
basaltic reservoir. Depending on the date of
the measurements, the composition of the
samples collected at the summit related
to one or the other of the magmatic sources
emplaced below. Bubbling pools and a
shallow aquifer fed by water vapor conden-
sation and rain and glacier melting are
present on the eastern flank of the PPVC.
Gases from the bubbling pools are charac-
terized by a small magmatic fluid contribu-
tion, which could suggest a proximity to a
magma reservoir. The likely presence of
magma approaching a subsurface saturated
by water warrants study of the area.

Currently, Peteroa volcano and its
nearby surroundings are being monitored
by permanent seismic stations, real-time
camera observations, Global Navigation
Satellite System, SO2, and diffuse CO2

measurements (Volcanic Activity Reports,
Observatorio Volcanológico de los Andes del Sur, Chile;
Agusto et al., 2017; Raponi et al., 2017). This information
is directly available to the local municipality, which would
help facilitate timely decisions about the general condition of
volcanic activity, the information to be distributed to scien-
tists and the community, the assignments to personnel,
and the deployment of extra recording instruments, among
other decisions. Knowledge of the structures and processes

Figure 1. Northern section of the South Volcanic Zone (SVZ) and the developed
volcanic edifices. The white star indicates the Planchón-Peteroa Volcanic Complex
(PPVC). The white dots show the location of populated and touristic points approaching
the volcanic complex. The Chile–Argentina international border is indicated with a thick
contour. The color version of this figure is available only in the electronic edition.

Figure 2. Stratigraphic column for the area of the PPVC. Units: 1, Loma Seca; 2,
Volcán Peteroa-Azufre; 3, Cola de Zorro; 4, Estratos del Colorado; 5, Abanico; 6, Debia;
7, Rio Damas; and 8, Valle Grande. The thicknesses and identification of the layer ex-
posed at the surface of the area (0 m depth) are from Tapia Silva (2010) and Lemus
Hernandez (2010). Modified from Lemus Hernandez (2010). The color version of this
figure is available only in the electronic edition.
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occurring in the subsurface, via seismic observations, will
further contribute to the interpretation of this volcanic com-
plex, thus aiding the above-mentioned decisions.

To investigate the subsurface structure and develop
an understanding of possible subsurface phenomena, we
imaged the seismic velocity structure in the area using am-
bient-noise tomography. Ambient-noise tomography is a
widely-used tool in volcanic environments (e.g., Brenguier
et al., 2007; Stankiewicz et al., 2010; Escudero and Bandy,
2017). This method applies seismic interferometry (SI) to
recorded ambient noise to retrieve (ballistic, i.e., direct) sur-
face-wave arrivals between station pairs. The retrieved arriv-
als are then used for an interstation tomography between all
station pairs. We use ambient-noise seismic data recorded
by stations deployed at the Argentinian flank of the Peteroa
volcano (see Fig. 3) to retrieve the S-wave velocity distribu-
tion for the area enclosed by the stations. From January 2012
to January 2013, the temporary MalARRgue network (Rui-
grok et al., 2012; Nishitsuji et al., 2014) recorded data at 38
seismic stations in the Malargüe region, Mendoza Province,
Argentina. The main goal of this project was to image and
monitor the subsurface below the region. Six of these stations
(hereafter, the PV-array) were located near the international
border; that is, along the eastern flank of the Peteroa volcano,
and thus selected for this study. The PV-array stations consist
of short-period (2 Hz) three-component Sercel L-22 sensors.
The close distribution of the PV-array (i.e., an interstation
distance ranging between 0.4 and 2.1 km) provides high

coherency for the recorded signals among the stations, which
is essential to ensure the accuracy of the results.

Theoretical studies have shown that the cross correla-
tion of wavefields at two receivers can provide an estimate
of the Green’s function (GF) for propagation in the subsur-
face between these receivers (e.g., Snieder, 2004; Wapenaar
and Fokkema, 2006). This technique has been called SI
(Schuster, 2009). Diffuse wavefields such as coda waves
from seismic events (Campillo and Paul, 2003) or long seis-
mic noise records (Shapiro and Campillo, 2004) are used
to estimate the surface-wave part of the GF. This informa-
tion is then used with traditional methods developed for
inversion of surface-wave data to characterize the subsur-
face. Surface-wave group velocities can be retrieved as a
function of frequency and subsequently inverted to estimate
the S-wave velocities as a function of depth (Bensen
et al., 2008).

The assumption of a diffuse noise wavefield is not al-
ways appropriate (Godin, 2006; Mulargia, 2012). In many
practical situations, noise wavefields show clear evidence
of dominant directions of propagation, that is, directionality.
The directionality could affect the constructive interference
of energy from inside the stationary-phase area (i.e., the Fres-
nel zone), which contributes to the retrieval of the GF,
and the destructive interference from outside that area
(Snieder, 2004). The incomplete destructive interference
of contributions from sources located outside the station-
ary-phase area for a station pair leads to the presence of spu-
rious events in the retrieved GFs (e.g., Xu and Mikesell,
2017). In the case of nonisotropic noise, proper selection of
the noise sources to be used for processing is crucial for a
correct estimate of the propagation velocities (Wapenaar
and Thorbecke, 2013).

The noise-wavefield directionality varies with fre-
quency; for the higher frequencies, the spatial and temporal
variability of the seismic sources could be more complex.
Several studies (e.g., Halliday et al., 2007; Picozzi et al.,
2009) have shown the applicability of SI to a frequency range
higher than that conventionally used for regional- and global-
scale studies (i.e., the primary [0.05–0.08 Hz] and secondary
microseism [0.1–0.16 Hz]). Thus, we overcome the issue of
directionality of the noise sources by selecting time periods
for which the seismic noise energy predominantly arrives
from the expected stationary-phase area for each station pair,
and apply SI to these selected times.

Here, we aim to contribute to the knowledge of the sub-
surface at PPVC. Using the records of ambient seismic noise,
we retrieved the surface-wave part of the GFs, and from that
estimate the surface-wave group velocity distribution in the
area enclosed by the stations. A depth inversion is applied to
provide the distribution of the S-wave velocities with depth.
Finally, a geological interpretation is performed based on the
S-wave velocity results, the available lithological informa-
tion, and the fluid manifestations in the studied area.

Figure 3. Station distribution (squares) and their names (PV01–
PV06) in relation to the main volcanic features of the PPVC (triangles).
The Chile–Argentina international border is displayed with a dashed
line. The circles indicate points of thermal manifestations (based on
Benavente et al., 2015, and Tassi et al., 2016). In particular, the name
of those points approaching the PV-array (Gen1 and Gen2) were in-
cluded. The color version of this figure is available only in the elec-
tronic edition.
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Data Processing

Because short-period (2 Hz) stations were utilized, the
deconvolution of the instrument response constitutes the first
step of the processing procedure. Despite the corner fre-
quency of 2 Hz, comparative analyses with broadband sen-
sors prove that accurate amplitudes are still obtained down
to 0.1 Hz, given that the data are corrected for the instrument
response (Weemstra et al., 2017). Therefore, we deal with
accurate ground velocity spectral amplitudes, which allows
us to carefully select the frequency range for further process-
ing of the data and to perform the polarization analysis; these
two processing steps are detailed below in this section. Be-
cause the data were recorded by the same type of instruments,
a correction for the instrument response is not necessary for
the computation of the cross correlations. Nevertheless, the
instrument response was corrected, and we proceeded to use
the deconvolved traces also for the computation of the cross
correlations because the obtained dispersion curves (DCs) do
not suffer from such processing.

To retrieve an accurate estimate of the desired parts
of the GFs, all the noise sources must be illuminating the
stations with equal energy levels (Draganov and Ruigrok,
2015). If this is not the case, information from weaker
sources is lost in the averaging process, thus creating illumi-
nation gaps and resulting in erroneous GF retrieval. There-
fore, normalizing the amplitude of the recorded noise will
homogenize the energy contributions. Similarly, the presence
of recurrent narrowband sources can deteriorate the cross
correlations and consequently the estimated GFs (Bensen
et al., 2007). To overcome these issues, we applied a time–
frequency spectral normalization (Shen et al., 2012).

We performed spectral analysis to select the useful fre-
quency range. For this, we computed functions of power
spectral density (PSD). Only a limited range of wavelengths
can be used for an accurate estimation of the GFs (Bensen
et al., 2007; Picozzi et al., 2009). For each station pair, we
used wavelengths shorter than the interstation distance. Based
on the PSD values between the different frequency bands and
the interstation distances, the frequency band between 0.8 and
4 Hz was selected. As an example, Figure 4 shows the PSD for
one of the stations (PV06) for 45 days (1 March–16 April
2012). The general spectral features are similar over the sta-
tions and roughly sustained over the entire recording period
(Casas et al., 2014).

Several seismic sources located in the area of the PPVC
influence the noise records at the stations. The origin of the
main noise sources present near the studied area may be
related to tectonic seismicity, ocean waves, meteorological
effects, volcanic processes, running brooks, and anthropo-
genic activity. The seismic energy from these contributions
changes in space and time, particularly when the working
range of frequencies of interest is higher than that commonly
used in seismology for regional-scale tomographic studies
(less than 1 Hz, Bonnefoy-Claudet et al., 2006; Picozzi et al.,
2009). An in-depth analysis of the types of sources present in

the area over the frequency range of interest and of their tem-
poral and spatial variability is beyond the scope of this work;
however, the knowledge of the dominant directions of the
noise wavefield over time is essential for an accurate retrieval
of the empirical GF (Mulargia, 2012; Wapenaar and Thor-
becke, 2013; Nakata et al., 2016). We estimated the directivity
of the noise wavefield over the recording period using the
degree of polarization (DOP) method (Schimmel and Gallart,
2004).

The DOP is an alternative to techniques more generally
used in seismology (e.g., beamforming), which sometimes
do not provide reliable results due to the array geometry
and/or the frequency range of interest. DOP allows the iden-
tification and enhancement of polarized signals arriving to a
station while suppressing less polarized signals (i.e., enhanc-
ing certain directions and suppressing others, which means
that it analyzes the illumination directions). Once illumina-
tion directions are obtained at each of the stations, a joint
interpretation is performed across the array to estimate the
directivity of the noise incident at the array.

We applied DOP to nonoverlapping windows over the
entire recording period. An analysis to select the window
length (i.e., number of days) was performed. We used win-
dows of different lengths and analyzed which window would
be appropriate to identify the main spatiotemporal changes of
the wavefield. Our analysis showed that a trade-off between
two effects is present. Using short windows led to the domi-
nance of low-repeatability sources, that is, noise sources that
illuminated a certain receiver pair incidentally. On the other
hand, a large window downweighs the effect of several
sources; that is, if several noise sources illuminate the array
along different paths, the strongest will dominate while the
others will be suppressed. After performing tests with
different lengths, we chose 14 days as the window length in
the directional estimate of the noise, as seismic energy among

Figure 4. Power spectral density (PSD) function calculated for
the period 1 March–16 April 2012, for one of the stations (PV06)
located in the area of the PPVC during 2012. The spectral ampli-
tudes were normalized by the maximum amplitude during this
period of time. The color version of this figure is available only
in the electronic edition.

4 J. A. Casas, T. D. Mikesell, D. Draganov, S. Lepore, G. A. Badi, L. Franco, and M. Gómez



the subsequent windows are satisfactorily coherent. The re-
sults of DOP for two of the windows are shown in Figure 5:
the left plot shows the results for every station, and the right
plot indicates the selection of the station pairs with sources in
the stationary-phase area (arrows). This selection was per-
formed by an estimation of the dominant directions of the
noise wavefield, which are indicated by a significant number
of DOP values higher than 0.5. A time interval for a station
pair is selected for further processing; that is, averaging, if en-
ergy propagates along the line that passes through those sta-
tions for frequencies inside the frequency band [0.8, 4] Hz,
even if a nonnegligible amount of energy is present along other
directions. Based on the linearity values calculated by the

algorithm, we estimate the uncertainty in the directivity results
at around 8° (De Meersman et al., 2006). Thus, we select the
station pairs for which the connecting line differs in less than
8° from a dominant direction of illumination for that station
pair. For example, the station pair PV05–PV06 is selected
for the period presented in Figure 5a, but not the station pair
PV04–PV05; the station pair PV01–PV06 is selected for the
period presented both in Figure 5a and 5b because, taking into
account the 8° uncertainty, the path connecting the two stations
crosses (the corners of) a dominant illumination direction.

Averaging all of the selected periods for each station pair
allows us to say that the polarization analysis (i.e., directiv-
ity) helped improve the energy level of the signals along the

Figure 5. Estimate of the dominant direction of the noise wavefield by application of a polarization analysis for (a) 11–24 January 2012
and (b) 4–17 April 2012. For every station, results are shown by a polar illustration in which the angle relative to the north direction represents
the back azimuth (0°–360°), and the radius represents the frequency values (0.3–4.5 Hz, moving from the center out, respectively). Note that
the palette for the normalized amplitudes saturates for values higher than 0.5. The right plot indicates the selected station pairs (connected
with lines). Nonactive stations for the period of interest are shown with triangles in the left plot. The color version of this figure is available
only in the electronic edition.
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directions of interest of the noise wavefield. Figure 6a and 6b
shows the average plots for the station pairs related to PV03
and PV06, respectively. One should note that some energy is
still aligned with out-of-line directions, likely degrading the
quality of the calculated GFs. Nevertheless, on the whole,
propagation energy aligned with the stations is dominant.

The GF for a pair of stations is retrieved by cross cor-
relating the records at two stations. In this work, the above-
mentioned instrument deconvolution and data normalization
procedures were applied to time windows of 1-hr length and
then stacked after cross correlation to obtain daily GFs. It is
important to note that a daily GF was computed only for days
during which the considered station pair was aligned with a
dominant direction of the noise wavefield. In this way, we
ensure that we preferentially consider sources in the station-
ary-phase region for the accurate retrieval of the ballistic sur-
face-wave part of the GFs. As for the retrieval of the surface-
wave part of the GFs, we used the vertical-component
recordings of the stations, because this way the retrieved
waves will be Rayleigh waves. The obtained full-band (i.e.,
[0.8, 4] Hz) GFs are organized by interstation distance and
shown in Figure 7. The spatial dependence of the surface-
wave velocity due to the highly heterogeneous nature of vol-
canic areas could explain the variation in arrival times for the
different interstation distances (and azimuths). The gray rec-
tangles, which are only illustrative, delimit the time required
for retrieved ballistic surface waves to traverse the distance be-
tween each station pair. For this illustrative purpose, we used
velocities between 0.2 and 0:8 km=s to estimate expected

arrival times. We also utilized shallow local earthquakes (with
epicentral distances less than 350 km) to estimate the average
surface-wave velocity for the area of the PV-array (see the
Appendix for details). The obtained average surface-wave
velocity of 0:4 km=s coincides with that obtained from the

Figure 6. Averaged degree of polarization (DOP) results for (a) PV03 and (b) PV06. The averaging was performed using only the time
intervals that were selected as containing seismic energy along the line of interest. Straight lines display the back azimuth of the station pairs
of interest. The color version of this figure is available only in the electronic edition.

Figure 7. Retrieved Green’s functions for the station pairs in the
PV-array organized by interstation distance. Straight lines denote
constant velocities as a reference and gray-shaded rectangles dis-
play the times at which retrieved surface waves arrive. Dashed lines
represent the estimated average surface-wave velocity for the area
enclosed by the stations (see the Appendix). The color version of
this figure is available only in the electronic edition.
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ambient noise (see Fig. 7). Figure 7 also shows nonnegligible
amplitudes at shorter times, that is, high velocities. These
higher velocity waveform amplitudes may be due to seismic
energy propagating (nearly) perpendicularly to the line that
passes through the stations involved but could not be attenu-
ated due to insufficient destructive interference.

The causal part of the GFs (i.e., amplitude values for the
positive times of the seismogram) is shaped by the seismic
energy propagating from the virtual source toward the receiver.
Similarly, the acausal part of the GFs (i.e., the negative times)
is shaped by the seismic energy that propagates from the
receiver toward the virtual source. Thus, the noise sources
behind both stations are used to construct the causal and the
acausal part of the GFs. To retrieve both times with the same
amplitude, the noise from both directions (from source to
receiver and from receiver to source) should be at the same
energy level. But even in such a case, persistent energy propa-
gating along a direction other than these two might cause in-
terference with the retrieved causal or acausal surface-wave
arrivals and make it appear to be at an earlier or later time.
Another case of inequality is when, for example, the energy
from the source to the receiver propagates along the line
connecting the two, while the energy propagating from the
receiver to the virtual source make a small angle with that line.
In this case, the retrieved surface wave at acausal times will
appear at an earlier time. Both of the above cases are caused
by not having omnidirectional illumination of the station pair
and, thus, insufficient destructive interference outside the sta-
tionary-phase zone (e.g., Wapenaar and Thorbecke, 2013; Xu
and Mikesell, 2017).

The dispersion of surface-wave energy is commonly
exploited to estimate the S-wave velocities of the medium
through which the surface-wave energy propagates (Aki and
Richards, 1980; Xia et al., 1999; Haney and Tsai, 2017). A
surface-wave DC provides information on the surface-wave
velocity values as a function of frequency for a given station
pair. Based on the retrieved GFs, we made use of the causal,
acausal, or summed causal and acausal part of the trace for
the calculation of the DC. This analysis provides the oppor-
tunity to filter out out-of-line directions of the noise wave-
field. The choice of which part to use was done separately for
each station pair and based on the analysis of the dominant
directions of the noise wavefield. For a station pair, we chose
the causal part when the dominant noise direction is from the
virtual source to the receiver. When the dominant noise di-
rection is from the receiver to the virtual source, we chose the
acausal part. When the noise illumination from both direc-
tions, as described above, is comparable, we sum the causal
and acausal part. We obtained the group-velocity DCs for the
retrieved ballistic surface-wave part of the GFs through the
measurement of the arrival time of the propagated energy
after application of several narrowband filters (e.g., Bensen
et al., 2007). An example of a group-velocity DC for one of
the station pairs is shown in Figure 8. The computation of the
error bars is based on the analysis of the energy distribution
in the frequency–velocity field. Clear maximum amplitudes

in the field provide lower errors than those in which the
maximum amplitudes spread over a relatively large area of
the frequency–velocity field.

Rayleigh-Wave Tomography

To estimate the Rayleigh-wave velocities as a function of
frequency for the area enclosed by the stations, we performed
tomographic inversion using the software PRONTO (Aldridge
and Oldenburg, 1993). PRONTO uses an iterative tomo-
graphic inversion procedure based on a ray-tracing algorithm
and finite-difference travel-time computations. Its advantages
are the accurate and rapid computation of forward models and
the incorporation of constraints to the inverse solution from
geological or geophysical information. To improve the stabil-
ity of the procedure, this algorithm applies linear equality
constraints to the slowness model, instead of to model pertur-
bation at each iteration. We also imposed a smoothness con-
straint on the results. Using a background velocity model as
a reference, smoothing weights are defined in the objective
function, and thus spatial variations are constrained. We
performed a grid search along the zeroth-, first-, and second-
derivative weights for the combination of parameters to pro-
vide a smooth solution with the smallest residuals.

To test the resolution of the PV network, we performed a
checkerboard analysis (see Fig. 9a–c), using a 2D spatial grid
that covered the area of interest with an interspacing distance
of 130 m. Travel times are computed (see ray-path density in
Fig. 9b) and the inversion is performed (see results in Fig. 9c).
Checkerboard results suggest that reliable velocities are es-
timated for the area enclosed by the stations. The section of
inverse solution with no ray coverage is masked in white.

The tomographic inversion procedure is applied to the
retrieved GFs to each frequency between 0.8 and 4 Hz at a
0.1 Hz interval. The results for 1–3 Hz are shown in
Figure 9d, 9e, and 9f, respectively. These results indicate
higher velocities at the northeast and the southwest side of
the PV-array area for all the frequencies.

Figure 10 shows a histogram of the time residuals of all
the traced ray paths; that is, from all the station pairs for all
the frequencies of the tomographic solution. As expected,

Figure 8. Dispersion curve obtained for the station pair PV02–
PV04. In this example, the interstation distance is 2.16 km. The
color version of this figure is available only in the electronic edition.
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most of the time residuals are close to zero seconds. The
smallest time residuals are in the frequency band [1, 3] Hz.
For some frequencies, the inversion is not well constrained
due to the small number of stations, which implies a small
number of rays and their incidence angles on each of the in-
version cells. Therefore, Figure 10 differs from a Gaussian
distribution. Even though the maximum residuals are around
1 s, they are just ∼5% of the amount of ray paths that con-
verged to 0 s and are relevant to the highest frequencies of the
inversion procedure. Thus, the results are sufficiently reli-
able. A larger number of rays with a broad range of incidence
angles are required over the area of interest to obtain a well-
constrained high-resolution result. Nevertheless, this work
provides a reliable first estimation of the S-wave velocities
for the area.

Depth Inversion

The inversion procedure by which surface-wave DCs
are employed to retrieve the S-wave velocity distribution
as a function of depth was performed using the procedure
developed by Haney and Tsai (2017). We adapted their pro-
cedure for processing a grid of DCs, which are obtained from
the tomographic solution. With this procedure, for the solu-
tion of the forward problem, surface-wave velocities are
computed with the eigenvalue/eigenvector method proposed
by Lysmer (1970). According to the method, layers must be
thin relative to the wavelength to ensure accuracy. The inver-
sion is based on the work of Kausel (2005), who uses the
finite-element method to derive a matrix formulation of the
forward problem. Then, the inverse problem can be solved
using matrix perturbation theory. An initial model is provided
by use of the nonperturbational Rayleigh-wave inversion in-
troduced by Haney and Tsai (2015). Given a sufficiently large
number of layers, the standard deviation of the observed data,
and the chi-squared boundary values to constrain the accept-
able models, the inversion of Haney and Tsai (2015) is de-
signed to provide an estimate of the overall behavior of the
true model by utilization of a weighted-damped least-squares
regularization.

The grid of points previously utilized to obtain the tomo-
graphic images (see the Rayleigh-Wave Tomography sec-
tion) is used in the inversion procedure for the retrieval of
the S-wave velocities. At each point in the grid, the tomo-
graphically derived group velocities are extracted. In this
way, we have a group velocity DC at each grid point. Each
DC is then inverted for S-wave velocity with depth. A non-
uniform layering for Rayleigh-wave inversion is performed
using the initial phase-velocity DC. We used 30 layers down
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Figure 9. Utilization of PRONTO software. (a) Proposed velocity model for the checkerboard analysis. (b) Ray-path density per in-
version cell. (c) Inversion for the velocity model proposed in (a). (d–f) Inversion of retrieved Green’s functions for 1, 2, and 3 Hz, respectively.
The color version of this figure is available only in the electronic edition.

Figure 10. Histogram of the time residuals from all the station
pairs for all the frequencies of the tomographic solution. The color
version of this figure is available only in the electronic edition.
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to a depth of 500 m (hereafter, inversion layers), so that these
layers are thin enough compared with the working wave-
lengths. The selection of 30 inversion layers in the first
500 m is an initial condition for the applied methodology
to accurately converge during the inversion. From the initial
model, perturbations in phase velocity are related to pertur-
bations in material properties at each iteration, resulting in
the relatively smooth S-wave velocity profiles. The results
are shown in Figure 11a–d. This methodology provides an
overall velocity estimate for the actual subsurface; thus, a
particular velocity value for one of the proposed inversion
layers is senseless without considering the surrounding veloc-
ity layers. This means that subsurface features are described
by a group of inversion layers. To show the velocity changes
with depth, Figure 11a presents all of the S-wave velocity pro-
files (solid curves) and the initial model (squares). The same
initial model was used for every grid-point inversion because
the S-wave velocity changes are not expected to be large,
which is supported by the obtained velocity profiles. Fig-
ure 11a leads to the interpretation of two layers for the subsur-
face down to the investigation depth limit of about 350 m. The
shallower layer is located in the first 70 m of the subsurface
and is characterized by a low velocity, that is, 300–400 m=s.
From 70 m to (at least) 350 m depth, a higher velocity layer is
present ranging from 450 to 570 m=s. Figure 11a also shows
that the shape of the curves are similar among the nodes.

Figure 11b–d exhibits the spatial distribution of veloc-
ities at several depths. The images from the different depths
indicate that the higher velocities are located at the north and
southwest of the area enclosed by the stations. In addition,
the second high-velocity regions are located at the very south
and the northeast of the array. In accordance, a low-velocity
band is retrieved for the area between the high-velocity
zones.

Figure 12 shows the quality of the depth-inversion sol-
ution. Figure 12a–c presents the observed DC, the initial DC
for the inversion algorithm (the same curve for every DC to
invert), and the DC associated with the final depth-inversion
solution for the grid points containing three of the stations of
the array (i.e., PV02, PV03, and PV06). The final solution
fits the data under acceptable parameters, which are defined
by the uncertainties in the observed data. Figure 12d shows
the distribution of root mean square (rms) S-wave velocity
errors for the area enclosed by the stations. Figure 12 indi-
cates that the final solution is a good solution to predict the
data, as the rms values do not exceed 14 m=s.

Interpretation of Results and Discussion

Several studies reported similar velocity values in vol-
canic areas, for example, Petrosino et al. (2002) at Stromboli,
Italy; Saccorotti et al. (2003) at Kilauea, U.S.A.; and Mora

(b)

(c) (d)

(a)

Figure 11. Results of the S-wave inversion procedure. (a) S-wave velocity profiles for each of the grid points of the area under study. The
curve marked with squares depicts the initial model for the inversion. (b–d) S-wave velocity distribution at a depth of 60, 140, and 200 m,
respectively. The color version of this figure is available only in the electronic edition.
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et al. (2006) at Arenal, Costa Rica. In particular, Saccorotti
et al. (2003) state that in spite of the differences in the
lithological settings across volcanoes worldwide, for those
dominated by volcanic sediments at the surface, the retrieved
velocity structure of their shallower subsurface (i.e., down to
∼500 m) remains fairly constant. Although this assertion
does not by itself validate our results, it is used as a reference
for the probable velocities retrieved in the area of the
PV-array.

The resolution of the obtained velocity results is limited
by the geological conditions and the acquisition geometry.
The first is defined by the inherent high complexity of the
studied active volcanic area (e.g., compositional, structural,
porosity, lithology, and fluid-content variations); the second
is described by the limitations imposed by the recording
array and source distribution (e.g., number of stations, their
distribution, and the useful frequency range). The applied
methodology is appropriate to these particular initial geologi-
cal and acquisition conditions, as it provides an overall
velocity estimate for the actual subsurface. Therefore, inter-
pretations are based on the overall behavior of the velocity
values.

The limited geological information available for the area
of the PV-array (Lemus Hernandez, 2010; Tapia Silva, 2010)
indicates a subsurface composed of eroded lavas and pyro-
clastic rocks (basaltic, dacitic, and andesitic material) in its

shallower part, which is down to more than ∼100 m from the
surface, followed by andesitic–basaltic volcanic sediments in
its deeper part, which is ∼200 m thick. These are the Volcán
Peteroa-Azufre and Cola de Zorro formations, respectively.
We interpret our results (see Fig. 11a) as representing these
two shallow units, which show slight velocity changes in
the area (see Fig. 11b–d). Limited information exists about
the characteristics of the subsurface beneath the PV-array.
Therefore, based on the inherent heterogeneity of this volcanic
area, we cannot discard the possibility that slight horizontal
changes in lithology (caused by lateral variations of the sub-
surface materials—in the same layer, or between layers likely
due to the nonhomogeneous thicknesses of the layers—or due
to structural features like faulting), porosity, portion of the
rock saturated by fluid, or type of fluids saturating the porous
rock contribute to the observed velocity variations.

Volcanic rocks present a great variety of porosity types.
According to the genesis of the rocks, these types are classi-
fied in primary, associated with the origin of the rock, or sec-
ondary, associated with the interaction between the rock and
its environment (Sruoga and Rubinstein, 2007). In the case of
primary-porosity rocks, a change in porosity for values higher
than a threshold (i.e., higher than the critical porosity of the
rock) causes a very small velocity change; to the contrary, for
porosities lower than this threshold, significant velocity varia-
tions are observed as a result of a relatively small porosity

(a) (b)

(d)(c)

Figure 12. (a–c) Observed dispersion curve (stars), initial Rayleigh-wave velocity model for depth inversion (diamonds), and dispersion
curve of the final depth-inversion solution (squares) for the grid points containing stations PV02, PV03, and PV06, respectively. (d) Root
mean square (rms) S-wave velocity errors for the area enclosed by the stations. The color version of this figure is available only in the
electronic edition.
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variation (Mukerji and Mavko, 2006). As an example of the
effect of secondary-type porosity, Zamora et al. (1994) show
that the S-wave velocity due to vesicular and fissural features in
the same volcanic material differ even by 30%. Volcanic areas
generally present a combination of porosity types, leading to a
wide range of porosity values. Therefore, specific characteri-
zation of porosity features in the area is required to, at least,
constrain the likely velocity variations due to porosity.

Differential saturation in a porous rock might cause sig-
nificant velocity changes. Zamora et al., (1994) estimates a
maximum S-wave velocity variation of ∼20% between the
dry and water-saturated rock in the first kilometer of the sub-
surface in Campi Flegrei, Italy; Adam and Otheim (2013)
model velocity variations in a porous basalt rock and identify
variations of ∼10% when water is replaced by liquid CO2.
Several studies have also estimated velocity variations lower
than 10% (e.g., Entwisle et al., 2005; Vanorio et al., 2002).
Nevertheless, laboratory measurements use ultrasonic
frequencies. At these frequencies (i.e., 0.1–1 MHz), velocity
values are affected by dispersion and scattering processes
different from those present at the seismic frequencies rel-
evant to typical volcanology studies (i.e., 0.1–10 Hz; Lesage
et al., 2018). Then, calculated velocities are only a rough
estimate of the actual seismic velocities.

Based on the works of Benavente et al. (2015) and Tassi
et al. (2016), the circles in Figure 3 indicate the location
of several thermal manifestations in the area (i.e., hot springs,
bubbling pools, mud pools, fumaroles, and/or steaming
grounds). Table 1 (extracted from Tassi et al., 2016) shows
the results of the analysis for the volcanic fluids collected at
each sample point. Some of these thermal points are located
along the west side of the PV-array (those described in
Table 1). The geochemical analysis of the fluids collected at
the western area reflects a subsurface locally saturated by
water. Even though no estimates of the dimensions of the
water-saturated rock volume have been provided in Tassi
et al. (2016), there is no physical reason to think that this
volume is confined solely to the point where the gas samples
were captured. Therefore, along the western zone of the PV-
array, the saturated volume has a strong correlation with the
location of low S-wave velocity values. Given a porous rock
saturated by at least ∼15% of gas, it has been observed (Tok-
soz et al., 1976; Hamada, 2004) that nearly all of the shear
deformation is absorbed by the porous portion. Thus, the
shear modulus is hardly affected causing the S-wave velocity
changes to be largely related to density changes. Then, a sig-
nificant percentage of the reduction in velocity in the western
area of the PV-array is potentially related to the existence of
hydrothermal fluids and associated chemical processes. The
chemical processes associated with hydrothermal fluid flow
alter the lithology and porosity of the rock (Pola et al., 2012).
Thus, the most probable scenario for the western area of the
PV-array is a subsurface characterized by particular satura-
tion, lithology, and porosity conditions.

In volcanic areas, physical parameters (such as porosity
and saturation) present a wide range of possible values.
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Therefore, the association of seismic results to the physical
features present in an area requires, at least, a constraint to
the physical parameters, which is achieved by specific analy-
ses of the rock properties.

The spatial S-wave velocity contrasts are roughly pre-
served in depth at least down to the investigation depth limit
(i.e., about 350 m), which guides us to hypothesize that the
contrast of subsurface characteristics in the area is similar at
these depths. Nevertheless, one should note that the closer to
the maximum depth of investigation, the less sensitive the
results are to subsurface parameters. Thus, velocity contrasts
could be slightly underestimated at these depths. In addition,
the low S-wave velocity values extend from the western area
through the center of the array and to the southern section.
The observed velocity distribution indicates that the subsur-
face characteristics (i.e., lithology, porosity, and saturation
of the rocks and its dominant components—gas or water) are
probably similar along the S-wave low-velocity belt. Further-
more, we interpret the higher velocity values as zones char-
acterized by variations in the composition of the layers (due
to depositional or structural causes), or porosity, and/or a re-
duction of water content (likely replaced by gas); each of
them contribute to enhance the S-wave velocities variations.
Nevertheless, it is clear that further geochemical, geophysi-
cal, and geological studies are required to develop a complete
and accurate understanding of the subsurface characteristics.

Forecasting of volcanic behavior is a multidisciplinary
process based on analytical studies of volcanic samples, ex-
perimental investigations, theoretical modeling of the dynamic
magmatic systems, and simulation of the geophysical signals,
eruptive behaviors, and hazardous phenomena (Sparks, 2003).
These studies require a constraint of the implicated variables
(e.g., lithology, structures, porosity, type and saturation of
fluids, and proximity of a water reservoir to a magma batch,
among other variables) that influence the physical–chemical
processes occurring in the volcanic area. Thus, knowledge
of subsurface characteristics is essential to subsequently ob-
tain an accurate forecast of volcanic behavior.

No accurate forecasts have been developed at Peteroa
yet, likely a consequence of insufficient information about its
dynamics geology subsurface properties and processes. Our
results do not suggest a direct explicit improvement in fore-
casting at Peteroa. However, results are a contribution to the
knowledge of the subsurface of a poorly understood region
located at the east of the active volcano. This contribution is
expected to be used by imminent future studies for the char-
acterization of the area, and, in a second step, for specific
studies aimed to forecast the Peteroa dynamics. Our results
are also expected to be used by characterization studies that
precede mitigation risk analyses, as knowledge of the subsur-
face mechanical properties, structures, lithology, porosity,
fluid content, among other variables, are relevant information
in defining the hazardous areas located around a volcano
(Tilling, 1989; Felpeto et al., 2007).

Conclusions

The accepted mechanism by which the PPVC developed
their last eruptions is the development of fractures, which
caused pressure changes and consequently the movement of
fluids toward the surface. The western part of the target area
present fluid manifestations and a subsurface saturated by
water. Previous works interpret the likely presence of magma
approaching the area, which warrants the importance of its
study. Furthermore, several measurements of surface observ-
ables are performed in the area of the Peteroa. Knowledge of
the subsurface parameters could further understanding of the
surface activity and thus improve the decisions of the local
authorities in cases of a volcanic unrest.

We applied SI to ambient-noise data recorded by a seismic
array of six stations from the temporary network MalARRgue,
which recorded ambient noise in 2012 in the Malargüe region,
Mendoza, Argentina. The six stations we used were located
along the eastern flank of the Peteroa Volcano, the current ac-
tive edifice of the PPVC, to retrieve the S-wave velocity struc-
ture down to about 350 m. We analyzed the main directions
of the ambient-noise wavefield at each timewindow during the
recording period. For application of SI, we then selected the
station pairs whose stationary-phase area for ballistic surface
waves was aligned with one of the main directions of the noise.
Therefore, we assured the retrieval of more accurate surface-
wave GFs. Using the retrieved ballistic Rayleigh-wave arrivals,
we measured the group-velocity DCs, which were used to
obtain spatial maps of surface-wave velocities through a fre-
quency-dependent tomographic inversion. The retrieved veloc-
ity values are coherent and match the estimation of the average
surface-wave velocity for the area derived from local earth-
quakes. Dispersion inversion across the tomographic grid was
performed to obtain the 3D S-wave velocity structure. From
these inversions, we infer the presence of two layers. The shal-
lower layer is located from the surface down to about 70 m
depth and is characterized by S-wave velocities between 300
and 400 m/s. The second layer extends at least down to about
350m depth with S-wave velocities increasing with depth from
450 to 570 m/s. These two layers correspond to the first two
units of the stratigraphic column describing the study area. Sli-
ces at different depth values indicate zones of higher and lower
S-wave velocity that are relatively consistent in depth, at least
down to about 350 m. This is confirmed by the profiles shown
in Figure 11a. Even though the magnitude of the velocity con-
trasts slightly varies with depth, it is clear that the sign of the
contrasts remains constant for the majority of the profiles. It
means that the local maximum and minimum values do not
change along depth. Higher velocities are located at the north-
east and the very southwest parts of the area enclosed by the
stations. Lower velocities are situated in between, along a
northwest–southeast-trending feature.

The intrinsic heterogeneity of this volcanic complex, in
addition to the close proximity of sample points that have
geochemical analyses and a portion of the area with low
S-wave velocities, leads to a joint geological interpretation.
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We interpret the velocity variations as caused by the contri-
bution of compositional changes, the presence of structural
features (e.g., faults), porosity changes, and/or differential
saturation of the porous rock. Nevertheless, the limited avail-
able geological information in the zone is not sufficient to
accurately estimate the percentages due to each contribution.
The western zone of the area under study is characterized by
a subsurface locally saturated by water. The subsurface char-
acteristics (lithology, porosity, dominant type of fluid—gas
or water—and saturation of the fluids in rocks) are likely
similar along the low S-wave velocity area.

The results contribute to the knowledge of the subsurface
properties of the PPVC. This information is to be used by
characterization studies which precede volcanic risk analyses
and forecasting investigations.

Estimating the velocities along a wide range of depths
requires a broadband of frequencies and interstation distan-
ces. S-wave velocities of the subsurface down to about 350 m
were estimated using interstation distances between 0.4 and
2.1 km and frequencies from 0.8 to 4 Hz. We propose that
future works complement the results obtained in this study
through the application of SI to records from an array with
higher interstation distances to estimate deeper P- and S-
wave velocities, in particular to the depths expected for the
location of the magmatic reservoirs in the PPVC.

Data and Resources

The seismic records utilized in this work were provided
by the Malargüe seismic array (MalARRgue project). The
data are freely available and can be downloaded from the
database of Incorporated Research Institutions for Seismol-
ogy (IRIS). Maps were created with Global Mapping Tools
(GMT, v.5.2.1) and Maptitude software (Student–Teacher
License SW, v.2017). Deconvolution was applied by utiliza-
tion of Portable Data Collection Center toolkit (PDCC, IRIS)
and the ObsPy Python-based programming package. The
script for the polarization analysis was provided by Martin
Schimmel, programmed with GNU Fortran. The computa-
tion of the cross correlations and the dispersion curves, the
tomographic inversion, and the inversion for the S-wave
velocities were performed offline combining a commercial
software package (MATLAB, the MathWorks, Inc., Natick,
Massachusetts, available at www.mathworks.com/products/
matlab, last accessed February 2018) and GNU Fortran.
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Appendix

Estimate of the Average Surface-Wave Velocity
Using Local Earthquakes

To validate the velocities obtained in this work by
processing the noise data, we utilized the records of a group
of local earthquakes to estimate the Rayleigh-wave velocities
for the area enclosed by the PV-array (Kästle et al., 2016).
Using the Incorporated Research Institutions for Seismology
(IRIS) Earthquake Browser, we selected seismic events that
occurred in 2012 with magnitudes greater than Mw 4 and
depth less than 50 km (see Fig. A1). The events were chosen
such that they are located roughly to the west of the PV-array
(13 events for further processing and analysis), because it al-
lowed a rough control of the direction of the seismic signals.

Extracting a window containing the surface waves for
each event for each of the stations and filtering over the same
frequency range as utilized for the noise data, we applied the
maximum averaged cross correlation (MACC) method.
MACC was developed by Frankel et al. (1991) and updated
for volcanic areas by Almendros et al. (1997) and Almendros
(1999). Casas et al. (2014) also applied MACC to estimate
the apparent P-wave velocity in the area enclosed by the PV-
array using the recorded volcano-tectonic events, resulting in
an average apparent value of 1:1 km=s.

Figure A1. Local earthquakes used to estimate the average Rayleigh-wave velocity for the area enclosed by the PV-array. The color
version of this figure is available only in the electronic edition.
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Specifying a range of possible apparent slowness and
back-azimuth values, a time-window length for correlation,
a frequency range of processing, and the length of the data to
use, MACC estimates the back azimuth of an event and the
slowness of the waves propagating throughout the area
enclosed by the stations. Naturally, the obtained slowness
is related to the type of waves contained in the input data.
Therefore, we used only input data, including the surface
waves of the selected events.

MACC calculates the correlation coefficients of running
correlation windows for all the possible back-azimuth and
slowness values. From the selected events, correlation win-
dows with the greatest correlation coefficients were accepted.
No spatial filters were applied to the data before processing,
so seismic energy arriving from any direction at those times
would be also taken into account by the MACC method. It is
clear that the energy released by the earthquakes is much
greater than that of any ambient-seismic noise; however, the
algorithm could also differentiate it. Then, to avoid windows
dominated by waves coming from a direction different of that
of the event, only waves with a back azimuth between 240°
and 300° were selected. Finally, no constraints were applied
to the slowness values of the correlation windows.

The results are shown in Figure A2. The presence of
body waves propagating along the array might influence the
time windows to converge at lower slowness values (higher
velocities). Still, we observe that a majority of the windows

converge to slowness values between 2.25 and 3:5 s=km,
or velocities of ∼0:29 and 0:45 km=s. An average value of
0:4 km=s is computed over the array. These results corrobo-
rate the velocities estimated from the noise correlations.
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Figure A2. Results of the maximum averaged cross correlation
(MACC) method. (a) Number of windows converged to back azi-
muth values and (b) number of convergent windows per apparent
slowness. The color version of this figure is available only in the
electronic edition.
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