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Abstract

Understanding interactions between tectonic faults and a nearby active volcano is often realized by combining seismic and field
observations. A good example of such an interaction is the Caviahue caldera. It is located in an intra-arc extensional pull-apart
basin, within a transition zone joining the northern part of the right-lateral strike-slip Liquifie-Ofqui Fault System and the thrust-
fault Antinir-Copahue fault zone. Most of the active volcanoes in South Chile are related to the Liquiiie-Ofqui Fault System.
Some faults located inside the Caviahue caldera were described with reverse mechanisms by some studies whereas they were
found to be normal by others. In order to discriminate the actual focal mechanisms, two seismic clusters that occurred in 2017 and
2018 inside the Caviahue rectangular caldera, close to the active Copahue volcano, were studied. Earthquakes (520) were located;
focal mechanisms (56) were determined from which an average seismic moment tensor was calculated. The locations and focal
mechanisms of the earthquakes allow splitting the seismicity into two main regions, one of tectonic origin (with strike-slip faults)
and another one of volcanic origin (with normal faults). The first seismic cluster is located close to Caviahue village, with strike-
slip focal mechanisms, in an NNE direction as the nearby Liquifie-Ofqui Fault strikes. The other part of the seismicity is located
close to the northeastern structures of Copahue volcano, in the hydrothermal zone of Anfiteatro, Termas de Copahue, and
Maquinitas. It is oriented in an NE direction and is composed of earthquakes with normal focal mechanisms, not reverse as
postulated in past studies. The active Copahue volcano lies in the SW prolongation of these normal faults, in agreement with the
tectonics of the Caviahue caldera. Then, the two nearby seismic clusters reveal both a tectonic origin, with strike-slip focal
mechanisms compatible with the Liquifie-Ofqui Fault System, and a hydrothermal origin with normal focal mechanisms,
compatible with the hydrothermal system of the Copahue active volcano.
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Introduction

Understanding the interactions between crustal faults and vol-
canism is important to monitor active volcanoes and to find
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geothermal resources. Most of the volcanoes of the Southern
Andean Volcanic Zone (33.3-46° S) are aligned in the same
NE direction as the faults of the Liquifie-Ofqui Fault System
(LOFS, Fig. 1), favoring the path of fluids as magma
(Cembrano and Lara 2009). As an example, circulation of
crustal fluids at shallow depths in the brittle highly fractured
crust has been imaged using magnetotellurics at the LOFS,
near the Osorno volcano (Diaz et al. 2020). When fluids mi-
grate until the surface through crustal faults (Cox 2005;
Gudmundsson 2011; Pérez-Estay et al. 2020), they can gen-
erate a very specific seismicity, different from the more clas-
sical tectonic seismicity located at the interplate contact in a
subduction zone. Studying this seismicity allows following
the dynamics of these faults as well as monitor active volca-
noes, especially to detect a possible volcanic unrest using
volcano-tectonic earthquakes (VTs) as an early warning alert
system (White and McCausland 2019). For example, the tem-
poral migration of distal VTs (sometimes located until 15-20
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Fig. 1: (a) Geodynamic context of South America. The Liquifie-Ofqui
Fault System (LOFS) is represented by a red line. Focal mechanisms were
taken from G-CMT catalog, for earthquakes of depth less than 40 km and
from 1976 to 2020. Red star represents Copahue volcano. (b) Zoom of the
Caviahue caldera with the hot springs: (1) Las Maquinas, (2) Termas de

km from the volcano) towards an active volcano can be a sign
of its unrest as already observed at many volcanoes (see White
and McCausland 2016, 2019, for a compilation). Even if VTs
have been located at many volcanoes, only a few studies have
determined their focal mechanism, allowing discriminating
when VTs are related to local faults or to the hydrothermal
and/or volcanic activity. Seismic studies realized along the
LOFS are rare, mainly for logistic reasons in these remote
regions (Ibanez et al. 2008; Lange et al. 2008; Mora-Stock
et al. 2010; Legrand et al. 2011; Russo et al. 2011; Agurto
et al. 2012; Vargas et al. 2013; Kanamori and Rivera 2017;
Sielfeld et al. 2019; Pérez-Estay et al. 2020).

VTs often appear as seismic swarms which are composed
of similarly sized earthquakes that occur in a relatively small
volume and in a relatively small-time window (Mogi 1963).
Some of them are tectonic in origin (Mogi 1963; Legrand et al.
2005, 2020), and many of them are volcanic in origin, for
example, related to magma motions (Hill 1977; Endo et al.
1981; Hill et al. 1990; Power et al. 1994; McNutt 1996; Hurst
and McGinty 1999). Usually, the magma does not reach the
surface (e.g., Hill 1977; Hill et al. 1990; Amato et al. 1994;
Aoki et al. 1999; Roman et al. 2004). A case of particular
interest is the interactions between tectonic faults and a nearby
active volcano generating seismic swarms or clusters of
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Copahue, (3) Las Maquinitas, (4) Anfiteatro, and (5) Chancho-Co. Red
triangle is the Copahue volcano. The seismic stations installed in 2017—
2018 are represented with green diamonds. Geological faults were
redrawn from Barcelona et al. (2019). Image source for the background
is from Google Earth, earth.google.com/web

earthquakes which may have both, a tectonic and a volcanic
origin, as it is the case in the southern part of the LOFS
(Legrand et al. 2011, Fig. 1). Distinguishing the actual origin
of seismic swarms helps in eruption forecasting (White and
McCausland 2019). VTs are often the response of magma
transport, revealing interactions between fluids (gas, magma,
and/or water) and the solid ground (Chouet 1996; Chouet and
Matoza 2013). During the magma migration, the local stress
field can be modified and significantly differ from the regional
stress tensor (Legrand et al. 2002). VTs can be related to a
nearby active volcano, to pressure changes due to volcanic
and hydrothermal fluids (Ibafiez et al. 2000, 2003) and also
to the local tectonics (Walter et al. 2007). Spatial distribution
of VTs is an efficient tool to constrain the geometry of reser-
voirs and also to monitor magma migration (Toda et al. 2002).
VTs can be used to perform velocity tomography and reveal
magma chambers (Patané et al. 2003). VTs often precede
eruptions or magma intrusions, making them an efficient tool
to forecast eruptions, especially for long-dormant volcanoes
(see White and McCausland 2019 for a compilation). These
VTs often start on tectonic faults located until about 30 km
from the future potential eruption and rarely beneath the vol-
cano itself (White and McCausland 2019). Nevertheless, the
presence of VTs on a volcano is not systematically related to
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the activity of the volcano. Some eruptions occurred with
almost no VTs, and the presence of many VTs are not system-
atically related to an eruption, as for example, at Volcan
Cosiguina, Nicaragua (White and McCausland 2016), with a
small intrusion, or the 2005 VT swarm following the 2004
Sumatra-Andaman M, 9.2 earthquake (Kundu et al. 2012):
in these cases, the intrusion was too small to reach the surface
and generate an eruption.

Seismic clusters and swarms regularly occur along the
LOFS, better seen and identified when a local seismic
network has been installed (Ibaiiez et al. 2008; Lange
et al. 2008). Knowing their tectonic or volcanic/
geothermal origin helps understanding the link between
faults and volcanism. As an example, the 2007 Aysen
swarm located in the southern part of the LOFS
(Legrand et al. 2011; Agurto et al. 2012) was the mani-
festation of a strong interaction between local faults and
local monogenetic volcanoes, even if in this case the
magma did not reach the surface. VTs were already
observed at Caviahue caldera before the present study.
For example, Ibafiez et al. (2008) detected two clusters
of VTs that occurred during a quiescence period of the
volcano (from November 2003 to May 2004 and from
November 2004 to April 2005), using a seismic antenna
of six short-period seismometers (1 Hz). They could lo-
cate 73 VTs during these two periods. One cluster was
located along the border of the Caviahue Lake, at shallow
depths (from 0.6 to 2.8 km below the surface). Another
one was located 15 km south of the caldera border, at
depth of about 4 km. These authors proposed that this
cluster was related to a hydrothermal activity, due to the
presence of nearby fumarolic manifestations and associat-
ed the VTs to the presence of hydrothermal fluids, reduc-
ing the effective normal stress of preexisting faults, rather
than with the activity of Copahue volcano, which is far
away from the cluster (about 15 km).

Our study shows the results of a field experiment realized at
Caviahue caldera, near the active Copahue volcano,
Argentina. Copahue volcano is one of the most active volca-
noes of Argentina, located between the Central and
Patagonian Andes, close (less than 3 km) to the touristic vil-
lage of Copahue, and its thermal baths and a ski resort. The
village of Caviahue is also close, located at 8§ km from the
volcano. Hence, monitoring the background activity of this
volcano in such a touristic region is crucial. We installed a
local seismic network composed of eight broadband seismom-
eters. We determine the background level of distal VTs, which
is fundamental to forecast an eventual eruption, as seen for
other volcanoes (White and McCausland 2016). We could
locate these VTs with a high precision, determine their focal
mechanisms, and discriminate between their tectonic or hy-
drothermal and/or volcanic origin, as well as solve the contro-
versy between normal or reverse focal mechanism of some

local faults. The results reveal that a part of the seismicity
has a tectonic origin, related to the nearby LOFS, whereas
the other part of the seismicity has a hydrothermal origin,
related to the active Copahue volcano and fluid paths through
the LOFS.

Geological and tectonic setting

The oceanic Nazca plate is subducting under the continen-
tal South American plate with a velocity varying from 8
cm/year at the Northern part of Chile to 6.6 cm/year at the
Southern part, close to the triple junction point with the
Antarctic plate (DeMets et al. 1994; Angermann et al.
1999). The direction of convergence between the Nazca
and South American plates is oblique in the southern part
of the contact, resulting in partitioning of the deformation.
One part of the deformation is located at the trench, gen-
erating large thrust earthquakes. Another part of the de-
formation is expressed by the LOFS, a right-lateral strike-
slip fault system, generating a shallower crustal seismicity
of smaller magnitudes than the thrust earthquakes
(Barrientos and Ward 1990; Cembrano et al. 1996;
Lavenu and Cembrano 1999; Watt et al. 2009).

The LOFS is the longest strike-slip fault system in South
Chile-Argentina (Fig. 1). It is more than 1200 km long, and it
is composed of parallel right-lateral strike-slip faults generat-
ing several pull-apart systems (Cembrano et al. 1996;
Folguera et al. 2002; Adriasola et al. 2006; Rosenau et al.
2006; Cembrano and Lara 2009). These right-lateral strike-
slip faults have been directly observed at the surface by geol-
ogists, but only south of 38°S (Cembrano et al. 1996, 2002;
Cembrano and Lara 2009). Other strike-slip faults have been
inferred between 34°S and 46°S using focal mechanisms of
earthquakes (Chinn and Isacks 1983; Lange et al. 2008). The
LOFS plays a fundamental role in controlling the magmatic
activity along the volcanic front (Lavenu and Cembrano 1999;
Rosenau 2004). Most of active polygenetic volcanoes and
instinct monogenetic volcanoes in Chile-Argentina lie on the
LOFS or inside extensional regions and ‘rectangular’ caldera,
such as the Caviahue caldera (Cembrano et al. 1996, 2002;
Stern 2004; Radic 2010).

The Caviahue caldera (also known as Agrio caldera) is
located at the northern extremity of the right-lateral strike-
slip LOFS and at the southern extremity of the thrust-fold
Antifiir-Copahue Fault System (Cembrano et al. 1996,
2002; Folguera and Ramos 2000; Folguera et al. 2004,
2016; Stern 2004; Melnick et al. 2006; Radic 2010). It
is a rectangular intra-arc pull-apart basin (20 x 15 km?),
of about 2 Ma, older than the regional volcanoes, such as
the quaternary (0.8—1.2 Ma) Copahue volcano (Pesce
1989; Folguera et al. 2016). Its formation is controlled
by both the regional stress field of the convergence of

@ Springer



20 Page 4 of 16

Bull Volcanol (2021) 83:20

Nazca and South American plates and the local stress
field due to the LOFS (Melnick et al. 2006). The
Caviahue caldera is mainly composed of (1) the active
andesitic to basaltic-andesite strato-volcano Copahue
(about 3000 m.a.s.l.) located at the western rim of the
Caviahue caldera (Hildreth and Moorbath 1988; Linares
et al. 1999); (2) an intense geothermal field inside the
Caviahue caldera; and (3) an active regional and local
complicated fault system. These three aspects (volcanic,
tectonic, and hydrothermal) closely interact in a complex
way (Bonali et al. 2016). As an example, the M, 8.8
February 27, 2010, Maule thrust subduction earthquake
may have changed the seismic and volcanic activity of
Copahue volcano from July to December 2012 (Forte
et al. 2012; Bonali 2013; Caselli et al. 2016).

The Caviahue caldera hosts a hydrothermal system, with
large gas discharges. Geophysical studies showed the existence
of two hydrothermal reservoirs, located at 800-1000 m and
1400 m depth, respectively (Tamburello et al. 2015, and
references within). As a reference, Copahue village is at 1000
m of altitude. Five geothermal fields have been identified, with
fumaroles (of temperatures up to 135°C), boiling and bubbling
water and mud pools, with temperatures up to 96°C (Agusto
et al. 2007). These five fields are Las Maquinas, Las
Magquinitas, Termas de Copahue, Anfiteatro, and Chancho-Co
(Fig. 1). These thermal areas are located northeast of the
Copahue volcano (Varekamp et al. 2001). The origin of the
water is mainly meteoric, except at Chancho-Co which presents
a more volcano-hydrothermal origin, due to the proximity of
the Copahue volcano (Vélez et al. 2011). Many active faults are
present in this region, which favors the ascent of hot fluids close
to the surface and the presence of hot springs.

The neotectonics of the region has been described in the
past, sometimes with contradictory observations and
interpretations. Some of the main structures of the Caviahue
caldera described by Bonali et al. (2016) are (Fig. 1) (a) nor-
mal faults located at the borders of the caldera, trending in
WNW and NNE directions; (b) right-lateral strike-slip faults
trending in an NNE direction, located at the SW part of the
Copahue volcano, corresponding to the northern edge of the
LOFS; (c) left-lateral strike-slip faults trending in an NW di-
rection, and (d) NE-trending faults, controlling the geothermal
area, located in the NE portion of Copahue volcano. They are
called the Copahue Village Fault System (CVFS). The focal
mechanisms of these faults are not well defined, and contra-
dictory interpretations exist. Melnick et al. (2006), Folguera
etal. (2004), and Rojas Vera et al. (2009) inferred that they are
reverse faults with a small right-lateral component, due to the
local transpressional stress-tensor. On the other hand, Bonali
et al. (2016) and Lundgren et al. (2017) concluded that these
faults are normal, with a small right-lateral strike-slip compo-
nent, using different approaches such as aerial photos, field
observations, and InSAR data.

@ Springer

Data and methodology
The temporary seismic network

A temporary network composed of eight broadband seismom-
eters was installed in the center of the Caviahue caldera from
December 01, 2017, to March 30, 2018 (Fig. 1). Its character-
istics are described in Supplementary Material, as well as
some data, to appreciate their quality).

Earthquake locations

The earthquakes located in this study have clear P and S
waves and were determined to be volcano-tectonic earth-
quakes (VTs). Fig. 2 shows the time distribution of seismicity
with associated duration magnitudes (we mention later how
they were calculated). Before locating the VTs, we checked
the quality of the arrival times of the P and S waves. One way
of doing this is to perform the generalized Wadati method
(i.e., calculating the double-differences of P and S waves,
Legrand et al. 2021). Bad readings are detected when points
deviate too much from the line describing these double-
differences and are corrected (Fig. 3). We calculated the cor-
responding Vp/Vs ratio of 1.69 (Fig. 3), where Vp and Vs are
the P-wave and S-wave velocities, respectively. This ratio was
calculated using only earthquakes with four or more stations
and was used in our velocity model. After this test, the earth-
quakes have been located. A seismic sequence of hundreds of
earthquakes began 2 days after the installation of the network,
among which 520 could be located within the network (Fig.
4). The earthquakes were manually identified and cut.
Afterwards, the P and S arrival times were manually read.
They were located using the HYPO DD software
(Waldhauser and Ellsworth 2000). The choice of a velocity
model to locate earthquakes on a volcano is always critical
because in many cases it is unknown. What is classically done
is to use a model determined on another volcano. For example,
for Caviahue caldera, Ibafiez et al. (2008) used the velocity
model determined for Deception Island volcano. We used this
model and found a median rms error of 0.8 s. To partially help
in the choice of a velocity model, Lesage et al. (2018) did a
compilation of velocity models on many kinds of volcanoes
and propose a ‘typical’ one for different categories of volca-
noes. They showed seismic velocities change significantly in
the first kilometer for andesitic basaltic volcanoes whereas
they are almost constant for caldera volcanoes. As Caviahue
is a caldera, we tried a second velocity model composed of
four horizontal layers with a constant velocity in the first ki-
lometer (Malone and Pavlis 1983; Pavlis and Booker 1983).
The median rms error with this model was 0.11 s, much small-
er than the previous one of 0.8 s. As a consequence, we de-
cided to use this simple model.
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3.5 et al. 2020) were used. The results obtained with FOCMEC
3 and HASH were very similar, so only those obtained with
FOCMEC are shown and listed in Supplementary Material.
25 For each focal mechanism, the corresponding seismic moment
o 2 tensor was calculated, and the summation (with its corre-
§ 15 sponding P and T axes) of these seismic moment tensors
z was performed using FaultKin 8 (Allmendinger et al. 2011).
o1
=
0.5
Results
O l
05 ".: 1 Locations
()
T112  31/12 2001 09/02 0103 21/03

Date (2017 /2018 )

Fig. 2. Temporal distribution of the earthquakes with associated
magnitudes Md

The zero level for depths corresponds to sea level. Positive
depths correspond to depths below sea level, whereas negative
values correspond to altitudes above sea level (in practice we
have not such seismicity).

Focal mechanisms

Double-couple focal mechanisms were determined for 56
VTs, using both, the first-motion P-wave polarities, and when
possible the S/P amplitude ratios. The two softwares
FOCMEC (Snoke 1984) and HASH (Hardebeck and
Shearer 2003) included in the SEISAN package (Havskov
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Fig. 3. The generalized Wadati diagram. Vp and Vs are the P- and S-
wave velocities, respectively. Tpj and Tpk are arrival times of P wave at
station number j and k, respectively. Tsj and Tsk are arrival times of S
wave at station number j and k, respectively. The slope gives the Vp/Vs
ratio of 1.69

Figure 4 shows the spatial distribution of the 520 VTs that
could be located. They are spatially well separated, and
we split them into three distinct regions, defining three
groups (that we called A, B, and C) of earthquakes. The
first group “A” is composed of VTs located in the vicinity
of Caviahue, northwest of Caviahue Lake. It has the larg-
est number of earthquakes (474). The seismicity of this
group contains the two largest VTs (yellow points in Fig.
4 and events one and four, respectively, in Supplementary
Material) that occurred on December 2 and December 6,
2017. They have duration magnitudes My of 3.1 and 3.4
and depths of 2 km and 4.5 km, respectively. They were
felt by the population of Caviahue. The second group “B”
is composed of 37 VTs located near the village of
Copahue, of duration magnitudes between 0 and 1.5,
and depths varying between 0.7 and 3.1 km. The third
small group “C” is composed of nine isolated VTs located
in the northern border of the Caviahue Caldera, in the
ranch of Trolope, of My < 2.1, and depths varying be-
tween 1.0 and 4.3 km.

The NS, EW, and vertical median location errors of these
VTs are 0.6 km, 0.8 km, and 1.4 km, respectively (Fig. 5a—c).
The median number of stations used is eight (Fig. 5d). The
median average gap is 73° (Fig. Se). The small location errors
(median error of 0.11 sec in the rms, Fig. 5f) are due to several
factors. Firstly, the stations are very close to the VTs, gener-
ating small ts-tp arrival time differences between P and S
waves and therefore small errors on locations. Secondly, the
stations are well distributed around the seismic sequence, as
revealed by the small gap angle of 73°. This will help selecting
the rupture fault plane among the two nodal planes (see para-
graph 4).

Gutenberg-Richter law

As alocal absolute magnitude calibration is not available for
Copahue area, we used the duration magnitudes My intro-
duced by Lee et al. (1972), using the modified formula My =
—2.46 + 2.82 log;¢(d) where d is the earthquake duration.
The resulting magnitude is the average of all the magnitudes
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at all the stations. For comparison, if we use the one of
Ibafiez et al. (2008) for Copahue volcano, My = —2.70 +
2.80 logio(d), who took the one of another volcano
(Deception Island), we have magnitudes about 0.3 smaller.
The b value calculated with our definition of magnitudes is
1.50 whereas it is 1.26 if we use the magnitudes using the
Ibafez et al. (2008) formula. In both cases, our interpreta-
tion will not change because the two b values are much
larger than unity. The b value of the Gutenberg-Richter
law was calculated using the maximum likelihood method
(Aki 1965). The b value could only be calculated for Group
A which has enough VTs to do it (Fig. 6). We found b=1.50
+ (.15 for a completeness magnitude of 1.3.

We have to mention that our seismicity is very concentrat-
ed in space and time, so the b value corresponds only to this
small region and a small-time interval. For this reason, the
interest of such value may be very limited. But for the sake
of completeness of the study, we decided to add this

@ Springer

information, showing the role of fluids in the magnitude dis-
tribution of earthquakes.

Focal mechanisms

A strong trade-off exists between locations and focal mecha-
nisms, especially for local seismicity. As mentioned before,
we tested two different velocity models and took the one with
the corresponding smaller rms median error of 0.11 s (Fig. 51).
The corresponding errors on locations were about 0.7 km on
epicenters and 1.4 km on vertical components (Fig. 5a—c),
small enough not to change significantly the focal
mechanisms.

The double-couple focal mechanisms are listed in Table 1,
plotted in Fig. 7, and are classified for the three Groups A, B,
and C in Fig. 8. Group A is mainly composed of strike-slip
mechanisms (Figs. 7 and 8). In particular, the couple of the
three angles (strike, dip, rake) of the focal mechanisms of the
two largest VTs (Table 1, events one and four) is 249°/66°/33°
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Fig. 5: Histograms of the location Median error = 0.6 km
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and 144°/61°/152° for event one (M4 =3.1) and 117°/78°/26°
and 21°/65°/167° for event four (M, = 3.4). Focal mechanisms
of Groups B and C are mainly normal faults (Figs. 7 and 9).
The average seismic moment tensor obtained for Group A
indicates a strike-slip focal mechanism with the P-axis in the
NE-SW (242°) direction and the T-axis in the NNW-SSE
(333°) direction. The average moment tensor for Group B
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Fig. 6: The Gutenberg-Richter law of the 474 earthquakes of the Group
A. N(t) is the number of earthquakes of duration magnitude > My during
117 days. The cumulative distribution is shown as closed diamonds and
the noncumulative distribution as vertical lines with top open circles
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shows a normal focal mechanism with the P-axis subvertical
and the T-axis in the NNW-SSW (350°) direction (Fig. 7b).
The average of the seismic moment tensor for Group C was
not calculated because it had too few earthquakes (four focal
mechanisms).

Discussion

Spatial distribution and focal mechanisms of
earthquakes

The focal mechanisms of Group A are mainly strike-slip
(Table 1 and Figs. 7 and 8). Their dips are high (>60°) and
are compatible with the spatial distribution of the VTs of this
group. For example, the dip of the two nodal planes of event
one of Table 1 (the second largest event) is 66° and 61° de-
pending of which of the two nodal planes is the fault plane and
78° and 65° for event four of Table 1 (the largest event).
Whichever the fault plane is, the dips correspond to nearly
vertical planes, in agreement with the in-depth steep distribu-
tion of the VTs (Fig. 4). Nevertheless, these dips do not allow
selecting the actual fault plane among the two nodal planes
because they are very similar (between about 60° and 80°).
Another way to select the fault plane among the two nodal
planes is the use of the spatial distribution of epicenters of the
VTs. Most of the earthquakes of Group A are distributed in an

@ Springer
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Fig. 7: (a) Focal mechanisms
based on first-motion polarities
and S/P amplitude ratios. (b)
Summations of the seismic mo-
ment tensors for Groups A and B,
with their associated P and T axis.
Red colors represent compression
and the blue ones are associated to
tension. The equivalent focal
mechanisms are represented in
black beachballs
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NNE direction. This NNE direction is therefore the most prob-
able direction for the fault plane, considering that the location
errors are small enough in such a way that the earthquakes
cannot strike in the perpendicular EW direction. This implies
that the events 3, 4, 5, 11, 15, 19, and 36 (Fig. 7 and Table 1)
are right-lateral strike-slip mechanisms. This is in agreement
with what suggested Bonali et al. (2016) for the faults close to
Las Maquinas, and it is compatible with the right-lateral
strike-slip mechanism of the LOFS. Hence, the influence of
the LOFS reaches the region of Group A. We can therefore
assume that the seismicity of Group A is the response of the
regional stress field associated with the LOFS.

@ Springer

The spatial distribution of the epicenters of Group B has a
~NS50°E strike direction (Fig. 4) and matches spatially with the
direction of the faults close to Copahue village, known as the
Copahue Village Fault System (CVFES). This direction is close
to the strikes of several focal mechanisms (Table 1 and Fig. 7)
of events of Group B earthquakes. Folguera and Ramos
(2000) and Melnick et al. (2006) suggested that these faults
are reverse due to a horsetail geometry associated with the
Chancho-Co structure, defining a transpressional fault system.
However, we found that the focal mechanisms of Group B are
mainly normal, with a small right-lateral strike-slip compo-
nent which is incompatible with their interpretation. Bonali



Bull Volcanol (2021) 83:20 Page 11 0of 16 20
@ Group A IE Group B
Strike-slip Strike-slip
90,0 Me 90,0 Mc
o2 o2
o3 o3
o4 04
3.6 3.00
3.4 2.75
3.2 2.50
3.0 ~ 225 ¢
28 § 2002
2.6 c <
= 1.75 5
24 53
220 1504
2.0 1.25
10 80 1.8 10 80 1.00
1.6 0.75
Normal ° 09°Reverse Normal ° OgoReverse

60 50 40 30
P axis plunge

Group C

70

60 50 40 30
P axis plunge

Strike-slip
90 e 0

40 30

P axis plunge

Fig. 8: Focal mechanism classification for (a) Group A, (b) Group B, (c) Group C. Diagrams were made with FMC (Alvarez-Gomez 2014)

et al. (2016) did not find any evidence of recent reverse faults,
instead, these authors considered these structures as normal
faults with a right-lateral strike-slip component. This is in
agreement with our results and with Barcelona et al. (2019)
and Lamberti et al. (2019) for the main structures at
Anfiteatro, Termas de Copahue, and Maquinitas hydrotermal
zones. The active Copahue volcano lies in the SW prolonga-
tion of these normal faults, in agreement with the tectonics of
the Caviahue caldera.

The focal mechanisms of Group C consist of three normal
and one strike-slip solutions. The strike-slip solution is very
similar to that obtained for Group A, which could indicate that
a fault system similar to Group A is also developing North of
Trolope ranch, where Group C earthquakes are located. The
normal fault plane solutions that we found are similar to the
normal fault parallel to the northern caldera border, which is
part of the Trolope graben (Melnick et al. 2006).

We want to compare the principal axis of the summation of
the seismic moment tensor to the stress tensor calculated from the
strikes and directions of striations observed on the fault plane of
old faults by Barcelona et al. (2019). Even though we know that
the directions of the P and T axis do not always coincide with the
directions 07 and 03 of the principal axis of the stress tensor, it is
almost the case for pure compressional or extensional regimes.

The NNW directions of the T-axes of Groups A and B are very
similar and coincide with the direction of the minimum principal
stress axis 03 calculated Barcelona et al. (2019) in Anfiteatro and
Magquinitas. The subvertical P-axis of Group B is similar to the
direction of the maximum principal stress axis o7 described by
Barcelona et al. (2019). This is compatible with the normal faults
of the nearby geothermal field (Group B), controlling the tecton-
ics of this area (Barcelona et al. 2019). The P-axis of Group A,
located southeast of Copahue village, is subhorizontal, revealing
the strike-slip behavior of the end of the Liquifie-Ofqui fault.
The selection of the fault planes among the two nodal
planes mostly depends on the quality of earthquake locations,
especially the epicenters. Given the small uncertainties in the
hypocentral locations (Fig. 5), alternative solutions in which
the aftershocks strike (for example) in the orthogonal W-
WNW direction are extremely unlikely. We conclude with
high confidence that the aftershocks accommodated right-
lateral slip along an NNE-striking vertical fault for Group A,
and along an NE-striking normal mechanism for Group B.

Origin of the seismicity

The 2017-2018 seismicity is very shallow, of similar magni-
tudes, concentrated in space and time as clusters. The

@ Springer



20  Page 12 of 16 Bull Volcanol (2021) 83:20
Fig. 9: Waveforms and b) Q)
associated spectrograms of the
vertical component of the largest x1 O3 1t %1 04

earthquake of December 6, 2017,
M, =3.4. (a) Raw data, (b) filtered
data between 5 and 10 Hz, (¢)
filtered data between 10 and 49
Hz

Amplitude (counts)

Frequency (Hz)
N w B
<2 9

—_
o

o

0 20 40 60

Time (sec)

earthquake waveforms (Fig. 9) have a high frequency (>5-10
Hz) content (due to both the small magnitudes and the short
distance to the stations), suggesting very superficial events.
Their focal mechanisms and small depths are compatible
with subsurface faults. The seismicity of Group A is located
close to surface hydrothermal manifestations, with an associ-
ated b value of 1.50 + 0.15. Such high b value can reflect the
presence of fluids in volcanic and/or hydrothermal environ-
ments (Scholz 1968; Wyss 1973). The presence of hydrother-
mal fluids tends to reduce the effective normal stress, gener-
ating many small earthquakes more easily than without fluids,
leading to high b values (Scholz 1968; Wyss 1973). In our
study, the seismicity is located close to the superficial hydro-
thermal regions, including hot springs, so a hydrothermal or-
igin of the fluids is suspected. The high » value may also
reveal a highly heterogeneous medium, with numerous small
faults where fluids can circulate more easily, as it is the case in
the Caviahue caldera. Many of these faults reach the surface
and have been studied by geologists (Figs. 1 and 4). This high
b value (1.5) is similar (up to 1.3 and 1.5) to the ones of Lazo
etal. (2015) and Lundgren et al. (2017) calculated south of the
Copahue fault zone. They also interpret them as reflecting
fluid processes in the NE trending Copahue fault zone. We
propose that this seismicity can be related to hydrothermal-
fluid circulations within a highly fractured, heterogeneous,
and porous medium and not directly correlated with the vol-
canic activity and/or magma processes. The presence of
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magma may have an indirect influence, for example in the
migration of hydrothermal fluids. The presence of water
may also come from the Crater Lake which is mainly fed by
fluids from a magma batch ~4—5-km deep (Varekamp 2004,
Varekamp et al. 2006; Vélez et al. 2011). These crater-fluids
are released by the constant fumaroles and degassing of the
volcano, in addition to phreatic and phreato-magmatic explo-
sions. Part of these fluids feeds the hydrothermal system and
the acidic Caviahue Lake. Another possible origin of the high
b value is related to the shallow depths (less than 3.5 km) of
the seismicity. At shallow depths, a high degree of rock frac-
turing is present in this transition zone, and fluid-filled cracks,
dykes, and fractures can be generated (McNutt 2005; Ibafiez
et al. 2012; Legrand et al. 2012). Hence, the active tectonics
control the circulation of hydrothermal fluids, and the pres-
ence of a high heterogencous medium due to many small
faults may generate our high b value.

Fig. 9 shows an example of a VT recorded the December 6,
2017, at 02 h and 18 min UT. Fig. 9a shows the raw data with
its spectrogram. As the earthquake is small (M4 = 1.1) and is
recorded at short distances (less than 10 km), it has a high
frequency content with frequencies until the Nyquist frequen-
cy of 50 Hz. This VT has also low frequency content. We
decomposed the signal into two frequency bands. One is be-
tween 5 and 10 Hz (Fig. 9b) that we call the low frequency
content of the signal. This low frequency limit of 5 Hz has
been chosen to remove the low frequency band related to the
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noise like the sea and appreciate better the duration of the low
frequency content of the VT without been contaminated by
the noise at these band frequencies. Nevertheless, the VT has
also frequencies between 1 and 5 Hz (Fig. 9a). We can see
these low frequencies last 30 s after the P wave arrival time,
which is long for such small VT. The second frequency band
is between 10 and 49 Hz. This high frequency part lasts about
15-20 s after the P wave arrival time, as expected for a pure
tectonic earthquake. This low frequency content is persistent
during the entire seismic signal, even when the high frequency
content has disappeared. The origin of these low frequencies
may be double. A first possibility may be due to the presence
of fluids in the medium. A second possibility may be due to
the shallowness of the VTs (Wassermann 2011). In fact, both
explanations are possible, and we have no real way to discrim-
inate between them. The presence of fluids which remain in
the aquifers can generate large hydrothermal explosions, like
the one of March 25, 2018, which was registered and reported
by OVDAS (2018), a few months after the 2017-2018 clus-
ters. This explosion followed a sequence of 48 long-period
events, probably related to the hydrothermal activity that oc-
curred close to the Copahue volcano. These fluids can easily
migrate within local shallow pre-existing faults and a hetero-
geneous medium because of the presence of many faults with-
in the Caviahue caldera.

Hence, our interpretation of a hydrothermal origin of the
seismicity of Group B is in agreement with what proposed
Ibanez et al. (2008); Lazo et al. (2015); Bonali et al. (2016);
Lundgren et al. (2017); and Lamberti et al. (2019). For exam-
ple, Lamberti et al. (2019) examined the link between faults,
fractures, and diffuse degassing structures and suggested that
the normal and strike-slip fault traces constitute the most fa-
vorable pathways for hydrothermal fluids and diffuse CO,.
The region of study of these authors is an area situated north-
east of the Copahue volcano, which, according to gravity and
electrical resistivity surveys, represents a high conductivity
zone of hot fluids circulation (JICA report 1992).

VP/Vs value

We found a Vp/Vs value of 1.69, smaller than the one expect-
ed for volcanoes, generally larger than 1.73. The Vp/Vs value
was obtained for a very shallow region (the depths of the VTs
are within the first kilometers of the crust). It may reflect a
highly stressed region inside the pull-apart itself, a transition
zone between the end of the right-lateral LOFS and the begin-
ning of the thrust-fault Antifiir-Copahue Fault zone.

Conclusion

The location of 520 VTs of shallow depths (less than about 3.5
km) that occurred in 2017-2018 within the Caviahue caldera,

and the determination of their double-couple focal mecha-
nisms allows splitting the seismicity into two clusters. One
group (A), located northwest of Caviahue Lake, has a tectonic
origin, with right-lateral strike slip faults in an NNE direction
and may be the prolongation of the right-lateral strike-slip
regional Liquifie-Ofqui fault. The other group (B), located
close to the geothermal fields and Copahue village, has a
hydrothermal origin, with normal faults oriented in an NE
direction. Hence, we confirmed that the Copahue Village
Fault System, including the highly active geothermal field of
Antiteatro and Las Maquinitas, is an active extensional normal
fault zone with en échelon parallel normal faults that trend in
an NE direction. The active Copahue volcano lies in the SW
prolongation of these normal faults, in agreement with the
tectonics of the caldera. These normal faults correspond to a
transfer zone that joins the right-lateral strike-slip LOFS and
the thrust-fault Antifiir Copahue Fault zone. Permanent obser-
vations of seismic clusters and/or swarms within the Caviahue
caldera must be done in order to control their spatiotemporal
evolution. Their origin can be tectonic, hydrothermal, or mag-
matic and should help in monitoring the active Copahue vol-
cano in the future. A special care should be taken if the seis-
micity migrates towards the Copahue volcano. The low Vp/Vs
ratio reveals a highly stressed tectonic regime of a transition
zone located between two different fault zones and shows that
the tectonic regime is controlling the seismicity of the region.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00445-021-01442-7.
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