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A structural characterization of the hydrothermal–volcanic field associated with the Tinguiririca Volcanic Com-
plex had been performed by combining passive seismic tomography and structural geology. This complex corre-
sponds to a 20 km long succession of N25°E oriented of eruptive centers, currently showing several thermal
manifestations distributed throughout the area. The structural behavior of this zone is controlled by the El
Fierro–El Diablo fault system, corresponding to a high angle reverse faults of Oligocene–Miocene age. In this
area, a temporary seismic network with 16 short-period stations was setup from January to April of 2010, in
the context of theMSc thesis of Lira (2010), covering an area of 200 km2 that correspondswith the hydrothermal
field of Tinguiririca Volcanic Complex (TVC), Central Chile, Southern Central Andes. Using P- and S- wave arrival
times, a 3D seismic velocity tomography was performed. The preliminary locations of 2270 earthquakes have
first been determined using an a priori 1D velocity model. Afterwards, a joint inversion of both, the 3D velocity
model and final locations have been obtained. High Vp/Vs ratios are interpreted as zones with high hot fluid con-
tent and high fracturing. Meanwhile, low Vp/Vs anomalies could represent the magmatic reservoir and the con-
duit network associated to the fluidmobility. Based on structural information and thermal manifestations, these
anomalies have been interpreted. In order to visualize the relation between local geology and the velocitymodel,
the volume associated with the magma reservoir and the fluid circulation network has been delimited using an
iso-value contour of Vp/Vs equal to 1.70. The most prominent observed feature in the obtained model is a large
“V” shaped low-velocity anomaly extending along the entire study region and having the same vergency and ori-
entation as the existing high-angle inverse faults, which corroborates that El Fierro–El Diablo fault system repre-
sents the local control for fluid mobility. This geometry coincides with surface hydrothermal manifestations and
with available geochemical information of the area, which allowed us to generate a conceptualmodel of fluid cir-
culation in the volcanic–hydrothermal system as well as define the location of the magmatic reservoir.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Determination of the internal structure of hydrothermal systems is
commonly assessed by a combination of geological and geophysical
methods including structural analysis and seismic tomography
(Muksin et al., 2013; Nukman and Moeck, 2013; Muksin et al., 2014;
Spica et al., 2015). Together, they can provide significant information
to improve our knowledge regarding the superficial and sub-surface
features of active hydrothermal systems by linking regional and local
gy Center, Facultad de Ciencias
pper 2007, 8370451 Santiago,
structures, seismicity and mobility of hydrothermal fluids (Foulger,
1982). Considering the amount of regional seismic activity produced
in active margins, the volcanic–hydrothermal systems developed in
such settings are the most suitable systems to be studied following the
aforementioned approach (e.g. Husen et al., 2004; Jousset et al., 2011;
Muksin et al., 2013). The existence of deep and intermediate depth seis-
micity in convergentmargins improves the accuracy of the obtained ve-
locity models providing significant evidences of sub-surface features
and enabling the illumination of lower areas (Zhao, 2001; Koulakov,
2013). Furthermore, different petro-physical parameters of the host
rock such as temperature, composition and density, can be linked to
the 3D velocity structure of P and S seismic waves, Vp/Vs ratios and
the percentage variations of %dVp and %dVs (Lees, 2007). These vari-
ables could also indicate the presence of magmatic reservoirs, and
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Fig. 1. (a) Digital elevationmodel map corresponding to an overview of South America. Box indicates the location of the study area. (b) Digital elevationmodel showing the regional geo-
logical context of Central Volcanic Zone. Major physiographic divisions are highlighted. The study area and the Tinguiririca volcano are shown in a yellow square.
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distinction between fluid and melt zones in active volcanoes, which
could be used as a geothermal exploration tool in volcanic–hydrother-
mal systems (Koulakov, 2013). A change of the seismic velocities
through the medium could also indicate lithological differences (i.e.
magmatic intrusions, volcanic deposits, sedimentary sequences), or
even the presence of fluids at different temperatures (Lees, 2007). Gen-
erally speaking, in volcanic systems, high Vp/Vs (1.75–1.80) velocity
anomalies observed in shallow crustal regions represent structural fea-
tures associated with cooled magma bodies (Lees, 2007). Whereas, low
Vp/Vs (1.65–1.70) velocity anomalies are interpreted as evidence of
melt accumulation, likemagma reservoirs and active conduits of liquids
and magma (Lees, 2007). In hydrothermal systems, on the other hand,
high Vp/Vs velocity anomalies are usually associated to steam conden-
sation zones, areaswheremeteoricwater infiltrate and zoneswhere hy-
drothermal gases migrate from the reservoir to distal areas due to
increase of effective pressure (Simiyu, 1999; Foulger et al, 2003; De
Matteis et al, 2008). In contrast, low Vp/Vs velocity anomalies are relat-
ed with high temperatures zones, steam saturated formations and
zones hydrothermally altered (Foulger and Miller, 1995; Simiyu, 1999;
Foulger et al, 2003; Yoshikawa and Sudo, 2004; De Matteis et al, 2008).

The SouthernAndes volcanic zone (SVZ) provides one of the best en-
vironments for the development of seismic images in active volcanic–
hydrothermal systems, because of the occurrence of numerous geother-
mal areas associated with both seismic activity and active volcanism
(e.g. Hauser, 1997; Stern et al., 2007; Farías et al., 2010). Particularly,
Tinguiririca Volcanic Complex1 (hereafter TVC) (Fig. 1), one of these
several potential geothermal systems in Central Chile (Benavente,
2015; Benavente et al., 2015), haks especially caught our attention to
the great variety of surface thermal manifestations. In fact, this research
is complementary to the studies conducted by Lira (2010) in the zone.
In the present work, we characterize the TVC and its hosted hydrother-
mal system. In the first step we use the travel times of P and S waves of
local and regional earthquakes to perform a passive seismic
1 TVC.
tomography of the area. The information derived from the final velocity
model (i.e. %dVp, %dVs variations and Vp/Vs ratio) is then coupled with
a structural geologic cross section and regional mapping in order to cor-
roborate the link between the local fault system and the velocity anom-
alies Finally, we create a 3D model of the Tinguiririca volcanic–
hydrothermal system using an iso-value contour that covers the
whole study area. This 3Dmodel successfully explains the current distri-
bution of the physical and chemical characteristics of the hydrothermal
manifestations reported in the area (Clavero et al., 2011; Benavente,
2015; Benavente et al., 2015). This work correspond to the first hydro-
thermal system analyzed using complementary methods in the
Chilean Andes.

2. Geology of the TVC region

The TVC is an active volcanic cluster comprising twomajor stratovol-
canoes, Tinguiririca and Fray Carlos, and several scoria cones distributed
along 20 km in N25° E direction. (Fig. 2). Volcanic activity seems to have
migrated along the N25° E alignment of volcanic cones, being the erup-
tion registered in 1917 at Tinguiririca volcano the last eruptive episode
experienced by the TVC (Arcos, 1987; Gonzalez-Ferrán, 1995; Stern
et al., 2007). The volcanic cluster overlies a lower to middle Pleistocene
plateau of andesitic to basaltic–andesitic lavas that cover an area of
160 km2 (Arcos, 1987).

Late Jurassic to Neogene sedimentary and volcanic rocks constituted
the basement of the TVC (Fig. 2). The oldest sequence corresponds to
the Late Jurassic continental Río Damas Formation (Fig. 2) consisting
of ~3800 m thick red conglomerates and sandstones interfingered
with andesitic volcanic breccias and lavas (Charrier et al., 1996; Rossel
et al., 2014). The marine Baños del Flaco Formation overlies the Río
Damas Formation (Fig. 2). It consists of ~370 m thick calcarenites and
calcilutites with sandstone intercalations representing a transgres-
sive–regressive cycle during the Late Jurassic–Early Cretaceous
(Charrier et al., 1996). Unconformably overlaying the Baños del Flaco
deposits is the BRCU (Brownish-red Clastic Unit) (Charrier et al.,
1996) (Fig. 2). This is an Early Late Cretaceous continental unit



Fig. 2. Geology of the TVC region. Location is in Fig. 1. Solid black lines indicate the location of the cross-sections in Supplementary Material (Fig. S3). Black triangles represent volcanoes.
Circles represent hot spring and fumarolic fields identified in this work (Arcos, 1987).
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Table 1
UTM coordinates (WGS84-19S), altitude (m.a.s.l.) and description of Termas del Flaco, Las Choicas, Los Humos and Los Azufres thermal manifestations. Coordinates of Las Choicas fuma-
rolic field were taken from Clavero et al., (2011).

UTM–E UTM–N Altitude Description Temperature

Termas del Flaco 0368138 6138365 2829 Hot spring 63.7 °C–89.4 °C
Manifestation 1 0371705 6142751 2874 Gas emission 89.2 °C
Manifestation 2 0372656 6142313 3462 Gas emission 88.1 °C
Los Humos 1 0371838 6143067 2975 Fumarolic field 90.6 °C
Los Humos 2 0371612 6143019 2972 Fumarolic field 27.9 °C
Los Humos 3 0371802 6143235 2977 Fumarolic field 90.7 °C
Los Humos 4 0371541 6142686 2873 Fumarolic field 91.3 °C
Los Humos 5 0371250 6142895 2726 Hot spring 59.7 °C
Los Azufres 1 0365995 6148465 1569 Sulfur emissions –

Los Azufres 2 0368727 6148686 1797 Sulfur emissions –

Los Azufres 3 0373120 6146230 3157 Hot spring 25.5 °C
Las Choicas 1 0373434 6140198 – Fumarolic field Boiling temperature
Las Choicas 2 0373385 6140136 – Fumarolic field Boiling temperature

Fig. 3. Thermal manifestations of Tinguiririca Volcanic Complex: (A) Tinguiririca stratovolcano; (B) Termas del Flaco hot springs (T = 63.7 °C−89.4 °C); (C) Los Humos acid crater lake
(pH= 1,87; T= 90.6 °C); (D) Los Humos fumarolic field (T= 90.7 °C); (E) Los Humos bubblingmud pool (T= 89.2 °C); (F) Los Humos hot spring (T= 59.7 °C); and (G) Los Azufres hot
springs (T = 27.5 °C).03734346140198.
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consisting of a basal breccia, conglomerates and conglomeratic sand-
stones alternating with mudstone and fine sandstone intercalations. In
the southern slope of the Tinguiririca river valley, the unconformity sep-
arating the BRCU from the overlying Paleogene Abanico Formation is
well exposed (Fig. 2) (Charrier et al., 1996).

To west of the Termas del Flaco village, along the slopes of the
Tinguiririca river valley, two mostly volcanic units are exposed that
have been grouped in the Late Cretaceous Guanaco volcanic unit and
in the Eocene–Oligocene Abanico Formation (Fig. 2). The former unit
corresponds to a 1200 m thick succession of bimodal volcanism
consisting of dacitic to rhyolitic tuffs, basalts, basaltic andesites and an-
desites with intercalations of volcanoclastic breccias and sandstones
(Mosolf, 2013). The latter consist of 1000 m of volcanoclastic deposits
and acidic to intermediate lavas with intercalations of coarse and fine-
grained detrital deposits and lacustrine limestones (Charrier et al.,
1996, 2002). The Abanico Formation unconformably overlies the Late
Cretaceous Guanaco volcanic succession. The Abanico Formation is cov-
ered by a thick ignimbritic deposit followed by thick, coarse conglomer-
atic layers and sandstones assigned to the Farellones Formation (Tapia,
2015). Pleistocene–Holocene arc-related rocks unconformably cover all
the previous stratigraphic units and have been grouped in the
Tinguiririca Volcanic Group (Arcos, 1987; Charrier et al., 1996) (Fig. 2).

Thermal activity at TVC occurs in a roughly N–S band on the W and
SW slopes of Tinguiririca volcano and resembles the typical features of
high-temperature and elevation (T N 200 °C) volcanic-hosted hydro-
thermal systems, i.e. high-elevation fumaroles and low-land chloride-
rich springs (Goff and Janik, 2000). Four hydrothermal areas have
been reported at TVC: (1) Los Azufres, (2) Los Humos, (3) Las Choicas
and (4) Termas del Flaco (Clavero et al., 2011; Benavente, 2015;
Benavente et al., 2015). The first three areas, located between 2700
and 3300 m a.s.l., are characterized by sporadic fumarolic discharges,
mud pools, sulfate-rich steam-heated waters (Clavero et al., 2011;
Benavente, 2015; Benavente et al., 2015). All the fumarole discharge
mainly steam (N90% mol/mol) at boiling temperatures (~90 °C) and
are associated with acid-sulfate alteration and native sulfur deposits
(Benavente, 2015). The main outflow of these geothermal systems can
be found at Termas del Flaco, ~16 km to the south of TVC, where high-
temperature (between 63.7 and 89.2 °C), Cl-rich waters are discharged
at an elevation of 1720 m.a.s.l., ~1600 m lower than the Las Choicas fu-
marolic field (Table 1). Thewater has a neutral pH, a Na–Cl composition
with TDS of up to 4000 mg/L and a stable isotope composition (δ18O–
and δD–H2O) that resemble local meteoric water, and is associated to
a gas phase showing relatively high concentrations of CH4 (Benavente,
2015; Benavente et al., 2015).
Fig. 4. Schematic cross section I-I′. See Fig. 2 for location. The cross section shows the deep
explication).
According to Benavente (2015), fumarolic discharges at Los Humos
area are characterized by the absence of magmatic gaseous compounds
(SO2, HCl, HF) and log(H2/H2O) values close to −2.82, which indicate
that these fumarolic fluids get equilibrated at depth in a vapor phase
under typical (non-magmatic) hydrothermal conditions (Giggenbach,
1987). Nevertheless, the occurrence of significant mantle He in the fu-
marolic and bubbling pool gases at Los Humos and Termas del Flaco, re-
spectively (R/Rair values ranging from 2.13 to 3.9), as well as the
presence of non-atmospheric N2 in both zones (N2/Ar ratios up to
233) suggests the occurrence of an active deepmagmatic systemunder-
lying the upper hydrothermal zone (Benavente, 2015; Benavente et al.,
2015). Thepresence of H2 andH2S in the fumarolic discharges evidences
reservoir temperatures in excess of 250 °C, which is consistent with the
temperatures estimated by using the CO2–Ar and CO2–CH4

geothermometers (~270 °C; Benavente, 2015; Benavente et al., 2015).
The high Cl and Li concentrations (~1800 and ~4 mgL−1), as well as
the Cl/B ratio (~80) of the Termas del Flaco water also suggest that
these fluids are derived from a high temperature reservoir
(Benavente, 2015; Benavente et al., 2015). Geothermometric calcula-
tions in the Na–K–Ca–Mg system indicates that these Cl-rich waters
get equilibrated at a temperature close to 230 °C (Benavente, 2015;
Benavente et al., 2015), which is consistentwith themaximum temper-
ature measured at the bottom of the ~800 m depth slim hole drilled
close to LosHumos area (Clavero et al., 2011). The Cl-rich springs cannot
be conclusively linked to a source beneath Los Humos and Las Choicas
areas, but if they were connected, the ~40 °C difference between the
temperatures estimated for the Cl-rich and fumarolic discharges may
suggests that these Cl-rich water have moved laterally a
considerabledistance discharging at surface.

2.1. Structural geology data of the basement of the TVC

From a regional point of view, this Andean region corresponds to the
internal part of the fold-and-thrust belt that characterizes the eastern
slope of the Andean orogen (Kley et al., 1999; Ramos et al., 2004).

In order to determine the structure of the area, we describe next the
main structural features of the study region, complemented with infor-
mation from previous studies (Charrier et al., 1996, 2002; Mescua et al.,
2014). This allowed the construction of a schematic cross section (Fig. 4)
constrained only by surface data because the geothermal borehole in-
formation gathered in the area is not available.

In the eastern sector of the TVC (Fig. 2), the west dipping Mesozoic
successions (Fig. 5A)make up the back-limb of a large, east-vergent an-
ticline of 10 km half-wavelength with a front-limb located east of the
interpretation of the out-cropping structures along the TVC region (see text for further



Fig. 5. Main structural features of the TVC region. (A) Southward view of the structure in the southern slope of the Tinguiririca valley. (B) Drag folds in the BRCU unit associated with El
Fierro fault deformation. See Fig. 4 for location. (C) Frontal flank of the anticline along the northern slope of the Tinguiririca valley. Note the overturned strata of the Late Cretaceous vol-
canic sequences. (D) Unconformity between Late Cretaceous and Abanico Formation rocks. The Paleogene rocks showgrowth strata associatedwith the synorogenic deposition. Note also
the normal faults that accommodate the thickness of the Abanico Formation. (E) Growth strata of the Abanico Formation developed in the frontal limb of the northern anticline.
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study area (Mescua et al., 2014). According to these authors, in the core
of the anticline crop out complexily thrusted and folded Early Jurassic
marine deposits. Moreover, these authors interpreted this fold as a
structure associated to the inversion of normal faults associated with
the development of the extensional Mesozoic Río del Cobre depocenter.
The inverted normal fault dips towest rooting in a detachment at 10 km
depth and, thus, tilting westward the Mesozoic rocks and structures of
the western sector of the study area (Mescua et al., 2014) (Fig. 4).

The western sector is characterized by the presence of the ~9 km
half-wavelength anticline well exposed along the northern slope of
the Tinguiririca river valley (Fig. 2) involving the Late Cretaceous volca-
nic sequences and theAbanico Formation rocks in the core and limbs re-
spectively. This structure shows a geometry characterized by a short
front-limb with overturned strata and a long back-limb (Fig. 5B) indi-
cating an eastward vergency. In the frontlimb the Abanico layers show
a progressive unconformity and eastward thickness growth (Fig. 5C &
D). On the other hand, a west dipping homoclinal fold involving both
the Late Cretaceous volcanic sequence and the Abanico Formation
crops out along the southern slope of the valley (Fig. 5A). Considering
that the Abanico Formation was deposited during an extensional
event (Charrier et al., 1996, 2002, 2005), we infer the presence of a
blind west-dipping normal fault system in the Garcés creek area that
would be responsible for the progressive unconformity and the east-
ward growth of the Abanico strata (Fig. 4). Furthermore, the 9 km
half-wavelength anticline would be associated with the inversion of
the normal fault (cf. Mescua et al., 2014).

The anticline along the northern slope of the Tinguiririca valley is cut
by the El Baule faults (Charrier et al., 2002), a N–S east vergent reverse
fault mapped along the El Baule creek (Fig. 2). This fault cuts the hinge
of the anticline evidencing that it formed after the folding. In the deep,



Fig. 6. Local scale cross sections with 3D projection showing velocity structures of the Tinguiririca Volcanic Complex. All sections using the same color palette for velocities. (A), (B),
(C) west–east cross sections showing final Vp/Vs velocity model. Each of the sections is separated by 3 km (D) north-east cross sections showing final Vp/Vs velocity model. (E) South-
east cross sections showing final Vp/Vs velocity model.
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this structure would be connected to the blind inverted extensional
fault forming only one fault below 8 km depth (Fig. 4).

The easternmost structure in this region corresponds to the reverse
El Fierro fault. It has a NNE–SSW strike, east-dipping slightly oblique to
the stratification and thus cutting progressively younger units south-
ward (Fig. 5E). In the southern slope of the Tinguiririca valley, the
folds in the BRCU above the El Fierro fault indicate an inverse displace-
ment of the structure (Fig. 5E). According to the characteristics, we in-
terpret the El Fierro fault as a short-cut fault associated to the inverted
structure of the Abanico basin (Fig. 4).

3. Local earthquake tomography

In order to achieve a more accurate characterization of the hydro-
thermal system, a 3D body wave velocity model was determined to de-
fine the role of the aforementioned structures in the hydrodynamics of
the system and to locate the possible source of heat that would be relat-
ed to the temperature pattern of the thermal manifestations in the
study region (Table 1).

The velocitymodelwas obtainedusing P- and S-wave arrival times re-
corded by 16 short period, three components seismic stations deployed
on the western flank of the Tinguiririca volcano from January to April
2010 (Lira, 2010). The seismic network covered an area of 20 × 10 km2,
the average distance between the stations was ~3 km, and 15,000
seismic events were recorded, where ~73% corresponded to the
aftershock sequence of the Mw = 8.8 Central-South Chile earthquake
(February 27th, 2010), and 27% to local seismicity; in summary
11.343 P- and 11.250 S-wave arrival times, were used in the inversion,
respectively.

The seismicity was initially localized using HIPOINVERSE (Klein,
1978), based on a layered 1D velocity model for P waves (Thierer
et al., 2005) (See supplementarymaterial, Fig. S1); the 1D-Swave veloc-
itymodelwas obtained using the ratio Vp/Vs=1.75. The 3D bodywave
velocity model was obtained in a grid of 390 blocks, covering a volume
of 15 × 18× 18 km3 inwhichVp andVs are inverted independently. The
region was laterally parameterized by 3 × 3 km2 grid spacing, and
1–1.5 km depth separation, in 13 layers, ranging from 3 km above sea
level to−15 km below.

The hypocenter locations obtained fromHYPOINVERSEwere used as
starting values for the tomography inversion (Roecker, 1982; Roecker
et al., 1987; Roecker et al., 1997). After 5 iterations, we obtained ~5%
of variation of themodelwith respect of the previous iteration (See sup-
plementary material, Fig. S2), and 705 blocks were kept from the 780
total initial one.
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3.1. Body wave velocity model

Based on the geological information of the study area, Fig. 8 shows 5
cross sections that are crossing the area in 3 different directions: west–
east (Fig. 6A, B, C), north–east (Fig. 6D), and south–east (Fig. 6E). The
west–east cross sections were built in order to define the hypothetical
link between the observed structures and thermal manifestations
(Fig. 2) with possible velocity anomalies. The second plane, correspond-
ing to the observed surface orientation of El Fierro fault (Fig. 2), is select-
ed to demonstrate the influence of the main fault plane on the fluid
mobility in the system. Finally, the third plane, perpendicular to El Fierro
fault, pretends to define the lateral extension of the velocity anomalies
around the fault.

In the northern part of the TVC, low Vp/Vs values are identified
(Fig. 6A). These values, in the range of 1.65–1.70, predominate to a
depth of ~3–4 km below sea level. Meanwhile, southward these anom-
alies become deeper, reaching 5 km below sea level (Fig. 6B). In the
southern part, two different anomalies, separated by a plane-like struc-
ture are observed: a dominantly high Vp/Vs values (1.775–1.80) west
and a low value anomaly (1.650–1.700) east to the structure (Fig. 6C).
In the NE profile, which follows the direction of El Fierro fault
(Fig. 6D), is easily recognizable a high velocity anomaly (1.775–1.800)
next to a low velocity anomaly (1.650–1.700) from SW to NE. Finally,
Fig. 6E shows that the lateral extension of the low velocity anomaly
around the fault is ~3 km.

4. Discussion

4.1. Integrated model

In order to integrate the information obtained from the seismic to-
mography and the structural model, both methods have been made to
overlap at the same cross section in the southern zone of the study
area (Figs. 2 & Fig. 7). The structural section used for the comparison
Fig. 7. (A) Schematic cross section I-I′. See Fig. 2 for location. The cross section shows the dee
explication).
contains structures that coincide with the major domains identifiable
in the velocity model. Minor faults and lithological separations have
been omitted because they are not perceptible by the resolution of seis-
mic tomography.

Firstly, the region corresponding to high Vp/Vs ratios (1.750–1.800),
coincideswith the area enclosed by El Baule and El Fierro faults (Fig. 7B).
Due to the proximity of these structures, this zonewould correspond to
a damage zone which confirms our hypothesis of the existence of high
levels of fracturing. In fact, the observed anomaly has the same inferred
orientation of both faults at depth. The most significant percentage var-
iations, in this case, are associated with the percentage variation of Vp
(Fig. 7C), which in turn is associated with a decrease of the
incompressibility elastic modulus (κ). Surrounding this zone, and fol-
lowing the trace of the faults, a low Vp/Vs anomaly (1.650–1.725) is ob-
served (Fig. 7B). This contour may indicate the path of ascent of hot
fluids after their possible interaction with a deep magmatic reservoir.
From Fig. 7C & d a decrease in %dVs with respect to the area between
El Baule and El Fierro faults, which suggest the occurrence of a large
amount of hot fluids in motion, is clearly distinguishable.

An intermediate low Vp/Vs ratio is shown (1.725–1.750) in the NE
sector of the section. Such values match with a high-permeability
zone associated with sedimentary sequences, corresponding to the
Río Damas Formation (Fig. 3). This area also exhibits sectors with high
Vp/Vs ratios, equally explained by the level of fracturing. Due to the
aforementioned features, the Río Damas Formation seems to be acting
as the hydrothermal reservoir. Moreover, these rocks are isolated be-
tween impermeable marine sequences of both overlying Baños del
Flaco and the underlying Lotena Group (Fig. 4). Deeper areas exhibiting
relative high velocity values would correspond to the pre-Jurassic base-
ment shown in the structural section (Fig. 7A & B).

The cross-comparison between the structural modeling and the
body wave velocity model indicates that the main structures through
which hydrothermal fluids are circulating are El Baule and El Fierro
faults and their detachment zone at depth (~8 km; Fig. 7). According
p interpretation of the out-cropping structures along the TVC region (see text for further



115C. Pavez et al. / Journal of Volcanology and Geothermal Research 310 (2016) 107–117
to these proposed fluid path, these zones have the appropriate features
to accommodate a magmatic heat source. The secondary faults S1 and
S2 (Fig. 7) shown in the cross section do not seem to play a significant
role in the recharge of the reservoir.

4.2. Conceptual model

Based on the exposed seismicity distribution, the Vp/Vs structure of
the velocitymodel and the geologic and tectonic information, a 3D visu-
alization of the magmatic-hydrothermal system was developed. In
order to observe the geometry and the latitudinal spatial variations of
the low Vp/Vs anomalies, velocity iso-values between the range of
1.65–1.70were selected. These values define the 3D shape of the anom-
aly increasing in volume aswe approach to themaximumvalue. Finally,
an iso-surface considering a Vp/Vs ratio equal to 1.70 was built. The
most prominent feature observed in the obtained model is a large “V”
shaped low-velocity anomaly (Fig. 8A & B) which extends along the en-
tire study area. The orientation of this low Vp/Vs anomaly has the same
vergency as the El Fierro fault, corroborating the fact that hydrothermal
fluids use this fault zone to rise to the surface (Ward and Jacob, 1971;
Combs and Hadley, 1977). Using this 3D visualization, it is possible to
explain the link between the subsurface and surface results. The loca-
tion of hot springs and fumarolic fields coincides with the surface ex-
pressions at Los Azufres, Los Humos, Las Choicas, and Termas del Flaco
(Fig .2). In fact, the borders of the V-shaped low-velocity anomaly are
clearly related with fluid discharges located at the surface. Regarding
the last point, Fig. 8A shows that sectors 1 and 3 coincide with the loca-
tion of the Termas del Flaco and Los Azufres thermal features.

In the case of the northern anomalies, the low Vp/Vs ratio (1.65–
1.70) coincides with both Los Humos and Los Azufres areas. The behav-
ior of Los Humos fumarolicfield is clearly defined by the percentage var-
iation of Vp (See supplementary material, Fig. S3). The last suggest a
strong dependence of the incompressibility modulus (κ) since this
area is characterized by the occurrence of high temperature degassing
activity and hydrothermal alteration. Meanwhile the behavior in the
Los Azufres area would be explained by the presence of fluids that
could saturate the fracture zone, causing a decrease of both Vp and Vs
Fig. 8. (A) Perspective view of the 3D model of low Vp/Vs values with topography. In the diagra
surface itwas chosen considering Vp/Vs equal to 1.70. (B) In the inset is observed a top viewof a
1, 2 and 3 correspond to Termas del Flaco, Los Humos and Los Azufres, respectively.
velocities and triggering the observed hot springs. Although Clavero
et al. (2011) have reported high temperature fumaroles in this area,
these thermal manifestations were not observed in the present field
work. For the southern anomalies, coincident with the Termas del
Flaco area, the increase in the Vp/Vs ratio indicates the presence offluids
in a porous and fractured media. Otherwise, in the adjacent anomaly,
the low Vp/Vs ratio could be associated with a high temperature fluid
content, exhibiting the same behavior as the northern sector (Fig. 6).

(1) With the previous information and the available geochemical
data, a conceptual model of fluid circulation at the volcanic–
hydrothermal system was generated. Our integrated conceptual
model indicates that geothermal activity at TVC displays
the typical seismic, geological and geological features of high-
temperature and -elevation (T N 200 °C) volcanic-hosted
hydrothermal systems (Fig. 8) and is summarized as follows:
The heat source of the hydrothermal system corresponds to
an intrusive body associated to the volcanic activity recorded
for the TVC in the last century. This magma reservoir, having
most likely an andesitic composition, would be emplaced
between 3 to 6 km b.s.l. as imaged from the low value Vp/Vs
anomalies.

(2) Primary fluids originating frommagma degassing are scrubbed by
an overlying hydrothermal reservoir that would be emplaced
within the Rio Damas rocks under the Los Humos and Las Choicas
areas. These fluids and the geochemical signature in the zone con-
firm the existence and the location of the proposedmagmatic res-
ervoir, allowing to establish the difference between magma and
hotfluids, and supporting the interpretation of the velocitymodel.

(3) This magma reservoir would lie under a clay cap layer located be-
tween 2 and 3 km a.s.l. as was observed by Clavero et al. (2011),
who describes the occurrence of a subtle concave-shape conduc-
tive layer under the Fray Carlos volcano.

(4) This hydrothermal reservoir would have a liquid-dominated zone
at the bottom and an upper zone that is vapor-dominated as a re-
sult of a boiling process in deeper parts of the reservoir. Gases
(mainly steam and CO2) from the vapor-dominated zone
m, the hypothetical fluid mobility in depth and the upflow paths are shown. The iso-ratio
horizontal projection of the velocitymodel at 1.5 km above sea level. In both images sector
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are transferred to the surface and are discharged by the fumaroles,
mud pools and minor steaming grounds located at sector 2
and 3 (Los Humos and Las Choicas). Condensed steam, with oxi-
dized H2S gas, would feed the minor hot acid springs at Los
Azufres.

(5) Cl-rich springs from sector 1 (Termas del Flaco) would be origi-
nated in the upper part of the liquid-dominated zone located
under sector 2 and 3 at an altitude b 1600 m higher than its dis-
charge points at the Tinguiririca valley (~1750 m a.s.l.). These
Cl-rich waters would move laterally a considerable distance
(~15 km) to the south through a highly fractured zone associated
to the El Fierro fault system (Fig. 8).

In general, the obtained results associatedwith thebodywave veloc-
ity model are in good agreementwith that obtained by Lira, 2010. How-
ever, and considering that the lowVp/Vs anomalies were not connected
in the Vp/Vs model of Lira (2010), it was impossible for him to explain
the dynamic of the system. In our case, we interpret the low Vp/Vs
values as a single giant low velocity anomaly that covers the entire
study area, allowing us to establish the relationship between this deep
anomaly with all the shallow thermal manifestations. Regarding this,
both models coincide that the Los Azufres, Los Humos and Las Choicas
(not mentioned in Lira (2010)) corresponds to an upflow zone, howev-
er, in this work we point out that Termas del Flaco is an outflow area. In
the same way, this model allowed the identification of the recharge
zone of the hydrothermal system (Fig. 8B). In this context, high Vp/Vs
values in the western zone of the study area (Fig. 8B) has been
interpreted as a lateral recharge zone, disregarding the possibility that
these anomalies are related with hypabyssal intrusions of Cretaceous
age (Lira, 2010).

From the point of view of structural geology, the results that ema-
nate from the passive seismic tomography remain consistent with the
local geology. Additionally, a low porosity parameter Vp ∗ Vs (Lira,
2010) in areas corresponding to low Vp/Vs values would indicate high
porosity, which support the considerable level of fracturing interpreted
between El Fierro and El Baule faults. Despite this fact, this interpreta-
tion can be enhanced by linking the local structures at depth through
the detachment zone, which allowed us to relate the magmatic reser-
voir with the fault system. Both models (Lira, 2010 and this work) sug-
gest that the reservoir should be located in the Rio Damas Formation,
however, we conclude this based on the structural analysis and Lira
(2010) based on porosity analysis; the systemwould be sealed and iso-
lated by the Baños del Flaco and Lotena Group impermeable marine
sequences.

Finally, in the context of geochemical analysis, the presence of non-
atmospheric N2 suggests the presence of an active magmatic system
that is located beneath the hydrothermal zone. This is also associated
with an increase of the Vp/Vs values above the potential magmatic res-
ervoir that help us to assume the existence of a clay level (Fig. 8B; See
supplementary material, Fig. S3). This magmatic reservoir, located in
the lower lobe of the V-shaped low velocity anomaly (Fig. 8A), could
be acting as a heat source of the whole system. On the contrary, Lira
(2010) said that the anomaly cannot be associated to the presence of
a potential heat source, because in that case it should be expected low
Vp and low Vs values, but high Vp/Vs ratios because the temperature
of the rock should be close to the partial fusion temperature.

5. Conclusions

(1) This work presents an integrated model based on structural
modeling and seismic tomography, which helped to characterize
accurately the current background behavior of the Tinguiririca
Volcanic Complex. Both methods were correlated using a cross
section located in the southern zone of the study area, near
Termas del Flaco. This comparison corroborates the primary
role of the El Fierro and El Baule faults in the mobility of the hy-
drothermal fluids in the region, and also allowed the identifica-
tion of the velocity anomalies related to the presence of hot
fluids, in the range of 1.65–1.70.

(2) Using this information it was possible to create a 3D model that
indicates the dynamics governing the entire hydrothermal sys-
tem. The obtained geometry, related with the circulation pattern
of fluids, fits well with the location of the surface thermal mani-
festations. The model suggests that the Termas del Flaco springs
correspond to an outflow zone, whereas Las Choicas, Los
Humos and Los Azufres are related to upflowzones of hydrother-
mal fluids (Fig. 8). Both zones seems to be linked to a two-phase
hydrothermal reservoir that would be sited within the Rio Dama
Formation. Water and gas chemistry suggest reservoir tempera-
tures in the range of 230 and 270 °C. Heat source would be relat-
ed to andesitic magmatic chamber associated with Fray Carlos,
Tinguiririca and/or Montserrat volcanoes likely emplaced be-
tween 3 to 6 km b.s.l.

(3) A continuous integration between geological and geophysical
methods becomes essential to properly locate possible areas for
exploitation projects and for the estimation of the effect of fluid
injection in the zone.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2015.11.018.
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