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ABSTRACT

Ubinas volcano, the historically most active volcano in Peru straddles a low-relief high plateau and the flank of a
steep valley. A multidisciplinary geophysical study has been performed to investigate the internal structure and the
fluids flow within the edifice. We conducted 10 self-potential (SP) radial (from summit to base) profiles, 15 audio
magnetotelluric (AMT) soundings on the west flank and a detailed survey of SP and soil temperature
measurements on the summit caldera floor. The typical “V” shape of the SP radial profiles has been interpreted as
the result of a hydrothermal zone superimposed on a hydrogeological zone in the upper parts of the edifice, and
depicts a sub-circular SP positive anomaly, about 6 km in diameter. The latter is centred on the summit, and is
characterised by a larger extension on the western flank located on the low-relief high plateau. The AMT resistivity
model shows the presence of a conductive body beneath the summit at a depth comparable to that of the bottom of
the inner south crater in the present-day caldera, where intense hydrothermal manifesta-tions occur. The lack of
SP and temperature anomalies on the present caldera floor suggests a self-sealed hydro-thermal system, where the
inner south crater acts as a pressure release valve. Although no resistivity data exists on the eastern flank, we
presume, based on the asymmetry of the basement topography, and the amplitude of SP anomalies on the east
flank, which are approximately five fold that on the west flank, that gravitational flow of hydrothermal fluids may
occur towards the deep valley of Ubinas. This hypothesis, supported by the presence of hot springs and faults on
the eastern foot of the edifice, reinforces the idea that a large part of the southeast flank of the Ubinas volcano may
be altered by hydrothermal activity and will tend to be less stable. One of the major findings that stems from this
study is that the slope of the basement on which a volcano has grown plays a major role in the geometry of the

hydrothermal systems.

Another case of asymmetrical composite cone edifice, built on a steep topography, is observed on El Misti volcano
(situated 70 km west of Ubinas), which exhibits a similar SP pattern. These types of edifices have a high potential of
spreading and sliding along the slope owing to the thicker accumulation of low cohesion and hydrothermally

altered volcanic products.
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1. Introduction

Understanding the inner structure of a composite cone through geo-
physical survey can help to provide crucial insights into past eruptive
history and the structural relationships between the edifice and regional
tectonics. Among the major features that can influence the cone behav-
iour for future activity are the existence of faults and lithological discon-
tinuities (such as those created by calderas or landslides) and the
presence of a hydrothermal system that determines the fluid flows
and the alteration of the edifice (Lopez and Williams, 1993; Reid et al.,
2001). In this study of Ubinas volcano (south Peru), we used the self-


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2014.02.020&domain=pdf
http://dx.doi.org/10.1016/j.jvolgeores.2014.02.020
mailto:kgonzales@ingemmet.gob.pe
mailto:anthony.finizola@gmail.com
mailto:J.F.Lenat@opgc.univ-bpclermont.fr
mailto:orlando.macedo@igp.gob.pe
mailto:dramos@ingemmet.gob.pe
mailto:J.C.Thouret@opgc.univ-bpclermont.fr
mailto:n.fournier@gns.cri.nz
mailto:vcruz@ingemmet.gob.pe
mailto:karine.pistre@univ-lorraine.fr
http://dx.doi.org/10.1016/j.jvolgeores.2014.02.020
http://www.sciencedirect.com/science/journal/03770273

potential (SP) technique and soil temperature measurements to outline
the hydrothermal system and audio-magnetotelluric (AMT) measure-
ments to investigate the internal structure through the distribution of
resistivity. Moreover, the location and temperature of the water springs
in a radius of 20 km all around Ubinas volcano have been taken. Infor-
mation on the hydrothermal system is important because it is part of
the plumbing system and as such, it plays a role on the eruptive activity.
This is particularly true in the case of the last Ubinas eruption in
2006-2009 (Rivera et al., 2014).

The SP method has been used on active volcanoes for identifying and
delineating anomalies associated with the presence of active hydrother-
mal systems (Lénat et al., 1998; Finizola et al., 2002, 2003; Aizawa, 2004;
Revil et al., 2004; Hase et al., 2005; Finizola et al., 2006; Aizawa et al.,
2008; Revil et al., 2008; Barde-Cabusson et al., 2009a,b; Finizola et al.,
2009, 2010; Bennati et al., 2011; Revil et al., 2011; Barde-Cabusson
et al., 2012). This method can also be used to monitor the evolution of
hydrothermal systems through time (Ishido et al., 1997; Yasukawa
et al.,, 2005). SP anomalies due to the hydrothermal activity can reach
hundreds to thousands of millivolts in amplitude (Finizola et al., 2004).
These surface electric fields reflect streaming current effects occurring
at depth. The main source of SP signal on volcanoes is thought to be
electrokinetic coupling (Corwin and Hoover, 1979). Electrokinetic (or
streaming) potentials are generated when a fluid flows through a porous
medium (electro-osmosis) generating electric current and voltage differ-
ence in the double electrical layer (Corwin and Hoover, 1979; Avena and
De Pauli, 1996; Lorne et al., 1999a,b; Revil and Leroy, 2001). The external
layer, termed the electrical diffuse layer, is generally positively charged.
The fluid flow drags positive charges from the diffuse layer, creating a
macroscopic current density and an electrical field called the streaming
potential. The current is therefore positive in the flow direction. This
has been documented by laboratory experiments for silica and volcanic
rocks (e.g. Ishido and Mizutani, 1981; Jouniaux et al., 2000), theoretical
works (Lorne et al., 1999a,b; Revil et al., 1999a,b; Revil and Leroy,
2001), and field data (e.g. Trique et al., 1999). As a result, the electro-
kinetic effect associated with the down flow of water in purely
hydrogeological zones results in negative self-potential anomalies at
the ground surface, whereas the uprising flow in hydrothermal systems
will result in positive anomalies. In hydrogeological zones, the amplitude
of the SP variation can be related to the distance between the topography
and the water table (Jackson and Kauahikaua, 1987; Aubert et al., 1993;
Aubert and Atangana, 1996; Boubekraoui et al., 1998; Revil et al., 2005).
However, several cases of negatively charged electrical diffuse layer
(positive zeta potential) have been reported for rocks and minerals locat-
ed above hydrothermal areas and also for all minerals (with the excep-
tion of clays such as smectite) when the pH is below the isoelectric
point of the mineral, typically for acidic solutions (Guichet and Zuddas,
2003; Hase et al., 2003; Guichet et al., 2006; Aizawa et al., 2008). This
means that, under certain conditions (type of particles, bulk solution,
temperature, pH), either SP maxima or minima can be measured with
the same fluid circulation direction. But in most cases, SP profiles extend-
ing from the summit to the lower flanks of active volcanoes show two
major SP domains (e.g. Sasai et al., 1997; Aubert et al., 2000; Finizola
et al., 2004; Ishido, 2004). In the upper part of the edifice, the SP is
generally dominated by hydrothermal flow with positive SP/elevation
gradient, whereas in the lower flanks, hydrogeological flow is mostly
expected with negative SP/elevation gradient.

This work has consisted in mapping extensively SP anomalies across
the entire Ubinas composite cone about 10 km in diameter. In addition,
15 audio-magnetotelluric (AMT) soundings provided a resistivity cross-
section of the western flank of the edifice. A detailed SP and soil subsur-
face temperature mapping was conducted on the floor of the summit
caldera, covering an area of about 1 km in diameter. Finally, water
springs, well known by the local inhabitants, where located and mea-
sured in temperature, in a radius of 20 km all around the volcanic edi-
fice. Here we present results from each individual survey before
drawing conclusions from their integrated interpretation. We then

compare our findings with nearby Peruvian volcanoes (El Misti and
Tiscani) where similar measurements have been conducted (Finizola
et al., 2004; Byrdina et al., 2013). Finally, we discuss the implications
of this study on hazard assessment at Ubinas volcano.

2. Geological setting

Ubinas volcano (16° 21’ S, 70° 54’ W, 5675 m asl) is an andesitic
composite cone with a roughly circular shape, located in the Western
Cordillera in the Central Andean Volcanic Zone (CVZ in Fig. 1a). Ubinas
is part of a calc-alkaline volcanism of Quaternary age and belongs to
the volcanic range emplaced during the Pleistocene. This volcanic
range is related to the subduction of the Nazca plate beneath the
South American plate, with an average velocity of 4.6 cm/yr (Sébrier
and Soler, 1991). Seven of these volcanoes in southern Peru have expe-
rienced historical (i.e. post-Spanish conquest) eruptive crises: Nevado
Sabancaya, El Misti, Ubinas, Huaynaputina, Ticsani, Tutupaca and
Yucamane (Hantke and Parodi, 1966; James, 1982; De Silva and
Francis, 1991; Simkin and Siebert, 1994).

Ubinas volcano has been built mainly on Tertiary age volcanic prod-
ucts: Eocene and Oligocene products (lava flows and ignimbrites) from
Tacaza Group and Mio-Pliocene products from the ‘Barroso’ Group
(Marocco and del Pino, 1966). The eruptive history of Ubinas, beginning
in the early Pleistocene, is divided into two major periods: Ubinas I and
Ubinas II (Thouret et al., 2005). A first edifice, Ubinas I, no more than 600
m high, has been built acquiring a shield-like morphology. The Ubinas I
period has encompassed three major stages (la, Ib and Ic): Stage Ia
(>376 kyr) is essentially effusive; Stage Ib is characterised by a sector
collapse of Ubinas I edifice which left a large horseshoe-shaped
amphitheather open toward the SSE (Fig. 1B); Stage Ic (~376 kyr), a
succession of voluminous (1.8 km?) non-welded ash-and-pumice flow
deposits with lithic-rich pyroclastic-flow deposits, is associated to an
old summit caldera formation.

A huge unconformity visible in the south and the southeast flank of
the volcano points to the boundary between Ubinas I and Ubinas II
products. The second Ubinas edifice, a lava stratocone more than
900 m high, has overlain Ubinas I. Five units have been distinguished
during the Ubinas II period: Ila, IIb, Ilc, IId and Ile. During Stage Ila
(between 376 and 142 kyr), a thick succession of andesite and dacite
block-lava flows has formed the upper part of the edifice. Stage IIb
(~250 kyr) was a period of dacitic dome growth and destruction.
These two first periods of Ubinas Il growth have been followed by a
quiescence period or a time interval of erosion between 142 and 25
kyr. Stage Ilc (between 25 and 9.7 kyr) resulted from a series of massive
ash-rich flow and Plinian pumice-fall deposits. During Stage IId
(between 7500 and 3670 yr BP), small and medium-scale sub-Plinian,
phreatomagmatic and vulcanian eruptions occurred. Flank failure and
rockslides occurred again on the unstable south flank at the end of this
period. The gravitational collapse of the south flank (3670 + 60 yr BP)
has emplaced hummocks of debris-avalanche deposits upstream of the
Ubinas valley about 4 km away from the summit. A volume of approxi-
mately 2.5-2.8 km? of debris avalanche deposits has been located along
Ubinas Valley (Thouret et al., 2005; Rivera et al., 2014). During Stage Ile
(between 3670 yr and present), the last Plinian eruption occurred c.
980 yr BP. The present-day caldera has been formed by a succession of
Plinian eruptions that occurred since 7500-15,000 yr BP. During the
past 1000 years, the activity has been dominated by abundant but
small-sized phreatic, phreatomagmatic, and vulcanian eruptions. No
less than 24 eruptive events, including substantial fumarolic crises,
have occurred since 1550 AD. As a consequence, Ubinas is considered
the most active volcano of Peru, with three to five small events per
century (Hantke and Parodi, 1966; Simkin and Siebert, 1994; Valdivia,
1995; Rivera et al., 1998; Thouret et al., 2005). The last eruptive crisis,
largely dominated by phreatic and phreatomagmatic activity, started
on March 2006 and ended late 2008 (Rivera et al., 2010).
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Fig. 1. a. Location of the Ubinas volcano on the SRTM-90 DEM (90 m resolution) of South America. “NVZ”, “CVZ", and “SVZ” stand for North Andean Volcanic Zone, Central Andean Volcanic
Zone, and South Andean Volcanic Zone, respectively. b. DEM of Ubinas volcano superimposed on a ASTER image (2002) showing the peculiar location of Ubinas volcano, which straddles a
staircase-like morphology between the low-relief high plateau and the steep valley flank of Ubinas.

The Ubinas edifice has a peculiar structural position for it straddles a
low-relief high plateau to the west and the deep valley of Ubinas to the
east (where the town of Ubinas is located) (Fig. 1b). During the period
Ubinas Ib and IId, the south flank of Ubinas edifice have been affected
by large landslides and flank failures towards the Ubinas valley
(Thouret et al., 2005; Fig. 1b).

The summit of Ubinas volcano is occupied by a slightly elliptical, N-S
elongated caldera with maximum diameter of 1.4 km (Fig. 2a). In the
middle part of the flat floor of the caldera, two adjacent lapilli and ash
cones, a few tens of metres high, have been built after the last Plinian
eruption at about 980 yr BP. They are herein referred to as “E crater”
and “W crater”. In the southern part of the caldera lies a pit crater of
about 400 m in diameter and 300 m in depth (Rivera, 1997; Thouret
et al,, 2005; see Fig. 2b). This pit crater, herein referred to as “S crater”,
is the present-day crater, and cuts the two adjacent cones. The south
border of the pit crater rests against the south border of the caldera
rim (Fig. 2a, b), where layers of lava are greatly affected by fracturing
and hydrothermal alteration. In the 1970s, a small water lake was locat-
ed at the bottom of the pit crater (R. Marocco, personal communica-
tion). Before the most recent eruptive episode, which began in March
2006, six fumarolic areas were emitting volcanic gas and steam (see
Fig. 2b) at the bottom of the crater. We observed three groups of fuma-
roles: (1) the fumaroles nos. 1, 2, and 3 located on the lower inner flank
of, and corresponding to the border fault of, an old crater, (2) the fuma-
roles nos. 4 and 5, corresponding to the border fault of the last crater
located on the bottom of the present-day S crater, and (3) the fumarole
no. 6, located in a hole about 4 m in diameter and showing the highest
temperatures (444 °C measured in July 1997). In 1997-98 the fumarole
no. 5 was emitting gas at high pressure, with a jet-like noise audible
from the caldera rim, several hundred metres away from the S crater.
On the northwest part of the crater, close to the bottom, an intermittent

water spring was observed in July 1997. The water samples from August
1998 revealed the very high acid concentration (pH < 2): the silicone
tops of the three standard glass tubes were entirely corroded in few
hours. This acid spring is responsible for the wet area on the ash
deposits located in the bottom of the crater (see “wet area” in Fig. 2b).
In July 1997, four times in 12 days, spectacular events of increased gas
emission have been observed, with a cloud of gas filling the caldera
and spilling out on the flanks (Fig. 2a). This phenomenon was observed
only at night, suggesting that the cold night temperature (minimum of
—23 °C at this period) may have played a role by cooling, and thus
quickly increasing their density and generating their accumulation
inside the caldera. Few hours after sunrise, the gas plume was totally
diluted in the atmosphere. No fumarolic activity has been observed on
Ubinas volcano outside of the S crater.

3. Data acquisition and processing

Self-potential, subsurface soil temperature, and controlled source
audio-magnetotelluric surveys were performed at Ubinas volcano on
two different scales: SP and CS-AMT surveys extended to the entire
volcanic edifice, whereas a second, more detailed survey, combining
SP and temperature, was carried out inside the summit caldera. Water
springs were listed and measured in temperature on a radius of about
20 km all around the volcanic edifice.

3.1. The edifice geophysical survey

3.1.1. Self-potential (SP) survey

The equipment used for the self-potential (SP) measurements
included two Cu/CuSO4 non-polarising electrodes, a high impedance
voltmeter and an insulated Cu cable 300 m long. The SP survey at the
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Fig. 2. a. Picture looking south of the summit caldera of Ubinas filled with gas (see
text). S (south) crater is located adjacent to the south caldera wall (July 1997). b. Picture
looking east of the bottom of the south crater (5075 m asl.) showing six fumaroles and a
wet area supplied by an acid spring located at about 5100 m asl. (July 1997).

scale of the volcanic cone was carried out prior to the 2006-2008
eruption during three field campaigns: November-December 1998,
December 1999 and December 2002 for a profile total length of
86.6 km. The measurements were performed along ten radial profiles
with a 100 m sampling step. Nine of them extended from the summit
to the lower flanks of the volcano and one profile (7) started from the
upper part of profile 8 (Fig. 3). Two SP closure lines were carried out
in order to tie the radial profiles; one in the upper part (caldera border)
of the survey and the other one at the lower end of radial profiles. The
Piscococha lagoon (Fig. 3) was chosen as the SP reference (0 mV) as it
probably represents the level of the regional water table. Linear closure
corrections were computed for all the SP profiles. Closure corrections of
less than 170 mV were observed for 8 profiles, and of more than 300 mV
for two other profiles (profiles 2 and 8).

Because of the radial pattern of the surveys, data coverage is highly
heterogeneous, with a high density of data along the profiles but large
areas devoid of data between them. As a result, building a SP map
using a simple interpolation would yield non-realistic values between
profiles, especially across the lower part of the edifice. The interpolation
of the data was therefore achieved in two steps. First, the data was
interpolated using a mesh resolution 10 times wider (1000 m) than
the sampling interval along the radial profiles. Second, using the values
of this low-resolution grid and the original data the final SP map was
interpolated with a mesh of 70 m (Fig. 3). This way, the high frequency
information along the profiles is maintained while a smooth and coher-
ent interpolation between profiles is achieved. On the south flank
(between radial profiles 1 and 10), where no data coverage is available
due to its inaccessibility, the interpolation has not been constrained.
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Fig. 3. Self-potential (SP) map of the Ubinas volcano superimposed on a SRTM-90 DEM
(90 m resolution). The map exhibits a clear asymmetry in amplitude between the low-
relief high plateau and the Ubinas valley. The hydrothermal system is approximately
6 km in diameter.

This area has therefore been blanked out on the map, inside the struc-
tural area delineated by the scar of rockslide of the south flank, to
avoid misinterpretation.

3.1.2. Controlled source — audio-magnetotelluric (CS-AMT) survey

With the AMT method, natural electromagnetic fields are used to
investigate the resistivity structure of the Earth (Strangway et al.,
1973; Vozoff, 1991; Zonge and Hughes, 1991). The amplitude, phase,
and directional relationships between electric and magnetic fields on
the surface depend on the distribution of the electrical resistivity at
the subsurface. Fifteen AMT soundings, measured along the Pampa del
Volcdn SP profile (profile 8 in Fig. 3), provided a W-E resistivity cross-
section of the western flank of Ubinas. An abnormally thick snow
cover at the time of the measurements (April-Mai 1999) hampered
soundings in the summit area. We used a Stratagem EH4 (Geometrics)
CSAMT (controlled source audio-frequency magnetotellurics) equip-
ment allowing to record data in the 10 Hz-92 kHz frequency range. A
controlled source provided signals in the frequency range of 1 kHz to
70 kHz and was separated from the recording station from a distance
sufficient to be in the so-called far-field (plane-wave condition)
(Sasaki et al., 1992) The Stratagem system records orthogonal electric
and magnetic horizontal fields, which are processed to provide tensor
impedance measurements. When considering tensor measurements,
we identify the transverse electric (TE) and transverse magnetic (TM)
orthogonal components (e.g. Dobrin and Savit, 1988). For the TE
mode, the electric field parallels the direction of the inferred 2-D under-
lying structures. Assuming that the main structures of the Ubinas
stratocone are more or less concentric to the summit, we associate TE
mode with the tangential electric field. In the field, the setup of the elec-
trode lines and the magnetic sensors was always oriented in line and
perpendicular to the summit, and hence no rotation was applied to
the data to obtain TE and TM components. The data were processed
using the WinGLink® package from GeoSystem. Several 2-D inversions
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Fig. 4. Resistivity section from a 1-D model of 15 AMT soundings and corresponding self-potential (SP) profile of the western flank of the edifice. This profile corresponds to the radial

profile 8 shown in Fig. 2.

using TE and TM apparent resistivity and phases simultaneously or only
either the TE or TM components were carried out, as well as Occam
(Constable et al., 1987) and Bostick (Bostick, 1977) 1-D inversions.
Given the moderate quality of the data (see Figures in the Electronic
Data Supplement (EDS)), it has proven difficult to obtain significantly
different and reliable models with different approaches. For this reason,
we have chosen to present the simplest model, i.e. the 1D Occam model
on the TM component in Fig. 4. Resistivity values were interpolated
between the soundings to obtain the west flank AMT section.

3.1.3. Temperature measurement and chemical composition of water
springs

Cold and hot water springs are very well known by the local inhab-
itants. Sampling and temperature measurements were conducted be-
tween 1997 and 2010 (in September 1997, May 1998, April 2006, and
July 2010). For the structural purpose, we aimed to locate and identify
cold and hot springs and their chemical characteristics, and to reveal
the degree of contamination from a magmatic end-member (SO4) in
an area of about 20 km around Ubinas edifice. We present the average
temperature values and the major chemical components of each spring
(Table 1). The components appear in a triangular (SO4, Cl, HCO3)
‘Giggenbach’ diagram (Fig. 5).

3.2. The caldera survey

3.2.1. SP and temperature

Soil temperature taken at few tens of centimetres depth is generally
used to locate hydrothermal fluids preferentially rising close to the
surface along structural boundaries (Aubert et al., 2007; Peltier et al.,
2012). A total of 2698 self-potential (SP) and 2704 soil temperature
measurements were performed simultaneously on the summit caldera
floor, during a field campaign in June 1997, in order to investigate the
hydrothermal fluid flows around the only visible fumarolic area located
inside S crater. SP and temperature were measured along 41 parallel
E-W-trending profiles and one N-S trending profile (Fig. 6a and b).
The distance interval between the stations along the profiles was
5 m, with profiles spacing of 20 m. For temperature measurements,
we dug ~20 cm-deep holes in the ash products and measured immedi-
ately the temperature using an infrared thermometer with a resolution
of 1 °C.

The temperatures of the fumaroles located inside the S crater were
also measured using an infrared thermometer during a separate

campaign in August 1998. Because of the high spatial density and
grid-like distribution of the SP and temperature measurements inside
the Ubinas caldera, a simple interpolation was used to produce the SP
and temperature maps (Fig. 6a and b).

4. Data interpretation
4.1. Across the entire volcanic edifice

4.1.1. SP survey

Each of the SP radial profiles across the Ubinas volcano (Figs. 3 and 7)
shows a typical “V” shape (e.g. Finizola et al., 2004; Ishido, 2004), which
reflects (1) a hydrogeological zone in the lower part of the edifice,
characterised by a negative SP/altitude gradient and (2) an adjacent
hydrothermal zone, in the upper part of the edifice, characterised by a
positive SP/altitude gradient. This boundary is located between 4350
and 4750 m asl. However, the amplitude of the “V” shape varies between
profiles, with an up to fivefold amplitude difference between the west-
ern and the eastern profiles. In addition, the bottoms of the “V” shape
(i.e. the minima) do not show a progressively concentric pattern around
the volcano summit, but define two arcuate lines located on the plateau
to the west and on the valley side to the east (Fig. 3). The lowest ampli-
tude “V” shape appears along profile 5, which runs along the boundary
subdividing the hydrogeological zone and the hydrothermal zone
(Figs. 3, 7).

We therefore clearly distinguish, based on the interpretation of SP
data, the western flank built up on the low-relief high plateau and the
thicker east flank. The larger amplitude of the minima on the east
flank may be explained by a much thicker vadose zone in this area
(Jackson and Kauahikaua, 1987). In the valley, we can assume that the
water table corresponds more or less to the altitude of the river. On
the high plateau, the presence of the Piscococha lagoon suggests the
presence of a shallow water table. Thus, the surface of the Ubinas volca-
no beneath the minima is only of about 200 m above the water table to
the west, whereas the corresponding distance interval reaches about
1000 m on the east flank.

Conversely, along the rim of the valley, the amplitude of the SP
minimum is the lowest to the north (profile 5) but there is no data
at the south. A possible explanation is that the hydrothermal sys-
tem is markedly elongated between the two contrasted flanks of
the edifice. The hydrothermal system would thus counteract the
hydrogeological gradient at the south and the north. The presence



Table 1
Coordinates (in UTM-km-PSAD-56) and average temperature (in °C) of the spring water located in a radius of about 20 km around the Ubinas volcano and measured in September 1997,
May 1998, April 2006, and July 2010. Symbols and colours as in Figs. 5 and 8.

. X Y i . Color ref. i

No- | FuentesUbinas - Symbol ) PSAD-56 | P | iemy | O || watertype | amgny| opm) | gy | gy | cngly | gty | ameft | gt
1 Puente a Lucco PL 313531 | 8197.200 | 3077 | 67 | 20700 | 406 _ 71 | 37460 | 1970 | 550 | 3986 | 62494 | 11438 | 6344
2 Huarina Hrl | 306604 | 8180.945 | 3380 | 69 | 2590 | 40.0 | | SO, type 11 | 2958 | 129 | 324 | 3082 | 4012 | 6931 2196
3 Matalaque Mt | 306085 | 8177.409 | 2500 | 68 | 1003 | 395 || SO type 07 | 1175| 94| 68 | 792 | 1161 | 1848 1830
4 | Lojent gl | 286401 | 8182630 | 4506 | 43 | 1340 | 386 0.1 670 | 120 | 85 | 2300 55| 6803 12
5 | Tacune Tc 286697 | 8182.844 | 4460 | 38 | 1800 | 382 0.1 600 | 110 | 90 | 3150 | 110 7270 0.0
6 Bafios Lloque BL 314092 | 8195959 36.8

7 Bano de Cura I BC2 | 315191 | 8203504 | 3539 | 6.4 | 12,570 | 356 50 | 22333 | 1525 | 30.1 | 1524 | 34613 | 286.1| 9321
8 Eschaje Il Es2 | 315148 | 8203615 | 3463 | 7.1 | 10300 | 34.1 53 | 20807 | 1310 | 253 | 1861 | 30133 | 307.0| 9159
9 Huarina II Hr2 | 306403 | 8180459 | 2512 | 7.3 | 2070 | 340 10 | 3029 | 140 | 335 | 3176 | 3777 | 7128| 2562
10 | Eschajel Esl | 315225 | 8203487 | 3480 | 6.1 | 10,850 | 312 56 | 21078 | 1203 | 276 | 1782 | 32565 | 187.4| 110438
11 | Lucco Lc 313609 | 8197.111 | 3070 | 7.0 | 13,000 | 310 98 | 35000 | 1200 | 580 | 5400 | 47040 | 1166.0| 3363
12 | Bafios del Cura BC1 | 315102 | 8202351 | 3492 | 64 | 8590 | 304 33 | 28200 | 1544 | 250 | 1738 | 40786 | 2328 | 6283
13 | Lojenll lg2 | 286282 | 8182600 | 4487 | 44 | 1330 | 30.0 00 640 | 120 | 81 | 2200 28 | 7368 0.0
14 | UbinasTermal Ut 301733 | 8188459 | 3267 | 59 | 1686 | 296 | | SO4type 03 | 3333 | 339 | 860 | 2696 | 2047 | 10392 | 2879
15 | Cchiflon Ch 301212 | 8188037 | 3437 | 60 289 | | S0, type 03 | 3000 | 320 | 790 | 2500 | 2656 | 10050 | 1069
16 | Volcancito Vi 286529 | 8182472 | 4497 | 36 | 600 | 20.1 0.0 140 | 46 | 82 | 450 20| 2634 0.0
17 | Ubinas Fria uf 301743 | 8188570 | 3267 | 7.0 | 671 | 150 | | SO4type 07 | 1120 | 117 | 352 | 928 | 990 3739 1415
18 | SantaRosadePara | SRP | 302.173 | 8195037 | 4200 | 5.7 125 | | S04type 0.1 670 | 130 | 360 | 650 | 795 | 3408 143
19 | ParaEste PE 300641 | 8199466 | 4190 | 7.9 67 | 115 _ - 5.1 15 | 04 40 19 106 171
20 | IspayPuquiol Pl | 206912 | 8188769 | 4102 | 64 | 291 | 114 | | SO,type - 207 | 33 | 194 | 444 | 440 1502 653
21 | Laguna Piscococha | LP 291787 | 8192.837 | 4380 | 6.0 112 | | S04 type 0.0 72| 37| 41 | 250 55| 506| 226
22 | IspayPuquioll P2 | 206505 | 8188288 | 4107 | 68 | 245 | 106 || SOstype - 278 | 27| 166 | 382 | 205]| 1138 598
23 | Tambillo b 296141 | 8187.795 | 4146 | 74 | 213 | 104 | | SO,type - 196 | 32| 114 | 426 | 284 96| o015
24 | PampadeParaW PW | 204219 | 8188404 | 4271 | 72 | 214 | 81 || SOstype _ 184 | 47| 157 | 420 | 227 1181] 720
25 | CruzMatalaque M | 305422 | 8177536 | 2500 | 7.9 803 80 _ - 64| 23| 26 | 140 23| 278| 366

of substantial hydrothermal alteration inside the landslide scar on 4.1.2. AMT (resistivity cross-section)
the southern flank is consistent with such N-S elongated hydro- Fig. 4 shows the AMT resistivity section and the SP profile along
thermal system. the same path on the western flank of the edifice. Because the data
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Fig. 5. Ternary SOy, Cl, HCO; “Giggenbach” diagram for the water samples around the Ubinas volcano. Symbols and colours as in Table 1. (For interpretation of the references to colour, the
reader is referred to the web version of this article.)
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modelling tends to smooth the overall distribution of resistivity values,
sharper resistivity contrasts may exist but they may not be pictured by
the processing method. However, the large-scale resistivity patterns are
well constrained and significant lateral and vertical variations appear in
the resistivity section along the profile (such as the vertical variation be-
tween AMT soundings 13 and 14 in Fig. 4). The resistivity of rocks is
controlled by various factors among which the water content, its tem-
perature and mineralization, and the presence of clays minerals are
the most important (e.g. Keller (1988), Palacky (1988), Kauahikaua
(1993), and Lénat (1995)). In a volcanic setting, the layers with high re-
sistivity (from about 100 to over 5000 Q-m) are typically unsaturated
or fresh-water saturated volcanic formations. The layers with low resis-
tivity values (<20 Q-m) are formations saturated by hot fluids and/or
hydrothermally altered forming clay-rich rocks. AMT soundings are
not available in the summit area, where the presence of shallow con-
ductive layers would be expected, owing to the intense surface hydro-
thermal activity in the summit S pit crater (Fig. 2b). However, the
soundings near the crater rim (13, 14 and 15 in Fig. 4) unambiguously
show a rise of a conductor in this area up to ~5100 m asl. This elevation
is approximately that of the fumaroles inside the summit S pit crater

(Fig. 2b). The most likely source of the observed low resistivity values
in this area is therefore the conductive hydrated minerals, such as clay
minerals or zeolites, deriving from hydrothermal alteration and miner-
alization of hydrothermal fluids. The boundary between the summit
conductor and the resistive lower flank is sharply defined in the
model. This strongly suggests that a fault and/or lithologic contrast
may control the lateral extent of the hydrothermal system. The SP
minimum, usually explained by the transition from hydrogeological to
hydrothermal conditions, does not coincide with the shallow lateral
resistivity contrast. Between the SP minimum and the latter, we observe
a thick resistive sequence, about 1000-1200 m wide. In addition, the
resistive flank sequence appears to thicken downward to the east of
the SP minimum. If the deepening of the resistive-conductive interface
corresponded to a deepening of the water table, as observed close to the
valley rim, we would expect the SP signal to become more negative
because the vadose zone would be thicker. Therefore, this transition
zone is not fully explained with the available data.

The lower flank of the volcano is made of resistive rocks. Beneath
these resistive layers, conductive rocks are present. The nature of the
conductive part of the substratum (<10 Q-m) is difficult to assess: it
may tentatively be attributed to the lateral invasion of the medium by
the volcano hydrothermal fluids. At the foot of the volcano, a thin resis-
tive layer, hardly resolved in the model, may also suggest the presence
of a vadose zone perched above a shallow water table.

4.1.3. Water springs around Ubinas

Water springs around Ubinas edifice clearly display a distribution
skewed towards the east side of the edifice, on Ubinas and Rio Tambo
valleys side (Table 1). Average temperature of the water springs
range from 8.0 to 40.6 °C. These latter are often associated with
faults, as shown in Fig. 8. The geochemical analysis of the springs
water shows three types of spring water (Table 1 and Fig. 5): (1) SO4
~ 100%-type (red colour in Fig. 5), (2) SO4-type (orange colour in
Fig. 5), and (3) Cl-type (blue colour in Fig. 5). The SO4 ~ 100%-type
water are all located more than 10 km southwest of the Ubinas summit,
and is thought to reflect another magmatic contribution than the
Ubinas edifice. SO4-type springs are located to the east base of the
edifice (see SRP, Uf, Ut and CH springs in Fig. 8) and also to the south
base (PW, IP1, P2, Tb, PW springs in Fig. 8). These hot springs with tem-
peratures >15 °C are located to the southeast side, where a preferential
interaction (through faults) of meteoric water with hot hydrothermal
fluid flow occur at depth towards the Ubinas valley. Cl-type springs
located in the northeast side of Ubinas edifice and are clearly related
to another system, with poor or no interactions with the Ubinas mag-
matic/hydrothermal fluids (Fig. 8).

4.2. Across the summit caldera

4.2.1. SP and thermal anomalies

The SP map shows low-amplitude variations only on the caldera
floor. The values vary from —67 mV to +99 mV (note the range in
the colour scale in Fig. 5). The highest SP values are observed in the
east part of the caldera, between the east rims of E and S craters and
the caldera rim to the east (Figs. 2a and 5). Lower values are located far-
ther from the fumaroles of S crater, in the north part of caldera floor.
Similarly, the temperature map (Fig. 6) does not show any significant
anomaly on the caldera floor, with values ranging from —9 to +4 °C.

These observations are quite surprising because one may expect
higher SP and temperature anomalies near the summit active zone.
The large degassing and the extremely high temperatures observed in
the S crater (maximum of 444 °C measured on fumarole 6) clearly indi-
cate the presence of a sustained and active shallow hydrothermal sys-
tem beneath the summit. Such phenomenon is also confirmed by the
shallow seismicity observed during quiescent degassing period (Inza
et al., 2011). The virtual absence of SP and temperature anomalies on
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the caldera floor therefore requires a specific geological explanation, as
discussed below.

5. Discussion
5.1. Structure of the volcanic cone

From all perspectives, whether morphological (Fig. 1b), geological
(Thouret et al., 2005) or from our SP results, Ubinas volcano is a highly
asymmetric edifice straddling a high plateau and the slope of the deep
Ubinas valley. The contrast between the west and east flanks is
well-illustrated by the SP map (Fig. 3), which exhibits a huge differ-
ence (several hundred of mV) in the amplitude of the SP anomaly be-
tween the two flanks. The separation between the two parts broadly
coincides with the continuation of the rim of the valley beneath the
edifice (Figs. 3 and 8).

Because we acquired both SP and resistivity data on the west flank,
we first begin with the analysis of the structure of the edifice in this
area. Near the summit, the obvious feature is the sharp lateral transition
between conductive terrains beneath the summit and resistive areas on
the flank (Fig. 4). This pattern implies a rapid lateral variation of lithol-
ogy, which would be best explained by the presence of a fault. Here a
fault is likely to be a collapse scarp potentially associated with the
“Ubinas Cone 1” caldera (Thouret et al., 2005). The products filling the
caldera may have a more conductive nature than the pile of lava flows
of the flank. In addition, the resistivity of the infilling products may
have been lowered by hydrothermal alteration. In this case, the hydro-
thermal system would have been confined toward the west by the
collapse fault. The top of the conductor virtually coincides with the
elevation of the bottom of the inner crater of the present-day caldera
where intense hydrothermal manifestations are observed (see Geological

setting above). By contrast, the floor of the caldera is devoid of any
surficial hydrothermal manifestation and, instead, exhibits nearly flat
temperature and SP signals. Flat SP signals are not unexpected around
hydrothermal active summit craters (Aizawa et al., 2009). This pattern,
observed at the summit of an active volcano with hydrothermal activity,
indicates that the fluids are confined at depth by a shallow impermeable
layer. We propose, as shown in Fig. 9, that a low permeability layer may
have developed above the hydrothermal system by self-sealing. This
has been observed at other volcanoes, such as in Soufriere Saint
Vincent (Fournier et al., 2011), Galeras (Stix et al., 1993; Fischer et al.,
1996) and Japanese volcanoes (Aizawa et al., 2009) and is consistent
with the absence of hot springs around most of the edifice at Ubinas.
The exception is where the Ubinas edifice is intersected by regional
faults, hence providing a potential pathway for hydrothermal fluids.
The inner S Crater cut this layer and acts as a pressure-release “valve”
for the underlying hydrothermal system.

The lower flank of the edifice is characterised by resistive rocks that
can be readily identified as the pile of thick lava flows found in this part
of the cone (Thouret et al., 2005). Fig. 4 shows that the rocks of the base-
ment under the edifice are more conductive. They even become highly
conductive (<20 Q-m) at depths of a few hundreds of metres beneath
the lower flank and beyond. According to Thouret et al. (2005), the
basement of the current Ubinas volcano consists mostly of lava flows,
with a minor proportion of pyroclastic deposits and sediments. When
saturated with meteoric water (i.e. beneath the water table), such
rocks may show resistivity values between about 100 (Q-m) to
1000-2000 Q-m. However, explaining resistivity values as low as
20 Q-m or less requires the presence of a significant amount of highly
conductive minerals, such as clays, or the presence of hydrothermal
fluids. Although we cannot determine which of the two possible causes
prevails here with the available data, we suggest (Fig. 9) that the rocks



13 Low-relief”
+*high plateau

Northing - UTM (km) - PSAD-56

300 310

Easting - UTM (km) - PSAD-56

Strike-slip fault

Normal fault

Reverse fault

Limit of Ubinas Units

Fault

I:I Probable fault

Limit of the hydrothermal
system inferred from
self-potential minima

Break in slope between
the high-plateau and
the Ubinas valley

l:l Self-potential

minimum

S04 100%-type
water spring

SO4-type
water spring

]
i

Cl-type
water spring

Un-determined type
water spring

Fig. 8. Structural sketch map showing the tectonic setting of Ubinas area: the geometrical relationships between the two arcuate hydrothermal system boundaries on the east and west
flank of Ubinas, the break in slope between the low-relief high plateau and the Ubinas valley, and the cold and hot water springs are highlighted. The boundary of the asymmetrical edifice
is also shown in red: Ubinas has been built in a N165-trending half graben and straddles the adjacent horst (high-relief plateau) on the western edge of the half graben. Insert
map (left-hand corner) showing four principal fault directions and the stress regime as interpreted from the Aster image in background. The white letter/number symbols associated with
the location of each water spring are related to Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of the basement are contaminated by hydrothermal fluids flowing later-
ally from the central hydrothermal system, following preferential paths
along faults in the case of the east side. Similar observations have been
made at other volcanic sites (e.g. Finizola et al., 2010; Byrdina et al.,
2013) and, on the east flank of the Ubinas volcano, the thermal springs
observed at the base of the edifice, at the bottom of Ubinas valleys, have
probably a similar origin. Considering the chemical components, Cruz
et al. (2009) believe that, locally mixing between meteoric water and
hydrothermal fluids may occur in the Ubinas Termal, Ubinas Fria and
Chiflén springs (see Table 1, Fig. 8). Mixing occurring at depth (water
table level) is favoured by the presence of faults.

The correlation between the SP and surficial/shallow resistivity pat-
tern on the western flank (Figs. 4 and 9) is not straightforward. The SP
minimum is usually interpreted as the limit between a zone dominated
by the downward flow of meteoric water and a zone dominated by the
upward flow of hydrothermal fluids. Accordingly, the SP minimum also
usually coincides with a lateral variation of resistivity, because the

hydrothermal alteration lowers the resistivity of the rocks. Following
this scheme, we would expect the low SP to coincide with the
sharp resistivity contrast observed in the upper part of the flank. It
is not the case as the SP minimum is offset by nearly 1 km to the
west of the boundary of the central conductive structure. This ap-
parent discrepancy could be partially explained by the contrast of
resistivity between the resistive pile of lava flows and the more con-
ductive rocks that surround it. SP signals are larger over resistive
zones than over conductive ones because of the effect of the resistiv-
ity on the pattern of the electric fields (Aizawa, 2008). Fig. 4 shows
that the amplitude of the SP signal is indeed larger above the resis-
tive zone. However, if this resistivity contrast changes the amplitude
of the SP signal, it probably does not change the location of the
minimum. The alternative explanation for the offset between the
SP minimum and the conductive body beneath the summit is that
the hydrothermal system now extends over a larger area than that
of the conductive body and at a greater depth.
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Fig. 9. Interpretative 2-D cross section of a W-SE transect of the edifice through the summit caldera and the fumaroles of the south crater. This 2-D cross section depicts our interpretation

of the Ubinas structure.

The deposits that form the east flank are significantly thicker than
the west ones, because the volcano base lies at lower elevations in the
Ubinas valley (Figs. 1B and 9). The SP pattern of the east flank is similar
to the one of the west flank, but with a huge difference: the amplitude of
the minimum is fivefold that of the west flank (Figs. 3 and 9). In terms of
hydrogeology, this difference is usually interpreted by a difference in
the depth of the water table, provided that the rocks characteristics
are not too different between the two zones (a reasonable assumption
in the case of Ubinas volcano). Indeed, as shown in Fig. 9, a large differ-
ence in thickness of the vadose zone is expected between the west and
east flanks, and the water table lies presumably deeper on the east flank.
An alternative hypothesis can be found in Byrdina et al. (2013) or Revil
et al. (2008) who explain the observed SP anomaly rather through the
flow below the water table than in terms of thickness of the vadose
zone.

In SP terms, the east flank can also be divided into hydrogeological
and hydrothermal zones. However, we can presume that the large dif-
ference in scale of the SP with the west flank may mirror the size of
the internal structures. In particular, the extent of the hydrothermal sys-
tem may be greater downslope, because of the larger gravitational flow
potential of hydrothermal fluids. As Byrdina et al. (2013) have shown in
the case of the Tiscani complex, the topography of the basement may
play a crucial role in the location and extent of a hydrothermal system
through the gravitational flows of the hydrothermal fluids. At Ubinas
volcano, hot springs are observed in the valley at the foot of the edifice,
similar to what Byrdina et al. (2013) have observed in the valleys
around the Ticsani complex. This is a strong indication that the east
flank of the Ubinas volcano may be altered by hydrothermal activity.
The location of SO4-type springs to the north and south indicates
two preferential paths for fluid flows; (1) along the break in slope
located between the low relief high plateau and the Ubinas valley, and
(2) along tectonic faults with preferential NW-SE direction.

In map view, the arcuate SP minimum of the two flanks do not con-
nect to the north (Fig. 8). This zone of no apparent continuity of the SP
minimum seems to correlate with the break in slope between the high
plateau and the Ubinas valley (Fig. 8). To the north, neither data (e.g. re-
sistivity) nor observations (hydrothermally altered rocks, or fumaroles)
are available to us. To the south, however, the landslide has exposed

hydrothermally altered rocks the presence of which enables us to argue
that the hydrothermal system extends slightly within the south flank.

Another evidence of the hydrothermal system within the south flank
can be found in the work of Inza et al. (2014). Based on the analysis of
seismic signals related to 16 vulcanian explosions occurred during the
2009 eruptive crisis, the authors indicate that the epicentres of explo-
sions in central conduit and associated deeper LP events are located
slightly southward of the volcanic edifice, under the south crater. As a
consequence, the extension of the hydrothermal system seems to affect
also, at least, the upper south flank.

In our survey, the hydrothermal system studied with SP method dis-
plays a striking result, with an atypical shape of the SP minimum toward
the north, while the extent of the hydrothermal system is much larger
(about 2 km) on the west than on the east flank. This indicates clearly
a change in the heat propagation (conductive and/or convective trans-
fer) between the west and east flanks, and precisely between the pro-
files 5 and 6 (see Fig. 3). The presence of the sharp break in slope
between the high-plateau and the Ubinas valley located just between
both profiles 5 and 6 suggests an influence in the heat propagation by
this topographic feature.

Apparently the west flank better conduce a heat source than the east
flank. The most evident interpretation is to consider that the geometry
of the basement play a major role in controlling the geometry of the hy-
drothermal system at Ubinas volcano.

In summary, Ubinas appears as a heterogeneous volcano comprising
two different parts. (1) The west flank displays a relatively simple and
commonly found pattern of alternating hydrogeologic and hydrother-
mal zones. (2) The east flank differs in the fact that it is built on the
steep side of a deep valley and is therefore significantly thicker. In this
case, the resulting large altitude difference between the summit and
the base of the east flank may result in a larger extent of the hydrother-
mal system on that side of the edifice.

5.2. Role of asymmetrical basement topography on composite volcanoes in
south Peru

Another Peruvian volcano also shows large topography variations
and SP anomalies similar to that of the Ubinas volcano: El Misti, located



70 km W of Ubinas (Finizola et al., 2004; Tort and Finizola, 2005). The
morphology (or the construction) of El Misti volcano is spectacular
with its northeast half built up on a high plateau and the southwest
part built on the slope of the Western Cordillera between the high pla-
teau and the Arequipa basin (Fig. 10). The SP map of El Misti volcano
shows similar patterns with the Ubinas SP map, with large SP minimum
(up to 4V of amplitude) within the SW flank. The SP low shows the larg-
est amplitude on the W-SW flank. Similarly, the central hydrothermal
zone is elongated in the same direction as the rim of the low-relief
high plateau (profile no. 1 of Fig. 2 in Finizola et al., 2004). The compar-
ison with the results obtained by Byrdina et al. (2013) on Ticsani volca-
no reveals that the slope of the basement on which a volcano has grown
plays a major role in the geometry of the hydrothermal systems: the
gravitational flow of hydrothermal fluids will tend to extend the
hydrothermalized zone downslope. As a result, the flanks built on the

slope will be thicker and more hydrothermally altered than the flanks
built on plateaus, a feature (or a process) which lead to spreading or
even a potential collapse.

5.3. Implications on volcanic hazards

Understanding potential destabilising conditions and processes that
trigger volcano flank collapses is a critical issue when we must assess
volcano hazards on composite volcanoes surrounded by densely popu-
lated areas in the Andes. In the case of the Ubinas volcano, the geological
setting, the presence of older sector collapse and recent flank failure ep-
isodes, as well as the extent of the hydrothermal system extended
downslope towards the south increase the probability of the collapse
flank occurrence.
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As shown earlier on other volcanoes (Lopez and Williams, 1993;
Reid, 2004) the presence of hydrothermally altered rocks in the edifice
can lead to hydrothermally-driven, massive edifice collapses. Other
deep-seated collapses have occurred without magmatic eruption
and lack of juvenile eruptive products (such as Bandai-San, Siebert
et al., 1987) but these flank failures are unlikely to be directly trig-
gered by magma intrusion into an edifice (Reid, 2004). Both scenar-
ios may happen at Ubinas volcano. The first one can be supported
by the present day vertical and unstable south wall where highly
hydrothermalized rocks are observed together with the presence of
Holocene debris avalanches deposits down the Ubinas valley
(Thouret et al., 2005). The second scenario is based on the existence
of a partially hydrothermally altered southeast flank as proposed in
our model, and reactivating a possible sliding plane like the steep
basement topography (Fig. 8). For this second model, new visible
fractures at the surface reactivating former faults have been evi-
denced on two active volcanoes during their recent eruptive crises;
new fractures in the Fossa area on Stromboli volcano during the
2002-2003 eruption (Finizola et al., 2009) and new Dolomieu calde-
ra collapse boundaries on Piton de la Fournaise volcano during the
2007 eruption (Barde-Cabusson et al., 2012).

6. Conclusions

Based on the SP survey performed at the scale of the entire Ubinas
edifice, a strong structural asymmetry, which has effects on the hydro-
thermal system, has been evidenced between the west and the east
flank. AMT, summit caldera floor SP and temperature mapping all dis-
play the roof of the hydrothermal system that intersects the bottom of
the south crater at about 5100 m asl.

This study stresses the role of sloping basement under volcanoes and
how much the topography may exert a control on the lateral develop-
ment of hydrothermal systems. In the case of the Ubinas and EI Misti
volcanoes, SP mapping has provided a clear image of the asymmetry
of these composite edifices. As shown by Byrdina et al. (2013), the grav-
itational flow of the hydrothermal fluids along the slope tends to deform
and elongate the hydrothermal system downslope. As a result, the
flanks which are the result of a thick pile of deposits will tend to become
unstable due to: (1) a thick accumulation of volcanic deposits and (2) a
large volume of low cohesion, hydrothermally altered rocks (Cecchi
et al., 2004; Reid, 2004). Consequently, the bulk of composite volcanoes
built on steep basement will have a high potential of spreading and slid-
ing along the slope. Ultimately, this implies that improving our knowl-
edge of the basement geometry and extent of hydrothermal system
may improve further hazard assessments for slope stability and poten-
tial large flank collapses at composite volcanoes.
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