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Magma extrusion during the Ubinas 2013-2014 eruptive crisis based on satellite
thermal imaging (MIROVA) and ground-based monitoring

Diego Coppola® , Orlando Macedo °, Domingo Ramos®, Anthony Finizola ¢, Dario Delle Donne ©',
Josédel Carpio , Randall White 9, Wendy McCausland ¢, Riky Centeno °, Marco RiveraC, Fredy Apaza®,
Beto Ccallata®, Wilmer Chilo ¢, Corrado Cigolini 2™, Marco Laiolo ', Ivonne Lazarte ¢, Roger Machaca®,
Pablo Masias ¢, Mayra Ortega °, Nino Puma P, Edu Taipe ©

a Dipartimento di Scienzedella Terra, Universita di Torino, Torino, Italy
Observatorio Vulcanolégicodel Sur, Instituto Geofisicodel Pert (OVS-IGP) Arequipa, Peru

€ Observatorio Vulcanolégicodel Ingemmet (OVI), Arequipa, Peru

d Université de LaRéunion,IPGPUMR 7154, SorbonneParis Cité,La Réunion,France
€ Dipartimento di Scienzedella Terra e del Mare, Universita di Palermo,Palermo,Italy
Dipartimento di Scienzedella Terra, Universita di Firenze,Firenze,ltaly

9 Volcano Disaster AssistanceProgram, USGSUSA

h NatRisk,Centro Interdipartimentale sui RischiNaturali in Ambiente Montano e Collinare, Universita’ degli Studi di Torino,

Torino, Italy

abstract

After 3 years of mild gasesemissions, the Ubinas volcano enteredin a new eruptivhase on September 2nd, 2013. The
MIROVA system(a space-based volcanic hot-spotletection system), allowed us taletect in nearreal time the thermal
emissions associated with the eruption and provided early evidence of magma extrusion witlihee deep summit crater. By
combining IRdata with plume height, sulfur emissions, hot spring tempera-tures and seismactivity, we interpret the
thermal output detected over Ubinas in terms of extrusion rates as-sociated tthe eruption. We suggest that th013—-2014
eruptive crisis canbe subdivided into three main phases: if shallow magma intrusion inside the edi ce,(ii) extrusion and
growing of alava plug at the bottom dhe summit crater coupled with increasing explosive activity and nally, (iii)
disruption of the lava plug and gradual decline of the explosive activithe occurrence othe 8.2 Mw Iquique (Chile)
earthquake (365 km away from Ubinas) on Aprilst, 2014, may have perturbed most of the analyzearameters, suggesting
a prompt interaction with the ongoing volcani@ctivity. In particular, the analysis othermal and seismic datasets shows that
the earthquake may havepromoted the most intense thermal andexplosive phase thatculminated in a major explosion on

April 19th, 2014.

These resultsreveal the ef ciency of space-basedhermal observations in detecting the extrusion of hotmagma within deep
volcanic craters andin tracking its evolution. We emphasize that, incombination with other geophysical and geochemical
datasets, MIROVA isan essentiatool for monitoring remote volcanoes with rather dif cult accessibility, like those of the

Andes thatreach remarkably high altitudes.
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1. Introduction

The Andes, one of Earth's highest subaerial mountain ranges, host
more Holocene active volcanoes than any other volcanic region in the
world ( Tilling, 2009 ) but less than 25 of the 200 potentially active
volcanoes are continuously monitored ( Stern, 2004). Within the last
decades, population growth and economic development within the
Andean countries drastically increased volcanic risk within the areas
surrounding active volcanoes.

The highly elevated ( N4000 m) region of southern Peru is a unique
example because it hosts seven active volcanoes located at less than
160 km from Arequipa, the 2nd mostimportant city of Peru (with nearly
1 million inhabitants). The same area was also the site of largest



explosive eruption in historical times within the Andes (Huaynaputina
volcano; AD 1600; Thouret et al., 1999) and, in terms of earthquakes
and volcanic eruptions, may be considered one of the most hazardous
regions in South America ( Degg and Chester, 2005). Progress and
re nement of volcano monitoring techniques is therefore strategic to
mitigate future volcanic crises.

Space-based thermal observations of volcanic activity ( Harris, 2013)
represent a useful, safe and inexpensive tool that may strongly improve
volcano surveillance, especially at active volcanoes with dif  cult and
dangerous access. A survey performed by Jay et al. (2013) on central
and southern Andes reveals that low-amplitude volcanic hotspots
detectable from space are effectively more common than expected, es-
pecially at volcanoes characterized by low level thermal anomalies
such as fumaroles and geysers. For example, by using a high resolution
thermal sensor (i.e. ASTER), the authors found hot spots at 4 Peruvian
volcanos, Sabancaya (5967 m), El Misti (5822 m), Ubinas (5672 m)
and Huaynaputina (4850 m), with pixel-integrated thermal anomalies
spanning from 6 to 13 °C above background. However, due to the low
temporal coverage of the high resolution imagers, a systematic monitor-
ing of these volcanoes is still not suf cient to track daily or weekly
variations that may accompany thermal unrest or ongoing eruptive
activity.

A new volcanic hot spot detection system, named MIROVA (Middle
InfraRed Observations of Volcanic Activity), combines a high sensitivity
for detecting small thermal anomalies with the improved temporal
coverage typical of moderate-resolution sensors, both factors necessary
for near real time monitoring applications ( Coppola et al., 2015). The
system is based on the analysis of infrared data acquired by the Moder-
ate Resolution Imaging Spectroradiometer sensor (MODIS), and uses
the Middle InfraRed Radiation (MIR) recorded at 1 km 2 resolution in
order to detect, locate and measure the heat radiated from volcanic
activity (hereby called volcanic radiative power; VRP in MW). In
particular, MIROVA provides thermal maps (50 x 50 km) and VRP
time-series within 1 to 4 h of each satellite overpass, thus enabling
thermal monitoring of a volcanic target approximately 4 times per day
(Coppola et al., 2015).

Since July 2013 MIROVA's observations became operational at three
Peruvian volcanoes (www.mirovaweb.it ) including Ubinas (5672 m),
among the most active volcanoes in Peru ( Thouret et al., 2005). Ubinas
entered into a new eruptive crisis a few months later, on September
2013, and the whole eruption was monitored both by IGP and
INGEMMET Peruvian institutions. This gives us the unique opportunity
to relate the thermal  ux detected by MIROVA to a series of eld obser-
vations and other geophysical datasets. After presenting the data acqui-
sition and the chronology of the eruption we will describe the analyzed
parameters in terms of eruptive dynamics, with particular emphasis on
the contribution of MIROVA in tracking the extrusion of magma within
the deep crater of Ubinas. Finally, we will discuss the interaction
between the Iquique earthquake (Mw 8.2), that struck the coasts of
Chile and south Peru on April 1st, 2014, and the volcanic activity
observed at Ubinas.

2. Ubinas volcano

Ubinas volcano (16.355°S—70.903°W; 5672 m a.s.l.) is considered
the most active volcano of Peru, with an average of seven eruptions
(VEI 2-3) per century (cf. Thouret et al., 2005; Rivera et al., 2014 ). The
volcano is located beyond the main arc of the Central Andean Volcanic
Zone (CVZ), approximately 70 km East of Arequipa city ( Fig. 1). More
than 5000 people live within 12 km from the crater. Together with
Huaynaputina and Ticsani volcanoes, Ubinas forms the Ubinas —
Huaynaputina —Ticsani Volcanic Group (UHTVG; Lavallée et al., 2009).
Volcanism of this area has been inferred to be strongly ruled by the
structural setting, being dominated by a N165 trending normal fault
and a sinistral, N130 strike-slip fault ( Thouret et al., 2005; Lavallée
et al., 2009; Fig. 1). The edi ce lies along the western margin of the

Rio Tambo graben (E-W extensional regime) with a 2000 m altitude
gradient between the low-relief high plateau, to West, and the Ubinas
valley, to E and SE (cf. Lavallée et al., 2009; Byrdina et al., 2013;
Gonzales et al., 2014).

The summit area of the volcano is represented by a steep-wall
1.4 km wide caldera whose oor is ash covered. An ash cone occupies
the central portion of the caldera and is itself truncated to the south
by the most recent vent; a triangular funnel-shaped pit-crater 400 m
in diameter and ~300 m deep ( Rivera, 1997; Thouret et al., 2005 ; see
Fig. 1c). The recent eruptions occurred within the southern pit crater,
where fumarolic areas, emitting volcanic gas and steam have been com-
monly observed during inter-eruptive periods (cf.  Gonzales et al., 2014).
Before the 20132014 episode, the last eruption of Ubinas refers to the
2006—-20009 crisis ( Rivera et al., 2010, 2014). As previously occurred, this
event produced an increasing number of fumaroles, strong degassing,
phreatic to phreatomagmatic activity, magma extrusion and vulcanian
explosions (2 -4 km height columns). The eruptive crisis lasted 3
years, showing a general decline since 2007. The ash fallout affected
the 5000 inhabitants and involved the hydrology and the cultivation
in an area of 100 km 2 (Rivera et al., 2010). As a whole about 7 Mm ° of
ash has been emitted reaching a distance of 80 km from the summit
(cf. Rivera et al., 2014). According to Rivera et al. (2014) the 2006 —
2009 activity represents an earchetype of Ubinas's eruptions Zin the
last 500 years: repeated ascent of small-volume magma batches
(b10 Mm 3) from a shallow reservoir (4 -7 km) that interact during
their ascent with sectors of the hydrothermal system in the shallowest
portion of the conduit ( Gonzales et al., 2014).

Between 2010 and 2013 the activity was characterized by weak gas
emissions (BGVN 38:08) accompanied by mild degassing from the
summit crater. On September 2013 a new eruptive episode started
(BGVN 38:08).

3. Data acquisition

We present more than 1 year of continuous monitoring data ac-
quired between July 1st, 2013 and September 1st, 2014. Five datasets
are considered and discussed in the following sections. These consist
of: (1) volcanic radiative power, (2) SO , density, (3) plume elevation,
(4) temperature of thermal water, (5) cumulative daily energy of hybrid
earthquakes and (6) daily number of seismic events.

3.1. MIROVAwolcanic radiative power (VRP)

The MIROVA system is based on MODIS Level 1B data provided in
near real time by the LANCE-MODIS system ( http://lance-modis.
eosdis.nasa.govl). MODIS images have a nominal spatial resolution of
1 km (on IR bands) and allow a target volcano to be imaged
approximately four times per day. Level 1B granules are analyzed
automatically according to  ve principal steps. These are: (i) data
extraction, (i) cropping and resampling, (iii) de nition of region of in-
terest (ROISs), (iv) hot-spot detection and nally and (v) calculation of
the *excessZof MIR radiance and volcanic radiative power (VRP) (see
Coppola et al., 2015, for details of the processing scheme of MIROVA).

Volcanic radiative power (VRP) is calculated by using the MIR meth-

od (Wooster et al., 2003 ) according to which for any individual ~ -alerted Z
pixel, the VRP is calculated as:
VRRx %4189  Apix  84aenS Lapk P ap

where A pxis the pixel size (1 km 2 for the resampled MODIS pixels), and
Laalerr and Ly are the 4 m (MIR) radiance of the alerted pixel/s and
background, respectively. When two or more pixels (a cluster of pixels)
are alerted, the total radiative power is calculated as being the sum of
each single VRRy .

As discussed by Coppola et al., 2015, a number of issues must be
taken into account when using the data automatically provided by
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Fig. 1. (a) Location of Ubinas Volcano and Iquique earthquake. (b) Snapshot of MIROVA-derived IR image (February 10th, 2014) overlapped on Google Earth. Red pixels at the
volcano'summit indicate the presence of sub-pixels thermal anomalies, related to a new incandescent magma body. UB-1 refer to the location of the Broadband seismic station and UT
refer to the location of +Ubinas thermal Zhot spring. (c) Details of the Ubinas caldera with the deep southern pit-crater (image from Google Earth).

MIROVA. In particular, the presence of clouds and the viewing geom-
etry angle may strongly affect the thermal signal detected by MODIS.
While the clouds may completely absorb the IR radiation from the
ground, the radiating source located at the bottom of a deep crater
(as in the case of Ubinas) may remain undetected when the satellite
zenith angle is very high (i.e. N30°). For these reasons the visual in-
spection of each image was performed routinely during the eruption
allowing to interpret the thermal signal case by case, and to discard
one hotspot which was related to a  re that occurred on September
19th, 2013 on the south  ank of the volcano.

Between July 2013 and September 2014 MIROVA detected hotspots
in 62 images, with VRP ranging from 1 to 37 MW ( Fig. 3a). Based on the
analyzed data we estimated that the 2013 —2014 eruption of Ubinas
radiated approximately 5.5 x 10 *2 J into the atmosphere. An example
of selected images processed by MIROVA throughout the eruption is
givenin Fig. 2

3.2. SQ density (OMI)

SG; density in Dobson Units (DU) is calculated from Ozone Monitor-
ing Instrument (OMI) images and published daily through the Aura
Validation Data Center website (AVDC, http://avdc.gsfc.nasa.gov/ ). For
this study we used the daily average of SO , density values ( Fig. 3b)
estimated for the Planetary Boundary Layer PBL-SO, column with
center of mass altitude of 0.9 km ( http://so2.gsfc.nasa.gov/docs.html ),
just above the crater area of Ubinas volcano and within 50 km radius.
As noted on this website, some of the values may be potentially biased
by noise due to South Atlantic Anomaly (SAA).

3.3. Plume elevation

The estimation of the daily maximum plume elevation ( Fig. 3c) have
been performed during the period July 1st, 2013 to March 9th, 2014 by a



Fig. 2. Selected thermal images elaborated by MIROVA system over Ubinas volcano. The images (50 x 50 km) are centered on the summit of the volcano and draped over a shaded relief

map. For more information on thermal maps produced by MIROVA, please refer to

local assistant from Ubinas village and after March 10th, 2014 by way of
a video camera installed 28 km to the west of the active vent.

The video camera (Campbell Scienti ¢ CC5MPX) records one picture
of 5 megapixels every 30 s. These images are sent to Arequipa by
telemetry.

3.4. Temperature of thermal waters

Temperature in the thermal spring of «Ubinas Thermal Z, located
~5.6 km SE from the volcano's summit (UBlin Fig. 1, Gonzales et al.,
2014), has been measured every 5 min by a data logger (Tinytag Aquatic
2). In this survey, we plot the temperatures measured every day at
4.00 AM (local time) in order to avoid any uctuations due to variations
of solar radiation (Fig. 3 d).

3.5. Cumulative daily energy of hybrid earthquakes

The Ubinas volcano seismic network is a telemetric network main-
tained by the OVS-IGP. This network consists of four permanent digital
telemetric stations (UB1, UB2, UB3 and UB4) distributed over the entire
volcanic cone, between 4850 and 5000 masl. Two stations (UB1 and

Coppola et al., 2015).

UB2) are equipped with Guralp CMG-40T, 3C broadband sensors, and
the other two (UB3 and UB4) with Lennartz LE-3Dlite short period
sensors. All digitizers are RefTek-130.

The analysis and classi cation of seismic signals recorded by the
network, the determination of the seismic energy, the location of
events, etc., is performed daily using mainly the UB1 seismic data,
UB1 being the most reliable station, situated 2.5 km NW of the active
vent.

The energy has been calculated by using the following equation:

VA
Eseismic 74 2 r? C% Szua Sdt b

(Johnson and Aster, 2005) where r is the source—station distance, is
the density, cisthe P wave velocity, Ais the attenuation correction, S
the seismic site response correction and U(t) is the particle velocity.
The source is xed below the active vent. By setting =
2600 kg m $3 ¢=3000ms S Aand Swere xed at 1.

During the current eruption all types of seismic events have been
observed like Volcano-tectonic (VT), Long period (LP), hybrid (events
having high and low frequencies), tremors, explosions and exhalations.



Fig. 3. Correlation between (a) MIROVA, (b) SO , OMI, (c) plume elevation, (d) temperature of  +Ubinas thermal Zhot spring, (€) seismic energy released by hybrid events, (f) number of
hybrid seismic events. *AZ, +BZ +CZand +DZstands for pictures shown in Fig. 4.

During the 7 months with maximum activity, February to August 2014, crater zone, except VTs which were located between 1 and 3 km deep
these events were recorded with mean rates of 44 VTs/month, 5223 LPs/ below the crater zone.
month, 1104 hybrids/month, 164 explosions or exhalations/month and During the stage of magmatic eruption, characterized by intense

6 h daily of tremor. All these events occurred near the surface by the eruptions of tephra, the most important signals are earthquakes of the



hybrid type, which have been detected and registered from the second
week of February onwards ( Fig. 3). Since these features have been asso-
ciated with magma ascent to the crater ( White et al., 1998; White,
2011) the OVS decided to conduct a surveillance of the eruption based
primarily on the cumulative daily energy (  Fig. 3e) and on the daily
rate (Fig. 3f) of such hybrid type earthquakes.

4. Results

Based on the recorded parameters and the observed phenomena the
2013-2014 eruption of Ubinas has been subdivided into three main
phases (Fig. 3).

On September 2nd, 2013 at 03:46 UTC, a phreatic explosion generat-
ed an ash plume that rose 1.5 to 2 km above the crater. A few minutes
after the explosion, at 04:00 UTC, the MIROVA system detected the

rst thermal anomaly since the beginning of real time observations
(Fig. 3a). This explosion was the rst of a short sequence of phreatic
events that occurred between September 2nd and 7th, and marks the
beginning of the Phase I. In the following months, occasional puffs of
steam and gases rose typically 500 m above the crater without produc-
ing any thermal anomaly detectable by MIROVA. However, between
September and December 2013, the «Ubinas Thermal Z(UT) hot spring
started to increase its temperature ( Fig. 3d). On January 2014 plume
height was persistently below 500 m although anomalous SO , concen-
trations (above 10 DU) were detected by OMI on a few occasions
(Fig. 3b and c).

An increase in seismic activity started on February 3rd, 2014 and
marks the beginning of the Phase Il ( Fig. 3e and f). Daily energy of hybrid
earthquakes suddenly increased on 9th February (rising for the rst
time above 5 MJ) and was followed, on February 10th, by the  rst ther-
mal anomaly detected by MIROVA after September 2013 ( Fig. 3a). Note
than the picture taken on February 11th, 2014, does not allow seeing the
bottom of the crater ( Fig. 4a). However, the MODIS image of February

10th was acquired with a very low satellite zenith angle ( Fig. 2b)
allowing the detection of magmatic anomalies better than those collect-
ed by means of visual observations from the caldera summit.

After a peak on February 14th (114 MJ; Fig. 3e) the energy of hybrid
earthquakes started to decline, although thermal anomalies were
regularly detected and increased over time, reaching about 6 -7 MW
on March 1st. These thermal detections occurred only under near-
zenithal viewing geometry (satellite zenith b 35°) thus suggesting that
the eradiating source Zwas located at the bottom of the deep summit
crater and likely corresponded to a growing lava body. A eld survey
of March 1st con rmed, for the rsttime, the presence of an elongated
body of incandescent lava at the bottom of Ubinas crater that, by that
time, measured about 30 —40 m in diameter ( Fig. 4b). During the follow-
ing days the VRP continued to increase due to the growth of the lava
body within the deep crater, reaching about 12 MW on March 12th.
At the same time a moderate growth of sulfur emissions and plume
height was recorded by OMI (' Fig. 3b and c). Throughout March 2014
the explosivity of the eruption slightly increased (plume height reached
more than 2000 m and sulfur emission between 10 and 35 DU) but a
clear reduction in thermal emissions was detected by MIROVA between
14 and 31 March (VRP of 2—-7 MW, Fig. 3a, b, ¢). The visual inspection of
the MODIS images allowed us to discard the presence of clouds or volca-
nic plumes as the origin of this decrease ( Fig. 2). Hence, we infer that a
noticeable reduction of magma  ux entering the crater characterized
this period, although incandescence was still visible at the surface
(Fig. 4c). Interestingly, this sharp decrease of the thermal output in
mid-March 2014 was almost coeval with a marked escalation of
seismicity ( Fig. 3f) with hybrid's energy release reaching 580 MJ on
March 31st, 2014 ( Fig. 3e).

On April 1st, 2014 at (23.46 UTC) a 8.2 Mw earthquake struck off the
coast of Chile, 365 km south of Ubinas volcano ( Fig. 1). The earthquake
triggered a tsunami of up to 2.1 m (that hit the town of Iquique, 95 km
south east from the epicenter) and affected regions of Tacna, Moquegua

Fig. 4. Pictures of the active vent taken from inside the summit caldera on a) February 11th 2014, b) March 1st 2014, c) March 19th 2014, and d) July 31st 2014. Note the fresh lava in the

bottom on the crater in c.
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and Arequipa, in South Peru. The Iquique earthquake was felt in Arequi-
pa town (intensity of Ill —IV) and eventually affected the plumbing
system of Ubinas as suggested by the perturbation of the monitored
parameters ( Fig. 3).

The hot spring at «Ubinas Thermal Zstation (UT) recorded this event
with a sharp drop of the water temperature ( Fig. 3d). Evaluation of pre-
cipitation data recorded at Ubinas village (courtesy of Meteorological
Service of Peru) allowed us to rule out that the decrease of temperature
resulted from the rainfall. More likely the temperature drop may have
resulted from a temporary mixing of fresh and thermal water, as well
as from a permeability change induced by transient stresses ( Manga
et al., 2012). Temperature drop is typical of the response of many
wells and springs in a variety of environments to the seismic waves
from distant earthquakes ( Hill et al., 2002 ) as for example observed in
the past years at Ubinas and Misti volcano (IGP internal Reports for
June, 23th, 2001).

A major change in the eruptive behavior of Ubinas was also recorded
by seismic and MIROVA data. Indeed, after several days of increasing
trend, seismicity inverted its tendency just after the earthquake, starting
to decline in both hybrid's energy release ( Fig. 3e) and number of events
(Fig. 3f). At the same time the thermal activity within the crater had
strongly intensi  ed reaching 37 MW on April 4th, 2014. This was the
highest thermal anomaly recorded during the eruption and occurred
only 3 days after the 8.2 Mw earthquake ( Fig. 3a). In the following
days several thermal detections reached more than 20 MW and were
accompanied by the most explosive phase, characterized by multiple
explosions ejecting incandescent tephra and blocks around the crater.
In this period the ash plumes reached altitudes of more than 4000 m
and were coupled with sulfur emissions as high as 45 DU (  Fig. 3b, c).

A major explosive event occurred on April 19th 2014, where blocks
of fresh basaltic andesite magma, 40 —50 cm in size, were ejected up to
2.6 km from the active vent. The volcanic plume rose more than 6 km
above the crater, and a block of 5 x 4 x 2 m has been found inside the
summit caldera, at 660 m from the active vent.

This explosion marks the end of the Phase Il and the transition into
the Phase Ill. Thermal output at the summit crater dropped abruptly
after the major explosion, and the detection of weak thermal anomalies
(about 1 MW) became sporadic between May and September 2014
(Fig. 3a). At the same time, the explosive activity gradually declined
although it was punctuated by distinct explosive events of decreasing
intensity. On May 9, at 03:50 (UTC), an isolated thermal anomaly of
30 MW was detected ( Fig. 3a) and resulted from the hot material
ejected during one coeval explosion.

The abrupt drop of thermal emissions after the explosion of April
19th was likely associated with the massive disruption of the magma
plug, extruded within the crater during the previous explosive phase.
Actually, the explosion cut the head of the magma column (strongly
deepening the thermal source) which however continued to feed tens
of minor explosive events during Phase IlIl. Field observations on July
31st con rmed that the lava body at the bottom of the crater had
disappeared (Fig. 4d), even though moderate explosions and SO
emissions were still signi cant (Fig. 3b and c). On the other hand,
after the earthquake-induced drop of temperature, the hot spring UT
gradually returned to pre-earthquake temperatures (yet showing mul-
tiple minor  uctuations, Fig. 3d). As a whole the Phase Il consisted of a
waning eruptive period and by September 2014 the activity of Ubinas
consisted only of weak plume emissions and sporadic low altitude
explosions ( Fig. 3b and c).

5. Discussion

The phreatic explosions of September 2013 mark the beginning of
the Phase | and possibly re ect the rst interaction between a new
ascending magma batch and the large hydrothermal system located
under the Ubinas crater ( Gonzales et al., 2014).

It is worth noting that the temperature of the ~ <Ubinas thermal Zhot
spring increased signi cantly during this phase ( Fig. 3d), probably
re ecting a period of shallow magma intrusion inside the edi ce and
its interaction with the thermal waters stored within the hydrothermal
system. On the other hand, the increase in the energy of hybrid events
on February 3rd, 2014 ( Fig. 3e), just followed by summit thermal anom-
alies (on February 10th, 2014), clearly indicates that 166 days after the

rst phreatic explosion, the magma had reached the bottom of the sum-
mit crater. By assuming that the base of the hydrothermal system is lo-
cated 1500—3000 m below the summit ( Gonzales et al., 2014), we may
infer that during this intrusive stage the andesitic magma batch rose to
very shallow depth with an average velocity of 1 -2 x 107 ms> 2.

Overall, during the most intense  eeruptive Zperiod (Phase II), we
observe a good correlation of the peaks and trends between thermal
output, SO, emissions, and plume elevation ( Fig. 2). Notably, our
datasets reveal that since the rst detection of magma at the bottom
of the crater (on February 10th), all the above parameters share a
general increasing trend throughout the Phase Il ( Fig. 3) that was appar-
ently ampli  ed by the Iquique earthquake (discussed below).

Although thermal, SO ,, and plume elevation sample distinct erup-
tive processes (i.e. heat, gas and ash release), it's interesting to note
that all these parameters are somehow related to rate of magma ascent
within the shallow volcanic conduit ( Gonnermann and Manga, 2013).
For example, under certain assumptions, space-based thermal  ux re-
leased by active lava bodies may be converted into estimates of Time
Averaged lava Discharge Rates (TADR; Harris and Baloga, 2009;
Dragoni and Tallarico, 2009; Coppola et al., 2013 ) thus providing a
way to calculate volumetric  ux of effused-extruded lavas (see next sec-
tion). On the other hand, the SO , emissions have been widely used to
calculate magma degassing rates (i.e. Allard et al., 1994 ) and in some
cases may provide constraints into the magma supply rate (by using
the so called «Petrologic Method Z Shinohara, 2008). Nonetheless, dur-
ing explosive eruptions, plume height has been commonly correlated
to Mass Eruption Rates (MER) ( Morton et al., 1956; Wilson et al.,
1978; Sparks et al., 1997; Mastin et al., 2009 ) thus providing a further
way to evaluate magma production rates occurring during explosive
events. Accordingly, we may infer that the Phase Il was characterized
by a general acceleration of magma eruption rates that culminated
into the paroxysmal phase of April 19th, 2014.

5.1. Extrusion rates and volumes from thermal data

Coppola et al. (2013) proposed a simple method to provide  rst-
order estimates of time-averaged lava discharge rates (TADR) from
MODIS-derived VRP. This is based on an empirical parameter called
eradiant density Z(Craq):

VRP

Crad

TADRY, f¢1=}

where TADR is in m?® sS 1, VRP is in W, and Gq is the radiant density,
expressed in J m* 3

The radiant density approach relies on the fact that under a given
discharge rate, basic, intermediate and acidic lava bodies radiate ther-
mal energy differently because of their different bulk rheology. Based
on the analysis of several distinct worldwide eruptions, the authors sug-
gest that the radiant density of a lava body can be predicted (+50%) on
the basis of the silica content of the erupted products:

S$10:4 b

Cag ¥26:45  10%  Xgq,
where X sio2 is the silica content (wt.%) of the erupted magma. For
Ubinas andesite, here we used a silica content of 56 wt.% (Rivera, pers.
comm.), and we calculated a radiant density comprised between
2.1x107 and 8.5 x 107 J m® 3. Accordingly, we estimated that 1.5 +
0.75 Mm® of magma have been extruded between its  rst appearance



at the surface, on February 10th, and the major explosion of April 19th,
2014 (mean output rate of 0.25+ 0.12m 3 1.

A more detailed analysis reveals that, although characterized by a
general increasing trend, the extrusion of magma was somehow cyclic,
with at least three distinct stages ( Fig. 5a). The rst stage (Phase IIb) was
recorded between February 10th and March 12nd, when the extrusion
rate gradually increased from 0.1 +0.05t00.31+0.15m  ° s The sec-
ond stage (Phase lic) followed a drastic reduction of magma extrusion
on March 14th, and was characterized by output rates that remained
below 0.2 m 2 s> * up to the end of March ( Fig. 5a). The third stage
started after April 1st, and was characterized by the sudden increase
of extrusion rate (up to 1.4 + 0.02 m 35> on April 4th) that persisted
above 1 m® s° * up to the major explosion of April 19th (Phase Iid). It
is worth noting that during this intense extrusive and explosive phase
the magma plug was probably continuously extruded and disrupted
by the recurrent explosions so that by the end of May 2014 no magma
body was present at the bottom of the crater (  Fig. 4d). Sporadic thermal

emissions were also recorded during the Phase Ill. However, due to the
poor continuity of the thermal signal we don't consider this phase as
extruding signi  cant magma volume within the pit crater. Instead, we
regard the above values as a minimum estimate for the erupted
magma volumes, essentially extruded during the Phase II. Accordingly,
we may estimate that a minimum of 1.5 + 0.75 Mm  ° of ash and tephra
should have been produced by the continuous disruption of the magma
body at the bottom of the pit crater, especially throughout the most
intense Phase Ild. By comparison, about 7 Mm ° of ash tephra was
erupted during the long-lasting 2006 —2009 eruptive crisis throughout
hundreds of vulcanian explosions ( Rivera et al., 2014).

5.2. Thermal and hybrid seismic activity comparison
The comparison between hybrid seismic and thermal activity re-

corded during the Phase Il reveals a more complex eruptive dynamic
and outlines some mutual relationships between these parameters

Fig. 5. Detail of datasets records between January and June 2014. (a) Plume height (above crater rim). (b) Volcanic radiative power (left axis) has been converted into extrusion rates (only
mean values are represented) using the radiant density approach (see the text for more details). (c) Cumulative daily energy released by hybrid's events. Note how the phases of increased
energy (lla and lic) anticipate the phases of major magma extrusion (llb and 11d). (d) Number of daily hybrid seismic events. The occurrence of the Iquique earthquake (yellow star) is
followed by an increase of the extrusion rate coupled with the gradual reduction of seismic activity represented by the hybrid's energy and number of daily hybrid events. Dotted
horizontal lines in (a) and (b) represent pre- and post- earthquake mean values outlining a 2- to 3-fold increase in the extrusive-explosive activity.



(Fig. 5). In fact, the increase of hybrid's energy and the heightening of
daily seismicity seem to have systematically eprecededZthe cycles of
major magma extrusion at the summit crater. For example, in early
February 2014, when the conduit was still  «closedZ (no signs of thermal
activity), the occurrence of few but energetic hybrids suggests that the
magma had to overcome a high resistance before eventually appearing
on the surface (Phase lla; Fig. 5). On the other hand, afterthe  rst eopen-
ing Z of the conduit (i.e. after February 10th), the magma rose almost
easily (increasing extrusion rate) and hybrid's energy decreased accord-
ingly (Phase IIb; Fig. 5). Once again these trends inverted since March
12th, when the reduction of the extrusion rate was coupled with a
renewed and stronger increase in seismic activity. This suggest that
the ascent of magma in this period was somehow ereducedZ (or
blocked), because of obstruction(s) within the conduit or, eventually,
because the magma was too viscous to  ow out. In our view, the Phases
llaand llc mightre ect stages of pressure build-up within the plumbing
system where the slow ascending magma had to push hard (increasing
daily hybrid's energy) to open the conduit (Phases lla) or to extrude
magma at low rates (Phases lic). The earthquake of April 1st occurred
at this critical stage and may have contributed to unblocking the conduit
and promoting the most intense activity at the vent (Phase 2d; see also
next section). It is worth noting that, after the earthquake, both the
energy of hybrids and the number of seismic events decreased regularly,
thus suggesting a general depressurization of the shallow magmatic
system during the highest extrusive phase as well as during the
following waning phase ( Fig. 5b and c).

Ottemoller (2008) found similar correlations during the 2003 extru-
sive eruption at Soufriére Hills Volcano (SHV), whereby higher energy
releases of hybrid events re ected increased pressurization during
periods of low extrusion rates. Conversely, lower energy releases have
been inferred to be associated with rapid extrusion and reduced pres-
surization. Thus, the cyclic magma extrusion observed at Ubinas volcano
is not uncommon, and may be explained by non-linear processes relat-
ed to degassing, crystallization and rheological stiffening of magma, as
observed in many other dome-building eruptions (  Denlinger and
Hoblitt, 1996; Melnik and Sparks, 1999; Costa et al., 2007 ).

5.3. Possible interaction between the Iquique earthquake and Ubinas
volcano

Regional earthquakes have been proved to be able to interact with
volcanoes by triggering new volcanic unrest ( Hill et al., 2002 ), by
perturbing the medium in the vicinity of a volcanic conduit ( Battaglia
et al., 2012; Manga et al., 2012; Lesage et al., 2014), or, by causing
several-fold increases in thermal output ( Delle Donne et al., 2010),
eruption rates ( Harris and Ripepe, 2007) and/or gas transfer (' Cigolini
et al., 2007), at already erupting volcanoes.

Our datasets suggest that at least four parameters recorded during
the Ubinas eruption (water temperature at Ubinas thermal station,
thermal ux at the summit crater, plume height and hybrid seismicity)
appear to have been perturbed by the M 8.2 Iquique earthquake ( Fig. 3).
While the temperature drop at the Ubinas Thermal station (  Fig. 3d) may
represent a local response of the shallow hydrothermal system to the
seismic waves, it is possible that the other three parametersre  ecta
response of the magmatic system to the megathrust earthquake. In
particular, the response of Ubinas volcano consisted on a 2- to 3-fold
increase of volumetric  ux and plume height, coupled with a decrease
in the amplitude and rate of hybrid earthquakes (  Fig. 5).

Seismic waves travel to great distances without losing much of their
energy (Hill etal., 2002; Delle Donne et al., 2010 ) so that dynamic stress
induced by their passage may have effectively in  uenced activity at
Ubinas volcano. Transient stress perturbations may in fact promote nu-
cleation, growth and ascent of gas bubbles, acting as a vesiculation
pump ( Manga and Brodsky, 2006; Harris and Ripepe, 2007 ) thus caus-
ing the enhanced magma extrusion and explosive activity as effectively
observed at Ubinas just after the Iquique earthquake ( Fig. 5).

Delle Donne et al. (2010) statistically constrain the maximum
distance for triggering an eruption at a given volcano, which is strictly
dependent on the magnitude of the earthquake. These authors suggest
that the orientation of the seismogenic faults, in respect to the location
of the volcano, can also play a role in facilitating the triggering
mechanism (i.e., by means of focusing the radiated energy in a strike-
parallel direction). The Iquique megathrust earthquake (Mw = 8.2;
distance = 365 km; fault strike: 348.9°;  Lay et al., 2014) fully meet
the cited conditions, since the seismogenic fault that generated the
earthquake is characterized by a directivity perfectly compatible with
the location of Ubinas ( Fig. 6). This supports the hypothesis that the
transient stress changes may have accelerated the eruptive processes
at Ubinas, already operative at the time of the triggering earthquake.

On the other hand Bonali et al. (2013) , among others, suggest that
earthquake-induced eunclamping Z (normal stress reduction within
the magma pathway) may also promote an increase in magma ux
at volcanoes that are already in a critical state. To test this possibility,
we estimated the normal stress change and volumetric dilatation
induced by Mw 8.2 Iquique earthquake, by using Coulomb 3.3 software
(e.g., Toda et al., 2005). As input fault model we used the Finite Fault
Results (Bassin et al., 2000; Ji et al., 2002) computed by G. Hayes
(NEIC-USGS) available at: http://comcat.cr.usgs.gov/earthquakes/
eventpage/usc000nzvd#scienti  c_ nite-fault .

To calculate the normal stress change we assumed a shallow (~2 km
deep), nearly vertically dipping and 165°N oriented dyke (consistent
with the geology) and a deep magma chamber located within 5 and
10 km below the surface ( Lavallée et al., 2009; Rivera et al., 2010).
Results of the analysis suggest that the Iquique earthquake may have
produced a weak clamping, in the order of only 0.03 bar ( Fig. 7a), at
the shallow feeder dyke, coupled with a minor volumetric compression
of deep magma chamber ( Fig. 7b). Accordingly, we may conclude that
the earthquake did not cause a normal stress reduction ( Bonali et al.,
2013) but, conversely, it may have induced only a very small compres-
sion of the Ubinas plumbing system. However, given its low amplitude,
it is unlikely that this weak eclamping Z could have promoted the
squeezingZof the magma lled pathway throughout a small but stable
deformation (e.g. Nostro et al., 1998; Bautista et al., 1996 ).

On the other hand our results suggest that Ubinas volcano may have
responded promptly to the Iquique earthquake (b3 days) by increasing
the eruption rate at the vent and by decreasing the shallow seismicity
surrounding the conduit ( Fig. 5).

At Soufriere Hills Volcano, faster extrusion rates were systematically
observed during de ation periods, the latter being characterized by de-
creasing hybrid earthquakes ( Green and Neuberg, 2006). Accordingly,
we suggest that the lowering in the hybrid energy release was not di-
rectly related to the earthquake itself, but more likely to the acceleration
of the extrusive-explosive processes occurring at the vent. In turn the
increase in discharge rates induced a pressure drop within the magma
plug and caused the gradual waning of seismicity.

Besides, several other Peruvian volcanoes, in a critical or quiescent
state, satisfy the criteria described by Delle Donne et al., 2010 (distance
and strike alignment) and might have been also perturbed by stress
changes induced by the Iquique earthquake ( Fig. 6). These include
Sabancaya and El Misti, among the most active volcanoes of Peru in
the last century. Further investigations will better clarify if the seis-
mic waves caused by the Iquique earthquake had suf cient energy
to trigger a response in fumarolic emission or volcano seismicity at
these volcanoes.

6. Conclusions

The combined use of satellite and eld monitoring techniques
allowed us to track the evolution of the 2013 2014 eruptive crisis of
Ubinas volcano. The eruption has been subdivided into three main
phases based on a set of six parameters and the observed activity.
While Phase | is related to a period of shallow magma intrusion, the



Fig. 6. (a) Geographical relationship between the Iquique earthquake (black star) and Ubinas volcano (red circle). Focal mechanism and parameters related to the April 1st, 2014
mainshock are from Lay et al. (2014) ). Note how the strike of Iquique faults is aligned (+15°) with several Peruvian volcanoes including Ubinas, Sabancaya and EI Misti volcanoes.

(b) Magnitude —distance and (c) magnitude —azimuth relationship of volcano —earthquake interactions with the Ubinas case represented by the red star (modi ed after Delle Donne

etal.,, 2010).

other two phases were ascribed to stages of waxing (Phase Il) and within the bottom of the summit pit-crater and allowed to constrain ex-

waning (Phase Ill) eruptive activity, respectively. trusion rates during the most intense eruptive phase (Phase Il). We es-
In particular, the space-based observations performed by the timated that between February and April 2014, at least 1.5 Mm 2 of

MIROVA system provided the rst evidences of magma extrusion magma were extruded during week-long cycles and were abruptly

Fig. 7. Normal stress change along a 165°N oriented vertical dyke (a) and volumetric dilatation (b) produced by Iquique Mw 8.2 Earthquake, calculated at a depth of 2 and 10 km, respec-
tively. Ubinas Volcano is located in the area characterized by a weak volumetric compression and a weak increase of horizontal normal stress along a hypothetic 165°N oriented feeding
vertical dyke.



disrupted during the major explosion of April 19th, 2014. Nonethe-
less, during the Phase Il we recognized a general acceleration of all
the eruptive processes (magma e xtrusion, plume height, SO , emis-
sion) which were apparently perturbed by the occurrence of the
lquique earthquake (Mw 8.2) on April 1st, 2014. A preliminary anal-
ysis suggests that the prompt 3-fold increase of the extrusion rate
was principally a response to the dynamic stress changes induced
by the earthquake, and may have favored a general depressurization
of the shallow magmatic system associated to the decreasing hybrids
seismic activity.

The observations provided by MIROVA demonstrate the capability to
track the presence of magma within deep craters, and allow us to better
understand the extrusive processes by correlating MODIS data with
other datasets, such as plume emissions and seismic activity (i.e., the
energy released by hybrid events). In conclusion, we hereby demon-
strate that MIROVA is an additional and ef  cient tool for monitoring
safely, and in near real time, extrusive-explosive volcanoes with hard
and dangerous access.
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