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ABSTRACT

On October 1st, 2005, Santa Ana volcano (El Salvador) underwent a VEI 3 phreatomagmatic eruption after
ap-proximately one century of rest. Casualties and damages to some of the local infrastructures and
surrounding plantations were followed by the evacuation of the nearby communities. The analysis of MODIS
(Moderate Res-olution Imaging Spectroradiometer) infrared data reveals that the main explosion was
preceded by a one-year-long thermal unrest, associated to the development of a fumaroles field, located at
the western rim of the summit crater lake. By combining space-based thermal flux and ground-based
measurements (seismicity, sulfur emis-sions and lake temperatures), we suggest that the activity observed
at Santa Ana between 2004 and 2005 was driven by the gradual intrusion of an undegassed magma body at
a very shallow depth. Magma injection induced thermal anomalies associated with sustained degassing
from the fumaroles field and promoted the interaction between the magmatic-hydrothermal system and the
overlying water table. This process culminated into the VEI 3 phreatomagmatic eruption of October 2005
that strongly modified the shallow structure of the crater area. The subsequent three-years-long activity
resulted from self-sealing of the fracture system and by the open-ing of a new fracture network directly
connecting the deeper hydrothermal system with the crater lake. Our re-sults show that satellite-based
thermal data allow us to detect the expansion of the high-temperature fumarolic field. This may precede an
explosive eruption and/or a lava dome extrusion. In particular, we show that thermal records can be
analyzed with other geochemical (i.e. SO2 emissions) and geophysical (seismicity) data to track a shallow
magmatic intrusion interacting with the surrounding hydrothermal system. This provides a remarkable
support for volcano monitoring and eruption forecasting, particularly in remote areas where permanent
ground data acquisition is hazardous, expensive and difficult.

1. Introduction

Thermal monitoring of a fumarolic area is a key tool to track changes
in hydrothermal systems which lay in the surrounding of magma bodies
(Chiodini et al., 2007; Shinohara et al,, 2015; Fischeret al., 2015; Ricci et
al,, 2015). Intense degassing, characterized by a marked fumarole activ
ity, is usually associated with variationsin volcanic activity (e.g. phreatic
eruptions) which, in turn, may coexist with the extrusion (and/or grow
ing cycles) of a lava dome (Barberi et al., 1992; Kaneko and Wooster,
1999; Stevenson and Varley, 2008; Ball et al., 2013; Phillipson et al.,
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2013). On the whole, fumaroles hosted within or around a crater lake
may show signs of volcanic unrest. These are generally coupled with
chemical variations in fluid composition and color changes of the
water lake (Németh et al., 2006; Shinohara et al., 2015; Fischer et al.,
2015).

Although satellite thermal data have been increasingly used to mon
itor active volcanoes (Ramsey and Harris, 2012; Harris, 2013; Coppola et
al,,2016a), the detection of small thermal anomalies (e.g. lacking of a di
rect magma exposure at the surface) remains a rather challenging task
in volcanology (cf. Coppola et al., 2016b). In fact, fumaroles and other
low thermal signals are cooler (when compared with magma tempera
tures), and smaller (with respect to hot lava flows and domes). Howev
er, high spatial resolution sensors (TM class sensor with30 90 m pixel
resolution; cf. Harris, 2013 classification), recording data in the Thermal



InfraRed (TIR) region of the electromagnetic spectrum, have been gen
erally used to collect systematic measurements (Oppenheimer, 1993,
1996, 1997; Trunk and Bernard, 2008; Bodruddoza Mia et al., 2014).
However, despite these results being reliable and encouraging, TM
class sensors provide data with a relatively poor temporal resolution
(~16 days at most) and may miss short term fluctuations or the detec
tion of important events (i.e., at their onset). Conversely, the AVHRR
class sensors may provide several images per day (with 1 km pixel res
olution on IR bands; see Harris, 2013 classification) and have greatly im
proved the capability to detect and track remote eruptive events (Dean
et al,, 1998; Dehn et al., 2002; Patrick et al., 2005) as well as to identify
hot fumaroles activity (Vulcano Island; Harris and Stevenson, 1997). In
particular MODIS (Moderate Resolution Imaging Spectroradiometer)
data, providing four overpasses per day at the equator, represents a
valuable tool for detecting low magnitude thermal anomalies on poorly
monitored and/or remote active volcanoes (Coppola et al., 2015, 2016b,
2016c¢).

In this paper, we present the thermal activity at the Santa Ana volca
no achieved by processing the 2000 2015 dataset of nighttime MODIS
images with the MIROVA algorithm (cf. Coppola et al., 2016a). The re
trieved thermal flux jointed with ground based data (performed by
the UES Universidad de El Salvador and the MARN Observatorio
Ambiental del Ministerio de Medio Ambiente y Riesgos Naturales)
allowed us to draw a reliable timeline of the unrest phases which were
preceding the major explosion of Santa Ana on October 1st, 2005. Our
results delineate the complex relationships occurring among the shal
low level magma body, hydrothermal degassing and crater lake activity.

2. Santa Ana volcano

Santa Ana (13°51'N, 89°37'W) is the most active volcano of El Salva
dor and one of the main of the Central America. The 2381 m high Santa
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Ana volcano (locally named Ilamatepec), is part of the Coatepeque Izal
co Santa Ana volcanic complex that lies at the intersection of the NW SE
regional faults system and the southern rim of the so called Median
Trough depression of Plio Pleistocene age (Fig. 1a; Mooser et al., 1958;
Pullinger, 1998).

At least 12 eruptive episodes occurred at Santa Ana volcano since
the 16th century. These events were mainly characterized by phreat
ic and phreatomagmatic eruptions (VEI 2 3; Simkin and Siebert,
1994) and were sporadically accompanied by lava flow outpouring
from the summit or from secondary cones aligned NW SE (Pullinger,
1998).

The summit part of the Santa Ana volcano consists of four concen
tric craters, the largest one reaching a diameter of 1.5 km, and the in
nermost one (on the SE) with a radius of about 0.5 km (Fig. 1b, c).
This latter is the youngest and was formed after the 1904 eruption
(Carr and Pointer, 1981). It hosts an acidic crater lake with a chemical
composition that reflects the interaction between the magmatic, hydro
thermal and phreatic systems (Bernard et al., 2004; Scolamacchia et al.,
2010).

In terms of risk assessment, it must be emphasized that nearly 1 mil
lion of people live within an area with an approximate radius of 25 km
from the summit crater. This drastically increases the hazard due to the
occurrence of lahars and ash falls, capable of seriously damaging local
infrastructures and agriculture (Pullinger, 1998).

No sign of volcanic activity has been noticed for Santa Ana since the
1904 eruption (Mooser et al., 1958; Bernard et al., 2004). However,
since 2000, the western sector of the crater lake was periodically
surrounded by a high temperature fumarolic area (see Fig. 1b, d), testi
fying the existence of a shallow, well developed hydrothermal system
(Bernard et al., 2004; Rodriguez et al., 2004). The increase in the hydro
thermal activity was marked by an intense degassing and glowing fu
maroles (from 550 °C to 875 °C), as well as by changes in the water
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Fig. 1. (a) Simplified tectonic sketch of the Central American region (from Fernandez et al., 2004 simplified); (b) the four concentric craters rim and the crater lake hosted by the youngest.
The surrounding fumaroles’ field (red area) and the location of the seismic station (white square) were also reported. View from Google Earth; c) Overhead view of the summit area of the
Santa Ana volcano; d) Image on Panchromatic channel (15 m. resolution) acquired by Landsat ETM + on March 6th, 2001; yellow star shows the location of temperature measurements in

the fumaroles' field (see text for details).



temperature of the lake (from 18 °C to 30 °C) (cf. Bernard et al., 2004;
Global Volcanism Program, 2001). Thereafter, the Santa Ana volcano
has shown progressive signs of unrest that culminated into the VEI 3 ex
plosion of October 1, 2005 (Colvin et al., 2013).

After this major event, the activity was focused exclusively into the
crater lake and consisted of evaporation cycles, increases in water lake
temperatures, physico chemical changes and sporadic phreatic explo
sions (Hernandez et al., 2007; Colvin et al., 2013). Since early 2008,
the Santa Ana summit lake seems to have entered in a relative quiet
phase, defined by the stability in color, volume and temperature of the
water lake (cf. Colvin et al., 2013). Here, we focus on a multiparametric
analysis of the activity characterizing the Santa Ana volcano between
2004 and 2007, with a special emphasis on the unrest phase preceding
the October 1, 2005 explosion.

3. Datasets

The datasets used in this paper consist of: i) Volcanic Radiative
Power; ii) SO, flux, iii) tremor amplitude (in terms of RSAM); (iv)
daily number of the Long Period and (v) daily number of Volcano Tec
tonic events and (vi) crater lake temperature (Fig. 2).

3.1. Space based thermal data  the MIROVA algorithm

MIROVA (Middle InfraRed Observation of Volcanic Activity; see
Coppola et al., 2016a) is a global volcanic hotspot detection system
that combines a moderate temporal and spatial resolution (4 images
per day; 1 km pixel resolution) with a high efficiency in detecting
small hotspots (~1 MW). These features enable the system to locate
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Fig. 2. 2004-2007 time series of the acquired parameters at the Santa Ana volcano. The red thick dotted line marks the October 1st, 2005 eruption, the yellow stars indicates the two main
phreatic explosions (June 15th, 2005 and April 27th, 2007). The dotted bars represent the limits of the temporal phases described in the text. The a-d represent the sub-phases of the Phase

I (Unrest state).



and quantify the heat generated by a large variety of volcanic activities
on a daily basis (www.mirovaweb.it).

MIROVA uses Middle InfraRed (MIR) data acquired by Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor, mounted on
board of Terra and Aqua NASA's satellites (launched on February 2000
and May 2002, respectively). The MODIS images (1 km? of resolution
in the IR bands), are automatically processed by a hybrid algorithm,
where each single image is managed to: (i) produce 50 x 50 km NTI
maps centered on the volcano summit; (ii) detect the presence of sub
pixel, high temperature hot spot(s), and (iii) quantify the Volcanic Ra
diative Power (VRP in Watt) associated to the hot source (see Suppl.
Materials; Coppola et al.,, 2016a).

3.2. Seismic measurements

Seismicity was detected on a telemetered seismic station equipped
with an LLC Short period Seismometer Model S 13/GS 13 (Geotech In
struments), vertical component maintained by SNET technics. During
the analyzed period, high frequency Volcano Tectonic (VT) and Long
Period (LP) events were registered and related to the summit activity
of the Santa Ana volcano. Tremor amplitude was elaborated in terms
of RSAM (Real Time Seismic Amplitude Measurements) by considering
a value of 20 units as the baseline for the analyzed area (cf. Olmos et al.,
2007).

3.3. SO, flux measurements

The daily SO, were obtained by a NOVAC Scanning DOAS system
(Scanning Dual beam miniature Differential Optical Absorption Spec
troscopy system) (Galle et al., 2002). The instrument is composed of
one miniaturized spectrometer (Ocean Optics Inc.), embedded PC, an
optical fiber, a telescope and a GPS receiver. The Optic Spectrometer de
tects UV (ultraviolet) light and converts it to digital signals. The signals
are the spectra for later gas evaluation. The telescope collects the ultra
violet light scattered from aerosols and molecules in the atmosphere.
Controlled by the motor, it is able to turn in 360°. The optical fiber trans
fers light from the telescope to the spectrometer. The motor controls the
angle of the telescope. It moves the telescope to perform certain steps,
according to the command from the embedded PC. The GPS receiver re
cords the position of the system and gives out the universal standard
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time. The embedded single chip PC collects the spectra and manages
communication.

3.4. Lake temperature measurements

Lake temperature has been measured every 24 h with digital Logger
sensor thermometers (range: —20 450 °C and accuracy of +-0.4 °C)
placed in the middle of the lake, at a depth of 1 m. Due to the difficulty
experienced to maintain the efficiency of this set up instrumentation in
an area such as the summit of Santa Ana volcano, the reported dataset
suffered some long time period data gaps.

4. The 2004 2007 eruptive activity at Santa Ana volcano

Here we combine the satellite thermal data, obtained by using the
MIROVA system, with the geophysical and geochemical parameters ac
quired by the U.E.S. and M.A.R.N. at the Santa Ana volcano between
2004 and 2007 (Fig. 2). Visual observations and periodic field surveys
on the summit area (see Figs. 3, 6) have been used to describe the sum
mit activity and to support the interpretation of the monitored
parameters.

On the whole, the analyzed period has been subdivided into three
main phases that include: (i) a phase of volcanic unrest (2004 2005),
culminated with (ii) the VEI 3 October 1st, 2005 phreatomagmatic ex
plosion that was followed by (iii) a period of frequent physico chemical
changes of the crater lake (2006 2008) coupled with sporadic phreatic
explosions (cf. Colvin et al., 2013). Particularly, the combined analysis of
the seismic, thermal and geochemical data allows us to follow the evo
lution of the eruptive crisis and to subdivide the initial unrest phase into
four distinct sub phases (Ia to Id) (Figs. 2 and 5).

4.1. Phase I (June 1st, 2004  September 30th, 2005): unrest

Until the end of May 2004, the Santa Ana volcano had exhibited a
lack of seismicity, absence of space based thermal anomalies, with the
crater lake temperature spanning between 18 and 25 °C and relatively
stable SO, emissions of below 600 T/d (see Fig. 2; Colvin et al., 2013).

4.1.1. Phase la (June 1st, 2004  September 20th, 2004)
Since June 2004 (Phase la), we started to record Long Period (LP)
events and volcano tectonic (VT) swarms, indicating that the Santa
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Fig. 3. Photographs acquired during the periodic surveys preceding the survey conducted on October 1st, 2005 by the SNET team, with the strong degassing phase (a) and (b) the
incandescence of the central part of the fumaroles' area. c-f) Landsat 7 (ETM + sensor) images, showing the location of the thermal anomalies around the summit crater area. The first
clear thermal anomaly appeared on November 8th, 2004 (d), and rimmed the crater lake on the western side. In the July 20th, 2005 image, the anomaly was more relevant, and its
shape had not changed significantly (e). The October 24th, 2005 (f) does not show any sign of thermal activity, and the fumaroles field previously identified, appear dismissed. We
combined Band 7 (Mid infrared), Band 5 (Near infrared) and Band 4 (Near infrared) into the RGB.



Ana volcano was entering into a “seismic unrest” phase. Notably, both
signals define a marked increasing trend with time, mainly highlighted
by the records of long period (LP) daily rate until August 2004 (cf. Fig.
2a).

4.1.2. Phase Ib (September 21st, 2004  July 7th, 2005)

On September 21st, 2004 the first genuine thermal alert (1.6 MW)
was detected by the MIROVA system. This “thermal unrest” phase
persisted for about one year and, since then, coexisted with the anoma
lous seismic activity (Fig. 2b). Since this first detection, the MODIS data
define a nearly constant increase in the number and magnitude of ther
mal anomalies that, during the January April period, was coupled with
a relatively slight enhancement in tremor amplitude (Fig. 2b, c¢). High
resolution Landsat (ETM +) images (see Fig. 3¢ f), indicate that these
MODIS derived thermal anomalies were originating from a high tem
perature and strong degassing fumaroles' field (located on the western
rim of the summit crater lake). In spite of the persistence of moderately
high level of activity at the adjacent fumaroles (e.g. degassing), no sig
nificant anomalous signals were observed in the temperature of the
water lake (Fig. 2d; Colvin, 2008; Olmos et al., 2007).

Periodic measurements of fumarolic temperature (between 14th
and 18th June 2005) recorded a sudden increase, from 84 °C to 95 °C
(Fig. 4), that was preceded by the Jun 15th, 2005 phreatic eruption.
This event was characterized by intense gas emissions, moderate ejec
tion of blocks and the deposition of a 1 mm thick ash layer at the north
ern sector of the volcano (SNET Informes Especiales, 20054, b). This
event did not produce immediate structural changes at the summit, al
though it was the first explosion during the analyzed unrest phase.
Since then, we observe a general, marked increase at all the monitored
parameters (Figs. 2 and 5) and we regard the June 15th explosion as a
key episode, which promoted the connection between the magmatic
hydrothermal system and the surface fumarolic field.

4.1.3. Phase Ic (July 8th, 2005 August 30th, 2005)

The July August 2005 period is characterized by a general growth of
both LP and VT events as well as by the increased thermal flux (VRP),
tremor amplitude (RSAM) and SO, degassing (Fig. 5). In particular, we
fix the onset of this phase with the sharp increase in thermal activity,
initially being higher than 10 MW (never observed before) and culmi
nating, on August 27th, 2005 (at 04:05 UTC time), up to 31 MW.

Notably, between the August 24th and 30th, 2005, the SO, flux
(4285 T/d), thermal flux (31 MW) and tremor amplitude (154 cts)
reached peak values. Field surveys on August 29th, 2005 indicated
that the fumaroles' area was affected by incandescence (hot cracks;
~200 m?) and intense degassing activity (cf. Fig. 3b; SNET Informe
Especial, 2005c).

By the end of August 2005, volcanic activity entered into a critical
phase, when thermal, degassing and seismic parameters (RSAM)
reached their peak values since the first signals of unrest. At that time,
no physico chemical and thermal changes occurred at the crater lake,
suggesting that its bottom was essentially sealed, and was not affected
by the above perturbations. A similar phenomenon was observed by
Casertano et al. (1987) at the Poas volcano during the winter of 1980;
in this case also, there was an incandescence of the central dome with
temperatures reaching 960 °C (preceded, four months prior, by intense
seismicity) that did not affect the nearby water lake temperatures.

4.14. Phase Id (August 31st  September 30th, 2005)

During September 2005, LP and VT events showed a further increase
with a maximum of 622 LP events/day, recorded on September 12th
(Fig. 5a, b). Conversely, the radiative power, tremor amplitude and
SO, flux followed a nearly coeval waning trend (Fig. 5¢, d, e) likely relat
ed to a decrease in the activity of the fumaroles. The September 25th
field thermal surveys did not show the existence of fresh magma at
the surface. In turn, the water lake temperature increased, reaching its
top value of 58 °C (Hernandez et al., 2007; cf. Fig. 2d). Notably, the last
satellite thermal detection (about 3 MW) occurred on September
26th, 2005, just five days before the main eruptive event of October
1st, 2005.

4.2. Phase II (October 1st, 2005): phreatomagmatic explosion

After about 500 days from the onset of seismic swarms, at 08:30 a.m.
of October 1st, 2005 a VEI 3 phreatomagmatic eruption (Global
Volcanism Program, 2005) affected the summit area of the Santa Ana
volcano. This major event caused the emission of about 15,000 m> of
ash (Global Volcanism Program, 2005) associated with the release of
12 KT of SO, into the atmosphere (Carn et al., 2016) and the develop
ment of a 12 km high eruptive column (cf. Scolamacchia et al., 2010).

In the following days, heavy rainfalls, due to severe atmospheric per
turbations associated with the arrival of hurricane Stan in the area,
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Fig. 4. Santa Ana summit area with the location of the fumaroles' temperature measurements (blue circles); inset shows the 14-18 June 2005 time-series of temperatures, collected
automatically. The dotted line with the yellow star marks the occurrence of the phreatic explosion.
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triggered several lahars and landslides onto the South East slope of the
volcano which induced local authorities to evacuate about 5000 inhab
itants (cf. Global Volcanism Program, 2005; Scolamacchia et al., 2010).
Moreover, the hot lahars damaged the vegetation of the summit area,
up to 3 5 km distance from the hilltop. The ash fallout affected the
western sector of the cone, including the villages of Los Naranjos, La
Majada and Apaneca (Olmos et al., 2007; Scolamacchia et al., 2010).
As a whole, this event caused two deaths and the damage of about
1400 ha with a major impact on the local economy, essentially based
on agriculture (Global Volcanism Program, 2005).

During this major phreatomagmatic explosion, the fumarolic area
disappeared (cf. Fig. 3f) and the eruptive event drastically changed the
morphology of the summit crater area (Hernandez et al., 2007).

4.3. Phase IIl (October 2, 2005 January 2008): crater lake activity

After the October 1, 2005 explosion, summit activity was character
ized by the total absence of thermal anomalies, and by a general
decrease in seismicity and SO, emissions which, however, were some
how above background levels (cf. Fig. 2). Notably, the VEI 3 eruptive
event was a prelude to the following crater lake's anomalous activity

(cf. Rouwet et al., 2014) that characterized the Santa Ana volcano for
about 3 years, with several phreatic explosions, physico chemical
changes and drastic temperature variations within the summit lake
(cf. Colvin et al., 2013).

In this period, the crater lake suffered several phases of instability
with marked evaporation cycles (not related to daily and seasonal be
havior) and minor phreatic explosions (Fig. 6). Until April 2006, the
lake underwent visible evaporation processes (i.e., bubbling), leading
to the decline of about 30% of its volume on April 20, 2006 (with respect
to the pre eruptive phase volume), coupled by changes in water color
ation (Fig. 6a, b, c). Until September 2007, the crater lake cyclically suf
fered strong modifications, particularly during March April, when the
water lake reached temperatures above 50 °C (max 67 °C the March
13rd, 2007; cf. Fig. 2d). The occurrence of minor phreatic explosions
(e.g. March 15th and April 27th) was accompanied by a drastic decrease
of the lake size, which, in the following month, reached to about 4% of its
original volume (Fig. 6d, e, f). Since the end of 2007, the lake has shown
a nearly stable temperature (30 °C on average) and has partially recov
ered its pre eruptive volume (cf. Colvin et al., 2013). Currently, no
anomalous activity has been recorded at the Santa Ana Volcano (SNET,
2017).

5. Discussion

So far, we outlined the temporal evolution of the monitored param
eters before and after the October 1, 2005 phreatomagmatic eruption.
To proceed, we will be discussing these topics in the attempt to link
the observed volcanic processes with the problems of forecasting of
eruptions at the Santa Ana. In this perspective, unrest phases have
been tentatively linked with the intensity of volcanic processes occur
ring before, during, and after the onset of the October 1, 2005 paroxysm,
following the classification described by Potter et al. (2015).

5.1. The Santa Ana volcano: from seismic unrest to crater lake activity

The combined acquisition of ground and space based time series
over a given volcanic area contributes to volcano surveillance and
risk mitigation as well as to the better understanding of surface and
deeper processes that drive the observed volcanic activity (cf. Coppola
etal,2017; Ripepe et al., 2015; Valade et al., 2016). The multiparametric
dataset acquired at Santa Ana volcano, coupled with periodic surveys,
give us the opportunity to reconstruct (Fig. 7) the migration of an
undegassed magma batch toward the surface, as well as its effects on
the hydrothermal system and the connected crater lake.

By analyzing the time evolution of the Santa Ana 2004 2005 activity,
we link seismic unrest (VT swarms and the LP events) to the ascent of a
magma batch (e.g. McNutt, 2000; Zobin et al., 2008; Cannata et al.,
2013) that promoted crack propagation, substantial heat flow growth,
and degassing (cf. Chouet and Matoza, 2013; Fig. 7a).

This process induced an increase in thermal activity (i.e. rock crack
incandescence within the fumaroles field), tremor amplitude and SO,
flux (Fig. 7b, ). It is worth noting at this stage, that no physico chemical
and thermal changes were observed (and/or recorded) within the cra
ter lake, suggesting that it was still insulated (i.e., sealed) from the sur
roundings, whereas the fumarole field was affected by anomalous
degassing.

The increase in water temperature within the lake (Hernandez et al,,
2007) was observed only on September 2005 (i.e., about one year after
the beginning of the unrest) and was accompanied by a decrease in
tremor amplitude, sulfur outgassing and space detected thermal anom
alies (cf. Figs. 2 and 7d).

5.1.1. Magma hydrothermal system relationships

Particularly during Phase Id (Figs. 5 and 7d), seismic activity (VT and
LP events) was high, and it is generally known that this scenario may
precede explosive episodes, such as phreatic and phreatomagmatic
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Fig. 6. A collection of photographs resuming the changes of Santa Ana crater lake, from November 2005 to May 2007. Frame 5e reports the phreatic blast of April 27th, 2007.

eruptions (e.g. Ruapehu; cf. Christenson and Wood, 1993; Christenson
et al,, 2010). Indeed, the major phreatomagmatic eruption occurred on
October 1, 2005 (VEI 3) (Fig. 7e). Likely, during its onset, a direct inter
action between the magma and the hydrothermal system occurred,
opening the fracture system that was previously sealed. Since then, cra
ter lake activity has been operative for the following three years (cf.
Olmos et al., 2007; Colvin et al., 2013; see Fig. 7f). The occurrence of ju
venile andesitic to rhyolitic glass fragments in the erupted materials
support the idea of a near surface ascent of a magma body during the
October 1st episode (cf. Scolamacchia et al., 2010).

The phenomena observed at Santa Ana are comparable with those
occurring at Poas (Laguna Caliente) and Asosan (Yadamari) which
also host a summit lake with nearby high temperature fumarolic fields
(cf. Fischer et al., 2015; Shinohara et al., 2015).

However, it is worth analyzing the transition of hydrothermal activ
ity from the fumarole field to the crater lake. This process is substantially
accomplished during Phase Id (Figs. 5 and 7d). Fluid motion, associated
with previous, vigorous degassing contributed to the progressive
sealing the fractures of the hydrothermal sector comprised between
the magma body and the fumaroles. This dynamic typically occurs in
volcanic hydrothermal systems due to the sustained fluid flux as noticed
by Olmos et al. (2007) and Rosas Carbajal et al. (2016). This process is
usually accompanied by a pervasive “argillification” of the wall rock
(e.g., Williams Jones et al., 2000; Finizola et al., 2004). The coupling of
the above mechanisms are able to prevent both heat transfer and gas
flux toward the surface, thus generating an overpressure below the
self sealed horizon (Casadevall et al., 1981; Cigolini et al., 2005;
Cigolini, 2010).

In our specific case, the increase in seismic activity (i.e., Phase Ic d;
see Fig. 5) associated with the migration of the magma body, likely in
duced fracturing of the low permeable rock layer that typically under
lay a crater lake (Colvin, 2008). In turn, the opening of the fracture
system depressurized the stored magma that interacted with the
water table, triggering the phreatomagmatic eruption (Phase II). The fol
lowing period (Phase III), characterized by “peak/high level activity” of
the crater lake (e.g., Rouwet et al., 2014), eventually associated with
phreatic eruptions, is consistent with the above setting, when the fuma
roles' field is dismissed and the fluid flux is concentrated within the
summit lake (cf. Tassi et al., 2009). Notably, a similar mechanism has
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been recently suggested for the 2000 2008 activity at Poas volcano
(Fischer et al., 2015).

Likewise, at the Santa Ana volcano, the gas release from magma may
cause the partial or complete sealing of the fractures network below the
fumaroles that, however, promote, due to the pressure, the disruption,
and the fracturing of the rock layer below the lake. This scenario favored
the interaction between the intruded magma body and the lake, as tes
tified by the consequent setting c in the lake.

5.2. Timeline of the volcanic unrest

As recently reported (cf. Phillipson et al., 2013), the timeline of the
events that occurred at the Santa Ana volcano can be considered a refer
ence case for analyzing unrest levels on active volcanoes. In fact, the
2004 2005 scenario is overlapping the five level scale of Volcanic Un
rest Index (V.U.L) proposed by Potter et al. (2015), where each level
was characterized by a peculiar observed and/or measured activity. In
fact, we may notice that approaching the Oct 1, 2005 eruption, Santa
Ana shifted from level 1 (Negligible) to level 4 (Heightened) during its
unrest. In Fig. 8, we graphically reconstruct the link between the unrest
level and the evolution of the events. The entering on an unrest state is
typically heralded by seismic swarms, which is considered a long term
(up to years) precursor of eruptions (cf. Phillipson et al., 2013; White
and McCausland, 2015). At Santa Ana volcano, space based thermal
anomalies had appeared more than one year prior (375 days) the Octo
ber 1, 2005 explosion (Fig. 8). This is a striking novelty considering that,
historically, the thermal anomalies have been substantially regarded as
a short time precursor (8 days, on average; cf. Phillipson et al., 2013).

Although we likely consider the one year long Santa Ana thermal
unrest a quasi unique case of long time high fumarolic activity capable
to be detected by satellite observations, an additional and remarkable
result is that the MIROVA algorithm was particularly efficient in identi
fying low thermal anomalies. We stress that during the Santa Ana unrest
phase, the magma body was confined at depth, and the thermal anom
alies where essentially due to high temperature magma related fluids
ascending through hot cracks. Hence, as per the sporadic 2001 2002
recorded thermal anomalies (cf. Supplementary Material), no magma
reached the surface. As a whole, such as at the Santa Ana volcano, an in
tense fumaroles' activity may precede explosive eruption phases and/or
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Fig. 7. Schematic model, representing the evolution of the shallow plumbing system of Santa Ana volcano, spanning from seismic unrest (June 2004) to the beginning of crater lake activity

(October 2005). See text for details.

a lava dome extrusions (Connor et al., 1993; Taran et al., 1995;
Hutchison et al., 2013), outlining the remarkable support of our space
based measurements on the monitoring of active volcanoes.

6. Conclusions

The analysis of the MODIS infrared data over Santa Ana volcano re
veals that the October 1, 2005 phreatomagmatic eruption has been pre
ceded by one year long thermal anomalies associated with the high
temperature fumaroles located on the side of the summit crater lake.

By combining satellite thermal data with the geophysical, geochem
ical and lake temperature measurements, we identified progressive
levels of volcanic unrest preceding the main eruptive event. We linked
this scenario with the upward migration of an undegassed magma
batch promoting seismic, thermal and outgassing anomalies, which in
volved, at different stages, the fumarole field and, finally, the crater lake.
Our results demonstrate the capability of the MIROVA system to track
volcanic processes that may precede explosive eruptions and/or lava
dome extrusions.

We suggest that the integration of satellite thermal data in a ground
based monitoring network represents a strategic tool in volcano surveil
lance, aimed to forecast eruptions, and mitigate volcanic risk.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2017.04.013.
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