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Caldera unrest detected with seawater temperature anomalies
at Deception Island, Antarctic Peninsula

M. Berrocoso1
& G. Prates1,2,3 & A. Fernández-Ros1 & L. M. Peci1 & A. de Gil1 & B. Rosado1

& R. Páez1 & B. Jigena1

Received: 3 May 2017 /Accepted: 14 March 2018 /Published online: 24 March 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Increased thermal activity was detected to coincide with the onset of volcano inflation in the seawater-filled caldera at Deception
Island. This thermal activity was manifested in pulses of high water temperature that coincided with ocean tide cycles. The
seawater temperature anomalies were detected by a thermometric sensor attached to the tide gauge (bottom pressure sensor). This
was installed where the seawater circulation and the locations of known thermal anomalies, fumaroles and thermal springs,
together favor the detection of water warmed within the caldera. Detection of the increased thermal activity was also possible
because sea ice, which covers the entire caldera during the austral winter months, insulates the water and thus reduces temperature
exchange between seawater and atmosphere. In these conditions, the water temperature data has been shown to provide signif-
icant information about Deception volcano activity. The detected seawater temperature increase, also observed in soil temper-
ature readings, suggests rapid and near-simultaneous increase in geothermal activity with onset of caldera inflation and an
increased number of seismic events observed in the following austral summer.
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Introduction

There are several examples of submerged calderas throughout
the world, located on continental margins (e.g., Nicaragua),
arc islands (e.g., Indonesia), and mid-ocean ridges (e.g.,
Iceland). Most submerged calderas are isolated systems sub-
jected to interactions with the sun’s radiation, atmospheric
circulation, and rain, snow, or glacier water (Brown et al.
1989; Adams et al. 1990; Hurst et al. 1991; Ohba et al.
1994; Pasternack and Varekamp 1997; Christenson et al.

2010; Delmelle et al. 2015). Calderas forming bays open to
the sea (e.g., Thera, Greece) are less common. These open
systems are subjected to ocean tides and currents, and present
a bigger challenge in terms of monitoring volcanic activity as
both temperature and chemical-composition signatures in the
water are more easily dissipated, not only to the atmosphere
but also out to sea (Sansone et al. 1991; Sansone and Resing
1995).

Many submerged calderas require thorough monitoring
due to the volcanic risk to nearby population and infrastruc-
ture. The water of submerged calderas can be monitored sim-
ply for its color and odor, but it can also be monitored for its
temperature, chemical composition, and level (Brown et al.
1989; Adams et al. 1990; Hurst et al. 1991; Ohba et al.
1994; Pasternack and Varekamp 1997; Rouwet et al. 2014).
In open systems, these monitoring parameters are more easily
diluted and scattered than in isolated systems. Therefore, for
water temperature to increase, the heat source input must be
higher than the output to the atmosphere in isolated systems
and also to the open sea in open systems (Delmelle et al.
2015).

Deception Island has an open-system caldera, Port Foster,
its central submerged depression of 7–10 km in diameter
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opening to the ocean via a single narrow (500 m) and shallow
(20 m) channel called Neptune’s Bellows. Deception Island
itself is 15 km in diameter, and its highest points are Mount
Pond at 539 m a.s.l. and Mount Kirkwood at 452 m a.s.l. It is
the most prominent active volcanic center in the Bransfield
Sea extensional basin between the South Shetland Islands to
the northwest and the Antarctic Peninsula to the southeast
(Fig. 1a).

The anthropogenic impact at Deception is very low, be-
ing almost restricted to austral summer months. Outside of
these months, data collected only have an environment in-
put. Being an active volcano on which Antarctic Base
Stations are only seasonally operative, every measure of
volcanic activity that can be registered year-round is crucial
for monitoring. Deception volcano has been monitored
based on seismic activity (Carmona et al. 2012), ground
deformation (Berrocoso et al. 2012; Prates et al. 2013),
and recently on thermal activity (Peci et al. 2014).
However, only those sensors with low power consumption,
and which are protected from the inhospitable environment,
are left operative from late February to early December,
when the Base Stations shut and no assistance can be pro-
vided to the instruments. Therefore, only the seismic sensor
at the Spanish Base Station, the soil temperature at Cerro
Caliente, and the tide gauge at Colatinas Point (Fig. 1b) are
left operative over this period to monitor the volcanic activ-
ity; hence, no ground-deformation measurements or low-
energy seismic event hypocenter locations are made from
late February to early December.

In June–July 2012, increased thermal activity was de-
tected at Colatinas Point and Cerro Caliente. Pulses of high
water temperature at Colatinas Point that coincided with
ocean tide cycles were clearer than soil temperature peaks
at Cerro Caliente, though no increased seismic activity was
reported for June–July 2012 (Carmona et al. 2012;
Almendros et al. 2015). However, these thermal anomalies
mark the shift from a period of caldera deflation to that of
inflation, with an increased number of seismic events ob-
served in the following austral summer. Therefore, we
highlight the relevance of monitoring thermal data at sub-
merged calderas, particularly in such inhospitable environ-
ments, enhancing the analysis of multi-parameter volcano
monitoring datasets.

Regional setting

The South Shetland Islands, apart from Deception Island,
are a volcanic arc formed as a consequence of the former
Phoenix Plate subduction under the Antarctic plate
(González-Ferrán 1991; Livermore et al. 2000; Dietrich
et al. 2001; Robertson-Maurice et al. 2003; Taylor et al.
2008; Jin et al. 2009). The regional northeastwards trend

of the Antarctic Plate favors roll-back of the subducted
Phoenix slab, producing extension in the Bransfield Basin,
whose left-lateral component extends back to the left-lateral
South Scotia Ridge (Galindo-Zaldívar et al. 2004; Maestro
et al. 2007; Solari et al. 2008; Berrocoso et al. 2016).
Therefore, the Bransfield Basin has also been considered
to be a marginal extensional basin (González-Casado et al.
2000; Fretzdorff et al. 2004), originating from the south-
westwards propagation of the South Scotia Ridge that ter-
minates in Deception Island, the southwest limit of the
Bransfield Basin (Fig. 1a). These complex geodynamics
are manifested in the back-arc volcano-tectonic activity that
occurs on Deception Island, whose central submerged de-
pression has been described as a collapse caldera formed
after one or more voluminous eruptions (Smellie 2001).

Deception has undergone recent volcanic activity, with
confirmed eruptions in 1800, 1812, 1842, 1871, 1912,
1956, 1967, 1969, and 1970 (Torrecillas et al. 2012).
Between 1967 and 1970, eruptive process was located
around Telefon Bay and Mount Pond (Fig. 1b), which
caused the destruction of the Chilean Base in Pendulum
Cove, and the collapse of the British Base in Whalers Bay
due to a lahar (González-Ferrán and Katsui 1970;
González-Ferrán 1995). At the present time, the main sur-
ficial indications of volcanic activity on the Island are the
occurrence of gas emissions and soil at 100 °C at 107 m
a.s.l. on Cerro Caliente; gas emissions and soil at 70 and
100 °C at Whalers Bay and Fumarole Bay, respectively;
and thermal springs at Pendulum Cove and Whalers Bay
with temperatures of 45 and 65 °C, respectively (García
et al. 1997; Ibáñez et al. 2000). Surface water temperatures
and chemical composition within the submerged part of the
caldera suggest the existence of hydrothermal activity, with
higher temperatures, in the north sector of Port Foster. This
is close to most of the fumaroles and correlates with
volcano-tectonic structures revealed by bathymetric and
seismic reflection profiles (Rey et al. 1995; Somoza et al.
2004; Padrón et al. 2015). Recent geomagnetic, gravimet-
ric, and seismic refraction studies further suggest the exis-
tence of magma at shallow depths beneath Deception’s sub-
merged caldera. Tomography profiles from seismic refrac-
tion suggest that Port Foster is underlain by magma detect-
ed at about 2-km depth with pronounced low-velocity
anomalies beneath Fumarole Bay and also under Mount
Pond (Zandomeneghi et al. 2009; Prudencio et al. 2015).
Significant seismic activity is also registered on the island.
Most of these events are shallow, having low energy, with
magnitudes between 1 and 2 (Carmona et al. 2012).
Earthquakes of magnitudes 3 and 4 were detected during
the seismo-volcanic crisis of 1991–1992 and of 1998–
1999. In both crises, the hypocenters were mostly located
between Fumarole Bay and Telefon Bay (Ortiz et al. 1997;
Ibañez et al. 2000, 2003).
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Monitoring array and processing methods

In December 2007, two tide gauges (bottom pressure sensors)
were installed within the Deception Island submerged caldera
at Colatinas Point, DECMAR, and on Livingston Island at
Johnsons Dock, LIVMAR. Both tide gauges are linked to
geodetic benchmarks, whose coordinates are measured with
Global Navigation Satellite Systems–Global Positioning
System (GNSS-GPS) (Fig. 1c). On Deception Island, the lo-
cation was selected because it is as close as possible to one of
the few near-shore bedrock outcrops available on the caldera’s
inner ring, necessary to anchor the weight attached to the
bottom pressure sensor, and as near as possible to thermal
anomalies, fumaroles, and thermal springs in the north sector
of Port Foster. Local ocean tides, mean sea level, and seawater
temperature data are registered to monitor volcanic activity,
among other parameters. From February 2011, tidal observa-
tions at Livingston and Deception became continuous; until
that time, they had only been made during the austral summer
campaigns. The tidal constituents and the mean sea levels
were determined for both locations (Vidal et al. 2011a;
Jigena et al. 2015), and the hydrodynamic model for Port
Foster was computed (Vidal et al. 2011b).

The bottom pressure sensors were installed to register pres-
sure, temperature, and conductivity. They are located at 5–7-
and 2–4-m depth, respectively, in Livingston and Deception,
and about 30m from the coastline where height control bench-
marks were fixed into the bedrock. Before and after each data
recovery operation, the tide gauges’ depth is determined by
spirit leveling between the height control benchmark and a
second co-located tide gauge closer to the coastline, allowing
for correction of the pressure sensor depth in the event of it
being displaced by sea ice in the previous winter. Therefore,
the observations are linked, providing a continuous mean sea
level time series for Livingston and Deception (Jigena et al.
2015).

Seawater temperature and conductivity measurements are
carried out to convert the seawater column pressure to tidal
height, according to

Ph ¼ Pa þ ρ g h

where Ph is the hydrostatic pressure registered at the tide
gauge, Pa is the local atmospheric pressure (~ 988.27 mb), g
is the local gravity acceleration (~ 9.822956 m/s2), ρ is the
seawater density computed from its temperature and

Fig. 1 Deception Island location within the surrounding geodynamic
model and location of the thermometric sensors and GNSS-GPS bench-
marks. a Former Pheonix microplate subducting under the Antarctic
plate; Bransfield extensional basin between the South Shetland Islands
and the Antarctic Peninsula. bDeception Island map showing open vents
of the most recent eruptions, relevant sites, main thermal anomalies and
location of the ground temperature sensor, CECA, bottom pressure

sensor, DECMAR, and GNSS-GPS benchmarks, BEGC, FUMA, and
PEND (named DIESID—Deception Island’s Spatial Dilatometer and
Inclinometer—system including data transmission/reception by WiFi
technology and software tools for automatic data processing capability).
c Location of bottom pressure sensors and reference GNSS-GPS bench-
marks on Deception Island (DECMAR, BEGC) and Livingston Island
(LIVMAR, BEJC)
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conductivity (Poisson 1980; Millero and Poisson 1981;
Millero and Huang 2009; McCleskey et al. 2012), and h is
the sea level equivalent height.

Ocean tide constituents and hydrodynamic
model

Accounting for Courtier’s form number of about 0.8–0.9 in
Livingston and Deception, tides were classified as mixed,
where 85% of the total tidal energy can be described by M2,
S2, K2, N2, K1, O1, P1, and Q1—the eight main tidal con-
stituents. Hence, the tides are predominantly semi-diurnal,
where the strongest tidal constituent is M2 with an amplitude
of around 0.39 m, followed by K1, O1, and S2 with values of
around 0.28 m (Vidal et al. 2011a; Jigena et al. 2015).

Within Deception’s inner bay, the poor water exchange rate
(1% volume exchange during each tidal cycle) through the
narrow opening to the Bransfield Sea and the presence of
freshwater from glacier runoff promote Port Foster’s water
mass temperature and salinity to differ significantly from
those of the Bransfield seawater mass (Vidal et al. 2011a).
Furthermore, the water circulation within Port Foster is mostly
related to ocean tides. Modeled tidal currents are weak inside
Port Foster, near 0.10 m/s, with maximum values of 0.76 m/s
in the area of the Neptune’s Bellows during spring tides,
where approximately 90% of the total tidal energy are dissi-
pated (Lenn et al. 2003; Vidal et al. 2011b).

There is a strong seasonal influence on the hydrodynamic
circulation regime in Port Foster (Fig. 2). Every summer, atmo-
spheric heating of the sea surface creates a thermocline that pro-
duces a two-layer laminar structure. In the upper layer, the circu-
lation is counterclockwise, while in the deeper layer, it is clock-
wise, caused by coastal-trapped waves traveling at periods of 1–
2 days probably triggered by wind gusts (Flexas et al. 2017). As
result of shearing processes caused by episodes of high winds as
autumn progresses, this configuration changes to a single column
of homogeneous water, with temperatures near freezing (~−
1.85 °C) in late winter (Lenn et al. 2003). Also, an inferior
mixing potential was found in the eastern side compared to that
of the western side of Port Foster, attributed to a westwards
radiation of the strong, inwards flowing tidal currents generated
at Neptune’s Bellows (Flexas et al. 2017).

Seawater temperature data: results

Seasonality is significant, with the warmest water during the
summer and high salinity and freezing-point temperatures in
the winter (Meredith et al. 2008). At both Deception and
Livingston Islands, the seawater temperatures vary year-long
between + 2 °C in January and February and − 2 °C from June
to October. It is also significant that the data obtained at
Deception present greater temperature fluctuations than at
Livingston, induced by hydrothermal heating within Port
Foster (Fig. 3). In December and January, there are also higher

Fig. 2 Port Foster’s seasonal
hydrodynamic structures. a
Summer structure with two layers
separated by a thermocline at
around 60-m depth. b Winter
structure with a single layer of
water at near-freezing tempera-
tures isolated from temperature
exchange with the atmosphere by
an ice cover
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inputs of freshwater from melting sea ice and glaciers and
snow in coastal areas, bringing about significant changes in
the salinity (Vidal et al. 2011a).

However, from July 2012 to January 2013, higher temper-
ature fluctuations were registered within Deception’s sub-
merged caldera, which was not detected in the preceding or
following years (Figs. 3 and 4). These periodic seawater tem-
perature anomalies coincide with the periodic ocean tides, in
particular, with the low-tide periodicities of about 12 h, and
amplitudes up to and exceeding 10 °C (Fig. 5). The beginning
of these temperature anomalies coincides with the lowest sea-
water temperatures being reached by early July, when the
caldera is almost completely covered by sea ice (Smith et al.
2003; Petty et al. 2014), which creates an insulating layer
between the seawater and the atmosphere. Towards the sum-
mer, the seawater temperature anomaly bursts had not reached
the previous 10 °C amplitudes due to the progressive decrease
of sea ice within the caldera and consequent temperature dis-
sipation to the atmosphere. By mid-January 2013, the seawa-
ter temperature anomalies were no longer detected (Fig. 4).

Higher temperatures were detected after neap tides when
tidal currents are weaker and less effective at advecting away
the influx of heat from the fumaroles and thermal springs. This
allows a higher rise in seawater temperatures in the north

sector of Port Foster through thermal conduction. Therefore,
the temperature anomaly bursts cause increasing temperatures
within the first spring tides, following which the temperature
drops as the hot seawater is progressively mixed with cold
seawater due to higher tidal currents (Figs. 4 and 5). The
low spring tides also favor the warmest uppermost seawater,
directly beneath the ice cover, to be closer to the bottom pres-
sure sensor where the seawater temperature is measured.

Therefore, while thermal conduction is responsible for the
increase in seawater temperature near fumaroles and thermal
springs in the north sector of Port Foster, particularly during
neap tides, thermal advection is the main heat transfer process
leading to seawater temperature rise near the tide gauge posi-
tion nearer to the channel leading to the Bransfield Sea in the
southeast sector of Port Foster. In fact, from June to October,
all temperature rises measured at the tide gauge position cor-
relate with the ocean tides, since the temperature increases
from fumarole and thermal spring activity is not sufficient to
heat the volume of seawater in Port Foster and reach the tide
gauge position by thermal conduction, even in neap tides and
in the presence of complete sea ice cover. However, in the
north sector of Port Foster, seawater temperature is typically
higher (Somoza et al. 2004; Padrón et al. 2015; Flexas et al.
2017) mainly due to thermal conduction.

Fig. 3 Seawater temperature comparison by tide gauges deployed in
Deception (red), DECMAR, and Livingston (blue), LIVMAR, Islands
in 2011 and 2015, depicting similar seasonal trends regionally and
inter-annually. The temperature decrease begins later on Deception than
on Livingston due to the hydrothermal activity and slow dissipation

trough Neptune’s Bellows; in the same way, temperature rise begins
earlier on Deception than on Livingston, although the seawater
temperature in the summer is lower in Deception’s inner bay than on
Livingston because of the contribution of snow and glacier runoff into a
relatively closed system
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Discussion

Deception volcano activity since 2000 has shown alternating
inflation/deflation periods of about 3 years in length
(Berrocoso et al. 2012) and corresponding periods of
increase/decrease in seismic activity (Carmona et al. 2012).
Within its complex geodynamic setting, this periodicity al-
lows us to interpret Deception volcano activity as being con-
trolled by tectonics, where inflation is promoted by extension-
al stress rather thanmagma injection. Extensional stress favors
increased activity in the submerged caldera hydrothermal sys-
tem through increased fluid temperature and magma
degassing, which brings about ground uplift (Fournier and
Chardot 2012). At the shift from compressional to extensional
stress, higher fluid temperatures and magma degassing in a
permeable medium can be observed as a pore-pressure in-
crease and corresponding higher seismic activity. This is
followed by a decrease in both.

The increase in thermal activity in the north sector of Port
Foster locally raises the seawater temperature through conduc-
tion, which is then advected by tidal currents via Neptune’s
Bellows through the open passage to the Bransfield Sea. The
detection of these seawater temperature anomalies is also fa-
vored by the sea ice that insulates the seawater from the atmo-
sphere in the austral winter, hence reducing temperature loss.

The water circulation within Port Foster is mostly related to
the ocean tides. Towards high tide, Port Foster receives water
from the Bransfield Sea, and this is reversed towards low tide.
Since the tide gauge is located between the area of thermal
activity increase, in the north sector of Port Foster, and
Neptune’s Bellows, in the southeast sector of Port Foster, it
is well located for detecting seawater temperature advection in
that area. Only thermal activity in Whalers Bay might not be
detected as the seawater may not circulate near the tide gauge.

The detected seawater temperature anomalies coincide
with a temporally offset shift in local ground deformation.
Ground deformation is determined every austral summer cam-
paign through continuous GNSS-GPS monitoring of three
benchmarks (Berrocoso et al. 2008, 2012; Peci et al. 2012;
Prates et al. 2013). The normal vector to the triangle they
define is computed from the relative positions of these three
benchmarks, and the instantaneous strain given by the magni-
tude of the normal vector is assessed (Berrocoso et al. 2012).
Trend shifts in the normal vector magnitude time series, and
also in its inclination time series, are monitored between aus-
tral summer campaigns, but more importantly, they are mon-
itored in near real time throughout each campaign. During the
2012–2013 campaign, as the sea ice cover disappeared within
Port Foster and the seawater temperature anomalies were no
longer detected by the thermometric sensor of the tide gauge,

Fig. 4 Seawater temperatures registered at Livingston (blue) and
Deception (red) Islands in 2012. a The seasonal changes in seawater
temperature are similar at Livingston and Deception Islands, with the
exception of the temperature anomalies detected at Deception after the

lowest seawater temperature is reached. b First seawater temperature
bursts registered by the thermometric sensor attached to the tide gauge
(bottom pressure sensor) with amplitudes reaching over 10 °C
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the triangle defined by the three benchmarks began an exten-
sional process which was clearly identified by a trend shift in
the normal vector magnitude and strain time series (Figs. 6b
and 9d). Horizontal and vertical velocities were computed
using the inter-annual ground displacement for each GNSS-
GPS benchmark, revealing a noticeable geodynamic change
from a period of caldera compression and subsidence to ex-
tension and uplift (Fig. 6a).

A relative increase in seismicity was also registered in the
2012–2013 austral summer campaign compared to that of the
previous summer, both in volcano-tectonic and long-period
events (Almendros et al. 2015) (Figs. 7 and 9c), based on a
network of four seismic stations deployed every austral sum-
mer campaign in the north sector of Port Foster’s coastline
(Carmona et al. 2012).

Soil temperature peaks in Cerro Caliente (CECA) were also
detected in June–July 2012 (Fig. 8a) along with the first sea-
water temperature bursts. At ground level, the soil temperature
is seasonally affected by snow cover; small caves can form at
ground level in the snow in which the temperatures are higher
due to insulation from the atmosphere, leading to rapid snow-
melt within the cave. Bywavelet analysis (Mallat 2009), which
identifies anomalies in the frequency and amplitude domains

of the soil temperature time series, increased thermal activity in
the northwest sector of the Port Foster coastline was also de-
tected in late June, July, and August 2012 (Figs. 8a and 9b). In
addition, the linear regression over the time series of raw tem-
perature data (Fig. 8a) and its daily averages (Fig. 8b) depicts
an increase of about 10 °C from February 2012 toMarch 2014.

Furthermore, time correlations in mid-July and late August
2012 between two soil and seawater temperature bursts, and
later in January 2013 between the increase in seismicity and
caldera inflation, were clearly observed through the analysis of
this multi-parameter dataset (Fig. 9). Therefore, we consider that
the seawater temperature anomalies within Port Foster together
with the soil temperature peaks at Cerro Caliente in June–
July 2012 marked a shift in the surrounding tectonic stress from
compressional to extensional, with consequent increased hydro-
thermal activity, increased seismicity, and volcano inflation.

Conclusions

FromFebruary 2011, continuous tidal data has been acquired for
Deception and Livingston Islands. Deception Island is the most
prominent active volcano in the Bransfield extensional basin. In

Fig. 5 Seawater temperature and ocean tides registered at Deception
Island. a Detected seawater temperature anomalies and low tides show
a clear correlation, with higher temperatures measured in the low spring
tides that follow the neap tides, when lower tidal currents allow the
seawater temperature to rise. b Water circulation model over one tidal

cycle: cold water from the Bransfield Sea passes through Neptune’s
Bellows towards the inner bay, and warmer water in proximity to hot
soil, fumaroles, and thermal springs in the north sector of the inner bay
is then cycled towards Neptune’s Bellows
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Fig. 6 Deception Island volcano ground deformation from 2010 to 2013
based on three GNSS-GPS benchmarks. a Horizontal and vertical veloc-
ities of the measured ground displacements of the three benchmarks
GNSS-GPS between consecutive austral summer campaigns, without
the regional tectonic component, illustrating the shift from compression

and subsidence to extension and uplift in this period. b Instantaneous
strain determined by the ground displacements of the three benchmarks
during the austral summer campaigns, in which a clear period of exten-
sion is shown in the 2012–2013 austral summer

Fig. 7 Seismicity during the
austral summer campaigns on
Deception Island, indicating the
increase of seismicity in the
2012–2013 austral summer. LP
long period, VT volcanotectonic
(adapted from Almendros et al.
2015)
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the 2012 austral winter, signatures from seawater temperature
anomalies were detected with amplitudes up to and exceeding
10 °C, and periodicities of about 12 h coinciding with the low
tides. Soil temperature anomalies in the northwest sector of the
Port Foster coastline were also detected in the 2012 austral win-
ter, close to the location of fumaroles and thermal springs. Both
suggest an increase in the volcano’s hydrothermal system activ-
ity. Port Foster sea ice cover in the winter and the tide gauge
location favor detection of the seawater temperature anomalies
during the austral winter. Therefore, seawater temperature pro-
vides valuable information on the dynamic of volcanoes with
submerged calderas, such as Deception Island volcano, enhanc-
ing the analysis of monitoring datasets.

The increase in volcano activity was confirmed by height-
ened seismicity between the 2011–2012 and 2012–2013

austral summers. Ground deformation presents a shift from
deflation to inflation in 2012, which is shown by the instanta-
neous strain continuously measured throughout the 2012–
2013 austral summer campaign. No ground-deformation mea-
surements are made from late February to early December,
and only a single seismic sensor is left operative. Therefore,
the seawater temperature anomalies within Port Foster togeth-
er with the soil temperature in Cerro Caliente filled the data
gap between the ground deformation and seismicity cam-
paigns in the austral summers, marking the shift in this volca-
no dynamics and contributing to acknowledge its volcanic
activity as being controlled by tectonics.

Deception Island’s horse-shoe shape, with a submerged
caldera open to the sea and covered by sea ice in winter,
together with the internal tidal currents and the location of

Fig. 8 Soil temperature time series on Cerro Caliente (CECA) for 2012
and 2013. a Raw soil temperature (blue), linear regression (black), and
wavelet analysis (red), depicting a trend in temperature rise and temper-
ature anomalies with peaks in late June, July, andAugust of 2012. bDaily

temperature averages (green) and linear regression (black), depicting the
soil temperature increase of about 10 °C over this 2-year time interval
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the bottom pressure sensor, made it possible to identify the
seawater temperature changes as the key observable factor in
the reactivation of Deception volcano in June–July 2012.
Given this setting, the seawater temperature anomalies, to-
gether with those of the soil temperature on Cerro Caliente,
were precursors to the other analyzed observables—the seis-
micity and ground-deformation data—registered only in the
following austral summer campaign, suggesting rapid and
near-simultaneous increase in geothermal activity and the on-
set of caldera inflation.

Accordingly, at volcanic lakes open to the sea, where assis-
tance to monitoring instrumentation might not be possible for
long periods, the thermometric sensor attached to a bottom
pressure sensor located where tidal currents advect seawater
temperature from volcanic heat sources like thermal anomalies,
fumaroles, and thermal springs can effectively acquire relevant
data to monitor volcanic activity, also in near-freezing Arctic
and Antarctic waters where sea ice cover can provide the nec-
essary isolation from the cold atmosphere and strongwinds. As
shown, monitoring seawater thermal data at submerged cal-
deras clearly enhances the analysis of monitoring datasets like
seismic activity, ground deformation, and soil temperature.
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