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Abstract:

Deception Island is the most active volcano in the South Shetland Islands and
has been the scene of more than twenty identified eruptions over the past two centuries.
In this contribution we present the first comprehensive long-term volcanic hazard
assessment for this volcanic island. The research is based on the use of probabilistic
methods and statistical techniques to estimate volcanic susceptibility, eruption
recurrence and the most likely future eruptive scenarios. We perform a statistical
analysis of the time series of past eruptions and the spatial extent of their products,
including lava flows, fallout, pyroclastic density currents and lahars. The Bayesian
event tree statistical method HASSET is applied to calculate eruption recurrence, while
the QVAST tool is used in an analysis of past activity to calculate the possibility that
new vents will open (volcanic susceptibility). On the basis of these calculations, we

identify a number of significant scenarios using the GIS-based VORIS 2.0.1 and



LAHARZ software and evaluate the potential extent of the main volcanic hazards to be
expected on the island. This study represents a step forward in the evaluation of
volcanic hazard on Deception Island and the results obtained are potentially useful for

long-term emergency planning.
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tree, eruptive scenarios



1. Introduction

Deception Island is the most active volcano in the South Shetland Island group
(Antarctica) and more than 20 eruptions have taken place there over the past two
centuries (Orheim, 1972; Pallas et al., 2001; Smellie, 2002a). Located at the spreading
centre of the Bransfield Strait marginal basin (Fig. 1), this island consists of a horse-
shoe-shaped composite volcanic system truncated by the formation of the collapse
caldera that occupies the central part of the island (Valencio et al. 1979; Smellie 1988;
Marti et al., 2013) (Fig. 2a). The most recent eruptions took place in the late 1960s and
1970s and destroyed or severely damaged the scientific bases operating on the island
(Baker et al., 1975; Roobol, 1982) (Fig. 3a,b). Interestingly, during the final eruption
strong winds and the unusually low tropopause in the area (Smellie, 1999) led to an
important spread of volcanic ejecta that reached distances of over 150 km (Pallas et al.,
2001; Fretzdorff and Smellie, 2002; Pedrazzi et al., 2014).

Since its discovery in 1820, the island’s natural harbours in Port Foster Bay (e.g.
Pendulum Cove and Whalers Bay) (Fig. 2b) have been actively used during different
peaks in the commercial exploitation of the Southern Ocean (Roobol, 1982; Smellie and
Lopez-Martinez, 2002). Between 1905 and 1930, the island served as the shore base for
the Antarctic’s most important whaling industry (Fig. 3c) and also played a military role
during World War | due to its strategic location between the Atlantic and Pacific Oceans.
This resulted in the construction of a British scientific station, which was occupied from
1944 until it was destroyed in 1969 (Roobol, 1982; Smellie and Lopez-Martinez, 2002)
(Fig. 3a). Following the British initiative, Argentina and Chile also established scientific
bases on the island that, likewise, were either destroyed or abandoned after the eruptions
occurring between 1967 and 1970 (Fig. 3b). After occasional expeditions to Deception

Island, Britain, Spain and Argentina recommenced scientific activity in 1986. Argentina



re-occupied and reconstructed its station (Fig. 3f), while Spain constructed a new station
in 1989 (Fig. 3e); these two scientific bases operate every year during the Antarctic
summer.

The number of tourists that visit Antarctica has increased since the first
commercial cruise in 1966 and today over 30,000 visitors arrive during the austral
summer (2012-2013) (IAATO, International Association of Antarctica Tour Operators)
(Fig. 4a). Deception Island and Half Moon Island (Fig. 4) are two of the most popular
destinations; specifically, the Antarctic Specially Protected Area (ASPA) sub-site of
Whalers Bay (Fig. 2) receives over 15,000 visitors every year (Fig. 4b), while other
sectors such as Telefon Bay or Pendulum Cove (Fig. 2) are visited by up to 5,000
tourists annually (Fig. 4b).

The recent eruptions (1967, 1969 and 1970) have demonstrated that volcanic
activity on Deception Island may become a cause for concern for tourists, scientists and
the military personnel working on or near the island. Livingston and Deception Islands
host a total of five research stations and three field camps, while Greenwich and King
George Islands are home to 10 all-year and two temporary research stations (Fig. 2). For
example, during the 1970 eruption, a considerable amount of ash — including a fine ash
fall deposit of 4 mm on Arturo Prat station on Greenwich Island and about 1 mm on
Bellingshausen station on King George Island (Baker et al., 1975, Pedrazzi et al., 2014)
— fell far from the island.

Aside from a paper by Roobol (1982) and the relatively recent work of Smellie
(2002a), to the authors' knowledge no accurate volcanic hazard assessment has ever
been conducted for Deception Island. Furthermore, previously hazard maps were either
restricted to a single hazard (Roobol, 1982) (Fig. 5a) or were non-systematic (Smellie,

2002a) (Fig. 5b). As pointed out by Smellie (2002a), as a popular destination for tourists



and an area of constant scientific research, properly elaborated hazard maps and related
assessments are now more necessary than ever. The latter are indispensable for the
elaboration of emergency plans aimed at mitigating the potential human and economic
losses of any future volcanic eruptions on Deception Island.

In order to improve the hazard assessment on Deception Island, it is important to
estimate the temporal and spatial probabilities of future eruptions. In this paper, we
carry out a threat analysis for Deception Island using the National Volcano Early
Warning System (NVEWS) template (Ewert et al., 2005) and compare it with other
volcanoes of similar characteristics. Then, we present a systematic analysis of the
temporal and spatial long-term hazard assessment of the island using available
geological data, including the past eruption record, stratigraphic information and
volcano-structural data. We used HASSET (Sobradelo et al., 2014) to estimate the
probability that a volcanic episode will occur within the forecast interval and to evaluate
the long-term probability of different types of hazards on the island. For the spatial
analysis we applied QVAST (Bartolini et al., 2013) to obtain the susceptibility map, and
LAHARZ and VORIS (Hoblitt et al., 1995; Schilling, 1998; Felpeto et al., 2007) to
generate different eruptive scenarios such as lahars, lava flows, pyroclastic density
currents (PDCs) and fallout. The ultimate aim of this work was to generate a qualitative
hazard map for Deception Island depicting the most probable scenarios and,
consequently, to understand the potential impact that future eruptions could have on

research stations, tourists, and ships in and around the island.

2. Geological setting

Deception Island is a sizeable active Quaternary volcano with a large central



collapse caldera that is located at the south-western end of the Bransfield Strait, a
marginal basin lying between the Antarctic Peninsula and the South Shetland Islands
(Fig. 1). The related volcanic ridge has traditionally been interpreted as a Late Cenozoic
extensional structure produced as a consequence of back-arc spreading (Roach, 1978;
Peccerillo et al., 1991) linked to subduction of the Phoenix Plate beneath the Antarctic
Plate (Gonzélez-Ferran, 1985). Deception, Penguin and Bridgeman islands and a
number of other submerged volcanic vents are associated with the spreading centre. In
particular, Deception Island is located near the intersection between the axis of the
Bransfield basin and the extension of the Hero Fracture Zone (Fig. 1).

The construction of the island can be separated into three main phases: pre-, syn-
and post-caldera (Smellie, 2001; Marti et al., 2013). The first phase was characterised
by the construction of the volcanic shield and is represented by the Basaltic Shield
Formation, outcropping mainly at Baily Head and along the nearly vertical caldera wall
at Fumarole Bay (Fig. 2a). The Outer Coast Tuff Formation (i.e. syn-caldera phase
deposits) (Hawkes, 1961; Smellie, 2001; Marti et al.,, 2013) was deposited
unconformably over the shield-related units and forms an almost continuous outcrop
along the outer part of the island (Fig. 2a). The post-caldera phase, which includes the
recent historical eruptions, consists of eruptive vents scattered across the whole island:
all but one are found along the structural borders of the caldera and most correspond to
previous regional tectonic faults (Fig. 2a) (Smellie, 2002a; Marti et al., 2013).

The magnetic polarity of the exposed rocks and K-Ar data indicate that
Deception Island is younger than 0.75 Ma (Valencio et al., 1979) and that its subaerial
part has mostly been constructed over the last 0.2 Ma (Keller et al., 1992). Indeed, the
correlation between the exposed rocks and the tephras found elsewhere in the region

suggests that these rocks are probably even younger than 0.1 Ma (Marti et al., 2013).



The age of the collapse event remains unclear due to a lack of geochronological data
and the fact that none of the tephra layers found in the various ice and marine/lacustrine
sediment cores extracted around the Antarctic region appear to correlate with this event
(Smellie, 1999; Pallas et al., 2001). Since all the tephra related to the post-caldera
volcanism recorded in the region are from the Middle Holocene or younger (Smellie,
1999; Moreton, 1999), Marti et al (2013) speculate that the caldera may have formed in

the late Pleistocene-early Holocene.

3. Recent Volcanic Activity & Volcanic Hazards
The 1967, 1969 and 1970 eruptions on Deception Island have been well

documented (Gonzéalez-Ferran et al., 1971; Orheim, 1972; Baker et al., 1975;
Roobol, 1982; Smellie, 1999, 2002a, 2002b; Moreton, 1999; Pedrazzi et al.,

2014). First-hand observations exist for the first two as they occurred during austral

summer. The December 1967 event created a new island around four
aligned vents in Telefon Bay and a land vent located 2.5 km to the
east (Fig. 2b). The February 1969 eruption occurred when a 4-km—long
fissure opened beneath glacial ice along the eastern interior side of
the caldera (Smellie, 2002a). This activity resulted in catastrophic
floods and lahars, and the construction of several small cinder cones
(Baker et al., 1975; Smellie, 2002b). Unlike the two previous events,
there were no eyewitnesses to the 1970 eruption. Ash fell on the
Chilean station Arturo Prat on Greenwich Island on August 13, 1970 and
during the early morning on the same day near the Soviet station

Bellingshausen on the King George Islands.

7



The tephra record from Deception Island (Orheim, 1972) and neighbouring
islands (Pallas et al., 2001) and ice and sediment (marine and lacustrine) cores reveal a
series of over 30 post-caldera eruptions during the Holocene (Tables 1 and 2). However,
even the most detailed record such as that provided by Mt. Pond glacier (Fig. 2a)
probably only records some of the post-caldera eruptions on the island (Orheim, 1972;
Smellie, 2002b) and a considerably higher number of eruptions may well have occurred.
The record of the eruptions from the eighteenth to the twentieth centuries includes
periods of great activity (e.g. 1906-1912, 1818-1828) with several temporally closely
spaced eruptions, followed by decades of dormancy (e.g. 1912-1967) (Orheim, 1972;
Roobol, 1982; Smellie, 2002b). Despite the inherent difficulties involved in predicting
the date of the next eruption on Deception Island, it is still reasonable to expect further
episodes to occur as part of these most recent activity cycles (Shultz, 1972). The unrest
episodes in 1992 and 1999 demonstrate that the volcanic system is still active (Ibafiez et
al., 2003) and, as has been remarked in published research work, the occurrence of a
future eruption on the island cannot be ruled out.

All post-caldera volcanism corresponds to eruptions of small volume (e.g. <
0.05 km?® for each of the 1967, 1969, and 1970 eruptions) and their explosivity will have
varied in terms of their consistent phreatomagmatic nature. The interacting water may
be simply seawater from Port Foster Bay, water from the underground aquifer or even
melt water from the glaciers. The presence of Deception Island tephra in marine
sediments in the Scotia Sea (e.g. Moreton and Smellie, 1998) or in ice cores from the
South Pole (e.g. Aristarain and Delmas, 1998) suggests that some post-caldera eruptions
may have been much more violent than those experienced in recent centuries.

The main direct volcanic hazards identified on Deception Island include

(Smellie, 2002a) ash fall, pyroclastic density currents (mainly surges), lava flows and



lahars, while indirect volcanic hazards could involve (Smellie, 2002a) steam fields,
fumaroles, heated ground, structural collapses and rock falls, hydrothermal eruptions,
volcanic gases, earthquakes and tsunamis.

Due to the strong winds and the unusually low tropopause (8-10 km) in the area
(Smellie, 1999), ash fall deposits — even in historical eruptions — are rapidly displaced
over neighbouring islands and the Antarctic continent. Indeed, ashes from the latest
eruption on Deception Island were observed on King George Island (>150 km distance)
(Baker et al., 1975). Additionally, numerous layers of Deception Island ash are
preserved in marine sediments in the Scotia Sea (>800 km distance) (Moreton and
Smellie, 1998). Close to the vent, ash fallout can lead to severe building damage, as in
the case of the abandoned Chilean station at Pendulum Cove (Fig. 3b). This base was
covered (and burned down) by ash from the 1969 fissure eruption, the closest vents of
which were 400-500 m away (Smellie, 2002b). Smellie (2002a) has pointed out that
since the prevailing winds on Deception Island are mainly from the west, the eastern
side of the island is highly exposed to ash fall. Nevertheless, during the most recent
eruptions, almost the entire island received some ash fall (Baker et al., 1975; Smellie,
2002a).

In the first volcanic hazard assessment on Deception Island, Roobol (1982)
indicated that there were no relevant pyroclastic flows on the island. Nevertheless,
Smellie (2002a) specifies that pyroclastic flows have occurred in the past but were only
abundant during the caldera-forming eruption (Outer Coast Tuff Formation). Even so,
dilute pyroclastic density currents (i.e. pyroclastic surges) are a characteristic feature of
many Deception Island post-caldera eruptions. In most cases, mapped surge deposits
extend for about 2 km from the vents (Pedrazzi et al., 2014) and may travel across water

(Smellie, 2002a).



Lava fountaining and flows have also been a common feature throughout the
eruptive history of the island (Roobol, 1982; Smellie, 2002a). The main hazard related
to lava flows is the damage or destruction they cause by burying, crushing or burning as
they progress. Even though they tend to be confined to valleys and can be easily outrun,
the most important problem is that they can generate jokulhlaups, i.e. floods of molten
water released from the glacier due to the opening of subglacial vents and the partial
melting of the ice cover (Roobol, 1982; Smellie, 2002a, 2002b). In fact, Baker et al.
(1975) state that the most recent eruptions demonstrate that these floods are the main
hazards to human life and property on the island. The same authors indicate that the
most suitable sites for scientific stations on the shores around Port Foster are also the
most vulnerable to the effects of this particular hazard.

These lahars or volcanic mudflows consist of substantial volumes of melt water,
often highly charged with debris. Their great bulk density and velocity make them
highly destructive. In fact, the jokulhlaups produced by the 1969 eruption were
responsible for the destruction of the British scientific station at Whalers Bay (Baker et
al., 1975). Lahars are characterised by having well-defined topographical limits since
they are confined to valleys (Smellie, 2002a). Thus, the location of the eruptive vent, i.e.
in ice-free areas or below the permanent ice caps on Mt. Kirkwood and Mt. Pond (Fig.
2b), is crucial for determining the potential hazards to be expected during a future
eruption on Deception Island.

Other secondary hazards such as steam fields, fumaroles and ground heating are
also common on the island, and are mostly confined to the inside of the caldera along
the shores of Port Foster (Baker et al., 1975; Roobol, 1980; Smellie, 2002a) (Fig. 2b).
Ground temperatures of <40-60°C are common but at Pendulum Cove and Fumarole

Bay, they may reach up to 70°C and 100°C, respectively (Smellie, 2002a). These
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temperatures fluctuate daily, mainly with the tides. In 1920-21, for example, sudden
subsidence of the sea floor beneath Whalers Bay caused the sea to boil and affected the
ships in the area (Smellie, 2002a).

Seismicity may also be an issue in the area. During 1992 and 1999, two seismic
crises related to episodes of deep magma injection led to the evacuation of the island
(Ibafiez et al., 2003). In general terms, current activity is characterised by strong
hydrothermal circulation and intense seismicity with frequent volcano-tectonic and
long-period events (Smellie, 2002a; Zandomeneghi et al., 2009).

In addition, tsunamis triggered by eruptions and slope failures have occurred on
Deception Island in the past (Smellie, 2002a). This is an important problem since they
may block Neptune’s Bellows, the only exit from (and entry into) Port Foster and make
it difficult or even impossible to sail through this narrow, shallow channel. On a smaller
scale, rock falls in strategically important places could cause major problems and, for
example, the collapse of Cathedral Crags could block Neptune’s Bellows and prevent

ships from entering/leaving the island’s interior bay (Smellie, 2002a).

4. Threat Analysis

The quantification of the threat posed by volcanoes to their surroundings is vital
when trying to define the required monitoring level for each volcano. In order to
perform this quantification, Ewert et al. (2005) developed the National Volcano Early
Warning System (NVEWS). The rationale behind NVEWS was to assess the threat
posed by volcanoes in the United States via an analysis scheme divided into two main
factor groups. First, those directly associated with the volcanic hazard and second, those
related to exposure of human, social and economical elements potentially affected by

the hazard. The individual factors are summed into a hazard score and an exposure
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score, which are then multiplied to generate the volcano’s overall threat score. The total
threat score obtained classifies the volcanic threat into one of five threat categories
(Ewert et al., 2005): very low (6-0), low (6-30), moderate high (30-63), high (63 -113)
and very high (> 113).

In recent years several authors have applied the NVEWS analysis to other
volcanoes (e.g. Kinvig et al., 2010; Marti et al., 2012). Scores given to each factor
(labelled from (a) to (y)) and the final results are given in Table 3. A brief explanation of
the different scores is included in the next section; full details and references for the
NVEWS analysis performed for Deception Island is included as a Microsoft Excel
spread sheet in Supplementary Material 1. For each factor we have tried to determine
the maximum and minimum score in an attempt to quantify the uncertainty caused by
the lack of data in some cases. The obtained threat score for Deception Island is
between 107.2 and 180, which corresponds to a high-to-very-high level of threat (Ewert

et al., 2005).

4.1. Hazard factors

Deception Island corresponds to a composite volcanic system that includes a
central collapse caldera that was responsible for the creation of Port Foster (a).
Nevertheless, post-caldera volcanism is apparently restricted to small-size eruptions up
to VEI 4, as indicated by the deposits on the island and the tephra records elsewhere in
the region (b). Some indices of bimodal volcanism and deposits found at distances of
over 500 km away suggest that more powerful eruptions may have taken place (e.g.
Aristarain and Delmas, 1998; Caselli and Agusto, 2004; Smellie, 2002a) (c) and (d).

The historical period in Deception Island is relatively short as it starts in 1820.

Since then, over 15 eruptions have occurred on the island at Mt. Kirkwood (e.g. (11842,
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1838-1839), Mt. Pond (e.g. 1969), Whalers Bay (e.g. 1829-1908), Pendulum Cove (e.g.
1800-1828, 1830-1927, 1931-1955) and Telefon Bay (e.g. 1967, 1970). During the
Holocene, at least 30 eruptions occurred on Deception Island (Tables 1 and 2) including
all the volcanic hazards described in the previous section (e). As mentioned above, there
is evidence of pyroclastic surges and flows (f), lava flows (g) and ash fall. The constant
fumarolic activity on the island and the evidence of phreatomagmatic eruptions fully
justify the hydrothermal potential of the island (Smellie, 2002a) (h). There is also
evidence of sector collapses (k) that may have led to tsunamis (j) inside Port Foster or
beyond the island (Smellie, 2002a). As well, the permanent ice on Mt. Pond and Mt.
Kirkwood also provide a primary source for a lahar in the event of an eruption occurring
underneath these ice caps (I).

In 1992 and 1999, an episode of volcanic unrest took place on Deception Island
that was characterised by a great increase in seismic activity (m) and changes in the
hydrothermal system and fumarolic activity (o) (lbafiez et al., 2003). Ground
deformation has been also observed on the island during recent scientific surveys (e.g.

Prates et al., 2013) (n).

4.2. Exposure factor

When evaluating the threat on Deception Island it is important to take into
account the fact that it is only populated during the austral summer. However, in
neighbouring areas a few stations are inhabited during the winter and there is a
permanent population on King George Island (Fig. 1). Thus, the threat analysis
presented here refers mainly to the summer, especially for the maximum scores.

The first exposure factor is the volcano population index (VPI) within a 30-km

radius of the volcano summit or the most recent active event. On Deception Island, this
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distance consists of the entire island and includes the Spanish and Bulgarian bases on
Livingston Island (Fig. 1). These two bases, together with the ones on Deception Island
itself, may be home to 50-100 people (i.e. a VPI of 1.7-2) (p). However, as one of the
main Antarctic touristic destinations, we should also consider the possibility that a fully
laden tourist vessel is present on the island, with which the VPI increases to 3 or more.
There is no population downstream of the volcano within the 30 km VPI circle (q) and
no fatalities have ever been recorded during the eruptions on Deception Island (r). The
Chilean and British stations and the Argentinian and Spanish bases were evacuated
during the 1967 and 1969 eruptions and the seismic crisis of 1992, respectively (Ibafiez
et al., 2003, Smith et al., 2003), and no permanent populations remain (s).

In terms of local aviation exposure, the only airport on the South Shetland
Islands is on King George Island, about 150 km away (t): a maximum of two flights per
day would represent around 100 passengers (u). The power infrastructures for both the
Spanish and the Argentinian bases and all accessible ports within Port Foster (e.g.
Whaler’s Bay or Pendulum Cove) are located within the flowage hazard zones (v), (w).
Finally, several parts of the island are considered Antarctic Specially Protected Areas

and the Holocene volcanic deposits cover over 25% of the island landmass (x), (y).

5. Volcanic hazard assessment: spatial and temporal analysis

The main steps in the volcanic hazard assessment on Deception Island (Fig. 6)
can be divided into long- and short-term analyses. Long-term hazard assessment is
based on the past history of the volcano and requires information from the geological
record. This analysis enables us to determine the eruption recurrence and the possible
nature of a forthcoming eruption. Short-term hazard assessment, on the other hand,

provides complementary information resulting from the combination of a long-term
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analysis with real-time monitoring data gathered during a crisis or an unrest episode,
and helps forecast where and when the eruption might take place and the most likely
eruptive scenarios. To evaluate the long-term volcanic hazard, for this study we carried
out both temporal and spatial analyses: the former evaluates in a probabilistic way
possible outcomes of volcanic unrest within a specific time frame, while the latter uses
simulation models to predict the most probable eruptive scenarios and which areas
could be affected by a future eruptive event. The susceptibility analysis enables us to
identify which areas have the greatest likelihood of hosting new vents.

Since the results from these temporal and spatial analyses are highly dependent
on the data used, the selection of the data source is one of the most important steps to be
undertaken during a hazard evaluation. Due to the logistic difficulties involved in
performing repeated field studies or other surveying in the area, only previously
published peer-reviewed information has been used in addition to our own data in this
systematic volcanic hazard assessment. In the coming sections we provide a general
overview of the different tools applied in this study, as well as a careful description of
the required input data. For further detailed information regarding each specific tool,

readers are referred to the original papers.

5.1. Susceptibility analysis

The first step in a long-term spatial analysis is to evaluate the susceptibility
(probability of vent opening; Marti and Felpeto, 2010) of the volcanic area. For
Deception Island we paid special attention to recent volcanic structural indicators such
as vent locations and alignments, fumarolic activity and heated ground sites (Fig. 2).
Vent locations were divided into post-caldera craters (no precise dating but recognisable

in the field and from satellite images) and the historical volcanism described in the

15



bibliography (Wilkes, 1845; Valenzuela et al., 1970; Gonzalez-Ferran et al., 1971; Baker
et al., 1975; Roobol, 1980; Smellie, 2002b; Pedrazzi et al., 2014). The lineament
structures shown in Figure 2a are taken from the simplified structural map of Deception
Island in Marti et al. (2013). On the island, a NE-SW oriented regional tectonic trend,
almost parallel to the expansion axis of the Bransfield Strait, is clearly predominant;
NW-SE and N-S oriented faults are also present (Marti et al., 2013). Figure 2b also
includes those areas with clear signals of hydrotermal processes such as fumaroles or
heated ground that can be related to the heating of shallow aquifers by convection
gaseous inflowing from the underlying magma intrusions (Ortiz et al. 1987; Ramos et
al. 1989; Rey et al., 1995; Lopez-Martinez et al., 2000; Patrick and Smellie, 2013).

Susceptibility is generally calculated using probabilistic methods that estimate
probability density functions (PDFs) by calculating a kernel function for each data
location (Martin et al., 2004; Felpeto et al., 2007; Connor et al., 2012; Cappello et al.,
2012, 2013; Becerril et al., 2013; Bartolini et al., 2013). The smoothness and the
modelling ability of the kernel function is controlled by the smoothing parameter or
bandwidth h, which determines how the probabilities spread out from the volcanic
structures or vents (Diggle, 1985; Connor and Hill, 1995; Lutz and Gutmann, 1995;
Cappello et al., 2012). Thus, for small h values, the kernel function gives high
probability estimates in the vicinity of the existing volcanic structures. Conversely,
when high bandwidth values are assigned, the probability estimates are distributed in a
more homogeneous way throughout the entire area under study. The h values obtained
for our dataset from Deception Island are given in Table 4.

For the present work, the bandwidth and the corresponding Gaussian Kernels
and PDFs for all available datasets (vent locations, vent alignments, dykes, etc.) were

evaluated with QVAST (Bartolini et al., 2013). We chose the modified version of the
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Least Square Cross Validation (LSCV) method to evaluate h (Cappello et al., 2012,
2013) and computed the final susceptibility map (Fig. 7) assuming a non-homogeneous
Poisson process. To obtain the final susceptibility map, we had to combine all the PDFs
evaluated for each volcano-structural data in a weighted sum. These weights were
assigned using expert elicitation judgment (see Aspinall, 2006; Neri et al., 2008) by
experts from the Group of Volcanology of Barcelona on the basis of structural criteria
(see Marti and Felpeto, 2010), which provide initial indicative probability distributions
associated with each PDF. We obtained the following values: 0.4 for the historical
volcanism, 0.4 for the post-caldera craters, 0.1 for lineament structures, 0.05 for

fumarolic activity and 0.05 for heated ground.

5.2. Temporal analysis

The temporal analysis was computed using HASSET (Sobradelo et al., 2014), an
event tree structure that uses Bayesian inference to estimate the probability of
occurrence of a future volcanic scenario (Sobradelo and Marti, 2010) and to predict the
five most likely scenarios. An event tree is a probabilistic model that can be used to
calculate the probability of occurrence for any possible volcano-related event (Newhall
and Hoblitt, 2002; Aspinall and Woo, 1994; Marzocchi et al., 2008, 2010; Aspinall,
2006; Neri et al., 2008; Marti et al., 2008; Sobradelo and Marti, 2010; Becerril et al.,
2014). This graphic representation of events in the form of nodes and branches depicts
all relevant possible outcomes of volcanic unrest in progressively greater levels of
detail.

Input data for the HASSET event tree model consists of geological and/or
physical models, past data, present and past monitoring observations, and expert

opinion. Three parameters must be entered at each branch to run the model: past data,
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prior weight and data weight (Sobradelo and Marti, 2010; Sobradelo et al., 2014). Past
data consists of information about the volcanic area corresponding to observational data
or data collated from the bibliography. We assume that the future behaviour of the
volcano will be similar to its recent past history. In probabilistic terms, prior weight
represents uncertainty before data are gathered and it is assigned on the basis of the
priori beliefs regarding the volcanic area under study. Data weight represents how well
we know the system. This value represents the epistemic uncertainty related to our
knowledge of the system and the quality and quantity of data we have about the system.
The more data we have, the better we know the system and the lower the epistemic
uncertainty (Woo, 1999; Sobradelo and Marti, 2010).

The study of temporal probability on Deception Island was based on the
catalogue of eruptions documented in Tables 1 and 2. Information from these eruptions
was used to characterise past eruptive activity and to estimate some of the input
parameters required for our hazard assessment. Due to the certainty that not all post-
caldera eruptions occurred on Deception Island have been identified and/or dated, we
computed only those volcanic eruptions and unrest periods recorded for the last 372
years (1641-2013), the period for which the available stratigraphic record and
geochronological data are most precise. Therefore, using HASSET we were able to
estimate the probability of a volcanic episode occurring within the forecasting time
interval (the following 2 years). This forecasting time interval was chosen on the basis
of the model and represents the minimum time window range needed to evaluate the
probability of having at least one eruption in the range considered (see Sobradelo and
Marti, 2010). The time window of the dataset is 372 years and so we obtained 186 time
intervals of data for the study period. As we restricted our dataset to the last 372 years,

the eruptions in this catalogue were used to assign prior weights to nodes 2 to 8. Table 5
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shows the Bayesian event tree structure for Deception Island, as well as the input
parameters for each branch. Figure 8 shows the probability for each event tree branch.
Furthermore, using HASSET it is possible to compute the total probability for
any particular scenario and then compare results. Once all probability density functions
for each branch of each node and the conditional probability assessment are calculated,
all these probabilities can be combined to estimate the total long-term probability of a
particular event. Thus, we evaluated the total probability for different eruptive scenarios
for the five different sectors that we established for Deception Island according to

susceptibility and topographic criteria, as is permitted by HASSET and explained below

(Fig. 9).

Node 1: Unrest

This first node estimates the temporal probability that the system will reactivate
during the next time window. The probability that an unrest phase will occur (or not)
during the next time window can be obtained by analysing the number of past time
windows that encompass an episode of unrest. It does not take into account the periods
of repose between eruptions or the possible non-stationary nature of the data (Sobradelo
and Marti, 2010; Sobradelo et al., 2014).

As mentioned above, the existing eruptive record of Deception Island may be
incomplete. First, the island is uninhabited for most of the year and so direct
observations of unrest periods, whether a prelude or not to a volcanic eruption, are
clearly biased towards the period when observers are present. Second, most of the
information comes from ice-core studies and reports from Antarctic expeditions. Thus,
the number of unrest periods occurring during the temporal window used in this

analysis may be underestimated. For this reason, we assigned an epistemic uncertainty
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of 10 to our data weights, which means that new evidence on intervals with eruptive or
non-eruptive behaviour will modify our prior assumptions. We assigned a 0.30 prior

weight to unrest and 0.70 of prior weight to ‘no” unrest.

Node 2: Origin

The origin node takes into account four types of unrest that could occur in a
volcanic area: magmatic involving the movement of fresh magma, geothermal, seismic
and others. Two intense seismic crises in 1992 and 1999 have been registered in 15
years of monitoring (Ibafiez et al., 2003). This high seismicity was probably associated
with the activity of the main geothermal system installed inside the caldera depression
(Marti et al., 2013). Despite the predominantly magmatic character of past activity on
the island, we cannot exclude the possibility of geothermal behaviour without any
associated fresh magma movements as occurs in other caldera systems with high
geothermal activity (e.g. Campi Flegrei, Gottsmann et al., 2006; Nysiros, Gottsmann et
al., 2007). In this sense, we have to assume that seismo-volcanic signals can also be
associated with a shallow geothermal aquifer and deep hot materials (but not necessarily
fresh magma), which gives rise to the resonance of fluid-filled fractures (Ibafiez et al.,
2003). In fact, these seismic measurements are not continuous and have only been
registered over the past 15 years; there is thus a lack of seismic information and other
similar but unrecorded periods of intense seismic activity may have gone unnoticed
(Ibafiez et al., 2003). For this reason, we assigned 0.5 for magmatic origin, 0.4 for
geothermal origin, and split the rest evenly among the other options.

The prior weights are assigned on the basis of a priori beliefs and so we

assigned a value of 10 to the epistemic uncertainty since we still expect the majority of
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unrest to be of magmatic origin. However, it is important to give a certain weight to new

evidence.

Node 3: Outcome

A study of volcanic unrest in the historical period of Deception Island shows that
84% of unrest episodes have led to eruptions. Only three documented unrest periods
failed to generate volcanic activity. The lack of information about seismic activity
caused by hydrothermal behaviour suggests that many other episodes of ‘no eruption’
could have occurred in addition to the documented ones. For this reason, we assigned
0.60 to magmatic eruption and 0.30 to ‘no eruption’. The remaining 0.10 was split into
the possibility of a phreatic explosion (prior weight of 0.8) and a sector failure (prior
weight of 0.2) following an episode of unrest.

Given that these weights were assigned on the basis of incomplete data, we
assigned a value of 10 to the epistemic uncertainty. We did not assign total epistemic
uncertainty as we still believe that the largest weight should be for the magmatic
eruption with no eruption branches; however, we still want new evidence to be able to

contribute significantly to the updating of our prior weights.

Node 4: Location

The location node divides Deception Island into five main zones according to its
topographic characteristics and the nature of past activity (volcanic susceptibility and
past hazards). The five zones are shown in Figure 9.

Mount Pond (zone 1) and Mount Kirkwood (zone 4) represent zones with the
presence of extensive glaciers on their summits. The 1969 subglacial eruption took

place on Mount Pond (Smellie, 2002b) and gave rise to the Costa Recta, a retreated
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scarp produced by a normal NNW-SSE-orientated fault (Fernandez-Ibariez et al., 2005).
Mount Kirkwood is characterised by the lava flows from the 1842 eruption. In the
vicinity of Mount Kirkwood there are two scientific-military bases, the Deception base
(Argentina) and the Gabriel de Castilla station (Spain), both of which only operate
during the Antarctic summer. The eruptive episodes from 1967 and 1970 were located
on Telefon Ridge (zone 2) and Telefon Bay was largely filled by products from these
eruptions, although three new smaller bays were created in flooded craters that formed
during the final eruption in 1970 (Smellie, 2001). Stonethrow Ridge (zone 3) was
formed after the caldera collapse and is characterised by lava flows and deposits of red
and black scorias (Augusto et al., 2007). Port Foster (zone 5), the sea-flooded
depression formed by the caldera collapse, occupies the central part of the island and is
characterised by major normal faults bounding the caldera depression (Maestro et al.,
2007; Marti et al., 2013).

The susceptibility analysis of the island based on the methodology described
above allows us to assign prior weights to each node with a high degree of confidence,
as shown in Table 5. The reliability of the susceptibility map allows us to assign a data
weight of 50 since the prior weights were estimated using past data from Deception
Island based on the volcano-structural data and on the location of past and current
hydrothermal activity. For this reason, we are confident of the initial distribution of

these prior weights.

Node 5: Composition
Most of the post-caldera volcanic activity on Deception Island corresponds to
the eruption of basaltic and andesitic magmas (Gonzalez-Ferran et al., 1971; Smellie,

2001), of which only one is of dacitic composition (Table 1). Therefore, we assigned a
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wait of 0.95 for mafic composition and 0.05 for felsic composition. We assigned an
epistemic uncertainty of 50, which means that new evidence regarding the composition

of the historical eruptions will not modify substantially our prior assumptions.

Node 6: Size

The erupted volume on Deception Island ranges from 0.01 to 0.1 km® of magma,
with post-caldera activity varying from magmatic Strombolian to phreatomagmatic sub-
Plinian in nature (Baker et al., 1975; Keller et al., 1992; Smellie, 1988, 1999). The
values that characterize this activity on the island can be linked to small batches of
deep-sourced magmas (Marti et al., 2013). Taking into account the recorded data, we
attributed to VEI<= 2, VEI =3 and VEI >=4, the values of 0.10, 0.70 and 0.20,
respectively. We assigned as a prior weight for the epistemic uncertainty a value of 10
as new evidence on the volumes or sizes of the historical eruptions will help

significantly update our prior knowledge.

Node 7: Hazard

Post-caldera eruptions are characterised by the generation of ballistic ejecta,
scoria fallout, PDCs, lava flows and lahars. Based on information on past activity, we
assigned 0.3 for both ballistic ejecta and fallout, 0.2 for PDC, 0.12 for lava flows, 0.03
for both lahars and debris avalanches, and 0.02 for others. However, for the same
reasons given for the size weights, we assigned a value of 30 to the epistemic
uncertainties, as these prior weights may vary somewhat if an improved data catalogue
— especially based on studies of the ice record — of past volcanic deposits can be

obtained.
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Node 8: Extent

Node extent refers to the distance reached by eruption products such as lava
flows, ballistic, fallout, lahars and PDCs. The extent of the recent volcanic products on
Deception Island varies considerably and, while lava flows may emplace only very
close to the vents, ash fallout can be carried over 100 km due to the strong winds and
the characteristic tropopause height of the area. In this analysis, we considered products
located near the vents to be of small extent, products emplaced on the island to be of
medium extent, and products emplaced beyond Deception Island to be of large extent.
According to this and the geological record, 0.1 of extents were small, while 0.3 were
medium and 0.6 large. We assigned an epistemic value of 50 to all branches, as new

data will not affect significantly this information.

5.3. Eruptive scenarios

The second step is to simulate different eruptive scenarios using information on
the spatial probability of a new vent opening indicated on the calculated susceptibility
map. The result is a final qualitative hazard map created by the superposition of the
different analysed scenarios. Simulations were conducted using VORIS 2.0.1 (Felpeto et
al., 2007; available at http://www.gvb-csic.es/GVB/VORIS/VORIS.htm) and LAHARZ
(Schilling, 1998; available at
http://vulcan.wr.usgs.gov/Projects/LAHARZ/framework.html), two automatic systems
developed in a GIS framework (ArcGis®) that enable volcanic hazard maps and eruptive
scenarios based on geological record information to be elaborated. The VORIS 2.0.1
tool generates quantitative hazard maps for lava flows and PDCs and simulates fallout
deposits for a single vent. LAHARZ is able to map lahar inundation zones.

Eruptive scenarios were calculated using information from recent historical
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eruptions and on the basis of the premise that future eruptions (if any) will be similar to
those documented on the island from 1842, 1967, 1969 and 1970. Taking into account
the main types of primary volcanic hazards identified during the historical eruptions
(Smellie, 2002a), the eruptive scenarios predict the existence of ash fall, lava flows,

dilute pyroclastic density currents and lahars. Furthermore, as obtained in the Bayesian

Event Tree analysis, we have also a not null probability for ballistic ejecta and debris

avalanches hazards. In this first analysis, we have decided not to include these two

hazards due to the scarcity of input parameters to run the models.

5.3.1. Ash fall

Ash fall can be expected to occur on Deception Island in the event of more than
one type of eruptive style. The style considered in this study was a violent Strombolian
eruption, which coincides with recent eruption styles and corresponds to the most
significant hazard in terms of probability of occurrence according to the long-term event
tree constructed in section 5.2. Temporal probability. The input data regarding the
eruptive column and ash particle size were inferred from the 1967, 1969 and 1970
eruptions (Valenzuela et al., 1970; Gonzalez-Ferran et al., 1971; Baker et al., 1975;
Roobol, 1980; Smellie, 2002b; Pedrazzi et al., 2014), which were relatively small in
volume (<0.05 km®) with eruptive columns that were probably less than 10-km high
(Smellie, 2002b; Pedrazzi et al., 2014). Ash fallout simulations were based on the
advection-diffusion model (Folch and Felpeto, 2005), whereby the vertical mass
distribution is computed using Suzuki’s approximation (Suzuki, 1983; Felpeto et al.,
2007). Wind data for the advection model correspond to records from the
Bellingshausen station and were provided by the British Antarctic Survey

(http://www.antarctica.ac.uk/met/READER/upper_air/uawind.html). Monthly records
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were used to calculate average annual wind velocities and directions at intervals of
about 1,500 m up to an altitude of 20,000 m for a 30-year period (from 1969 to 1999).
The wind roses for the time period considered are included as Supplementary Material
2.

We focused our attention on the fallout scenarios corresponding to the average
wind velocity and direction values for each season. Up to five different wind direction
inputs and intensities at different vertical heights can be used with the VORIS 2.0.1 tool.
We chose data from altitudes between 1,500 and 12,000 m. Westerly winds prevail in
general throughout the year, but with a more north-westerly direction in summer and
winter. This is due to the fact that the data used come from a station that is strongly
affected by the climatological low pressure that forms over the Bellingshausen Sea that
generates predominantly north to north-westerly winds (Turner and Pendlebury, 2004).
Wind speed averages range between 20 and 50 m/s. All the simulations were conducted
assuming a single eruptive vent located in the area with the highest spatial probability
during each season.

Results are shown in Figure 10, with particles distributed in a 5-km-high
eruptive column produced by a violent Strombolian eruption generating 0.03 km?® of
deposits. The column height and volume values are the same as for the 1969 eruption
(Ortiz et al., 1987; Smellie, 2002b). We considered particle sizes ranging from -6 to 2 ®
(i.e. 64 mm to 0.25 mm), which cover the entire range of particle sizes observed in the
volcanic deposits of the 1970 eruption (Gonzalez-Ferran et al., 1971; Shultz, 1972;
Pedrazzi et al., 2014). It is clear that, as in the 1967 and 1969 eruptions (Smellie,
2002a), ash fall may also affect the southern part of the island, thereby hindering the
exit of ships sailing from inside Port Foster (Fig. 3d). Moreover, as shown in Figure 10,

ash fall may even cause problems for vessels operating several kilometres away from
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Deception Island.

5.3.2. Lava flows

The lava flow (probabilistic) model applied is based on the assumption that
topography and flow thickness play major roles in determining lava paths (Felpeto et
al., 2007 and references therein). Input parameters required by the model include a
Digital Elevation Model (DEM), maximum flow lengths and height correction (i.e.
average thickness of the flow). In the case of Deception Island, simulations were run
over a DEM with a cell size of 30 meters. Small lava flows that accumulated near the
eruptive vent and did not flow over long distances were generated in the historical
eruptions (Smellie, 2002a). The eruption with the largest lava flow was that of 1842,
from Mt. Kirkwood, which reaches a maximum length of 5 km. Thus, we assumed flow
lengths in the range 1-5 km. The thickness used as input data for the models was 3 m,
corresponding to the average value of individual flows measured in the field. The
simulations were run for all cells in the DEM and the sum of the 5,000 iterations
provided a map with the probability for any particular cell of being covered by a lava
flow. Figure 11a consists of a lava-flow simulation probability map, which shows that
there is a high probability that the caldera interior around the shores of Port Foster will
be affected by lava flows. From this map it is clear that both scientific stations on the
island and the evacuation routes proposed by the Spanish military staff (based on
logistical criteria) are all located in areas with a moderate-to-high probability of being

affected by lava flows.

5.3.3. PDCs
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Pyroclastic density currents (PDCs) were simulated using the energy cone model
(Sheridan and Malin, 1983) with input parameters of topography, the collapse
equivalent height (Hc) and angle (). The latter is obtained by the arctangent of the ratio
between Hc and L, where L represents the run-out length (Felpeto et al., 2007; Toyos et
al., 2007). The output of the model is the maximum potential extent that can be affected
by the flow (Malin and Sheridan, 1982; Toyos et al., 2007; Felpeto et al., 2007). The
collapse equivalent height values range from 100 m up to about 1000 m (for very large
eruptions), while the angle values range from about 4° for base surge explosions to 27°
for column collapse phases (Sheridan and Malin, 1983). The result of each simulation is
the area potentially attainable by a PDC.

On Deception Island, mapped surge deposits extend about 2 km from known
vents and are small in volume (Smellie, 2002a). Collapse equivalent heights were
chosen in the range of 200-500 m above the possible vent site in order to constrain the
best Hc matching real deposits. We simulated PDCs with a collapse angle of 12°
calculated from the ratio between the Hc and the run-out length. Results are shown in
Figure 11b. The map obtained represents the sum of the simulation for all cells in the
DEM for a collapse column of 400 meters and an inclination of the energy cone of 12°.
The map shows how the interior area of Mt. Kirkwood has a high probability of being
affected by dilute pyroclastic density currents that would affect the scientific stations
and the evacuation routes. In addition, Telefon Ridge has a moderate-high probability of

being invaded by PDCs, which would also affect evacuation routes.

5.3.4. Lahars

The LAHARZ semi-empirical code creates hazard-zonation maps that depict

estimates of the location and extent of areas inundated by lahars (Hoblitt et al., 1995,
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Schilling, 1998). The input parameters of this model are the Digital Elevation Model
(DEM) and lahar volume, which provide an automated method for mapping areas of
potential lahar inundation.

The lahar eruptive scenario was computed bearing in mind the fact that, in
association with subglacial eruptions, lahars affected Deception Island during past
activity (Smellie, 2002a, 2002b). Based on the estimated volumes from the 1969
eruption located under the Mt. Pond glacier (Smellie, 2002b), simulations were run with
a volume of few millions of m® originating along fissures in the two principal glacier
zones, Mt. Pond and Mt. Kirkwood (Fig. 2a). These summits have extensive thin
glaciers that could represent a significant hazard, creating a large and sudden discharge
of melt water that would overflow the glacier.

Figure 11c shows a lahar simulation with hazard gradations ranging from low to
high probabilities. The map shows how lahars could flood and reach the sea, and
seriously damage the Gabriel de Castilla station on the way. From the map it is clear, as
in the case of lava flows, that evacuation routes are located in moderate-to-high

probability areas.

5.4 Hazard map

Finally, we obtained a qualitative hazard map with four levels of hazard (Fig.
12): very low, low, moderate and high. We established these levels on the basis of a
combination of simulations for an area invaded by lava flows, lahars, and PDCs. The
map shows that in the interior of the caldera there is mostly a moderate-to-high risk of
being affected by one of the hazard scenarios considered. The highest hazard level is
confined to the north-eastern flanks of Mt. Kirkwood, Pendulum Cove and the south-

eastern slopes of Telefon Ridge (Fig. 12). The few areas with only a very low hazard
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level are mainly limited to Baily Head and Entrance Point (Fig. 12). From the hazard
map it is clear that the two scientific stations on the island are both located in moderate-
to-high hazard zones. Moreover, some of the evacuation routes run through areas

possessing very high hazard level.

6. Discussion

Deception Island is the most active volcanic complex in the South Shetland
Islands. Despite the important continuous research activity and the increasing number of
tourists per year, no detailed hazard assessment has ever been conducted for the island.
Two previous attempts have been made: Roobol (1982) mainly focused on assessing the
zones threatened by lahars and constructed a model using topographic data and the
extent of the ice cap, while Smellie (2002a) basically used observations of the extent of
the products from the most recent historical eruptions in 1842, 1967, 1969 and 1970.

It is clear that hazard assessment on Deception Island may be limited by the lack
of a complete geological record (e.g. chronological and stratigraphic data). Nonetheless,
the threat evaluation and the spatio-temporal analysis presented here do provide a
comprehensive hazard assessment for the island. Despite the intrinsic limitations of the
methodology (partially due to the scarcity of data), we believe that this first analysis —
albeit subject to improvement by new data — represents an important tool in
management planning and in preparation for possible evacuations.

Even by assuming conservative values for some of the evaluated factors, the
threat score obtained using the NVEWS test (Ewert et al., 2005) gives a range of 107.2—
180, which places Deception island in the category of a volcano with a high-to-very-
high threat, comparable to Crater Lake, St. Helens, Novarupta and Katmai in the USA

(Ewert et al., 2005). According to Ewert et al. (2005), these high-threat volcanoes
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should be closely monitored in real-time. In more detail, the monitoring network must
be able to track changes occurring in the system as they happen and to apply models to

the on-going and expected activity. On Deception Island, Spanish seismologists
monitor the island with five seismometers and one array during the
austral summer (Carmona et al., 2012). During some campaigns other
scientific groups also measure ground deformation and temperature
(e.g. Prates et al., 2013; Peci et al., 2014). In light of the NVEWS
recommendations, the volcano—monitoring network on Deception Island
should be improved, especially considering the important tourist and
scientific activity ocurring during the Antarctic summer. .

The present hazard assessment is relevant as an analysis of the
adequacy of the current evacuation routes and locations of the active
scientific stations. From Figure 12, it 1is clear that both ABase
Decepcion and Gabriel de Castil/la station are located in areas of
moderate to high hazard. Previous work dealing with hazard assessment on

Deception Island have already advised against the construction of permanent buildings
on the shores of Port Foster (Roobol, 1982; Smellie, 2002a). Baker and co-authors

(1975) highlighted that it would be “evidently unwise’ to construct any
new stations or any other kind of installation on the island. Roobol

(1982) proposed that the safest place would be along Kendall Terrace outside the ring-
fault zone (Fig. 5a) and argued that, if two different constructions were installed there, it
seemed extremely unlikely that one would not survive the other in case of an eruption.

Figure 12 demonstrates that the destroyed Chilean and British stations were, indeed,
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located in areas with high hazard level.

As is clearly suggested by the range of volcanic hazards identified on Deception
Island, and given the increasing number of tourists and scientific expeditions visiting
the island and its surroundings, it is important to identify escape routes in case of a
sudden volcanic eruption. The escape strategy provided by the Spanish military staff is
illustrated in Figure 12. However, the evacuation routes from both scientific stations run
through zones with high hazard level. Indeed, as Smellie (2002a) remarks, all possible
escape routes from the inner bay to the outer coast are demanding since they include
climbing up on to the steep caldera walls. So, because the routes are physically arduous,
even fit persons may end exhausted. It should be added that it is almost impossible to
use ground vehicles to transport people and, if possible, considerable skill and local
knowledge of the routes are required (cf. Smellie, 2002a).

All routes to the outer coast would take hours to complete — a minimum of two
hours for the easiest route (Fig. 12, label 1) and over three or four hours (or more) for
the most difficult ones (Fig. 12, label 2). According to Smellie (2002a), there are no
recommended safe routes over snow and ice because the inherent difficulties of
travelling over glaciers (e.g. crevasses, whiteout, slippery surfaces). So, glacier travel
should be avoided unless with trained guides using suitable equipment, although this is
unlikely to be readily available in an emergency (cf. Smellie, 2002a). It should be added
that the existing evacuation routes shown in Figure 12 were defined without any
accurate hazard assessment and taking into account only logistical considerations. Thus,
the results presented here should encourage a revision of the distribution and course of
the evacuation routes.

The evacuation of the island would be difficult for a number of other reasons.

First, it is possible that the entrance to Port Foster would be blocked or difficult to sail
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through due to the eruption, a tsunamis or any other of the hazards outlined here. Thus,
all ships present within the bay when an eruption begins should set sail immediately,
preferably after uplifting all people on the ground (Smellie, 2002a). Vessels should also
avoid sailing too close to Cathedral Crags given the possibility of rock falls from these
unstable cliffs.

Another aspect to be taken into account is that all rescue ships and helicopters
should avoid passing through or under the eruption ash cloud due to the possibility of
damage to machinery caused by ash particles. This is an important difficulty during
rescue operations given that the hazard assessment developed in this study and, above
all, the eruptive simulations reveal the possibility that Neptune’s Bellows will be
affected by ash fall. This would hamper any rescue operation and navigation routes, as
well as activity on other islands. On the other hand, PDCs and lava flows are more
constrained to the area around the vents, but these could still affect the research stations

and create a problem for the existing evacuation routes.

7. Conclusions

Here we present a long-term volcanic hazard assessment of Deception Island
that takes into account both temporal and spatial probabilities. The computation of the
latter probabilities for the different eruptive scenarios is important in the evaluation of
the hazard level on different parts of the island. These values can be easily updated and
improved with the incorporation of new information such as a more complete volcanic
stratigraphy and geochronological data.

The hazard probability map shows that the research stations could be affected by
PDCs and that a large area of the island could be covered by ash fallout. Furthermore,

the opening of new fissures in the glacier zones could generate lahars that would reach
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the research stations and affect evacuation routes. These results are useful for planning
and choosing suitable routes for evacuating the island during a volcanic crisis in the
Antarctic summer when the island is populated.

Finally, it is worth mentioning that this long-term assessment may help decision
makers when faced with difficult situations such as the allocation of resources for
hazard prevention and evacuation whose objective is to reduce the loss of life due to the

potential impact of volcanic hazards.
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Figure captions

Figure 1: a) Simplified regional tectonic map and location of the South Shetland
Islands (modified from Ibafiez et al., 2003). HFZ: Hero Fracture Zone, SFZ: Shetland
Fracture Zone. b) Location of Deception Island (modified from Grad et al., 1992). Black
and white dots indicate nearby year-round and temporary (only austral summer)

research stations, respectively. Grey dots correspond to temporary field camps.

Figure 2: a) Simplified geological and tectonic map of Deception Island modified from
Marti et al. (2013) and Smellie et al. (2002). b) The sites of the historical volcanic vents,
observable fumarolic activity and heated ground are also indicated (data obtained from
Spatial Data Infrastructure for Deception Island SIMAC, http://www.simac.uca.es,
Torrecillas et al., 2006). As well as the historical vents, we have identified the post-
caldera craters that, while not directly related to historical volcanic eruptions, clearly

correspond to post-caldera volcanism.

Figure 3: Remains of the British (a) and Chilean (b) bases in Whalers Bay and
Pendulum Cove, respectively (see Fig. 2b for exact locations). Remains of the
Norwegian whaling station in Whalers Bay (c). Current Spanish Gabriel de Castilla (e)
and Argentinian Base Decepcion (f) scientific bases (see Fig. 2 for exact locations). (d)
Photograph of a tourist cruise ship entering Port Foster through Neptune’s Bellows.

(Authors: A. Villaserior (a), (b) and (d); J. Galeano (c), (e) and (f)).

Figure 4: a) Visitors to Antarctica during the austral summers over the past two

decades. b) Amount of visitors to specific Deception Island sites over the last five years
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(source: International Association of Antarctica Tour Operators (IAATO,

http://www.iaato.org).

Figure 5: Hazard maps presented by Roobol (1982) (a) and Smellie (2002a) (b).

Figure 6: Flow chart for the volcanic hazard assessment. Tools used in this study are

also indicated.

Figure7: Susceptibility map of future eruptions on Deception Island calculated with

QVAST (Bartolini et al., 2013).

Figure 8: Bayesian event tree structure for Deception Island including results for the

probability estimate using the HASSET tool (Sobradelo et al., 2014).

Figure 9: Sectors on Deception Island based on volcanic susceptibility and topographic
criteria. The probabilities of the different hazards in each zone of Deception Island
obtained with the application HASSET (Sobradelo et al., 2014) are also shown (see text

for more explanation).

Figure 10: Ash fallout simulations with a 5-km column height and volume of 0.3 km®.

All four seasons are simulated using wind data from the Bellinghsausen station.

Figure 11: Lava flow (a), PDC (b) and lahar (c) simulation probability maps.

Evacuation routes provided by the Spanish military staff are indicated by dotted lines.
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Figure 12: Qualitative hazard map for Deception Island. The evacuation routes
provided by the Spanish military staff and the best sites for helicopter uplift according

to Smellie (2002a) are also indicated.
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Table captions

Table 1: Principal characteristics of the volcanic eruptions and unrest periods recorded
over the last 372 years (1641-2013). Only eruptions of known age and consistent with
the relative field stratigraphy established in this study are included. Information about
the nodes in the HASSET tool (Sobradelo et al., 2014) is also included. See text for

more details.

Table 2: Additional geochronological data about the recorded volcanic eruptions on
Deception Island between 35,400 B.P. and 450 B.P. This information provides the main
characteristics of the eruptive style of the island for the application of the Bayesian

Event Tree method.

Table 3: Deception Island NVEWS (National Volcano Early Warning System) scoring

factors.

Table 4: Bandwidth parameters for all the available datasets on Deception Island
obtained using the modified LSCV (Least Square Cross Validation) method (Cappello et

al., 2013) in the QVAST tool (Bartolini et al., 2013).

Table 5: Input data for HASSET (Sobradelo et al., 2014). Prior weights and data

weights are estimated using data on Deception Island volcanic activity. Past data are

based on the eruptions recorded over the last 372 years.
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TABLE 1

YEAR NODE 1 NODE 2 NODE 3 NODE 4 NODE 5 NODE 6 NODE 7 NODE 8
- . " . Source
Unrest Origin Outcome Location Composition Size Hazard Extent
1999 Yes Geothermal No Eruption - - - - [1]
1992 Yes Geothermal No Eruption - - - - [1]
; : TELEFON ) Ballistic - Fall out
1970 Yes Magmatic Magmatic RIDGE Mafic 3 -PDC Large [2] [3]
. . ) Lava flow — .
1969 Yes Magmatic Magmatic MT POND Mafic 3 Lahars - PDC Medium [3]
TELEFON
Magmatic (?) ; RIDGE & A Ballistic - Fall out ;
1967 Yes Seismic Magmatic PORT Mafic 8 -PDC Medium [3] [4]
FOSTER
1943+ 12* Yes Magmatic Magmatic MT POND Mafic >=3 - - [5] [6]
1918 £ 12 Yes Geothermal ~ No Eruption - - - - [7][8]
1915+ 3 Yes Magmatic Magmatic Mafic 3 Ballistic - Fall out Large [6] [9]
1892 £ 64 Yes Magmatic Magmatic T?I‘EEQN - <3 - - [5]
) . _ Ballistic - Fall out
1879 + 49 Yes Magmatic Magmatic MT POND - <=3 - Lava flow - [10]
1869 + 40 Yes Magmatic Magmatic MT POND Mafic <=3 - - [5]
1842 Yes Magmatic Magmatic KIRK’\\;l\/TOOD Felsic 2 Lava flow Small [7[]1[21]1]
. . MT [61[7]
1838 - 1839 Yes Magmatic Magmatic | .owoob - >3 Lava flow - [13] [14]
_ . , i . [5] [7]
1827 + 2 Yes Magmatic Magmatic MT POND Mafic 4 [15] [16]
1820+ 1 Yes Magmatic Magmatic Mafic <3 Ballistic - Fall out Large [17]
. . TELEFON ) 3 3 X [5117]
1795+5 Yes Magmatic Magmatic RIDGE [15] [16]
. . MT s -
1750 £ 50 Yes Magmatic Magmatic . \owoob Mafic >=3 - - [6]
1700 Yes Magmatic Magmatic - >=3 - - [18] [19]
1641 Yes Magmatic Magmatic Mafic >3 Ballistic - Fall out Large [20] [21]

* Error according to the time interval provided by the bibliography
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[1] Ibafiez et al., 2003
[2] Gonzales-Ferran et al., 1971
[3] Baker et al., 1975
[4] Valenzuela et al., 1968
[5] Roobol, 1973
[6] Pallas et al., 2001
[7] Roobol, 1980
[8] Roobol, 1982
[9] Hodgson et al., 1998
[10] Smellie, 2002a
[11] Smiley in Wilkes, 1845
[12] Hawkes, 1961
[13] Whittle in Wilkes, 1845
[14] Birkenmajer, 1991
[15] Kendall, 1831
[16] Pallas et al., 2001
[17] Palais et al., 1989
[18] Moreton, 1999
[19] Smellie, 1999
[20] Aristain and Delmas, 1998
[21] Delmas et al., 1992
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TABLE 2

YEAR NODE 1 NODE 2 NODE 3 NODE 4 NODE 5 NODE 6 NODE 7 NODE 8
(B.P) Unrest Origin Outcome Location Composition Size Hazard Extent Silles
450 Yes Magmatic Magmatic Mafic >=3 - Large [1]1[2] [3]
750 Yes Magmatic Magmatic Mafic >=3 - Large [1] [2] [3]
1050 Yes Magmatic Magmatic Mafic >=3 - Large [2] [3]
1350 Yes Magmatic Magmatic Mafic >=3 - Large [1] [2] [3]
1850 Yes Magmatic Magmatic Mafic >=3 - Large [2] [3]
2100 Yes Magmatic Magmatic Mafic >=3 - Large [2] [3]
2250 Yes Magmatic Magmatic - >=3 - Large [2] [3]
2500 Yes Magmatic Magmatic Mafic >=3 - Large [2] [3]
2700+£50* Yes Magmatic Magmatic Mafic >=3 - Large [1] [2] [3]
3500 Yes Magmatic Magmatic - >=3 - Large [2] [3]
4700 Yes Magmatic Magmatic Mafic >=3 - Large [1]1[2] [3]
5200 Yes Magmatic Magmatic Mafic >=3 - Large [3][4]
8700 (?) Yes Magmatic Magmatic Mafic >=3 - Large [3] [4]
10670 Yes Magmatic Magmatic Mafic >3 - Large [2] [3]
21660 Yes Magmatic Magmatic Mafic >3 - Large [2] [3]
26400 Yes Magmatic Magmatic Mafic >3 - Large [2] [3]
35400 Yes Magmatic Magmatic Mafic >3 - Large [2] [3]

* Error according to the time interval provided by the bibliography

[1] Bjorck et al., 1991

[2] Moreton, 1999
[3] Smellie, 1999

[4] Mathies et al., 1990
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TABLE 3

Hazard factors
Score (max) Score (min) References

(@) Volcano type 1 1 [1][2][3]
(b)  Maximum Volcano Explosivity Index (VEI) 1 1 [1] [2] [3]
(c) Explosive activity 1 1 [1]12][3]
(d) Major explosive activity 1 0 [1][2]13]
(e)  Eruption recurrence 4 4 (3] [4] [5]
(f)  Holocene pyroclastic flows? 1 1 3]
() Holocene lava flows? 1 1 (31 [4]
(h) Holocene-lahars? 1 1 3]

(i)  Holocene tsunami (s)? 1 1 [3]

()  Hydrothermal explosion potential 1 1 [3]
(k)  Sector collapse potential 1 1 (3]

() Primary lahar source 1 1 [3] [4] [6]
(m) Observed seismic unrest 1 1 [7]
(n)  Observed ground deformation 1 1 [8]
(o) Observed fumarolic or magmatic degassing 1 1 [7]

TOTAL HAZARD FACTORS (THF) 18 16

Exposure factors
Score (max) Score (min) References

(p)  Volcano Population Index (VPI ) at 30 km 3 1.7
(q) Population downstream or downslope 0 0
() Historical fatalities 0 0 3]
(s) Historical evacuations 0 0 (71191
(t) Local aviation exposure 1 1
(u)  Regional aviation exposure 2 0
(v)  Power infrastructure 1 1
(w)  Transportation infrastructure 1 1
(X) Major development or sensitive areas 1 1
(y) Volcano is a significant part of a populated island 1 1

TOTAL EXPOSURE FACTORS (TEF) 10 6.7

Relative Threat Ranking (THF xTEF) 180 107.5
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[1] Aristain and Delmas, 1998
[2] Caselli and Agusto, 2004
[3] Smellie, 2002a

[4] Roobol, 1982

[5] Orheim, 1972

[6] Baker et al., 1975

[7] Ibafiez et al., 2003

[8] Prates et al., 2013

[9] Smith et al., 2003
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TABLE 4

67

BANDWIDTH PARAMETER

LAYER

h (m)

Post-caldera craters
(field work, analyzing orthophotos)

Historic volcanism

(Wilkes, 1845; Valenzuela et al., 1970;
Gonzéalez-Ferran et al.,, 1971; Baker et al.,
1975; Roobol, 1980; Smellie, 2002b; Pedrazzi
et al., 2014)

Lineaments
(Marti et al., 2013)

Fumarolic activity
(Lopez-Martinez et al., 2000; Smellie and
Lopez-Martinez, 2002)

Heated ground
(Lopez-Martinez et al., 2000; Smellie and
Lopez-Martinez, 2002)

1170

528

3294

4071

1001




TABLE 5

NODE NAME EVENT PAST DATA PRIOR WEIGHT DATA WEIGHT
1 UNREST Yes 19 0.30 10
1 UNREST No 167 0.70 10
2 ORIGIN Magmatic 16 0.50 10
2 ORIGIN Geothermal 3 0.40 10
2 ORIGIN Seismic 0 0.05 10
2 ORIGIN Other 0 0.05 10
3 OUTCOME Magmatic eruption 16 0.6 10
3 OUTCOME Sector Failure 0 0.02 10
3 OUTCOME Phreatic eruption 0 0.08 10
3 OUTCOME No eruption 3 0.30 10
4 LOCATION Mt. Pond 5 0.20 50
4 LOCATION Telefon Ridge 4 0.25 50
4 LOCATION Stonethrow Ridge 0 0.05 50
4 LOCATION Mt. Kirkwood 3 0.28 50
4 LOCATION Port Foster 1 0.22 50
5 COMPOSITION Mafic 10 0.95 50
5 COMPOSITION Felsic 1 0.05 50
6 SIZE VEI >=4 3 0.20 10
6 SIZE VEI =3 9 0.70 10
6 SIZE VEI <=2 3 0.10 10
6 SIZE - - - -
7 HAZARD Ballistic 6 0.30 30
7 HAZARD Fallout 6 0.30 30
7 HAZARD PDC 3 0.20 30
7 HAZARD Lava flow 4 0.12 30
7 HAZARD Lahars 1 0.03 30
7 HAZARD Debris avalanche 0 0.03 30
7 HAZARD Other 0 0.02 30
8 EXTENT Short 1 0.10 50
8 EXTENT Medium 2 0.30 50
8 EXTENT Large 4 0.60 50
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Highlights
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We present the long-term volcanic hazard assessment on Deception
Island

We use an statistical method to calculate eruption recurrence (HASSET)

We estimate the probability of new vent opening based on
geologicalrecord

We evaluate the potential extent of the main expected volcanic hazards
Results obtained are potentially useful for long-term emergency planning



