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This article describes a reconstruction made of the palaeo-volcanic edifice on Deception Island (South
Shetland Islands, Antarctica) prior to the formation of its present caldera. Deception Island is an active Qua-
ternary volcano located in the Bransfield Strait, between the South Shetland Islands and the Antarctic
Peninsula. The morphology of the island has been influenced mainly by the volcanic activity but geodynamics
and volcanic deformation have also contributed. A volcanic reconstruction method, the Geodynamic Regres-
sion Model (GRM), which includes a terrain deformation factor, is proposed. In the case of Deception Island,
the directions of this deformation are NW-SE and NE-SW, and match both the observed deformation of the
Bransfield Strait and the volcanic deformation monitored over the last 20 years in the island, using Global

Keywords:
Palaeo-volcano
Palaeo-surface

Terrain reconstruction
Volcanic deformation
Digital elevation model

100 k years ago. Topographic, geomorphologic, volcanological and geological data in a GIS system have been
considered, for computation of the outside caldera slope, palaeo-coastline, palaeo-summit height and palaeo

digital elevation model (DEM). The result is a 3D palaeo-geomorphological surface model of a volcano, :
reaching 640 m in height, with an increase of 4 km? in volume compared to the current edifice, covering :

4 km? more surface area and the method reveals the previous existence of parasite volcanoes. Two
photorealistic images of the island are obtained by superposition of textures extracted from a current
Quick Bird satellite image also. This technique for reconstructing the terrain of an existing volcano could be
useful for analysing the past and future geomorphology of this island and similar locations.

N © 2012 Elsevier B.V. All rights reserved.

1. Introduction (Colombia) using pyroclastic deposits and 3D software to model

flows. Rodriguez-Gonzalez et al. (2010) described a methodology

Navigation Satellite System (GNSS) techniques. Based on these data, possible volcanic deformation values :
of 5-15 mm/yr in these directions have been derived. A possible coastline derived from a current bathymetry 3:
is transformed, according to values for the chosen date, to obtain the palaeo-coastline of Deception Island of :

Many volcanic processes, including caldera formation and sector
collapses, may drastically change the early morphology of volcanic
edifices. Although the reconstruction of these early morphologies is
complex, 3D software and GIS technology allow reconstruction of
the palaeo-topography of volcanoes. Different parameters need to
be deduced for the size and shape of old edifices. Szekely and
Karatson (2004), using parameters derived from a digital elevation
model (DEM), infer the original shape of highly-degraded volcanic
structures in the Borzsony Mountains (Hungary). Rodriguez et al.
(2004) proposed a reconstruction of a volcanic edifice in Paipa

* Corresponding author at: Departamento de Ingenieria Grafica, Escuela Tecnica Superior
de Ingenieros, Av. de los Descubrimientos s/n, 41092 Seville, Spain. Tel.: +34 95448659;
fax: +34 954486158.

E-mail addresses: torrecillas@us.es (C. Torrecillas), Manuel.berrocoso@uca.es
(M. Berrocoso), afelpeto@fomento.es (A. Felpeto), mtorrecillas@us.es (M.D. Torrecillas),
aliciag@mncn.csic.es (A. Garcia).

0169-555X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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for reconstructing the volcanic landform prior to a monogenetic ba-
saltic eruption in El Lentiscal (Canary Islands, Spain), modelling
both the scoria cone and the lava flow using morphometric modelling
from the present-day DEM. Other methodologies for reconstructing
original surfaces use inward extrapolation of the mean slope to define
the main conic centre and height, and kriging with linear variograms
as method of interpolation (Hildenbrand et al., 2008). Vogel and
Marker (2010) reconstructed areas from the thicknesses of identified
layers and then interpolated them with spline functions, as in
Coleman et al. (2009) and Isaia et al. (2004), in their computation
of the total volume of eruptions of the Astroni volcano (Italy).

The multiplicity of the above methodologies indicates that a stan-
dard procedure for the reconstruction of palaeo-volcanic surfaces is
still lacking; significantly, none of the proposed methodologies takes
into consideration a deformation parameter.

Deception Island is an active Quaternary volcano located in the
Bransfield Strait, between the South Shetland Islands and the Antarctic

Application to Deception Island volcano (Sout...,
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Peninsula (Fig. 1). The area is characterised by complex tectonics related
to the interaction of two main plates (the South American and Antarctic
plates), and three micro-plates (the Scotia, Phoenix (also known as
Drake) and South Shetland plates (Baraldo, 1999)). The bathymetric
study of the island and the surrounding area indicates that the defor-
mation is due to regional extension across the basin, with local,
superimposed effects related to caldera collapse and magma inflation.
Due to this geodynamic complexity, the reconstruction of Deception Is-
land palaeo-geometry requires the application of a new methodology,
as presented in this study.

The technique of terrain reconstruction described herein can be use-
ful for analysing the past and future geomorphology of the island. The
reconstruction of past conditions on this Island may help to clarify its
evolution, by establishing whether or not certain geomorphological sce-
narios are possible, and may give some clues to support or rule out one
of the proposed theories on its evolution. Furthermore, the construction
of likely scenarios for the near future could contribute to a better evalu-
ation of the volcanic hazard by the identification of the geomorphic fea-
tures symptomatic of possible instability related to future volcanic
eruptions or earthquakes.

2. Methodology

A new method for the reconstruction of palaeo-geometries here
applied here to the pre-caldera volcano of Deception Island. This ap-
proach can be divided into two distinct and successive stages:

a) In the first stage, the existing remains of the palaeo-surface are
extracted, and the relevant geometries of the palaeo-volcano are
determined. Data from the geological, topographic, bathymetric
and geomorphological maps are fundamental to this stage.
Existing hypotheses of the island's geological evolution must be

analysed carefully to define peculiar aspects of the shape and sur-
faces to be reconstructed; these include the palaeo-coastline, the
number of the main parasitic volcanoes and their height, and
palaeo- or pre-caldera deposits. These data are used to define
the most likely palaeo-surface,

b) In the second stage, a Geodynamic Regression Model (GRM) is ap-
plied to this palaeo-surface to transform it to a specific time in the
past. The regional and local deformation of the volcano surface is
studied and quantified to calculate a geometric transformation to
the selected time using deformation vectors. The date in the past
for this GRM is also established in this stage. Before calculating
the final surface, important parameters are estimated, such as
the mass balance due to ice, glaciation periods and sea level
values, which are potential factors of influence, for re-analysing
or re-calculating the volcano's height in the reconstruction. Final-
ly, a DEM is interpolated with the palaeo-data, and the definitive
morphology is recreated. To improve the visual aesthetics of the
reconstruction, real or postulated surface textures are applied.

2.1. Palaeo-reconstruction of the pre-caldera volcano on Deception
Island

2.1.1. Geomorphology and geological evolution of Deception Island

Deception Island (South Shetland Islands, Antarctica) is an emerged
volcano less than 780 kyr old (Baraldo et al., 2003) whose geological
evolution is marked by the formation of a large, though hitherto
undated, central caldera that clearly separates the island’s stratigraphy
into pre-caldera and post-caldera deposits.

The island has a submerged basal diameter of 30 km, an altitude of
1500 m from the sea bottom (Barclay et al., 2009), and 540 m m.a.s.l.
The emerged portion is horseshoe-shaped with a diameter of about
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Fig. 1. Regional tectonics and location of Deception Island (South Shetland Islands, Antarctica).
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15 km. The central sector of the island is a sea-flooded caldera depres-
sion (Port Foster), with a diameter of 8-10 km connected to the open
sea through Neptune's Bellows (Fig. 2).

The morphology of the island exhibits a large variety of landforms
and deposits derived from the volcanic activity. Approximately 57% of
the surface is covered by glaciers (Smellie et al., 2002). Therefore, the
main processes that control the geomorphology of Deception Island
are volcanic activity and glacial action. Streams and lakes formed by
melting of ice and snow, periglacial activity producing gelifraction,
slope processes and the presence of permafrost have also contributed
to the evolution of the island’s relief (Smellie et al., 2002). The slopes
of the outer side of the caldera rim preserve landforms of a
pre-caldera edifice, but the original morphology of the caldera is not
completely preserved because of marine erosion, collapse of inner
flanks, and post-caldera volcanic and hydrothermal activity. The
outer perimeter consists mainly of sub-vertical cliffs about 20-40 m
high; these are remarkably uniform in height along the northern
and western coast (Kendall Terrace) and in the southern area (Cathe-
dral Crags) (Fig. 2). The cliffs show signs of landward retreat caused
by sea erosion, with numerous islets, stacking and rocks. The mor-
phology of the surrounding marine shelf indicates an early larger vol-
cano eroded to form an extensive 3-5 km wide submarine platform
at depths <100 m on the north and west sides. With respect to glacial
geomorphology, the stability of the ice front and ice cover has been
influenced by both climate fluctuations and volcanic eruptions
(Smellie et al., 2002).

Nearly 60 well-preserved craters, fumaroles, areas of heated
ground and deposits from fumarole activity concentrate in the inner
sector of the caldera and are associated with the post-caldera volcanic
activity (Fig. 2). The most extensive and voluminous flows are located
in the north, in Kendall Terrace.

Several hypotheses exist on the shape of Deception Island's before
the caldera formation. Hoteldahl (1929) and Olsacher (1956) propose
that, before the collapse, there was a single stratovolcano, whilst
Hawkes (1961) considers the island a collapsed structure deriving
from the subsidence of four pre-existing volcanoes along a ring frac-
ture affecting the underlying basement. Casertano (1963) and Baker
et al. (1975) explain the present shape of the island as the result of
the collapse of a single volcano, as also Hawkes (1961), but with
some parasitic cones in the Neptune Bellows area (see Fig. 3);
Birkenmajer (1992) supports the hypothesis of a single volcano
with smaller, satellite vents located on its slopes. In contrast Marti
and Baraldo (1990), Smellie (2001) and Baraldo et al. (2003) propose

.

g

a large central stratovolcano with a basement diameter of between 20
and 30 km; their hypothesis is based on the radial distribution of the
pre-caldera deposits, as well as multiple small eruptive centres, al-
though they do not fully agree with the polygenetic volcano
suggested by Hawkes (1961).

Regarding the formation of the caldera, no geochronological data
are available and several hypotheses have been proposed in this re-
spect. The collapse has been attributed to the existence of a large
ring fault caused by tangential dislocation and associated radial faults
(Olsacher, 1956), or to the presence of various ring-shaped and radial
faults (Hoteldahl, 1929; Hawkes, 1961; Birkenmajer, 1992). Smellie
(2001) suggests that the edifice collapsed in a major eruption,
which reactivated pre-existing structures related to the tectonics of
the Bransfield Strait. Vila et al. (1992), Ortiz et al. (1992), Rey et al.
(1995) and Garcia et al. (1997) also linked the present-day structure
of the island with regional seismic activity generated by a fracture
zone in the Bransfield Strait. Baraldo (1999) suggested that the col-
lapse of the central part of the island had its roots in an area of
transtension, and compared the collapse to the formation of a
‘pull-apart’ basin. Marti et al. (1996) rejected the existence of circular
and radial faults, and explained the collapse as a reactivation of nor-
mal faults orthogonal to the Bransfield Strait extension, following a
relatively large eruption in terms of volume ejected.

Great differences, of almost 2000 m, exist regarding the estimated
height of the stratovolcano. An altitude of 700-900 m.a.s.l. can be cal-
culated using the data provided by Baker et al. (1975). Birkenmajer
(1992) proposed a height of 2500 m.a.s.l, whilst Ben-Zvi et al.
(2009) assumed a height of 500 m.a.s.l. in recreating a cone with
the material emitted in the great eruption before the collapse.

Post-caldera volcanism on Deception Island mainly developed
within the central depression, with small-volume eruptions (about
0.1 km® of volcanites between 1956 and 2003, according to
Torrecillas et al., 2012) that generated phreatomagmatic and
strombolian deposits (Marti et al., 1996; Smellie, 2001). All the ex-
posed post-caldera rocks appear to be late Pleistocene and recent,
probably <100 kyr, in age (Shultz, 1970; Smellie, 2001). Recent erup-
tions (see Fig. 2) since 1842 occurred in the 1829-1912, 1829-1956,
1912-1917 and 1967-1970 periods. All were moderate in magnitude,
with small volumes of magma emitted, and of short duration, from a
few hours to 2-3 days (Roobol, 1973). Previously, Orheim (1971,
1972) reported between 8 and 33 eruptions during the last
200 years, whilst Bjorck et al. (1991) refers to 14 eruptions during
the last 5 Fyr

Fig. 2. Morphotectonic elements (Paredes et al., 2007), historical eruptions, names of geographical features and research stations on Deception Island, and pre-caldera deposits

according to Smellie et al. (2002).
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Fig. 3. Geological evolution models. a) Polygenetic volcano model and geological cross-section of Deception Island proposed by Hawkes (1961). b) Theory of Deception Island's

evolution according to Baker et al. (1975).

2.1.2. Current palaeo-surface: pre-caldera deposits and palaeo-coastline
The first stage of the methodology proposed here the currently-
available data of the palaeo-surface before collapse. The latest pub-
lished hypothesis on the caldera formation process (Marti et al.,
1996; Smellie, 2001) states that it formed by the collapse that
followed an eruption of large volume, so the available points of the
palaeo-surface are represented by the highest levels of the
pre-caldera deposits. The digital geological map, at a 1:25,000 scale
(Marti and Baraldo, 1990; Smellie et al., 2002), shows the location
of the outcrops of the pre-caldera. First, the pre-caldera deposits
were extracted (Fig. 2) and second, a digital topographic map
1:25,000 (SGE, 2006) and its corresponding DEM, with spatial reso-
lution of 2 m, were used to determine the highest elevation of each
deposit inside and outside the caldera. The highest points of these
deposits on the adjacent islands, Lavebrua and New Rock (Fig. 2)
were also included. The elevation of the deposits extracted from
this reconstruction represents a minimum estimate because may
have been greater in areas where the deposits are not exposed.
Another important item of data on the current surface is the outer
shoreline and bathymetry of Deception Island; this is necessary for
the determination of the palaeo-coastline. The present coast exhibits

a complex evolution, with high lava cliffs rising to a height of over
100 m, and scattered with pre-caldera deposits on the northern and
western shorelines; there is a linear coastline due to the action of sub-
marine faulting to the east of the island (Fernandez-Ibafiez et al.,
2005). There are some adjacent islands which, to judge from their
stratigraphic correlation (New Rock Island) or their possible associa-
tion with a parasitic vent (Lavebrua Island) (Birkenmajer, 1992),
must have once been part of Deception Island itself.

The first geometric approximation of the palaeo-coastline is the
graphic proposed from Baraldo's hypothesis for the formation of the
island with a stratovolcano and several parasitic volcanoes (Baraldo,
1999), see Fig. 4. With the aim of improving this geometry, the ex-
trapolation of the dips of the pre-caldera deposits from the digital
geomorphological map (Smellie et al., 2002) to bring the surface clos-
er to sea level was considered. Only six dip values are near the coast-
line. Then an exterior bathymetry of the island (scale 1:500,000) in
raster format (Barclay et al., 2009), in an attempt to find the shape
near the location of the volcanoes that predated the collapse (scale
1:200,000), as proposed by Baraldo (1999) (Fig. 4), including the ad-
jacent islands was considered. The initial selection was the —100 m
bathymetry, although this has to be interpolated in zones where no
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Fig. 4. Baraldo‘As hypothesis for the formation of the island (Baraldo, 1999), with the de-
fined palaeo-coastline partly coinciding with the — 100 m bathymetric curve (Barclay
et al, 2009), extended in the southern zone o cover the limits of the parasitic
volcanoes.

information is available; and in the south and east of the island, the
curve is extended slightly to include some of the boundaries of the
parasitic volcanoes.

2.1.3. Current palaeo-surface: location and height of the stratovolcano
An attempt was made to define the pre-caldera edifice by studying
the actual topography of the island. With that aim, four possible pla-
nimetric locations of the summit were selected based on geometric
criteria. The four centres considered are the geometric centres 1Aof

a)

Legend

© the outer coast (cOC)

© the inner coastline (cIC)
dividing line (D)

® |he deepest balhymelric curve (cB) 0 2
® mean (cM) of cOC, ¢IC and cD

4 Km
I I

b)

the present dividing line (cD); 2 of the outer coast (cOC); 3 of the
inner coastline (cIC), and 4 of the deepest (—170 m) bathymetry of
the inner bay (cB). As can be observed in Fig. 5a, ¢D, cOC and cIC
are very close each other, so it was decided to take their arithmetic
mean value (cM) and then study only two points (cB and cM).

The radial slopes extrapolated from these possible summit loca-
tions were then studied. Starting from these two points (cB and
cM), eight radial profiles were selected to compute the mean slope,
which was then extrapolated, in both cases, to find the point of inter-
section, over Port Foster, that is taken as one possible location of the
central peak. This methodology has been widely used previously, for
example by Hildebrand et al. (2008, Fig. 5). As the Deception Volcano
is an island with high cliffs along its coastline, the mean slope com-
puted with the present topography is not very representative, so it
was decided to consider the mean slope closer to the highest point
of each profile. Fig. 5b shows the planimetry of the profiles considered
with a line joining the summit of each profile for the two centres and
two cases of slopes studied, mean slope and the mean slope closer to
the highest point. The possible planimetric locations of the summit
tend to be in the south, with only six points out of the total of thirty
two in the north. This may indicate the location in the southern
zone of the parasitic volcanoes that several authors hypothesised
(Casertano, 1963; Baker et al., 1975; Marti and Baraldo, 1990;
Birkenmajer, 1992; Smellie, 2001; Baraldo et al., 2003), in view of
the fact that the mean slope value is higher in the south, correspond-
ing with a rough relief. It was decided to eliminate profiles running
N-S and NNE-SSE to reduce this possible influence of the parasitic
volcanoes. The mean location of summit is x=619,309 m, y=
3,015,645 m and z=1267 m.a.s.l, in UTM projection, zone 20S and
geodetic system WGS84, with standard deviations of oy=+
1431 m, oy, =+1348 m and 0,=+413 m. This is at a distance of
1200 m from the planimetric location proposed by Baraldo (1999),
and falls within the margin of error in location.

With respect to the height, the values proposed by previous au-
thors should be recalled: 700-900 m.a.s.I by Baker et al. (1975),
2500 m.a.s.l. by Birkenmajer (1992) and 500 m.a.s.l. by Ben-Zvi et
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al. (2009). The only value that agrees with the height obtained in the
present study, and its standard deviation, is that of Baker et al. (1975).

2.1.4. GRM: geometric transformation

In this second stage, the digital tectonic model of the area, the
local deformation of the Island obtained by Berrocoso et al. (2008),
and the digital morphotectonic alignments (scale 1:25,000, Paredes
et al., 2006, 2007; Perez-Lopez et al., 2007), see Fig. 2, were used.
The other main parameter is the past date; the period of regression
selected was 100 kyr (Smellie, 2001), corresponding with the dating
of the oldest rock before the formation of the caldera (carried out
by Shultz, 1970): hence the most recent date estimated for that event.

Deception Island is located at the north-western end of the expan-
sion axis of the Central Bransfield Basin; its superficial deformation is
due to expansion of the Bransfield Rift (Gracia et al., 1996; Barker et
al.,, 2003; Berrocoso et al., 2008), with superimposed local effects
due to caldera collapse and magmatic activity (Vila et al., 1992;
Berrocoso et al., 2008).

Gonzalez-Ferran (1991) suggested a mean value for the Bransfield
Rift expansion of 2.5-7.5 mm/yr in the NW-SE direction for the last
2 Myr. More recently, Dietrich et al. (2004) indicated a general value
for this displacement of ~10 mm/yr in the NE-SW direction for South
Shetland Islands; and the research group led by Prof. Berrocoso esti-
mates a global horizontal mean displacement 20.5 mm/yr from 1999
to 2009 in Deception Island, in the same direction as Dietrich et al.
(2004), both using Global Positioning system (GPS) data. Although
Gracia et al. (1996, Fig. 5) show strike directions of fault scarps in the
Central Bransfield Basin, where Deception Island is located, in both di-
rections, NE-SW and NW-SE, the number of faults in the latter direction
is one order of magnitude lower than in the former. It is therefore pos-
sible that, over the years since the formation of the caldera, the general
direction of displacement has been the present-day NE-SW direction,
but always of less magnitude than the NW-SE displacement.

Regarding local deformation, Perez-Lopez et al. (2007) proposes
the existence of the same two main directions of deformation to ex-
plain the elliptical form of the caldera’s lip. Geodetic studies carried
out between 1987 and 2011 by Berrocoso's team also computed de-
formation models for Deception Island, without any regional dis-
placement of South Shetland Island; horizontal deformation rates
up to 40 mm/yr were obtained in 1989-96 at the GPS stations of
BARG and FUMA (Ramirez et al., 2008); these models confirm the
two main directions of extension of the Bransfield Rift (NW-SE and
NE-SW) as the directions of local deformation (see FigA. 6, for
2002-2003). In the last 20 years, the local deformation can be quan-
tified, with values of 15 mm/yr for NE-SW, and 5 mm/yr for NW SE.
Although 20 years of deformation study are not significant on a fime
scale of 100 kyr, these values and directions are in accordance with
the morpho-structural evolution of the Central Bransfield Basin
presented by Gracia et al. (1996, Fig. 10), where the NE-SW deforma-
tion direction is predominant over the NW-SE one. Therefore, these
conservative values as input parameter for our GRM were taken.

Taking into account the combined regional and local geodynamic
deformation, a geodynamic regression model (GRM) with a planimetric
transformation for a period of 100 kyr using values of 1.5 km (NE SW)
and 0.5 km (NW SE) was applied.

This transformation converts an approximate circle to an ap-
proximate ellipse due to differences in the values for the two direc-
tions, and has been applied to the current palaeo-coastline, to the
pre-caldera deposits points, to the circular limits of Baraldo's para-
sitic volcanoes, and to the centre of the main volcano (Fig. 7).
After transformation, the circular boundaries of Baraldo's parasitic
volcanoes became ellipses, but after applying the value of the
semi-major axis, they recovered their circular shape. Although this
final shape obtained for the palaeo-coastline is not approximately
circular, by the date of reconstruction selected (100,000 years
ago) this volcano was already some 600,000 years old, according

to the estimates of its date of initial formation, and so some of its
original circularity could have been lost. The presence of parasitic
volcanoes could also modify the final shape.

2.1.5. GRM: recalculated heights of the main volcano and parasite cones

The summit height calculated in the first stage has an elevation
error of 0, = 4413 m; taking this into account, the maximum height
estimated for the Deception Island volcano is 540 m. It was decided to
re-calculate the summit height with the palaeo-boundary data and
the spot heights obtained from the GRM in an initial interpolation
of the islands topography, but only up to the lip of the caldera. This
was done using the Topogrid method, an iterative finite difference
method based on a thin-plate spline technique, using ESRI's ArcGIS™
software (version 10). Eight profiles were studied: two oriented
along the main deformation axes and six others. Extrapolating the
maximum final slope of each profile, a mean value of 580 m+62 m
(Fig. 8) was obtained; accepting this uncertainty, this value is taken
as the height of the original stratovolcano.

Taking into account the mass balance due to ice, Orheim (1972,
p.7) defines a current equilibrium line at between 200 and 250 m,
with accumulation zones of more than 40 m. The last glaciation
began approximately 100 kyr ago (Newnham et al,, 1999), so the
mass of snow and ice had to be considered, and the value of the defin-
itive height needs to be increased. By raising the altitudes by values of
between 200 and 250 m, the mean slope changes, and the summit
height increases. From the profiles, a mean increase of 70430 m is
determined for the summit height, and this is then rounded off to
650 m.

Before the final interpolation, it was necessary to determine the
height of the proposed parasitic volcanoes. To do this, data on the el-
evation of the pre-caldera deposits located within the limit of each
initial volcano were used as minimum height. To calculate the sum-
mit heights of the parasitic cones, a slope of 10° is considered,
which corresponds to the mean slope of DecEption Island’s
palaeo-volcano and to the current mean slope.

2.1.6. GRM: interpolation, sea level and virtual model

Final values for the pre-caldera topography have been calculated
using a two-stage process of interpolation. First, the principal strato-
volcano was reconstructed, and then the adjacent parasite volcanoes
were added. The Topogrid method was used for both the interpola-
tions. The first interpolation shows irregular small mounds in the
southern zone; these forms were interpreted as parasitic vents
existing in the areas presently known as Neptune's Bellows and Mac-
aroni Point. In the second interpolation these mounds were replaced
by parasitic volcanoes.

Before stating the definitive volume and perimeter values
obtained, it is worth looking at one more factor of potential influence
on our reconstruction: Antarctic sea level trends for the Holocene-
Late Pleistocene. For King George Island, which also belongs to the
South Shetland archipelago, around 40 kyr ago, Nakada et al. (2000)
estimated a value of 10 m above the present sea level. In the Vestfold
Hills, East Antarctica, Zwartz et al. (1998) proposed values ranging
from 7.5 m (8000 years ago) to a 9 m above the present sea level
(6.2 kyr ago). Rohling et al. (2009) estimated the sea level for the
Middle Pliocene epoch (3.0-3.5 Myr) at 25+ 5 m above the present
level in Antarctica, presenting a study of this period which included
periodic cycles when the sea level rose above present-day levels.
The graphic material presented by Rohling et al. (2009) correspond-
ing to 100 £ 5 kyr ago, shows relative sea levels between 0 and 40 m.

As a conservative value, it was decided to take the value given by
Nakada et al. (2000) for the geographic zone closest to Deception Is-
land, and the upper sea level height used in the proposed model was
reduced by 10 m to obtain the final result.

The change in sea level reduced the estimated emerged stratovol-
cano volume by 1 km?, leaving the final palaeo-volume at 19.6 km?,
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Fig. 6. Horizontal displacement rates of surface deformation values for the period 2002-2003 at several points of the deformation control network on Deception Island.

437 as opposed to the present-day volume of 15.7 km?>. In the reconstruc- Port Foster. The height of the volcano is also affected, so the final 443
438 tion, the palaeo-surface area is 104.8 km? compared with the palaeo-volcanic summit height takes a definitive value of 640 m. 444
439  present-day area of 96 km?; the perimeter is 42 km compared to Fig. 9a shows the palaeo-DEM with the current coastline, and, in 445
440  the present outer perimeter of 57 km (excluding the internal coast- Fig. 9b and ¢, two 3D views. In Fig. 10a and b there are two 446
441  line). This value of the perimeter has been obtained from a map at a photorealistic images of the island obtained by superposition over 447
442  scale of 1:100,000, and these values are partly the result of including the palaeo-surface of textures extracted from the 2003 Panchromatic 448

Legend
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* Initial data

== GRM deformation vectors

Fig. 7. Result of applying the Geodynamic Regression Model to pre-caldera deposits, Baraldo's parasite volcanoes and palaeo-coastline, the latter with new sizes after reshaping
them as circles using the semi-major axis value as radius value. -
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Fig. 8. DEM resulting from the interpolation of data, with the subsequent elimination of
the caldera, to calculate a possible summit height, and location of main profiles used to
determine a palaeo-summit.

Quick Bird satellite image of the island and photographs. For the sake
of greater realism, the summit peak has been replaced by a ring.

3. Summary and conclusions

The morphology of a volcano is obviously influenced by the erup-
tive activity but geodynamics and volcanic deformation may also con-
tribute. The diversity of methodologies proposed by various authors
for the reconstruction of palaeo-volcanic surfaces indicates that a
standard procedure is still lacking. Significantly, the methodologies
previously proposed do not take into consideration geodynamics
and superficial deformation parameters, as well as differences in sea
level or mass balance due to ice. A volcanic reconstruction method
is proposed which differs from the other ones because it includes
the Geodynamic Regression Model (GRM) and takes into account
the tectonic and volcanic deformation. There are two stages in the
GRM approach proposed here. The objective in the first stage is to ob-
tain the palaeo-surface from the existing remains and from existing
hypotheses of the particular volcano;s evolution. In the second

stage, deformations are included and deformation vectors are de-
fined. The palaeo-surface is obtained with a geometric transforma-
tion. If the volcano’s height is not considerably above the sea level
or it is affected by permanent ice and snow, the influence of these fac-
tors on the height must be evaluated.

In the reconstruction present here, the influence of the GRM on
the final shape of Deception Island volcano is verified. Although this
final shape is not approximately circular, which is the normal shape
in most volcanoes, by the selected time of reconstruction (100 kyr
ago) this volcano was already some 700,000 years old, according to
the age estimates, and some of its original circularity could have
been lost. The final surface reveals the existence of early parasitic vol-
canoes with altitudes of much less than 650 m in the locations pres-
ently known as Neptune's Bellows and Macaroni Point.

A pre-collapse 100 kyr time period age was selected for the recon-
struction of the Deception Island palaeo-edifice. The results show an
old stratovolcano with a perimeter slightly less than 42 km and a vol-
ume of 19.6 km>. With respect to the palaeo-summit height, our ini-
tial value of 580 m (with 0,=462 m) was modified to 640 m by
taking into account the estimated changes in the sea level and the
mass of ice and snow cover. A new value for 0, has been estimated
at about + 100 m because of the influence of the snow has an error
of +£30 m and the palaeo-sea level error is unknown.

The accuracy of this reconstruction depends on the degree of deg-
radation of the volcanic flanks and on the knowledge of the volcano's
evolution. The geological evolution of Deception Island is not clear,
and the relicts of the palaeo-volcano are scarce due to more recent
volcanic activity.

The main outcome of our study is that GRM method can be applied
to other scenarios provided that reliable local deformation data are
available.

4. Uncited reference
Orheim, 1975
i\cknowledgements
This geodetic research has been carried out with the support of the

Spanish Ministry of Education and Science as part of the National Ant-
arctic Program. To date, the following research projects have been
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Fig. 10. Photorealistic images of the island obtained by superposition of textures extracted from the Quick Bird satellite image over the palaeo-reconstruction obtained in this study,

with 3:< exaggeration in Z: a) 3D view from N; and b) 3D view from W.

awarded: “Geodetic Studies on Deception Island: deformation
models, géoid determination and Scientific Information System
(REN2000.0551.C03.01/ANT)”; “Geodetic Control of the volcanic ac-
tivity of Deception Island (CGL2004.21547.E/ANT)”; “Update of the
Spanish Cartography for Deception Island (CGL20(74.§0408.E/ANT)";
“Volcano-tectonic activity on Deception Island: geodetic, geophysicAal
investigations and Remote Sensing on Deception Island and its
surroundings (CGLI2005-07589-c03-01/ANT)”; “Geodetic Control of
the volcanic activity on Deception Island (CONGEODEC, CGL2004-
21547-E)”; and “Geodetic and geothermic investigations, time-
frequency analysis and volcanic innovation in Antarctica (South
Shetland Islands — Antarctic Peninsula) (GEOTINANT, CTM2009-
07251)". The authors thank Dr. Jose Manuel Marrero, for his comments
on an earlier version of this manuscript, and are grateful to Professor
Guido Ventura and an anonymous referee for their helpful comments
and suggestions.

Most of the data used have been taken from an existing multi-
disciplinary geographic information system about the island known as
SIMAC (Torrecillas Lozano et al., 2006), which has a dedicated web
site, SIMACWEB (http://simac.uca.es).
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