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Abstract

The results of a combined geophysical and geochemical research programme on Deception Island, an active
volcano at 62‡43PS, 60‡57PW in Bransfield Strait (Antarctica), are presented. Ultrahigh-resolution acoustic data
obtained with a TOPAS (TOpographic PArameter Sonar) system and multibeam bathymetry (Simrad EM1000) allow
a detailed analysis of submarine vents in Port Foster, the submerged caldera of Deception Island. The data show three
different types of seafloor structures: low-relief mounds, high-relief mounds (‘wasp nest’-like) and spire-like
structures. We interpret these structures as products of sediment volcanism and seeps caused by heating and boiling of
pore fluids in gas-charged sediments, and related to recent short-lived volcanic events, possibly those that occurred in
1967, 1969 and 1970. In addition, subsurface vertical disturbed zones, formed by increased amplitude and phase-
inverse reflectors beneath the mounds, suggest the presence of fluidised and brecciated sediments within hydrofracture
systems. A key finding of this study is that there appears to be a close relationship between the submarine mounds
detected by our ultrahigh-resolution seismic study, geochemical haloes, fault-pathways and present-day thermal
anomalies in surface waters. We suggest that seafloor hydrofracture systems and subsurface pipes can be re-used as
fluid migration pathways, resulting in hydrothermal seeps and vents on the seafloor, possibly up to decades after
coeval volcanic eruptions.
> 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Sea£oor hydrothermal ¢elds are hosted world-

wide by large volcanic systems found in both fast
and slow oceanic spreading centres and back-arc
basins (German et al., 1995). Most of the avail-
able information about sea£oor hydrothermal
processes has been based on sampling £uids and
dispersed plumes from vent emissions at deep-sea
oceanic spreading systems (Parson et al., 1995). In
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contrast, shallow-water boiling systems show dif-
ferences from typical deep-sea hydrothermal vents
caused by lower con¢ning pressures that are no
longer su⁄cient to maintain superheated £uids as
a single phase (Hannington et al., 2001). At re-
duced pressures, phase separation of the £uid oc-
curs, resulting in a dense brine-type phase and a
low-salinity, relatively metal-free vapour-rich
phase (Massoth et al., 1989). The hydrothermal
systems are profoundly altered by magmatic in-
trusions, generating episodic £uctuations and
short-lived events (Butter¢eld et al., 1997). Exam-
ples of hydrothermal ¢elds perturbed by mag-
matic intrusions show that £uids discharged after
a sudden magmatic intrusion, may be altered by
phase separation in the £uids. Following magma
emplacement, £uids may be stored in the crust
and £ushed years later by convecting seawater
(Butter¢eld et al., 1994; Baker, 1995). Simulta-
neously, episodic short-lived magmatic intrusions
produce signi¢cant changes in rare earth element
(REE) patterns which are caused by the prevailing

chemical and temperature conditions in the hy-
drothermal system(s) (Butter¢eld and Massoth,
1994; Klinkhammer et al., 1994).

Deception Island (62‡43PS, 60‡57PW) is an ac-
tive basalt^andesite volcano in Brans¢eld Strait,
Antarctica (Fig. 1). Its geology and volcanic evo-
lution are described in detail by Smellie et al.
(2002). Eruptions were frequent during the eigh-
teenth and nineteenth centuries, but infrequent in
the twentieth century. The volcano contains a
ring-shaped volcanic caldera 8^10 km in diameter,
which is restless and may be resurging (Cooper et
al., 1998). It is £ooded by the sea (Port Foster)
and has a maximum water depth of about 167 m
at its centre (Fig. 2). In this paper, we present the
results of geophysical and geochemical studies of
shallow-water hydrothermal vents at Deception
Island. Our work demonstrates the importance
of understanding volcano^tectonic processes in
modern caldera-related settings, and it provides
insights into the timing and location of putative
ore bodies.

Fig. 1. (A) Map showing the regional tectonic setting with major convergent and divergent plate boundaries of the Scotia Sea be-
tween South America and the Antarctic Peninsula. Modi¢ed after the British Antarctic Survey (BAS, 1985). (B) Map showing
the location of Deception Island and other volcanic centres (mainly submarine) in Brans¢eld Strait.
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Fig. 2. (A) Map showing the main tectonic, volcanic and hydrothermal features of Deception Island and positions of the sam-
pling stations. Submarine structures and faults are partly modi¢ed from Rey et al. (1995, 2002). (B) Bathymetry of the sub-
merged caldera of Deception Island based on multibeam data, with location of seismic pro¢les shown in Figs. 3^5. (C) 3-D im-
age of the submerged caldera. Oblique view looking northwest. The mound zone is located southeast of Stanley Patch (‘Neptune
submarine volcano’; see also Figs. 4^6). (D) Shaded relief of Stanley Patch, based on multibeam bathymetric data, showing vent
¢ssures (1) on the £anks of the cone-shaped edi¢ce. The image is illuminated from the northwest.
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2. Regional setting

2.1. Geodynamic framework

Deception Island is located at the southwestern
end of Brans¢eld Strait, an actively extending
young (probably 6 4 Ma old; Barker, 1982) mar-
ginal basin between the Antarctic Peninsula and
South Shetland Islands (Fig. 1). Deception Island
is the most active of several volcanoes situated in
Brans¢eld Strait (Smellie, 1990; Lawver et al.,
1995). A multibeam bathymetric chart of Brans-
¢eld Strait (Lawver et al., 1996; Gracia et al.,
1996) shows a series of circular submarine volca-
noes and aligned basaltic ridges between the two
largest volcanic islands, Deception Island and
Bridgeman Island. Dredge samples taken from
the submarine linear ridges in the Brans¢eld Strait
have been reported as fresh, glassy vesicular ba-
salt with a chemistry similar to Lau Basin and
other Paci¢c back-arc basin basalts (Keller et
al., 2002).

This volcanic ridge has traditionally been inter-
preted as a Late Cenozoic tensional structure pro-
duced as a consequence of back-arc spreading
(Roach, 1978; Peccerillo et al., 1991) linked to
subduction of the Phoenix Plate beneath the Ant-
arctic Plate (Gonza¤lez-Ferra¤n, 1985). Island arc
volcanism in the South Shetland Islands has oc-
curred in several pulses since Early Cretaceous
times, with the last eruptive period 20^30 m.y.
ago (Pankhurst and Smellie, 1983; unpublished
data of J.L.S.). It has been proposed that the
former Phoenix Plate and the Brans¢eld Basin
became part of the Antarctic Plate when sea£oor
spreading stopped at the Aluk Ridge at 4 Ma and
subduction at the South Shetland Trench ceased
(Barker, 1982; Livermore et al., 2000). Lawver et
al. (1996) proposed that opening of Brans¢eld
Strait is not produced by typical back-arc exten-
sion associated with active subduction, but is a
product of the combined e¡ect of the continued
sinking of the slab, associated rollback movement
and minor extension accompanied by fracturing,
which allowed magmatic intrusions to be em-
placed into an extended continental margin.
Although Deception Island is situated close to a
postulated axis of spreading, the presence of

underlying arc-type basement rather than proto-
ocean £oor (Smellie et al., 1992; Risso and Apari-
cio, 2002) is con¢rmation of an extended conti-
nental margin setting. The development of Brans-
¢eld Strait has also been related to a sinistral
simple-shear couple between the Scotia and Ant-
arctic plates (Fig. 1), which displaced the former
Phoenix Plate toward the northwest (Rey and So-
moza, 1992; Barker and Austin, 1994; Gonza¤lez-
Casado et al., 2000). This regional stress ¢eld has
also been proposed to explain the recent tectono^
magmatic evolution of Deception Island (Rey et
al., 1995).

2.2. Hydrothermal activity in the Brans¢eld Strait

Evidence for hydrothermal activity in Brans-
¢eld Strait was ¢rst reported in sediments of the
Eastern King George Basin, where thermogenic
hydrocarbons generated by low temperature
(6 150‡C), hydrothermal interaction between or-
ganic rich sediments and £uid advected from
deeper levels were detected (Suess et al., 1987).
Further evidence comes from N

3He values in the
water column (Schloesser et al., 1988). High crus-
tal heat £ow was detected in the centre of Brans-
¢eld Strait, with values typical of regions with
active hydrothermal circulation (Lawver et al.,
1995). New hydrothermal vent sites have recently
been discovered at Hook Ridge, a volcanic edi¢ce
in the Central Brans¢eld Basin (Klinkhammer et
al., 2001). Native sulphur, Fe-sul¢des, and hydro-
thermal barites were recovered and phase separa-
tion was suggested to be a control on the chem-
istry of the venting £uids (Da«hlmann et al., 2001).

3. Background information

3.1. Recent volcanic eruptions

Four recent volcanic events, which occurred in
1967, 1969, 1970 (Orheim, 1972), and 1987 (Le-
Masurier and Thomson, 1990), have been re-
ported for Deception Island. In December 1967,
violent tremors and explosions occurred in Tele-
fon Bay (Fig. 2A). The volcanic event formed
Yelcho Island, which measured 934 m in length
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next to 366 m in width and reached 62 m above
sea level and was composed of three collinear cra-
ters (Baker et al., 1975). During the eruption, the
sea within Pendulum Cove began to boil and a
strong odour of sulphur was detected (Valenzuela
et al., 1968). Gallardo et al. (1999) found that the
structure and composition of the benthic commu-
nity in Port Foster were altered after the 1967
eruption and attributed those changes to volcanic
perturbation. In 1969, the Chilean station was
completely destroyed by a combination of ashfall
and mud£ow during an eruption from ¢ssures
beneath the small ice cap (Baker et al., 1975).
Water vapour and hydrogen sulphide gas were
detected, and elemental sulphur deposited from
numerous small fumaroles and vents. The British
station was heavily damaged by mud£ow caused
by extensive melting of the ice cap (Baker et al.,
1975; Smellie, 1988; Smellie, 2002a). After this
event, the historically long-lived (s 200 years) fu-
marole activity in the Fumarole Bay area was in-
tense with sulphur deposition along parallel
tracks, and steam and boiling water (100‡C) issu-
ing at sea level. Hydrothermal/volcanic activity at
Yelcho Island was accompanied by CO2 and/or
H2S release into the crater lake. The last well-
documented eruption of Deception Island, in
1970, was more violent than its predecessors in
1967 and 1969. Five maar-like submarine craters
and seven land vents were created in an arcuate
zone V5 km long. They erupted andesitic tephra
and built V1.5 km2 of new land in the Telefon
Bay area (Baker and McReath, 1971; Baker et al.,
1975). The tephra blanket was salt-rich, suggest-
ing involvement of substantial quantities of sea
water (Shultz, 1972). Deception Island has been
monitored seismically every austral summer since
1986. During the austral winter of 1986^1987, in-
frared imagery from the 10 NOAA polar orbiting
weather satellites suggested that an ash plume
extended V100 km SE of Deception Island,
although there was no evidence that new volcanic
cones formed on the island (LeMasurier and
Thomson, 1990). Subsequent more accurate geo-
location of the plume source showed that it was
situated about 250 km NE of Deception Island, in
an area not known or expected to have volcanoes,

and it appears to have been a meteorological ef-
fect (Smellie, unpublished data).

Finally, a linear magnetic anomaly interpreted
as a high-level magmatic intrusion, was identi¢ed
on the northeast side of Port Foster (Garcia et al.,
1989). The sea£oor above the intrusion has been
rising at a rapid rate (ca. 0.3^0.5 m.a31 averaged
over about 50 years since 1945), and is interpreted
to be an indication of resurgent activity in the
caldera (Cooper et al., 1998) although there
have been no eruptions at that locality.

3.2. Present hydrothermal activity: fumaroles and
hot springs

Subaerial fumaroles are common in several
areas on and o¡shore at Deception Island (e.g.
Fumarole Bay, Telefon Bay, Pendulum Cove,
Whalers Bay; Smellie and Lo¤pez-Mart|¤nez,
2000). They are related to venting from shallow
aquifers heated by convective gaseous in£ow from
an underlying magma chamber (Ramos et al.,
1989). The main component of the fumarole emis-
sions is CO2 (75^90%) with signi¢cant propor-
tions of H2S (0.3^0.9%), H2 (0.006^0.20%), N2

(0.77^21.6%), and O2 (0.006^0.65%), and an equi-
librium formation temperature of 219‡C (Valentin
et al., 1989). An abrupt increase in H2S/CO2 ra-
tios has been reported for periods of high fre-
quency seismic events (Villegas and Caselli,
1995). The origin of low-frequency volcanic trem-
ors recorded at Deception Island has been inter-
preted as acoustic emissions, which are inter-
preted as turbulent motion induced by venting
from shallow aquifers to the surface (Vila et al.,
1992). Temperatures as high as 107‡C are re-
corded in beach interstitial waters close to the fu-
marole emissions (Villegas and Caselli, 1995; un-
published data of J.L.S.). Thermal anomalies of
7^15‡C in surface waters have been measured in
the small bays surrounding Port Foster, and per-
sist as a thin surface layer to about 20^30 m o¡-
shore (Dykes et al., 2001). In Port Foster itself,
seawater surface temperatures vary between 0‡C
and 31‡C close to Neptunes Bellows and exceed
3‡C in the centre of the bay (Rey et al., 1997).
Acoustic Doppler current pro¢le data indicate
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that inertial and/or tidal currents within Port Fos-
ter are quite complex (Lenn et al., 2002).

3.3. Submarine and subaerial fault systems

Fault systems and fault-related subaerial and
submarine volcanic cones (Fig. 2A) may be ar-
ranged in several main orientations that have
been interpreted as a consequence of an exten-
sional regional stress ¢eld (Rey et al., 1995): a
NW^SE alignment exists for sea£oor volcanic
cones and recent subaerial tu¡ cones (1967 Tele-
fon Bay eruption). This direction is parallel to the
axis of a minimum magnetic anomaly, with
s 3000 nT decrease in the ¢eld, reported within
Port Foster and interpreted to be caused by a
linear magmatic intrusion (Garcia et al., 1989),
and with the c3 regional stress direction obtained
from earthquake focal mechanism studies (Pelayo
and Wiens, 1980; Galindo-Zald|¤var et al., 1996;
Gonza¤lez-Casado et al., 2000). A NE^SW fault
system crosses Port Foster between Fumarole
Bay and Pendulum Cove, and is associated with
active seismic activity (Ortiz et al., 1992) and fu-
marole emissions at temperatures of 70^s 100‡C
on beaches at Pendulum Cove and Fumarole Bay
(Smellie, unpublished data). Horizontal polarisa-
tion analysis of low-frequency volcanic tremors
recorded at Deception Island also shows azimuths
of N125E and N145E (1.4 Hz) and N80E (2.0 Hz)
for the main axis of the horizontal polarisation
ellipsoid (Felpeto et al., 1995). N050E-trending
faults related to fumarole emissions at tempera-
tures of 40^43.5‡C have also been reported at
Stonethrow Ridge (Lo¤pez et al., 1995). This align-
ment may have been caused by tensional faulting
along an axis of maximum shortening (Rey et al.,
1997).

4. Methods and data acquisition

Our study is based on data collected from sev-
eral cruises carried out in Port Foster. During
cruises in the austral summers of 1987^1988 and
1988^1989, R/V Las Palmas completed a dense
network of side-scan sonar imaging (500 kHz)
and medium-resolution seismic re£ection pro¢les

(3500^7000 Joule Sparker system, 50 Hz to 4 kHz)
orientated N^S and NW^SE, with an average
penetration of 500 ms (TWT time). A map of
the sea£oor was published by Rey et al. (1992,
2002). In addition, sea£oor sediments from 54
stations were recovered using a Shipek-type sam-
pler.

Ultrahigh-resolution seismic pro¢les of sea£oor
structures, previously observed only with me-
dium-resolution re£ection seismic pro¢les, were
obtained with a TOPAS PS 018 Simrad (TOpo-
graphic PArameter Sonar) system during the ex-
pedition HYDRODEC-2000 with R/V Hespe¤rides
in the austral summer of 2000^2001. This system
is a hull-mounted seabed and sub-bottom echo-
sounder based on a parametric acoustic array,
which operates using non-linear acoustic proper-
ties of the water (Dybedal and Boe, 1994). The
system transmitted approximately every 1 s
(V10 m at cruise speeds of 10 knots) with a
beam angle of approximately 5‡, and a modulated
frequency sweep (chirp) between 1.5 and 4 kHz.
The data were deconvolved and corrected for
spherical spreading with a linear time-varying
gain prior to presentation. The vertical resolution
of the TOPAS records is very high (less than 1 m)
and the penetration in this area ranges from a few
to several tens of metres. We employed both chirp
and ricker-type wavelets, depending on the reso-
lution/penetration rates required. In this way, this
system reached resolutions less than 0.5 ms TWT
and penetration ranging from 50 to 100 ms TWT,
allowing a detailed view of the internal con¢gura-
tion of the sea£oor, sub-sea£oor and vent con-
duits.

Multibeam bathymetry of Port Foster was ac-
quired with a Simrad EM1000 (Fig. 2). The
EM1000 works at a frequency of 95 kHz, and
may be operated in water depths between 3 and
1000 m. In shallow mode, it uses 60 beams spaced
at 2.5‡, thus covering a sector up to 150‡ or about
7.5 times the water depth. The beams are 3.3‡ and
2.4‡ wide in transverse and forward directions,
respectively. The data are positioned using di¡er-
ential GPS. In addition, temperature, conductiv-
ity, £uorimetry and sigma-T onboard measure-
ments of the surface waters were registered every
2 min simultaneously with acoustic data.
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Table 1
Table of geochemical data for sediment samples obtained in Port Foster, Deception Island

Sample Fraction Group Station Depth TiO2 Al2O3 Fe2O3 MgO CaO Na2OK2O Li P Sc V Cr Mn Co Ni Cu Zn As Rb Sr Y Ba W Pb
(m) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

DT06 bulk 1A 6 134 1.60 14.27 8.59 3.06 5.92 4.86 0.80 12 1881 15 294 29 1221 68 12 35 91 56 5 321 27 140 155 12
DT07 bulk 1A 7 118 1.57 14.06 8.39 2.99 5.74 5.01 0.80 13 1883 14 228 26 1223 46 11 33 86 42 6 322 27 129 140 12
DT16 bulk 1A 16 162 1.70 15.10 9.90 3.29 5.91 5.05 0.91 14 2004 16 192 23 1199 25 10 45 99 25 6 321 28 125 10 16
DF16 clay 1A 16 162 1.68 14.57 9.48 3.26 5.81 4.70 0.89 14 1959 16 192 25 1171 24 12 45 93 31 9 337 28 123 10 13
DT28 bulk 1C 28 110 1.73 15.21 9.81 3.36 6.37 4.98 0.85 14 2054 17 204 25 1132 28 10 46 98 31 4 354 26 117 13 12
DT29 bulk 1B 29 129 1.68 14.95 9.61 3.24 6.13 5.05 0.86 13 2132 16 193 27 1217 26 11 42 98 30 7 348 27 119 11 15
DT32 bulk 1C 32 160 1.72 15.14 9.64 3.29 6.30 4.92 0.84 13 2020 16 201 27 1270 36 10 43 95 25 6 356 26 119 40 11
DF39 clay 1C 39 134 1.70 14.38 9.68 3.31 6.02 4.46 0.83 13 2238 16 208 24 1179 25 11 47 91 33 8 339 27 116 15 11
DT39 bulk 1C 39 134 1.73 14.72 9.75 3.26 6.22 4.86 0.80 13 1982 17 214 20 1182 32 10 49 94 22 6 348 25 114 25 11
DT41 bulk 1B 41 94 1.77 15.33 9.62 3.51 6.55 5.12 0.85 13 1935 18 210 24 1270 29 10 47 96 27 6 361 27 115 32 13
DF41 clay 1B 41 94 1.78 15.06 9.71 3.44 6.33 4.58 0.85 13 1982 17 208 25 1242 28 11 47 93 25 8 341 27 118 29 13
DT44 bulk 1B 44 116 1.72 15.06 9.61 3.39 6.24 5.27 0.88 13 2126 17 200 24 1361 27 10 44 96 26 7 352 27 119 16 13
DF44 clay 1B 44 116 1.72 14.78 9.88 3.36 6.17 4.52 0.85 13 2122 17 202 25 1266 27 12 45 102 25 8 344 28 120 14 13
DD54 sand 2 54 ^ 1.93 15.48 9.40 3.54 7.14 4.97 0.77 13 1396 18 223 25 1164 41 11 48 92 20 4 364 26 116 158 12
DT55 bulk 1C 55 ^ 1.82 15.46 10.00 3.02 6.43 4.85 0.80 13 1965 16 181 20 1135 33 10 34 91 76 7 362 28 127 76 13
DD56 sand 2 56 ^ 1.77 16.07 9.15 4.09 7.91 4.57 0.68 11 1389 20 205 38 1092 32 20 35 84 20 4 399 24 101 81 10
DD69 sand 2 69 ^ 1.83 15.50 9.37 4.17 7.48 4.58 0.92 10 1234 21 242 31 1103 36 16 59 84 20 4 377 23 93 79 10
DD70 sand 2A 70 ^ 2.05 16.14 10.10 3.76 7.84 4.90 0.71 12 1345 20 262 24 1203 42 12 63 93 20 4 369 26 113 133 12
DT70 bulk 2A 70 ^ 1.98 16.39 10.12 3.97 8.05 4.64 0.66 11 1370 21 259 24 1191 44 11 56 95 20 4 385 25 105 123 12
DT71 bulk 2 71 ^ 1.97 16.18 10.24 3.81 7.63 4.70 0.70 11 1356 19 256 64 1172 64 10 58 94 20 4 370 24 110 198 11
DT73 bulk 1B 73 ^ 1.92 15.72 10.11 3.06 6.50 5.13 0.85 14 1631 16 215 15 1243 41 10 56 97 20 7 356 29 131 142 13
DD73 sand 2 73 ^ 1.93 15.59 9.84 3.14 6.58 5.17 0.84 13 1491 16 216 26 1183 42 10 55 93 20 4 351 27 130 148 11
DT74 bulk 2B 74 ^ 1.95 15.84 10.70 3.72 7.25 4.73 0.74 12 1928 20 233 34 1176 46 13 48 96 20 4 377 26 108 148 14
DT75 bulk 2 75 ^ 2.03 16.35 10.48 3.92 7.87 4.85 0.71 11 1662 21 252 36 1236 36 12 47 97 21 4 365 27 106 89 12
DD75 sand 2 75 ^ 1.90 15.69 9.74 3.96 7.85 4.58 0.65 10 1502 22 247 38 1214 38 17 51 94 21 4 365 26 105 95 10
DT76 bulk 1B 76 ^ 1.75 16.24 9.52 3.12 6.61 5.19 0.91 13 1623 16 180 20 1232 32 10 35 101 20 4 342 31 138 89 13
DD76 sand 2 76 ^ 1.92 15.37 9.52 3.64 7.34 4.77 0.71 11 1455 19 225 23 1167 35 12 45 93 20 4 355 27 109 87 12
DB77 gravel 2A 77 ^ 2.14 16.08 10.24 5.64 9.06 4.15 0.52 9 1601 23 250 86 1180 55 48 41 87 20 4 422 24 71 211 10
DB78 gravel 2A 78 ^ 1.98 16.61 10.12 5.76 9.66 4.13 0.50 8 1366 25 249 88 1170 45 39 33 84 20 4 416 23 69 96 11
DT79 bulk 2 79 1.98 16.39 10.35 4.39 8.40 4.50 0.62 10 1448 22 249 41 1216 40 18 47 92 20 4 389 25 95 111 13
DD79 sand 2 79 ^ 1.95 15.88 9.68 4.36 8.23 4.54 0.64 10 1386 22 242 45 1159 38 20 49 86 20 4 376 25 95 109 11
DT80 bulk 2 80 ^ 1.97 16.59 10.44 4.36 8.4 4.53 0.65 11 1476 22 248 42 1202 43 19 49 90 20 4 392 23 98 108 11
DD80 sand 2 80 ^ 1.90 15.63 9.51 4.01 7.64 4.66 0.68 11 1400 20 229 35 1144 37 16 47 87 20 4 376 25 101 108 11
DT81 bulk 2 81 ^ 1.83 16.18 10.48 4.11 7.91 4.34 0.68 11 1567 20 236 33 1138 45 21 59 93 35 4 380 24 108 91 12
DT82 bulk 2 82 ^ 1.88 15.74 10.75 3.51 7.11 4.74 0.77 12 1816 18 215 30 1174 75 11 43 94 53 4 353 28 118 251 12
DB82 gravel 1A 82 ^ 1.25 15.63 7.48 2.40 5.18 5.59 1.10 13 1627 10 92 29 1098 29 11 22 88 30 12 282 35 169 146 12
DB83 gravel 2A 83 ^ 1.35 16.95 8.09 5.11 9.02 3.91 0.54 13 1066 21 188 86 908 34 43 59 70 20 8 345 18 98 63 11

See Fig. 2A for sample locations.
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The geochemical grid used in this paper con-
sisted of 37 sediment samples. Twenty were bulk
samples (mixed sand/mud, labelled as DT), four
of gravel (DB) and nine of sand (DD) (see Table
1). In addition, four samples were mud-grade
splits from bulk samples (DF). The analyses
were carried out in the Centro de Laboratorios
y Ensayos del IGME de Madrid, Spain. Rb, Sr
and Li were analysed by Atomic Absorption
Spectrophotogrammetry using a Thermo Jarrell
Asf Smith^Hieftje 8000, and major (Al, Ca, Fe,
K, Mg, Na, Ti) and trace (Li, As, Ba, Rb, Sr,
Co, Cr, Cu, Mn, Ni, P, Pb, Sc, V, W, Y, Zn)
elements were determined using a multi-channel
Inductively Coupled Plasma^Atomic Emission
Spectroscopy (ICP^AES) Thermo Jarell Ash
ICAP61. Elemental dissolutions in HCl 10% and
the SO-1, SO-2, NBS-2704, and BM reference
standards were used for analysis quality control.
REE analyses were determined by fusing 0.2-g
sample with 1.2 g LiBO2, dissolved and diluted
to 100 ml with 5% HNO3 and analysed by Induc-
tively Coupled Plasma^Mass Spectrometry.

5. Results

5.1. Ultrahigh-resolution seismic study

A thick volcanic^hydrothermal sedimentary se-
quence is observed on the medium-resolution seis-
mic lines (Sparker) that run in a SE^NW direction
from Neptunes Bellows toward the deeper basin
of Port Foster. System penetration of up to 300
ms TWT time (around 120 m at 1530 m/s) al-
lowed us to observe a sequence of deposits
bounded by unconformities caused by progressive
tilting (Fig. 3, from Rey et al., 1995). The se-
quence was correlated by Rey et al. (1995) with
tectono^volcanic events producing volcanic edi¢-
ces by magma intrusion and tilting of the under-
lying deposits based on a stratigraphy by Birken-
majer (1992). However, the recently published
more rigorous stratigraphy by Smellie (2001) casts
doubt on the basis of several of those correlations
(acknowledged by Rey et al., 2002). The upper-
most unit of this sequence onlaps a tilted strong
unconformity characterised by the presence of

Fig. 3. Medium-resolution seismic pro¢le (sparker) from Port Foster showing: (1) the ‘Neptune submarine volcano’ (Stanley
Patch), (2) mound structures, and (3) vents associated with subsurface acoustic masking interpreted as £uid-enriched sediments
(arrow). The dashed box on the pro¢le indicates the approximate position of the section covered by the ultrahigh-resolution seis-
mic pro¢le shown in Figs. 4 and 5. See Fig. 2B for location of pro¢le. M indicates location of the sea£oor multiple.
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chaotic mound-shaped re£ectors interbedded with
near-parallel re£ectors. The layering of the
mounds suggests a signi¢cant overall thickness
of about 40^50 m.

The medium-resolution seismic lines show evi-
dence of three types of volcanic and hydrother-
mal-related structures within the uppermost seis-
mic unit (Fig. 3): (1) volcanic edi¢ces (cones),
(2) mound-like structures, and (3) hydrothermal
£uid vents. In some cases, the volcanic cones
give rise to prominent landforms on the sea£oor
with heights of 50 m (‘1’ in Fig. 3), which are well
mapped toward Neptunes Bellows (Fig. 2B). The
cones are aligned NW^SE (Fig. 2A). Active ¢s-
sures are present on the £anks of some of them
(Fig. 2D). Mounds occur between Stanley Patch
and Neptunes Bellows and are acoustically char-
acterised by chaotic and transparent facies (‘2’ in
Fig. 3). The mounds appear to be linked to nor-
mal faults dipping toward the deeper basin of
Port Foster. In addition, the presence of subsur-
face vertical zones of disturbed seismic response
characterised by increased amplitudes is inter-
preted to be due to shallow trapped £uids (liq-
uid/gas; ‘3’ in Fig. 3).

The ultrahigh-resolution seismic lines carried
out with the parametric echosounder TOPAS, re-
veal details of the internal organisation and mor-
phologies of the three types of volcanic and hy-
drothermal structures mentioned above (Figs. 4
and 5). Each prominent morphology on the sea-
£oor is connected at depth to acoustically trans-
parent dome-like structures by vertical conduits
that deform the surrounding stratigraphy. The
non-re£ective acoustic response in those basal
structures is interpreted as evidence for £uid-en-
riched sediments that have entirely absorbed the
acoustic energy. Three types of vent-related
mounds are observed in Fig. 4:

Type I, low-relief mounds (‘2’ in Fig. 4), have a
convex-up morphology with a conspicuous step-
like summit discordance 1 m tall, that marks the
position where the central conduit reaches the sea-
£oor. A large sediment apron extends 800^900 m
from the crest and reaches a maximum thickness
of 17^20 m. The internal structure of the low-re-
lief mounds is composed of oblique re£ectors that
dip radially out from the presumed axial vent

(conduit), re£ecting repeated sediment deposition
from radially £owing uncon¢ned currents. The
entire mound is polygenetic and comprises two
or possibly three superimposed edi¢ces (Figs. 4
and 5). Gravitational collapse and slump struc-
tures are present on its top and £anks, respec-
tively. This type of mound is correlated with the
uppermost mound-like structures which are
poorly observed on the medium-resolution lines
(‘2’ in Fig. 3)

Type II, high-relief mounds, which rise 4^5 m
above the sea£oor, show more prominent crests
than the low-relief mounds. At least ¢ve high-re-
lief mounds can be observed on the seismic sec-
tions (Fig. 5). They show steep asymmetric £anks
and rounded crests that rise sharply above the
surrounding sea£oor and resemble the ‘wasp-
nest’ mound structures described in other hydro-
thermal ¢elds (Murton et al., 1995; Humphris et
al., 1995). Near-vertical £anks are observed on
the northernmost mounds. Below the sea£oor,
seismically distorted vertical columns are linked
to acoustically transparent zones at depth (‘3’ in
Fig. 4). These columnar zones are formed by in-
creased amplitude and inverse-phase re£ectors
typical of seismic anomalies associated with gas
‘chimneys’ (gas-enriched £uid migration path-
ways) in fault systems (e.g. Aminzadeh and Con-
olly, 2002). In addition, this type of vent is corre-
lated with the chaotic zone within strati¢ed
sediments observed on the medium-resolution
seismic lines (‘3’ in Fig. 3). Dispersed re£ectors
observed within the seawater column and just
above the summit conduit indicate the presence
of buoyant plumes of escaping £uids (‘3’ in Fig.
3) and an actively discharging vent system.

Type III, ‘spire-like’ structures, were only ob-
served in the deeper basin of Port Foster, mainly
near Fumarole Bay (Fig. 4). These structures are
tall (2^3 m) and narrow, with steep walls, and
they do not show any obvious subsurface con-
duits like the other two vent types. The non-re-
£ective zone just below the spire-like structures
might represent the upper surface of the shallow
aquifer that also feeds the nearshore fumaroles
(e.g. in Fumarole Bay and Pendulum Cove; Fig.
4). Both spire-like structures and the shallow-
water fumaroles are associated with NE^SW

MARGO 3400 22-12-03 Cyaan Magenta Geel Zwart

L. Somoza et al. /Marine Geology 203 (2004) 119^140 127



MARGO 3400 22-12-03 Cyaan Magenta Geel Zwart

L. Somoza et al. /Marine Geology 203 (2004) 119^140128



Fig. 4. Ultrahigh-resolution TOPAS pro¢le and interpretation showing vertical distorted zones used by £uids in fractures and ¢s-
sures in the sediment rising from underlying deep aquifers; the latter are observed as a basal acoustically transparent zone. Num-
bered labels indicate the same sea£oor features as in Fig. 3. Colour indicates re£ectivity levels from high (red) to low (light blue).
See Fig. 2B for location of pro¢le.

Fig. 5. Ultrahigh-resolution TOPAS pro¢le showing sea£oor mounds and vents located southeast of Stanley Patch (‘Neptune sub-
marine volcano’). Note the vertically-stacked shift in polarity de¢ning columnar distorted zones (indicated with white arrows) in-
terpreted as £uid conduits, linked to sea£oor mound structures (thick line arrows). Transparent conduits rising from basal trans-
parent zones, interpreted as subsurface aquifers, are also indicated (stippled arrows). See Fig. 2B for location of pro¢les.
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near-vertical ¢ssures crossing the deep basin of
Port Foster (Fig. 2A).

5.2. Geochemistry of sea£oor sediments

Two main geochemical groups have been de-
tected on the basis of our analytical study of 24
elements in the 26 samples collected in Port Fos-
ter. The analyses are presented in Table 1. Based
on principal component factor analysis, two main
groups are distinguished (Rey et al., 1997). Group
1 is characterised by higher contents of Na2O,
K2O, P2O5, Li, Rb, Ba, Y, and As, and higher
Sr/Ca ratios. Within this group, three subgroups
are identi¢ed (Table 1): one with very low con-
tents of all major elements and with higher con-
centrations of Cr, Co, and V (group 1a); a second
with higher concentrations of Na2O, K2O, Y, Pb,
and Zn (group 1b); and a third subgroup with
characteristics intermediate between the other
two subgroups (group 1c). Group 2 is character-
ised by higher contents of Al2O3, Fe2O3, MgO,
CaO, TiO2, Sr, Sc, Cr, Ni, Co, Cu, V, and W, and
lower Sr/Ca ratios. In Group 2 two subgroups
were identi¢ed: group 2a, with slightly higher
contents of MgO, CaO, and Sr, and group 2b,
with higher concentrations of Fe2O3, Na2O,
K2O, TiO2, P2O5, Y and Zn.

All the ¢ne-grained sediments from the deeper
parts of Port Foster correspond to Group 1. In
major oxide contents, Group 1 has a limited range
of relatively evolved compositions, whereas
Group 2 is less evolved and has a much wider
compositional range than Group 1. There are dif-
¢culties in precisely comparing major oxide anal-
yses obtained by di¡erent analytical methods (in
this case, ICP^AES and X-ray £uorescence), but
the compositional relationship between the two
sediment groups is similar to that displayed by
post-caldera magmas erupted on the island: the
1967^1970 eruptions were all andesitic (cf. Group
1), whereas other post-caldera tephras were less
evolved except in rare instances (cf. Group 2;
Smellie, 2002b). We thus suggest that the Group
1 sediments were probably deposited in Port Fos-
ter as tephra from the 1967^1970 eruptions, whilst
the compositionally more heterogeneous and less
evolved Group 2 was probably sourced from sev-

eral pre-1967 centres. The distribution of Group 1
is virtually con¢ned to the deeper parts of Port
Foster, where the accumulation of ¢ne-grained
sediments is probably dominated by slow suspen-
sion sedimentation from waning sediment gravity
£ows sourced in the steep basin-margin slopes (cf.
Rey et al., 2002), or by direct input as ashfall
tephras from eruptions (cf. tephra distribution
from 1967^1970 eruptions; Baker et al., 1975).
The sample distribution for Group 1 is encom-
passed by the area a¡ected by 1967^1970 tephra
(Baker et al., 1975), and input as ashfall is plau-
sible. By contrast, Group 2 is restricted to the
margins of Port Foster and includes western loca-
tions that were outside of the 1967^1970 tephra
fall. We suggest that the Group 2 sample sites
would have received abundant detritus from nu-
merous sources (presumably including 1967^1970
tephra, but only as one component among many)
reworked by sur¢cial streams (Lo¤pez-Mart|¤nez
and Serrano, 2002). Because Port Foster is an
enclosed caldera basin with a shallow sill and nar-
row entrance, it receives detritus weathered solely
from tephras and (much less common) lavas
erupted on Deception Island itself. Therefore,
the compositions of the Deception Island tephras
and lavas can be used with some con¢dence as a
baseline with which the compositions of the Port
Foster sediment samples can be compared (cf.
Table 1).

5.3. REE patterns

N-MORB normalised REE patterns (see data
in Table 2) for the Deception Island sediments
display values that clearly fall between average
values for E-MORB and OIB for LREE, whereas
the HREE values are generally similar or slightly
enriched compared to those of N-MORB (Fig. 6).
The Deception Island sediments are LREE en-
riched, with (La/Yb)N ratios of 4.0^8.2 and (La/
Sm)N ratios of 2.0^4.2. They also have anomalous
peaks for Eu, Tb, and Tm compared with subae-
rial tephras and lavas on the island, which they
otherwise closely resemble. The HREE patterns
are near-parallel to N-MORB values with (Gd/
Yb)N ratios of 1.2^1.4. The REE patterns (Fig.
6A) are similar to those of hydrothermal waters
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from high-temperature vents. The latter are char-
acterised by LREE-enrichment, and they usually
display strikingly positive Eu anomalies relative to
N-MORB (Klinkhammer et al., 1994). The REE/
NASC pattern is similar to those of hydrothermal
deposits from the average EPR 39‡S ridge crest
sediments (Piper and Graef, 1974) and hydrother-
mal crusts from the TAG area (Humphris et al.,
1995), except that the Deception Island sediments
do not have negative Ce anomalies (Fig. 6B).

Group 1 sediments show greater concentrations
in Eu (2 samples) and Tm (most samples, espe-
cially clay-fractions) than those of Group 2 (Fig.
6A; Table 2). Several Group 2 samples have un-
usually low Tb values but the range of concentra-
tions between the two groups is very similar.
However, the measured concentrations of both
Tm and Tb are close to their detection limit by

ICP^AES and the signi¢cance of the values we
measured is uncertain. The contoured map for
La/Sm ratios demonstrates that LREE are signi¢-
cantly enriched (La/SmN ratios s 4) in sediment
samples from the mounds near Stanley Patch in
comparison with other parts of Port Foster (La/
SmN ratios 6 2; Fig. 7).

6. Discussion

6.1. Seeps and sediment volcanism after magmatic
intrusions

Svensen et al. (2002) proposed a new model for
seeps and sediment volcanism associated with hy-
drothermal systems within volcanic basins in the
fossil record. The model presented shows several

Table 2
REE data for sediment samples from Port Foster, Deception Island

Sample Group Station Depth La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(m) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

DT06 1A 6 134 12.8 39.6 4.5 22.4 5.4 3.7 5.4 1 5.7 1.8 3.7 0.5 3.4 0.5
DT07 1A 7 118 11.7 33.9 2.9 20.7 4.5 1.8 5.3 0.2 5.5 1.9 3.0 0.5 3.4 0.6
DT16 1A 16 162 11.0 50.5 2.9 21.2 4.9 1.8 5.4 0.2 5.9 1.6 3.3 0.5 3.4 0.5
DF16 1A 16 162 14.1 46.4 4.2 28.9 5.4 4.1 6.3 0.7 5.9 1.2 4.1 1.1 4.2 0.8
DT28 1C 28 110 13.2 38.9 4.1 22.4 5.8 2.0 5.8 0.7 6.0 1.5 3.8 1.1 3.7 0.5
DT29 1B 29 129 12.2 43.7 4.1 21.5 5.5 2.0 5.8 1.1 5.7 0.9 3.5 0.5 3.6 0.5
DT32 1C 32 160 13.7 39.6 4.4 22.5 5.5 2.0 5.9 1.0 5.6 2.2 3.6 0.5 3.7 0.5
DT39 1C 39 134 12.8 38.2 3.9 22.6 5.7 2.1 5.9 0.6 6.1 1.7 3.7 0.9 3.8 0.5
DF39 1C 39 134 13.9 39.4 4.5 26.7 6.0 2.1 6.4 0.8 5.9 1.5 3.3 1.3 4.2 0.5
DT41 1B 41 94 11.9 41.1 2.8 22.0 4.9 2.0 5.9 0.2 5.9 1.9 3.2 0.5 3.6 0.5
DF41 1B 41 94 21.6 33.6 3.8 23.1 4.7 1.8 5.7 0.5 5.6 1.1 3.2 1.5 3.7 0.7
DT44 1B 44 116 23.3 50.8 4.1 24.4 6.3 2.7 6.4 0.3 6.8 2.1 4.4 0.5 4.2 0.8
DF44 1B 44 116 11.1 31.2 3.1 21.7 4.6 1.7 5.3 0.6 5.4 1.5 3.1 1.6 3.5 0.5
DD54 2 54 ^ 15.1 41.7 3.8 23.1 5.4 2.0 5.7 0.3 6.3 1.3 3.5 0.5 3.8 1.1
DT55 1C 55 ^ 15.1 43.3 3.6 24.3 5.4 2.2 6.2 0.6 6.0 1.6 3.6 0.6 4.0 0.5
DD56 2 56 ^ 22.0 49.6 4.2 23.1 6.0 2.6 6.0 1.4 6.0 1.6 3.8 1.8 3.9 1.4
DD69 2 69 ^ 11.5 35.1 3.1 19.7 5.1 2.0 5.2 0.3 5.2 2.1 3.2 0.5 3.2 0.5
DD70 2A 70 ^ 12.2 37.1 3.3 20.7 4.8 1.9 5.6 0.2 5.6 1.6 3.0 1.0 3.4 0.6
DT70 2A 70 ^ 10.2 33.6 2.3 20.0 4.4 1.9 5.4 0.2 5.5 1.5 3.4 0.5 3.3 0.5
DT73 1B 73 ^ 16.7 44.5 3.5 24.9 5.2 2.2 6.3 0.2 5.9 1.7 3.9 0.5 4.1 0.5
DD73 2 73 ^ 15.2 47.0 3.6 25.6 5.4 2.3 6.4 0.2 6.7 2.0 4.1 0.5 4.2 0.8
DT74 2B 74 ^ 11.3 37.9 3.2 22.0 4.9 2.0 5.7 0.2 5.7 1.8 3.3 0.5 3.6 0.5
DT75 2 75 ^ 12.6 39.6 4.5 23.3 6.4 2.2 6.2 0.9 5.4 1.7 3.4 0.7 3.8 0.6
DD75 2 75 ^ 11.3 37.7 3.3 21.0 5.2 2.0 5.6 0.7 5.7 1.9 3.3 0.5 3.4 0.5
DT76 1B 76 ^ 19.4 55.3 5.7 29.5 7.2 2.4 7.4 0.8 7.1 1.8 4.9 1.6 4.9 1.2
DD76 2 76 ^ 15.6 44.7 4.2 24.1 5.6 2.0 6.1 0.6 6.0 2.1 3.9 0.5 4.1 1.1
DB77 2A 77 ^ 15.5 33.6 2.8 19.2 4.2 1.8 5.1 0.2 4.8 1.8 2.9 0.5 3.0 0.8
DB78 2A 78 ^ 11.1 31.2 2.6 18.1 4.0 1.8 4.8 0.2 5.2 1.4 3.3 0.5 3.0 0.9
DD79 2 79 ^ 13.0 37.0 3.2 20.5 4.3 1.9 5.5 0.4 5.6 2.0 3.0 0.5 3.4 1.1
DT80 2 80 ^ 11.8 34.1 3.8 19.8 4.5 1.9 5.5 0.2 5.0 1.5 3.4 0.5 3.2 0.7
DD80 2 80 ^ 11.9 36.8 3.2 20.1 4.8 2.0 5.4 0.5 5.7 1.3 3.5 0.5 3.3 1.1
DT81 2 81 ^ 14.6 36.2 3.5 20.6 4.7 1.9 5.6 0.3 5.6 1.7 3.4 0.5 3.4 0.5
DT82 2 82 ^ 14.1 41.2 3.9 22.8 5.5 2.1 5.7 0.7 5.7 1.4 3.5 0.5 3.8 0.7
DB82 1A 82 ^ 17.8 54.0 4.7 27.0 6.6 2.1 6.6 0.2 7.0 2.0 4.3 1.0 4.5 1.3
DB83 2A 83 ^ 16.2 28.8 2.6 16.2 4.3 1.5 3.9 0.7 4.2 0.7 2.3 0.9 2.4 1.1

See Fig. 2A for sample locations.
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stages occurred after magmatic intrusions were
emplaced in a volcanic sedimentary basin: (1)
heating and boiling of pore-£uids caused by in-
trusion of magma forming a hydrofracture system
by increased £uid pressure focused at the tip of
the intrusion; (2) explosive hydrothermal eruption
generated by £uid decompression, resulting in a
hydrothermal complex, brecciation and sediment
£uidisation; (3) £uidisation along discrete chan-
nels forming pipes and sediment volcanism; and
(4) venting of the hydrothermal fracture system
re-used as £uid migration pathways, resulting in
sites of seep activity.

Ultrahigh-resolution re£ection seismic records
for Deception Island show three di¡erent types
of sea£oor structures interpreted as edi¢ces vent-

ing £uids at the sea£oor: low-relief mounds (Type
I), high-relief ‘wasp nest-like’ mounds (Type II)
and ‘spire-like’ structures (Type III). Following
the model proposed by Svensen et al. (2002), we
interpret these structures as products of sediment
volcanism and seeps caused by heating and boil-
ing of pore £uids in gas-charged sediments. The
compositional resemblance of the Group 1 sam-
ples to andesites similar to tephras erupted be-
tween 1967 and 1970 suggests that the structures
may have formed, or were reactivated, during
those eruptions. Additional evidence supporting
a very young age includes: (1) the structures
crop out on the present sea£oor and look essen-
tially unmodi¢ed; (2) fumaroles are also active in
several areas around the shores of Port Foster

Fig. 6. REE patterns of Deception Island submarine sediments. (A) REE patterns normalised to N-MORB. The range of compo-
sitions for late post-caldera-age subaerial eruptions is included for comparison (unpublished data of J.L.S.). (B), (C) and (D)
show REE patterns normalised to NASC for bulk sample, sand and clay fractions, respectively, compared with sediments from
the 39‡S East Paci¢c Ridge (EPR) hydrothermal ¢eld and seawater (data from Piper and Graef, 1974; Klinkhammer et al.,
1983). Note that the linear trend for EPR is similar to the pattern for Deception Island. However, a negative Ce anomaly, clearly
observed in seawater samples from hydrothermal ¢elds, is not present at Deception Island. The most signi¢cant di¡erence with
the other patterns is that in all fractions, the trend for Deception Island is punctuated by a sequence of positive anomalies (Ce,
Eu and Tm) and a prominent negative anomaly for Tb. See text for explanation.
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and active vents should be anticipated within Port
Foster too; and (3) our detection of dispersed
seismic re£ectors within the water column at one
site, at least, indicating £uids escaping in a buoy-
ant plume. This is also supported by the fact that
the alignment of the mounds and submarine vol-
canic cones is NW^SE, parallel and close to the
axis of a minimum magnetic anomaly with a more
than 3000-nT decrease in ¢eld reported beneath

Port Foster and interpreted as linear magmatic
intrusion (Garcia et al., 1989). We speculate that
the high-relief mounds (Type II), situated NW of
the submarine volcano cone (Stanley Patch or
‘Neptune submarine volcano’; Fig. 2), might
have experienced explosive hydrothermal erup-
tions, whereas the low-relief mounds to the SE
closely resemble sediment volcanoes formed as a
result of subsurface sediment £uidisation, mobili-

Fig. 7. (A) and (B) show Eu and Tm (ppm) plotted against Sr/Ca, yielding very di¡erent Sr/Ca ratios associated with the two
sediment groups, two Group 1 samples with very high Eu, and the generally much higher Tm abundances in Group 1 compared
with Group 2. (C) Contoured map of Sr/Ca ratios. The ratio may be a proxy for the extent of hydrothermal alteration (and Ca
leaching by £uids) in the submarine sediments (see text for explanation). (D) Contoured map of normalised La/Sm ratios showing
the distinct enrichment in LREE in samples from the mound deposits shown in Figs. 4 and 5.
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sation to the surface and radial dispersal from
uncon¢ned sediment gravity £ows.

Finally, we also suggest that the subsurface
‘acoustic chimneys’ observed in the ultrahigh-res-
olution seismic pro¢les are fracture-related hydro-
thermal conduits that were exploited by £uidised
and brecciated sediments. The presence of super-
imposed mounds suggests that conduits were
probably re-used as £uid migration pathways.
At least some, possibly many, are still active
and were responsible for the seep anomalies and

geochemical haloes which we have detected (cf.
Planke et al., 2002).

6.2. Geochemical distribution and sea£oor
hydrothermal activity

Sea£oor sediments in Port Foster vary in their
chemical composition. The geochemical halo-like
distribution patterns of some elements are inter-
preted to be caused by sea£oor hydrothermal vent
activity (Fig. 8). For example, the highest values

Fig. 8. Contoured maps of Mn, As, La, Ce, Eu, and Tb contents in submarine sediments of Deception Island. Plot contouring
in ppm. Trends in geochemical haloes are indicated as stippled lines. Note that the highest contents in Mn show a clear NW^SE
trend related to both subaerial volcanic cones and submarine edi¢ces. Otherwise, the highest contents in As coincide with a NE^
SW system of faults associated with fumaroles and shallow-water hot springs in Fumarole Bay and Pendulum Cove (see Fig. 2A
for location). In addition, La, Ce and Eu show enriched concentrations that correlate with the location of mounds observed on
high-resolution seismic pro¢les (see Figs. 4 and 5).
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of Mn and Zn (e.g. Mn s 1360 ppm) are found in
deep sea£oor sediments of Group 1 clustered
around mound and vent structures observed on
high-resolution seismic lines described above
(Figs. 4 and 5). When extrapolated to the sites

of the 1967 eruption at Telefon Bay, the sea£oor
structures are NW^SE aligned (Fig. 8A).

Otherwise, the highest values of As, Rb and Ba,
(e.g. As s 50 ppm; Ba s 140 ppm) are found
between Fumarole Bay and Pendulum Cove, in

Fig. 9. Schematic model used to explain the relationship between activity of submarine hydrothermal vents, recent volcanic erup-
tions and fault-related £uid pathways. (A) Theoretical stress ellipsoid projected onto a shaded relief map of Deception Island
(dashed white line), showing the relationship between surface water anomalies and normal faults orthogonal to the major axis of
the strain ellipsoid. Note that expression of subaerial faults is indicative and based on topography. The alignment of submarine
volcanic cones, mounds and the 1967 and 1970 pyroclastic cones, are parallel to the major axis of the strain ellipsoid. Note that
the subaerial expression of faults are indicative only and are based on interpretation of topography. See text for explanation.
(B) Schematic NE^SW cross-section summarising the relationship between vent types, geochemical patterns, volcanic sea£oor
structures and extensional faults. The existence of an extensive magma chamber underplating the caldera, and unifying all of the
sur¢cial features, is conjectural but is based on the geophysical identi¢cation of a linear magmatic intrusion on the northeast side
of Port Foster (Garcia et al., 1989). The shaded depiction of surface water temperature distribution is based on data obtained in
December 2000 during the HYDRODEC-2000 cruise. See text for explanation.
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Group 1 samples obtained on the deep sea£oor of
Port Foster. Contoured element concentrations
show a clear SW^NE alignment extending be-
tween Pendulum Cove and Fumarole Bay (Fig.
8B). At present, active fumaroles (Fig. 9) release
vapour consisting of H2, dissolved methane
(CH4), He and water vapour (Valentin et al.,
1989). Sediments from the submarine spire-like
structures (Type III) and shallow-water fumaroles
contain elevated As^Ba concentrations. That va-
pour-phase activity is still occurring at the vents,
using NE^SW-orientated submarine faults and
¢ssures as conduits (Fig. 9), is also supported by
the common occurrence of low-frequency volcanic
tremors interpreted to be a consequence of rising
hydrothermal £uids (Vila et al., 1992; Felpeto et
al., 1995).

6.3. REE patterns and hydrothermal alteration

The sediments of the submarine mounds show
enrichment in LREE (normalised to N-MORB).
Some samples have slight positive anomalies for
Eu and possibly Tm, and possible depletion in Tb
compared with fresh Deception Island tephras
from the 1967, 1969 and 1970 eruptions (Fig.
6A). Although there are uncertainties in accepting
the measured Tb and Tm values, and Eu anoma-
lies are as yet uncommon in Deception Island
samples, we suggest that the REE patterns have
been a¡ected by submarine hydrothermal altera-
tion since the 1967^1970 eruptions. Speci¢cally,
positive Eu anomalies are unusual and generally
regarded as an indication of e¡ects of high-tem-
perature hydrothermal solutions (Morgan and
Wandless, 1980; Butter¢eld et al., 1990; Cocherie
et al., 1994). They have also been found, for ex-
ample, in metalliferous sediments from hydrother-
mal mounds near the Galapagos rift (Corliss et
al., 1978) and in the Red Sea (Courtois and
Treuil, 1977). The fact that Eu and Tm anomalies
are particularly prominent in the clay fraction in
the Deception Island samples (Fig. 6D) seems to
indicate that the REE mobility is preferentially
a¡ecting the ¢ne-grained sea£oor sediments
more than the coarse fraction. An explanation
for these anomalies in hydrothermal systems is
that the REE are e⁄ciently removed from solu-

tion by co-precipitation with Fe when hydrother-
mal £uids mix with seawater. The Eu anomaly
can be explained by progressive oxidisation of
Eu in £uids above the vents and selective precip-
itation as a colloidal suspension with Fe (Klink-
hammer et al., 1983).

The well-de¢ned di¡erences in Sr/Ca ratios be-
tween the two sediment groups (Fig. 7A,B) may
be a result of di¡erential Ca loss (greater in
Group 1 than in Group 2) compared to Sr during
alteration of original plagioclase to hydrothermal
plagioclase, as has been reported in other hydro-
thermal ¢elds (Klinkhammer et al., 1995; Fang et
al., 1999). A link to hydrothermal processes for
this alteration is supported by the observation
that Ca/Mg molar ratios in Port Foster seawater
are 5^100 times higher (signifying enhanced Ca
uptake by the seawater) during periods of anom-
alously high seawater temperatures (7^15‡C) than
in other (‘normal’) periods (Dykes et al., 2001).
Tb and Tm anomalies comparable to those we
report here (Figs. 6 and 8) have not been identi-
¢ed elsewhere in the literature. However, until
element detection limits are improved for Tb
and Tm, our report of those ‘anomalies’ at De-
ception Island remains tentative and further stud-
ies will be required to identify speci¢c physico^
chemical properties of Tb and Tm that could en-
able such anomalies to develop.

7. Conclusions

This paper presents medium- and ultrahigh-res-
olution seismic pro¢les and geochemical data for
submarine hydrothermal vents and mounds asso-
ciated with recent volcanic activity in Port Foster,
in the submerged caldera of Deception Island
(Brans¢eld Strait, Antarctica). Our work suggests
that caldera-related eruptive and volcano^tectonic
processes were critical in determining the occur-
rence and spatial and temporal evolution of the
hydrothermal structures. We propose that these
structures are related to sediment volcanism and
seeps caused by heating and boiling of pore £uids
in gas-charged sediments, probably associated
with the recent volcanic events on the island.
We also suggest that £uidised and brecciated sedi-
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ments, rising from deep within the caldera sedi-
ment pile, formed the pipe-like anomalies ob-
served as acoustic chimneys in the seismic pro¢les.
Table 3 summarises the relationships between
geophysical and geochemical characteristics of
the sea£oor hydrothermal structures. The struc-
tures we have identi¢ed at Deception Island di¡er
from gas seeps and sediment volcanoes in non-
hydrothermal areas (related to gas overpressures
in gas-charged sediments caused by e.g. organic
matter maturation). They are also di¡erent from
hydrothermal vent systems found at mid-ocean
ridges (formed by seawater impacting magma
chambers and lacking sediment volcanoes). For-
mation of the sediment volcanoes and mounds at
Deception Island is thought to be related to hy-
drofracturing and £uidisation by overpressured
£uids (probably mainly seawater) driven by high
sub-sea£oor temperatures following recent vol-
canic events. Thus, they may correspond to the
type of sediment-dominated hydrothermal vent
complexes in volcanic sedimentary basins pro-
posed by Svensen et al. (2002) from the fossil rec-
ord.

Our results also indicate that an inter-linked
fracture network formed by extensional processes
can create the subsurface pathways necessary to
support seawater convection, and may provide
the preferential pathways for £uids to migrate to
the surface (Fig. 9). Our data emphasise the role
of vent complex formation and permeable path-
ways for secondary £uid migration in a volcanic
basin after magmatic events. In this case, those
events may have been the short-lived but spectac-
ular eruptions between 1967 and 1970, but there
may also be a genetic relationship with resur-
gence-related volcano^tectonism associated with
a high-level magmatic intrusion detected geo-
physically within caldera, which has been taking
place since the mid-twentieth century, at least.
The presence of active hydrothermal systems is
supported by the existence of thermal anomalies
in surface waters of 7^15‡C detected in November
2000 (Dykes et al., 2001) and of 15^17‡C in De-
cember 2000 during the HYDRODEC-2000 cruise
(Fig. 9). The thermal variations suggest that there
are seasonal di¡erences in the in£uence of hydro-
thermal activity on the temperature and, probablyT
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therefore, the chemical composition of hydrother-
mal vents at Deception Island.
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