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ABSTRACT. In the northern Antarctic Peninsula area, at least 12 Late Pleistocene-Holocene volcanic centers could be
potential sources of tephra layers in the region. We present unique geochemical fingerprints for ten of these volcanoes
using major, trace, rare earth element, and isotope data from 95 samples of tephra and other eruption products. The
volcanoes have predominantly basaltic and basaltic andesitic compositions. The Nb/Y ratio proves useful to distinguish
between volcanic centers located on the eastern (Larsen Rift) and those situated on the western side (Bransfield Rift)
of the Antarctic Peninsula. In addition, the Sr/Nb ratio (for samples with SiO, <63 wt%), along with Sr/Y, Ba/La, Zr/Hf
and Th/Nb are suitable to unequivocally characterize material erupted from every studied volcanic center. Microprobe
analyses on volcanic glass show that the samples are generally very poor in KO, and that glass from Bransfield Rift
volcanoes is enriched in SiO,, while that of Larsen Rift volcanoes tends towards elevated alkali contents. We propose
an algorithm for the identification of the source volcano of a given tephra layer using the new geochemical fingerprints.
This will contribute to the development of a regional tephrochronological framework needed for future correlations of
tephra in climate archives (e.g., marine, lacustrine and ice cores).

Keywords: Late Pleistocene, Holocene, Explosive volcanism, Tephra, Source volcano identification, Geochemical fingerprint, Antarctic
Peninsula, Bransfield Rift, Larsen Rift.

RESUMEN. Geoquimica de tefras de volcanes Cuaternarios de la Peninsula Antartica. En la parte norte de la
Peninsula Antartica existen, por lo menos, 12 centros volcanicos del Pleistoceno Tardio-Holoceno que podrian representar
las fuentes de horizontes de tefra reconocidos en la region. Se reportan aqui analisis quimicos de 10 de estos volcanes,
que incluyen analisis de elementos mayores, trazas, tierras raras y composicion isotopica de 95 muestras de tefra u otros
productos eruptivos. Los volcanes tienen, en su mayoria, composicion basaltica a basaltico-andesitica. Las razones Nb/Y
resultan Utiles para distinguir entre centros volcanicos ubicados al lado oriental (Larsen Rift) de aquellos ubicados al
lado occidental (Bransfield Rift) de la Peninsula Antartica. Adicionalmente, las razones Sr/Nb (para muestras con SiO,
<63 wt%), Sr/Y, Ba/La, Zr/Hf y Th/Nb sirven para caracterizar los productos generados por cada centro volcanico.
Analisis de microsonda en vidrio muestran que las rocas estudiadas tienen bajos contenidos de K,O, y que vidrios de
rocas provenientes de volcanes ubicados en el rift de Bransfield son ricos en SiO,, mientras que las de volcanes del rift
de Larsen tienden hacia contenidos elevados de alcalis. Se propone un algoritmo para la identificacion del volcan de
origen de un horizonte de tefra cualquiera, basado en las distintivas composiciones geoquimicas aqui reportadas. Este
estudio contribuira al desarrollo de un marco tefrocronolégico regional indispensable para futuras correlaciones de
tefra en distintos registros paleoclimaticos (por ejemplo, testigos de sedimentos marinos y lacustres, nicleos de hielo).

Palabras clave: Pleistoceno Tardio, Holoceno, Volcanismo explosivo, Tefra, Volcan de origen, Huella geoquimica, Peninsula Antartica,
Rift de Bransfield, Rift de Larsen.
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1. Introduction

In the northern part of the Antarctic Peninsula
there are at least a dozen volcanic centers that are
(or have been in the past) potentially capable of
dispersing volcanic ash over large areas (Fig. 1).
Over the past few decades, a range of studies on the
volcanic products generated by these volcanoes (Baker
et al., 1975; Palais and Kyle, 1988; Bjorck et al.,
19914, 1993; Hodgson et al., 1998; Smellie, 1999a,
b, 2001; Fretzdorff and Smellie, 2002; Fretzdorff
et al., 2004; Gibson and Zale, 2006; Kraus and
Kurbatov, 2010) has contributed to the development
of a tephrochronological framework that can be used

to identify potential source volcanoes within the
Antarctic continent. Unfortunately, published data on
the timing of the volcanic activity and geochemistry
of the erupted products are only available for a
limited number of volcanic centers (LeMasurier
and Thomson, 1990; Bjorck et al.,1991a; Wilch et
al., 1999; Smellie, 2002; Harpel et al., 2008; Kraus
and Kurbatov, 2010; Smellie et al., 2011). Paucity of
available samples is related to complicated fieldwork
logistics (e.g., Smellie, 1999a), and thus prevents
the development of a comprehensive database of
chemical analyses from the Antarctic Peninsula
region. For example, there are only sparse published
chemical compositional data on the glass component
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FIG. 1. Map of the northern Antarctic Peninsula region showing the distribution of Late Pleistocene-Holocene volcanic centers that are
important potential sources for tephra layers. The complex tectonic evolution of the region led to the formation of Bransfield
Rift on the western and Larsen Rift on the eastern side of the peninsula, resulting in unique geochemical fingerprints of the

eruption products.
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of pyroclastic material for the northern Antarctic
Peninsula area (Hodgson et al., 1998; Moreton and
Smellie, 1998; Pallés et al., 2001; Fretzdorff and
Smellie, 2002), a comprehensive study, however, is
missing. Recent studies in other regions (Alloway et
al., 2007; Pearce et al., 2007) demonstrate that trace
element signatures could provide a unique chemical
“fingerprint’ for individual volcanic centers, because
trace elements tend to vary more strongly between
different volcanoes than major elements do, refining
considerably the resulting geochemical information.
In particular, trace and rare earth element ratios
(e.g., Zr/Hf, Nb/Y or Sr/Y) as well as the isotopic
composition (Sr, Nd, Pb) could provide a powerful tool
for correlating volcanic products using geochemical
fingerprinting, even for rocks in advanced alteration
stages (e.g., Kraus, 2005; Kraus et al., 2008, 2010).

Identification of tephra sources in numerous
paleoclimate archives (ice cores, lake and marine
sediment cores) relies on physico-chemical cha-
racteristics of microscopic tephra particles and the
timing of the specific volcanic eruption. Tephra
particles have been found in every deep Antarctic
ice core, e.g., in Byrd (Kyle et al., 1981; Palais and
Kyle, 1988), Dome C (Kyle et al., 1981; De Angelis
et al., 1985), Dome Fuji (Fujii et al., 1999; Narcisi
et al., 2001), Siple Dome B (Dunbar et al., 2003),
South Pole (Palais, 1985; Palais et al., 1987; Palais
etal., 1989; Palais et al., 1990a; Palais et al., 1992;
Cole-Dai et al., 1999), Talos Dome (Narcisi et al.,
2001, 2010), Taylor Dome (Dunbar et al., 2003),
and Vostok (Palais et al., 1989; Basile et al., 2001).
Several tephra layers originating from West Antarc-
tica were recognized in East Antarctica (Basile et
al., 2001; Narcisi et al., 2005; 2006). Bjorck et al.
(19914, b, c, 1993) reported a tephrochronological
record covering the last 5 ka for the northern part of
the Antarctic Peninsula. Fourteen tephra layers were
identified visually and by magnetic susceptibility
analyses in lake sediments and moss banks.

Despite the recognition of tephra from Antarctic
Peninsula volcanoes in paleoclimate records, un-
resolved potential for Antarctic Peninsula tephro-
chronology remains. Further development of the
tephrochronological framework yields the potential to
tie Antarctic paleoclimate archives to other regions, as
well as to provide globally linked time stratigraphic
markers within different paleoclimate archives. A
recent attempt using major elements was made by
Hillenbrand et al. (2008).

In this work we undertook comprehensive
sampling at ten volcanic centers, and subsequent
geochemical (microprobe, ICP-MS) and isotopic
(Sr, Nd, Pb) analyses.

This article presents a comprehensive geochemical
dataset on compositions of tephra and other volcanic
products from Late Pleistocene-Holocene Antarctic
Peninsula volcanoes, including trace and rare earth
element signatures and Sr-Nd-Pb isotopy. We discuss
differences for every sampled volcanic center and
provide geochemical signatures that can be used
for future discrimination of volcanic products in
paleoclimate archives.

2. Geological background

Active volcanism in Antarctica is restricted to
Marie Byrd Land, parts of the Ross Sea, and the
Antarctic Peninsula (LeMasurier and Thomson,
1990; Gonzalez-Ferran, 1995). In the latter region, a
magmatic arc developed from late Triassic to recent
times as part of the Andean-West Antarctic continental
margin (e.g., Barker 1982; Barker et al., 1991; Larter
and Barker, 1991). During the Cretaceous, the focus
of arc magmatism shifted towards the western edge of
the Antarctic Peninsula, leading to the development
of a separate magmatic arc (Pankhurst and Smellie,
1983; Smellie et al., 1984; Birkenmajer et al., 19864,
b, 1991). That same area became separated from the
Antarctic Peninsula by rifting processes acting from
Pliocene times onwards, opening the Bransfield Strait
(Fig. 1) and thus creating the South Shetland Islands
archipelago as a separate crustal block (e.g., Griffiths
etal., 1964; Ashcroft, 1972; Davey, 1972; Birkenmajer
etal., 1990; Larter and Barker, 1991). The youngest
phase of arc magmatism in the Antarctic Peninsula
region is therefore preserved in the area of the South
Shetland Islands. About 4 Ma ago, the spreading
center in the western Drake Passage became inactive
(Barker, 1976, 1982; Barker et al., 1991; Larter and
Barker, 1991). Subsequently, the South Shetland
trench was partly filled with sediments. Today, this
last part of the formerly much larger subduction zone
is the only area around the entire Antarctic continent
where relative movement between the downgoing
slab and the overriding plate still takes place, though
at very low velocities (Barker, 1982; Robertson
Maurice et al., 2002, 2003). The convergence rate
should resemble that of the opening of Bransfield
Strait, which was estimated at approximately 10 mm/a
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(Dietrich et al., 2000). Convergence along the former
South Shetland subduction zone is also suggested
by seismic data. The earthquake locations indicate
that seismicity is associated with slow subduction
of young lithosphere, rifting, active volcanism and
transcurrent plate boundaries (Robertson Maurice et
al., 2002, 2003). Convergence rates between 2.5 and
7.5 mm/a have been estimated for the South Shetland
trench for the last 2 Ma (Henriet et al., 1992), based
on the amount of stretching and the width of new
oceanic crust generated in the Bransfield Strait
area, and on the displacement of the South Shetland
archipelago to the NW.

However, Bransfield Strait might not be a simple
back-arc basin sensu stricto, as its opening during the
last 4 Ma (e.g., Larter and Barker, 1991) is possibly
related to sinistral simple-shear couple between the
Scotia and the Antarctic plates (Gonzalez-Casado
et al., 2000), and not to a previously suggested slab
rollback mechanism (Barker, 1982). Extensional
processes on the eastern side of the Antarctic
Peninsula are also responsible for the volcanism
along the Larsen Rift (Gonzalez-Ferran 1983, 1995),
stretching from the Seal Nunataks in the southwest
to Cape Purvis and Paulet Island volcanoes in the
northeast (Fig. 1).

The modern manifestation of volcanism on both
sides of the northern Antarctic Peninsula was shaped
during the Late Cenozoic geodynamic evolution.
Bransfield Rift on the western, and Larsen Rift on
the eastern side of the Antarctic Peninsula were
developed in particular during the Late Neogene-
Quaternary periods (Gonzalez-Ferran, 1983). The
modern geotectonic setting and tectonic history are
reflected in the geochemistry of the regional volcanic
products (our new data show, e.g., characteristically
high Nb/Y ratios for the volcanoes located along the
intra-plate Larsen Rift).

Recognition of the origin of magmatic material
at continental margins is often a difficult venture,
due to the possible mixing of subducted sediments
and oceanic crust with continental mantle and crust.
Reported four different magma sources (Kraus 2005;
Machado et al., 2005; Kraus et al., 2008, 2010)
contributed to Paleogene arc magmatism in the area
of the South Shetland Islands. These sources include
subducted sediments, slab derived fluids, the mantle
wedge and the continental crust underlying the arc.
Because of the longevity of subduction at the Shetland
trench (>140 Ma; Pankhurst and Smellie, 1983), a

typical subduction zone influence on magma sources
is likely, at least for the volcanoes located along the
Bransfield Rift.

Subducted sediments as one of the possible
contributors to magma formation beneath Bransfield
Rift might be reflected by enrichment of the light
rare earth elements (LREE) relative to heavy
rare earth elements (HREE), generally high Th
abundances also expressed as high Th/Ce and low
U/Th, moreover low Ta/Nd and Nb/Nd, high Pb
isotope ratios, low ¢Nd values and negative Ce
anomalies (Hawkesworth et al., 1997; Turner and
Hawkesworth, 1997; Turner et al., 2000; Elliott,
2003). Trace element ratios such as Ce/Pb, Zr/
Hf, Y/Ho and Nb/Ta, on the other hand, closely
reflect the compositions of the magma sources in
the upper mantle beneath the rift and are largely
unaffected by partial melting and differentiation
processes at shallow levels (Hofmann et al., 1986;
Miller et al., 1994).

3. Previous work

Existing geochemical literature on the Quaternary
volcanism in the Antarctic Peninsula area contributed
to establish major regional geochemical characteristics
of the volcanism. In an early study by Weaver et
al. (1979), geochemical features of magmas from
Penguin, Deception and Bridgeman islands were
explained by fractional crystallization, while inter-
volcano variations were attributed to different mantle
sources. Keller et al. (1992) produced data further
supporting the idea that low-pressure fractional
crystallization is dominantly responsible for the
compositional variation within individual volcanoes.
However, interpretation of inter-volcano differences
remained difficult.

Baker et al. (1975), Smellie (1990), Keller et
al. (1992) and Smellie et al. (2002) reported on the
petrology and geochemistry of Deception Island. The
geological units sampled by Keller et al. (1992) and
Smellie et al. (2002) comprise pre-caldera as well
as post-caldera phases of the island, ranging from
basalts to SiO,-rich trachytes. The high Na,O, Sr,
Zr, and Nb characteristics, but low K,0, Ba, Rb and
Cs are unique signatures of the Deception Island
basaltic andesites, differentiating them from nearby
seamounts in Bransfield Strait. At comparable MgO
concentrations, Deception Island volcanics have
higher incompatible element concentrations (except
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for the alkalis) than, e.g., Bridgeman Island. For the
studied stratigraphic units, Keller et al. (1992) stated
that there is no correlation between isotope ratios and
parameters sensitive to fractional crystallization like
SiO, and MgO. This implies that either no crustal
contamination took place during shallow level
magma chamber differentiation, or that it occurred
at insignificant levels. However, this conclusion is
only valid for the geological units from which Keller
et al. (1992) took their samples, information that
could not be given in the respective paper because
it was published before the stratigraphy related
information (Baraldo and Rinaldi, 2000; Smellie,
2001) became available.

In the Antarctic Peninsula area, several tephra
layers (Bjorck etal., 1991a, b, ¢, 1993) were correlated
between Livingston Island, Elephant Island, Hope
Bay and James Ross Island. Unfortunately, no
geochemical data are available from most localities,
and the correlations were made using radiocarbon
ages. Most of these tephra layers were attributed to
Deception Island.

Deception Island has also been suggested as
origin of numerous other Holocene tephra layers
in ice, lake and marine sediment cores found in the
northern Antarctic Peninsula (Smellie, 1999a, and
references therein). The latest event (1871 A.D.)
evident in Antarctic continent ice cores that was
attributed to Deception Island was reported from the
Siple Dome ice core (Kurbatov et al., 2006). A tephra
layer dated 1816-1821 A.D. was found in a South Pole
ice core (Palais et al., 1989), likely also originating
from Deception Island, as well as the 1641 A.D. and
1636 A.D. events reported from another South Pole
ice core (Delmas et al., 1992; Budner and Cole-Dai
2003, respectively). The latter two might reflect the
same eruption that was determined as 1641+3 A.D.
in a James Ross Island ice core (Aristarain et al.,
1990; Aristarain and Delmas, 1998), 1639 A.D. at
Plateau Remote (Cole-Dai et al., 2000), 1643 A.D.
at Talos Dome, East Antarctica (Stenni et al., 2002)
and 1641 A.D. on Amundsenisen by Traufetter et al.
(2004). All these data are based on geochemistry of
ice tephras, suggesting that Deception Island is a
potential source of tephra layers in different parts of
the Antarctic continent and that several times during
the past 500 years its tephra has been distributed
over large distances.

Penguin Island (Fig. 1) has been suggested as
source of a 1.6 m thick, 5.2-3.8 ka tephra layer

identified (Tatur et al., 1991) in lake sediments at
Fildes and Potter peninsulas (both King George
Island). Matthies et al. (1988) mention an ash layer
from marine sediments cored in Bransfield Strait,
part of which could have originated from Bridgeman
Island. No age or chemical analyses are published
from this tephra.

Fretzdorff and Smellie (2002) investigated the
volcanic history at Deception, Bridgeman and Penguin
islands. Like other authors, they attributed most ash
layers found in gravity cores from Bransfield Strait
to Deception Island, corroborating that volcano as
the most likely source of tephra layers in the region.

However, the study also identified an ash layer
of unknown origin, but based on the shallow stra-
tigraphical position in which the layer was found,
the authors concluded that the source volcano must
have been active in historical times and its compo-
sitional characteristics suggested it had a Bransfield
Strait source. Keller et al. (2002) and Fretzdorff et
al. (2004) present comprehensive geochemical and
isotopic datasets on the submarine volcanism and
along-axis chemical variations of the Bransfield Rift.

While extensive literature exists on Bransfield
Rift and the associated Quaternary volcanism,
literature on Larsen Rift is much sparser. The term
‘Larsen Rift’ was established by Gonzalez-Ferran
(1983), referring to an actively extending structure
in the area.

A short description of the mainly Pliocene to
Quaternary James Ross Island Volcanic Group (JRI-
VG) associated with Larsen Rift is given by Lawver
et al. (1995), along with some chemical analyses of
the eruption products. Hole (1990) and Hole et al.
(1993) report on the chemical and isotopic compo-
sition of Pliocene to recent intraplate basalts from
the Seal Nunataks (Fig. 1) and draw conclusions on
their mantle source and eventual heterogeneities of
the asthenosphere beneath the Antarctic Peninsula.

The volcanic and climatic history of James Ross
Island are described by Smellie et al. (2006a), and
detailed descriptions of the volcanic lithofacies of
the James Ross Island Volcanic Group are given in
Smellie et al. (2008). The volcanism described by
these authors lasted at least six million years and
produced both an extensive volcanic field and one
of the largest stratovolcanoes in Antarctica.

Chemical and isotope compositions of alkaline
lavas from northern James Ross Island were presented
by Kosler et al. (2009), along with a discussion on the
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petrogenesis, the character of their magma sources
and differences in chemical composition between
arc and back-arc settings.

Four tuff and cinder cones located on the eastern
side of James Ross Island are perfectly preserved
and suggest a potential Holocene age. Three of
them (Eugenia volcano, Marina volcano, and Elba
volcano) were described by Strelin et al. (1992).
Eventual Holocene activity on James Ross Island is
consistent with the results of high-resolution airborne
gravity imaging which indicates the presence of a
low-density sub-surface body beneath parts of James
Ross Island that could be interpreted as a partially
molten magma chamber (Jordan et al., 2007).

Eruptive processes, age and geology of the Cape
Purvis volcano (together with Paulet Island the nor-
thernmost representative of the James Ross Island
\olcanic Group) are outlined in Smellie et al. (2006b).

4. Results from fieldwork and description of the
investigated volcanoes

During austral summers 2006/07, 2007/08, 2008/09
and 2009/10, S. Kraus carried out the fieldwork
around the northern Antarctic Peninsula. Because of
logistic problems and difficult weather conditions,
fieldwork at some localities (e.g., Sail Rock, Figs.
1, 2) was reduced to a very short stay. The islands
Deception, Penguin, Bridgeman and Paulet count
among the volcanic centers where fieldwork could
successfully be completed, as well as Melville Peak
on King George Island, the Cape Purvis volcano
on Dundee Island and Rezen Peak, Inott Point and
Edinburgh Hill on Livingston Island (Fig. 1).

Fieldwork on Deception Island was carried out in
December 2006. All stratigraphic units identified by
Smellie (2001) were sampled. Fieldwork at the other
localities was undertaken during austral summers
2007/08, 2008/09 and 2009/10. Some of the locations
originally scheduled for fieldwork (Gleaner Heights,
James Ross Island, Brabant Island) remained inacces-
sible due to meteorological and logistic difficulties, but
could be partly compensated by additional fieldwork
at Inott Point and Edinburgh Hill (Fig. 1). Fieldwork
at the Seal Nunataks was impossible for the same
reasons, but E. Domack (Hamilton College, New
York) in February 2010 kindly collected and provided
a sample from Larsen Nunatak, which was included
in this study. For volcanic centers sparsely covered
by our own samples (Sail Rock, Seal Nunataks),

additional analytical data were taken from literature
(Hole, 1990; Keller et al., 1992; Hole et al., 1993).

Fieldwork focused strongly on tephra at the res-
pective localities. In case there was more than one
stratigraphical unit, we attempted to obtain tephra
samples from each unit. In case no tephra could be
found, sampling focused on the freshest material
available from other glass-rich eruption products
(chilled margins, pumice, etc.). Depending on the
outcrop situation, 5-10 samples of about 2 kg each
were taken at every volcanic center.

4.1. Sail Rock

Very limited information is available on Sail Rock,
a small volcano located some 35 km southwest of
Deception Island. It rises about 30 m above sea level
and features a sail-like shape (hence its name). The
stack marks the top of a volcano the rest of which
is submerged below sea level. The age of Sail Rock
is unknown, and the stack is composed of layers of
pyroclastic breccia and tuffs alternating with lava
flows (Fig. 2). It was not discovered before March
1987 (Fretzdorff and Smellie, 2002). The only pre-
viously published chemical analysis (WR, Keller et
al., 1992) was obtained from a plagioclase-phyric,
reddish andesite sample similar to some of the
Deception Island dacites. This sample was taken in
the eighties at the foot of the stack during the only
previous visit to this island (E. Godoy, personal
communication, 2008; Keller et al., 1992).

Our visit to Sail Rock is the second ever reported.
On January 26, 2008, we collected by helicopter a
sample of reddish basaltic andesite from about 1.5 m
below the top. No sampling of the pyroclastic units
was possible due to the difficult outcrop conditions
(Fig. 2). The sampled rock shows macroscopically
almost no alteration and a high percentage of clear
feldspar phenocrysts.

4.2. Deception Island

Deception Island, the largest and most active
volcano in the area, is situated ~40 km south of
Livingston Island close to the nascent spreading axis
of the immature Bransfield basin (Fig. 1). The upper
crustal structure of the area comprises continental
crust north of Deception Island and more basic
crust to the south (Mufioz-Martin et al., 2005). The
tectonic setting of the volcano has been reported as
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FIG. 2. Sail Rock is the remaining uppermost part of a submerged
volcanic edifice, rising ~30 m above sea level. Our sample
was taken from a section consisting of interbedded layers
of pyroclastic deposits (lighter, reddish parts) and blocks
of lava ~1.5 m below the top, underlain by a lava flow
(dark brown layer dipping to the left).

extensional, with the maximum horizontal shortening
in NE-SW and NW-SE directions (Pérez-Lo6pez
et al., 2007) and local compressional stress states
(Maestro et al., 2007).

Smellie (1990) describes Deception Island as a
large basalt-andesite shield volcano with a submerged
basal diameter of ~30 km and an elevation of ca.
1.500 m above the sea floor of its highest summit
(Mount Pond, 540 m). The initial emergence of
the volcano above sea level likely began with low
energetic tephra eruptions from multiple centers
(Smellie, 2001). Subsequently, a small basaltic
shield was formed by subaerial effusive to weakly
pyroclastic activity. The formation of the 10 km
wide caldera (Port Foster) marks a turning point
in the complicated history of pre- and post-caldera
eruptions, but the timing of this important event
is unknown. Whether the caldera formed during
a continuous extension process (Rey et al., 1995;
Marti et al., 1996) or a single catastrophic event

(Smellie, 2001) is still under debate. Terminating the
pre-caldera phase, Smellie (2001) argues in favor
of a catastrophic caldera forming event producing a
minimum of ~30 km?, possibly as much as 60 km?
(Ben-Zvi et al., 2007, 2009) of magma involving
substantial amounts of water, likely seawater. He
suggests that the eruption resulted in caldera collapse,
followed by several smaller, incremental collapse
events, for which there is seismic refraction evidence
(Smellie et al., 2002). This particular eruption marks
an important change in the eruptive behavior of
the volcano, also likely reflecting a change in the
magmatic system as a whole. Smellie (2001) notes
that petrologic analyses of the juvenile component
suggest two distinct magma types in the outer coast
tuff possibly related to an important magma mingling
event, based on analysis of volatiles (Smellie et al.,
1992) and trace elements (Smellie et al., 2002).

According to Smellie (2001), eruptions during the
post-caldera phase were characterized by small volumes
and were predominantly of phreatomagmatic type.

The recent volcanic activity in Port Foster (the
flooded caldera of Deception Island) has been studied
by Baker et al. (1975), Smellie (2002), Smellie et
al. (2002) and Somoza et al. (2004). Two intense
seismic crises in 1992 and 1999 have been interpreted
as related to uplift episodes due to deep injections
of magma which did not reach the surface, thus
indicating the high potential for future volcanic
eruptions (Ibafez et al., 2003).

At least three eruptions have taken place in the
last century. The first two of them have been observed
directly as they happened during austral summer
(1967, 1969). A research party was sent to Decep-
tion Island shortly after the end of the third eruption
(1970). For this 1967-1970 eruptive cycle, there were
published reasonably detailed descriptions of the
precursory phenomena, the eruptions themselves,
eruption-induced events and the deposits (Shultz,
1972; Baker et al., 1975; Smellie, 2002), but no in-
depth geochemical study of the eruption products.

The present activity is expressed by strong
hydrothermal circulation and intense seismicity with
frequent volcano-tectonic and long-period events
(Zandomeneghi et al., 2009). Low P-wave velocities
beneath the caldera floor have been interpreted as
indication of an extensive magma chamber beneath
a sediment-filled basin, extending downwards
from <2 km depth (Ben-Zvi et al., 2007, 2009;
Zandomeneghi et al., 2007, 2009). Recent seismic
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activity comprises pure seismo-volcanic signals
such as volcanic tremor and long-period (LP)
events, and volcano-tectonic (VT) earthquakes. The
frequency of the LP events varies between 30/day
and ca. 100/h, the rate of VT events is even more
unbalanced (Ibafiez et al., 2003).

In December 2006, we sampled tephra layers
and other volcanic products originating from the
different eruptive episodes of the volcano (according
to the stratigraphy set up by Smellie 2001) as
comprehensively as possible at in situ outcrops. A
total of 37 samples was taken.

4.3. Rezen Peak, Inott Point and Edinburgh Hill
(Livingston Island)

The youngest series of volcanic rocks on Living-
ston Island is represented by the Plio-Pleistocene
to Recent (<1 Ma) Inott-Point-Formation (Smellie
et al., 1995, 1996). It consists of fresh, vesicle-rich
lavas, bombs, tuffs and lapilli-tuffs, which were
erupted from multiple small monogenetic centers,
including those at Gleaner Heights, Inott Point and
Edinburgh Hill volcanoes and are located in central
and eastern Livingston Island (Fig. 1). These volcanic
edifices are partly subaerial, partly subglacial. In the
latter case, eruption products frequently consist of
palagonitized tuff. The description of two outcrops
along with geochemical data from Rezen Peak was
published by Veit (2002). We were not successful in
accessing the Gleaner Heights outcrop, but visited and
sampled Rezen Peak, Inott Point and Edinburgh Hill.

While Rezen Peak (Fig. 3) shows all the cha-
racteristics of a tuya-like subglacial volcanic center
(no tephra or other pyroclastic material, flat top with
pillow lavas), Inott Point is partly composed of thick
pyroclastic units (lapilli tuffs) indicating subaerial
activity (Fig. 4).

Edinburgh Hill is a Quaternary volcanic neck
located south of Inott Point at the northeastern
shore of Livingston Island (Fig. 1). The strongly
columnar jointed dolerite plug measures about 250
m in diameter and is about 100 m high (Fig. 5). The
volcanic edifice that originally must have been towering
above the neck has been completely eroded away,
most possibly due to glacial activity. This implies
that the age of Edinburgh Hill is probably (Late)
Pleistocene. A similar argument might be raised for
Inott Point, which is also strongly degraded, but its
preservation of less resistant lapilli tuffs as well as

FIG. 3. View of Rezen Peak, central Livingston Island, showing
its flat-topped, tuya-like morphology that suggests it is
an extinct subglacial volcanic center.

a plug suggests that it might be younger and thus a
potential source for tephra.

Edinburgh Hill is situated close to a postulated
NE striking Cenozoic strike-slip fault (Smellie et
al., 1995). Reactivation of this structure during the
Pliocene-Pleistocene opening of Bransfield Strait
might be the reason for the young volcanism (Smellie
et al., 1996). Because of its probably pre-Holocene
age, which renders Edinburgh Hill an unlikely source
of tephra layers found in the Antarctic Peninsula
area, it was not included in our geochemical study.

4.4. Penguin Island

This island volcano is situated close to the south-
eastern shore of King George Island, thus being
located at the northwestern margin of the Bransfield
Rift, which separates the South Shetland Islands from
the Antarctic Peninsula crustal block. Penguin Island
measures between 1.4 and 1.8 km in diameter and
covers an area of 1.84 km2, It has been assigned a
Pleistocene-Holocene age (Barton, 1965; Gonzalez-
Ferran and Katsui, 1970; Birkenmajer, 1980, 2001)
and has been related to the recent (<4 Ma) opening
of Bransfield Strait.

A prominent, exceptionally thick (up to 1.6 m)
ash layer found in two lakes on King George Island
(Potter and Fildes peninsulas) has been attributed
to this small volcanic island (Tatur et al., 1991),
but no chemical data were provided to support this
assumption. The absence of glaciers on Penguin
Island is no evidence of heat flow and thus a young
age because the island is too small to form glaciers,
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FIG. 4. Inott Point as seen from Edinburgh
Hill, northeastern Livingston Island.
It consists of two major outcrops:
a well-preserved, partly columnar
jointed volcanic neck (left side)
and a ~100 m thick sequence of
pyroclastic rocks (right side), the
latter indicating subaerial activity
of this volcanic center.

but the volcano’s cones and craters are very well
preserved, which indeed strongly indicates activity
during Holocene times.

4.5. Melville Peak (King George Island)

Melville Peak is a Quaternary, partly eroded
subaerial volcanic edifice located in northeastern
King George Island (Fig. 6). Traditionally, it was
assigned a Pleistocene age and it is assumed to have
been inactive during the Holocene (Birkenmajer and
Keller, 1990).

FIG. 5. Edinburgh Hill in eastern Livingston
Island. The strongly columnar jointed
dolerite plug measures about 250 m
in diameter and approximately 100 m
in height and is located at the south
shore of Inott Point.

An ash layer found by Keller et al. (2003) in
a marine sediment core in northeastern Bransfield
Strait is distinctly different in composition from the
Deception Island ashes, but similar to published
analyses from Melville Peak volcano (Keller et al.,
1992), located about 30 km northwest of the core
location. This ash layer is the first known hint of
Holocene eruptive activity at Melville Peak volcano.
There are no radiocarbon dates from the core, but the
authors assume this eventual Melville Peak eruption
may have occurred only several thousand years ago
(Keller et al., 2003).
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4.6. Bridgeman Island

Bridgeman Island measures 900 by 600 m and
reaches a maximum height of 240 m. It is a remnant of
anow inactive Late Pleistocene-Holocene stratovolcano
situated on a small submarine platform (Birkenmajer,
1994). There is some conflicting evidence (active
fumaroles were reported on Bridgeman Island between
1821 and 1850) that the volcano might have been
active during the 19" century (Gonzéalez-Ferran
and Katsui, 1970) but recent landings suggest that
it is an inactive volcanic remnant (Birkenmajer,
1994) of an originally much larger volcanic edifice,
eroded and now largely submerged beneath the sea,
similar to Sail Rock. A marine ash layer identified in
a Bransfield Strait sediment core was attributed to
this volcano by Matthies et al. (1988). Large parts
of the steeply inclined summit area are composed
of unconsolidated, intensely red tephra.

4.7. Cape Purvis volcano (Dundee Island)

The Cape Purvis volcano is a promontory about
550 m high located in the southern part of Dundee
Island (southeastern Antarctic Sound, Fig. 1). It
is one of the youngest and northernmost satellite
centers of the James Ross Island Volcanic Group
(Smellie et al., 2006a, b). The same authors state
that part of this volcano’s history was characterized
by relatively voluminous activity (at least 6 km?
of lava and breccia; not recalculated to dense rock
equivalent). Chemical analyses and age determinations

FIG. 6. View of Melville Peak volcano, located
in northeastern King George Island.
Traditionally assigned a Pleistocene age
based on isotopic dating, an ash layer
recently found in a marine sediment
core (Keller et al., 2003) suggests
possible Holocene activity.

were obtained from a subaerial lava flow cropping
out at about 240 m a.s.l. on the southwestern slope
of the volcano. It forms part of one of the younger
units and is a fresh alkaline basaltic (hawaiite) rock
(Smellie et al., 2006b). The “°Ar/*°Ar age of this
lava was determined as 132+19 ka. However, the
top of the Cape Purvis volcano, suspected by the
same authors to represent the tuff cone core of the
volcanic edifice and responsible for the youngest
phase of activity, at least, had never been visited.
The Cape Purvis volcano probably erupted at the
end of the glacial period corresponding to Isotope
Stage 6 and the outcrop characteristics suggest that
the ice sheet at that time had a minimum surface
elevation 300-400 m higher than at present (Smellie
et al., 2006b).

On February 4™, 2008, we investigated and
sampled the outcrops located on the northern slopes
of the Cape Purvis volcano (Fig. 7). The sampling
site is located at about 360 m a.s.l. and is composed
primarily of pyroclastic rocks resembling pyroclastic
density current (ground surge) deposits. Only a short
10-minute investigation and sampling of the outcrops
at the top of the volcano was possible (Fig. 8). The
outcrops at the summit of the Cape Purvis volcano
comprise ca. 1,000 m?; they are entirely surrounded
by the ice cap covering the slopes of the volcano. The
outcrops consist of pyroclastic rocks (lapilli tuffs)
incorporating clasts of basaltic lava up to 30 cm
across. Time was too short for a detailed study of the
depositional environment, but the thin stratification
observed in many parts and the occurrence of basaltic
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clasts could indicate a vent-proximal ground
surge type origin for the deposits, similar
to the outcrops found lower down on the
northern slopes. The reddish color of some
parts of the outcrops indicates a nearby vent
as heat source.

4.8. Paulet Island

Located ca. 10 km east of Cape Purvis
volcano, Paulet Island represents a small
volcanic island featuring three craters and
one maar. Abasal, flat-lying older lava series
yielded an imprecise K-Ar age of 300+100
Ka (Baker et al., 1977). The overlying
pyroclastic cones have not been dated so
far but their age was estimated at only a
few thousand years, suggesting at least
two periods of eruptive activity (Smellie
et al., 2006b). The slopes of the cinder
cone are covered by red and black scoria
and tephra. On its western slope, a lateral
fissure produced basaltic lava flows. The
age relationship between the main summit
and this lateral fissure remains unknown at
present but both are probably of Holocene
age, because their excellent state of preser-
vation indicates post-glacial formation and
the possibility of Holocene activity (Fig. 9).

We sampled lava from the vicinity of
the historic Nordenskjold hut close to the
northern beach. No tephra deposits were
recognized there. Tephra, scoria and lava
samples were collected from the younger
part of the volcanic edifice, including the
summit crater and the before mentioned
lateral fissure.

4.9. Seal Nunataks

The Seal Nunataks are a Pliocene to recent
volcanic field piercing the Larsen ice shelf on the
eastern side of the Antartic Peninsula (Fig. 10). The
island group is made up of 16 individual nunataks
that are composed of basaltic and basaltic andesitic
tephra, subaerial lava flows, subglacial pillow basalts
and associated hyaloclastites (Gonzalez-Ferran,
1995; Smellie and Hole, 1997). The largest of them
features a summit elevation of 368 m and covers
not more than about 4 km? (Hole, 1990; Hole et al.,
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FIG. 7. Possible ground surge deposits on the northern slope of Cape Purvis

\Volcano at 370 m a.s.l.

FIG. 8. The top of Cape Purvis Volcano (553 m a.s.l.). The pyroclastic rocks

represent most possibly vent-proximal ground surge deposits and
contain dm-sized clasts of basaltic lava.

1993). The volume of eruptive products is relatively
small. Some outcrop descriptions and geochemical
data were also provided by Veit (2002). In 1982,
fumarolic activity at two of the nunataks was
reported by Gonzalez-Ferran (1995) but remains
unconfirmed and observations in 1985 revealed no
evidence for recent activity (J.L. Smellie, personal
communication, 2012). Activity was also reported
from at least two other nunataks about 90 years
earlier in 1893 (Larsen, 1894), although there is no
evidence for that activity preserved today.
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FIG. 10. View of part of the Seal Nunataks, a
Quaternary group of volcanoes piercing
the Larsen ice shelf on the eastern side
of the Antarctic Peninsula. Basalt frag-
ments observed all over a small part of
the outer northern edge of the Larsen C
ice shelf in early 2010 indicate possible
recent activity in the vicinity (E. Domack,
personal communication, 2010). Photo
courtesy E. Domack.

During a recent helicopter flight over the outer
northern edge of the Larsen C ice shelf, coarse
basalt debris were observed spreading all over a
small part of the ice shelf, possibly originating from
some recent eruption in the vicinity (E. Domack,
personal communication, 2010). A similar observation
was made by M.J. Hole in 1985 but attributed to
aeolian tephra redistribution (J.L. Smellie, personal
communication, 2012).

Our fieldwork at Seal Nunataks proved impossible
due to meteorological and logistic problems, but
E. Domack kindly provided one lava sample from
Larsen Nunatak, which is included in the work
presented here.

FIG. 9. View of Paulet Island, a small volcanic
edifice located close to the southeastern
exit of the Antarctic Sound. It has a basal
platform primarily composed of basaltic
lava flows of Late Pleistocene age, and
a largely unmodified, probably Holocene
cinder cone with a well-formed summit
crater on top of it.

5. Methodology and sample stock

The full analytical dataset can be downloaded
from the IEDA website (http://dx.doi.org/10.1594/
IEDA/100052), gives additional information on
sample rejection/analysis rejection (in case of
microprobe analyses), recalculation methods (major
elements volatile free, Fe,O, recalculated as FeO,),
and quotes the literature data we used to compensate
failed fieldwork at Seal Nunataks and poor sample
number at Sail Rock.

Except for Deception Island, the grade of alteration
is in all cases very low to zero. Only on Deception
Island, part of the older pyroclastic units exhibits
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substantial grades of palagonitization, shedding
some doubt on the reliability particularly of the
major element data from these locations.

Atotal of 95 samples was collected at 10 different
volcanic centers. Of these, 55 are tephras, 6 are other
glass containing material (chilled margins, pumice
and obsidian), and 34 are lavas, bombs, scoria and
clasts. Additionally, 17 ice tephras were recovered
from different glaciers in central Livingston Island
in order to check whether the new dataset would
actually allow identifying unequivocally their source
volcano (cf. Pallas et al., 2001).

In the first step, thin sections from each sample
were examined to determine state of alteration,
glass content and grain size. Glass from samples
not showing advanced alteration was analyzed at
the University of Maine using a Cameca SX-100
electron microprobe using wavelength dispersive
spectroscopy (WDS). All analyses were performed
using a 15kV, 10nA, 5um beam, simple silicate and
oxide standards and 20 second counts. Sodium and
silica were analyzed first to minimize beam damage
drift. Matrix corrections were performed applying
the X-Phi method of Merlet (1994). Samples were
rejected in case they yielded too few analyses
or turned out to be inhomogeneous, individual
analyses were rejected in case of water contents
>3 wt%, dubious glass, totals too high, and low or
suspect sodium.

Following standard petrographical work, the
samples were prepared at Universidad de Chile
(Santiago) for geochemical analyses using an agate
mortar. ICP-MS and Sr-Nd-Pb isotope WR analyses
were carried out at Activation Laboratories (Ontario,
Canada). Bulk geochemical compositions of 81 samples
were determined on a wide range of major, trace and
rare earth elements (10 major and 45 trace and rare
earth elements), applying the ICP-MS technique.

Atotal of 21 Sr-Nd-Pb isotope analyses was carried
out on samples from localities where such data were
unavailable from literature. In contrast to the major
element composition, the isotopic composition of
volcanic glass should be identical to the bulk-rock
isotopic composition from the same eruption. Rb and
Srwere separated using conventional cation-exchange
techniques. The analysis was performed on a Triton
multi-collector mass-spectrometer in static mode.
During the period of work the weighted average of
15 SRM-987 Sr-standard runs yielded 0.710258+9
(20) for ®Sr/%Sr. Sm and Nd were separated by

13

extraction chromatography on HDEHP covered teflon
powder. The analysis was performed on a Triton
multi-collector mass-spectrometer in static mode.
1SNd/*“Nd ratios are relative to the value of 0.511860
for the La Jolla standard. Pb was separated using the
ion-exchange technique with Bio-Rad 1x8. Pb isotope
compositions were analyzed on a Finnigan MAT-261
multicollector mass spectrometer. The measured Pb
isotope ratios were corrected for mass fractionation
calculated from replicate measurements of Pb isotope
composition in NBS SRM-982 standards. External
reproducibility of lead isotope ratios (6Ph/2*Pb=0.1%,
27ph/24ph= 0.1%, 2°8Pb/?**Ph=0.2%) on the 2¢ level
has been demonstrated through multiple analyses of
standard BCR-1.

Additionally, the bulk compositions of the 17
ice tephras from central Livingston Island were
determined, also using the ICP-MS technique. No
isotope analyses were carried out on them. We
normalized both the microprobe and the ICP-MS
major element data to 100% volatile free in order to
make them comparable. The resulting geochemical
dataset was processed using the program R (http://
WWW.r-project.org).

Incipient rifting and back-arc settings allow for
a large variety of possible processes in the evolution
of magmatic systems and their contamination by
recycled crust. To characterize each of the Late
Pleistocene-Holocene volcanic centers precisely
and to separate them reliably from each other, we
applied a combination of Rare Earth Elements (REE),
High Field Strength Elements (HFSE) systematics
and isotope data (Sr, Nd, Pb). Large lon Lithophile
Elements (LILE) are widely used to trace alteration
processes that depend on climatic conditions and
therefore might differ considerably, while HFSE
provide a useful tool to distinguish between different
eruptive cycles. Sr, Nd and Pb isotope systems allow
characterizing magma sources, detecting eventual
crustal contamination and determining the geotectonic
setting.

6. Geochemical characteristics of the northern
Antarctic Peninsula’s Quaternary volcanoes

6.1. ICP-MS major element compositions
Most samples are basalts and basaltic andesites,

along with the respective trachytic variations. The
majority of the volcanic centers form well-defined
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clusters in the TAS diagram (Fig. 11), indicating
a narrow compositional range of the respective
volcanoes. Only samples from Deception Island,
Bridgeman Island and the Seal Nunataks spread
over a wider range.

In case of Deception Island, our new data
show a slightly different pattern as compared with
previously published datasets concerning the total
alkali content, particularly when comparing with
the data published by Smellie et al. (2002). Most
of these authors’ samples plot tightly around the
basaltic andesite - basaltic trachyandesite limit in
the TAS diagram, mostly above the subalkali/alkali
series boundary. In contrast, our data show a much
larger variability concerning the total alkali content
at comparable SiO,-values, both towards higher as
well as lower total alkali contents (Fig. 11). Because
neither our sample preparation procedures nor the
analytical results from (internationally approved)
standards measured along with our samples suggest

any laboratory-related or analytical problems, we
suspect that inter-laboratory differences or the sample
sites chosen during fieldwork might be responsible
for the observed differences.

While Paulet Island is entirely of trachybasaltic
composition, Rezen Peak, Inott Point and Penguin
Island have only basaltic chemistry. Using Mg# as
differentiation index, Melville Peak shows by far the
most primitive composition, whereas Paulet Island,
Inott Point and some samples from Cape Purvis and
the Seal Nunataks feature the lowest SiO, contents
(Fig. 12). The very high magnesium numbers shown
by the Melville Peak samples indicate rapid ascend
of magma, short storage times in a shallow level
magma chamber and little or no interaction with
continental crust.

The only pronounced evolved whole rock
compositions were observed as one dacitic sample
from Bridgeman Island and two trachydacitic
samples from Deception Island (Figs. 11, 12). The
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primitive characteristics of all investigated volcanoes. Melville Peak shows the highest Mg-numbers, Paulet Island the overall
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dacitic sample from Bridgeman Island (BI-04) was
taken from yellowish-reddish lapilli found close to
the top of the volcano at approximately 240 m a.s.1.,
thus rendering unlikely a possible origin from rafted
volcanic material originating from somewhere else.
This sample yielded, however, a very high LOI (Loss
On Ignition) of 8.27 wt%. Consequently, recalculating
the bulk rock composition on a volatile-free basis,
increased more than anything else its silica content. It
is therefore certainly not justified to attribute highly
evolved magmas to Bridgeman Island based solely
on one strongly hydrated sample.

6.2. Sr-Nd-Pb isotope data

Due to the complicated plate tectonic configuration
in the Antarctic Peninsula area, the magma sources
of the investigated volcanoes may range from a
potentially subduction-influenced back-arc-similar

setting in the Bransfield Rift area to an intra-plate
setting in the Larsen Rift region.

In order to check for crustal contamination
processes and (in the case of the Bransfield Rift
volcanoes) for a potentially still detectable signature
of subducted sediments, 21 new Sr-Nd-Pb isotope
analyses were obtained from Bridgeman Island (3),
the Cape Purvis volcano (3), Inott Point (3), Melville
Peak (4), Paulet Island (4), Penguin Island (2), Rezen
Peak (1) and Sail Rock (1).

Crustal contamination usually occurs during
shallow level magma differentiation. Consequently,
if such a process takes place, the most differentiated
rocks should also be the most contaminated. Thus,
plotting isotope data (e.g., eNd) versus some
differentiation factor (e.g., Mg-number) should
display a correlation in case that contamination has
occurred (Hildreth et al., 1991; Kraus et al., 2008,
2010). For the investigated volcanoes this is clearly
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not the case (Fig. 13), and crustal contamination
therefore seems to have been insignificant. This
conclusion is furthermore supported by Sr-Nd-Pb
isotope data plotting almost entirely within the
field occupied by MORB samples dredged from
the Drake Passage, not overlapping with Antarctic
Peninsula basement or sediments collected from
the Drake Passage (Fig. 14).

Particularly in case of the Bransfield Rift
volcanoes, a potentially inherited component of
subducted sediments in their mantle source could
be assumed. However, the vertical trend shown
by Sr and Nd isotope data is mostly defined by
the Seal Nunataks. This volcanic field is located
on the eastern side of the Antarctic Peninsula and
associated to the intraplate Larsen Rift. Given the
geotectonic setting, we consider an influence of sub-
ducted sediments on their mantle source as unlikely.
Focusing just on the Bransfield Rift volcanoes, the
vertical trend towards Drake Passage sediments is
only poorly expressed (Fig. 14A). Moreover, the

Bransfield volcanoes plot within the same field as
Drake Passage MORB and the latter do also show
a vertical trend. Plotting Pb versus Nd isotope data
(Fig. 14B), our new data do not display any trend
towards Drake sediment isotope compositions,
supporting the above conclusions.

6.3. Microprobe glass data

Previous studies from other regions (e.g., Stern,
1990, 2008) have shown that the major element
compositions of tephra glass may differ strongly
from the bulk rock compositions of other volcanic
products originating from the same volcanic center
and the same eruptive cycle. The reason for this is
that the glass represents the last batch of the liquid
phase enriched (or depleted) in certain elements,
whereas other eruption products (e.g., lava) contain
phenocrysts that grew in the magma chamber prior
to eruption, thus representing a magma composition
at an earlier stage of differentiation.
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Out of 64 samples originally scheduled for
microprobe analysis, 43 gave meaningful results
(i.e., no reason for sample or analysis rejection, see
section 5: methodology), all of them corresponding
to hypocrystalline rocks. The remaining 21 samples
proved to be holocrystalline and thus devoid of glass
(including all Rezen Peak and Sail Rock samples)
or yielded too few analyses due to either partial (DI-
04A, DI-16A, P1-05) or total (DI-12C) hydration of
the glass content.

Comparing the glass compositions with the
bulk compositions of the same respective samples,
the individual volcanic centers show very different
behavior.

Afirst order observation is that the glass compo-
sitions of all volcanoes located along the Bransfield
Rift show moderately to strongly increased SiO, at
only slightly to moderately elevated alkali-contents
as compared to the respective bulk compositions
(Fig. 15A). In case of Deception Island, a general
tendency towards alkali-depletion can be observed.
This effect is only slightly expressed or absent in
case of basic to intermediate compositions, but
more pronounced in case of higher evolved rocks
(Fig. 15A). These results could potentially indicate
an analytical problem (e.g., alkali-loss due to vola-
tilization effects as a consequence of a too narrow
microprobe beam).

However, analyses from the other volcanic centers
do not show similar alkali depletion. On the contrary,
all other Bransfield Strait volcanoes show moderate
alkali enrichment (Fig. 15A) and in case of the Larsen
Rift volcanoes, moderate to strong alkali enrichment
is observed (Fig. 15B) at identical microprobe con-
ditions, thus contra-indicating analytical problems
as source of the trends observed in the Deception
Island data. Moreover, studies on inter-microprobe
differences of rhyolitic glass analyses found good
comparability applying different sets of analytical
parameters (Coulter et al., 2010), including also
a set of parameters similar to ours (see section 5:
methodology).

Specifically the samples from Bridgeman Island
show a large shift in silica content; they are of ba-
saltic andesitic bulk, but andesitic to dacitic glass
composition (Fig. 15A). Inott Point and Penguin
Island volcanoes display a similar increase in SiO,
as in alkalis, with compositions shifting in both
cases from basalt (bulk) to trachybasalt/basaltic
trachyandesite (glass).

Sample MP-05B from Melville Peak deserves
special attention concerning its glass silica content,
displaying an increase of 21.26 wt% as compared
to its bulk rock composition (Fig. 15A). The glass
compositions of all other samples show SiO,-values
ranging between 1.10 wt% silica-depletion and 12.27
wt% silica-enrichment as compared to the respective
bulk rock composition. On average, the glass of the
Bransfield Rift volcanoes is 2.88 wt% increased in
silica as compared to the respective bulk rock com-
position (excluding MP-05B from the calculation).

In case of MP-05B, the acquired SEM images
and semi-quantitative EDS analyses show that the
amount of glass constitutes less than 5% of the sam-
ple and its presence is restricted to interstitial areas
between silicate minerals. The glass is loaded with
small inclusions of iron and titanium rich minerals,
possibly magnetite and/or ilmenite. We were able to
re-analyze the glass in multiple points without the
inclusions. Each point showed high silica values
similar to the original microprobe analysis. Its che-
mistry is far removed from quartz. It is conceivable
that it could be some sort of crypto-crystalline amor-
phous silica-rich alteration, but we could observe no
evidence for this. Therefore, we conclude that the
high-silica glass composition of MP-05B represents
an extreme case of silica enrichment affecting the
last batch of the liquid phase.

Rocks from Deception Island show the largest
range of values and can roughly be subdivided into
three subgroups:

a. Afirst set of samples shows only very slight
variations between bulk and glass compositions;
almost all of them are basaltic andesites. These
samples were taken from the Baily Head, Fu-
marole Bay, Stonethrow Ridge and Pendulum
Cove formations according to the stratigraphy
presented by Smellie (2001).

b. A second set of samples belongs to the Outer
Coast Tuff Fm. and displays glass compositions
strongly depleted in alkalis but only slightly
changed in silica content as compared to the
respective bulk compositions.

c. Athird sample set was taken from the (stratigra-
phically youngest) Pendulum Cove Formation and
includes the most evolved bulk rock (trachydacite)
and glass (rhyolite) compositions. Comparing
bulk rock and glass compositions, in this case
a notable depletion in alkalis is accompanied
by a moderate increase of SiO,. Given the late
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FIG. 15. TAS-diagrams showing bulk rock (ICP-MS; red symbols) plotted versus glass compositions (microprobe; blue symbols) of
the same respective samples from Bransfield Rift (A) and Larsen Rift (B). Note the different enrichment/depletion behavior
of the individual volcanic centers and the generally different tendencies comparing Bransfield Rift and Larsen Rift volcanoes.
Sample MP-05B shows an extraordinary strong silica-increase in its glass component.
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Holocene and partly even historic age of the

Pendulum Cove Formation (Smellie, 2001), in

this case alteration processes are unlikely to have

caused the alkali depletion of the glass.

It has to be emphasized that with the only exception
of the Pendulum Cove Formation, possibly most of
Deception Island’s stratigraphy is of pre-Holocene
age (Smellie, 2001) and that many samples show
moderate to advanced states of alteration in thin
section, particularly those taken from the Outer Coast
Tuff Formation. This implies that at least part of the
alkali depletion observed in the glass compositions
as compared to the respective bulk rock data could
be a result of alteration processes and not primary
magmatic features. This would also explain why
the samples from the other volcanic centers do not
show alkali depletion.

The Larsen Rift volcanoes (Cape Purvis vol-
cano, Paulet Island and the Seal Nunataks) show a
different behavior. Without exception, their glass
compositions are moderately to strongly increased
in alkalis (up to 36%) at only slightly increased
silica-contents (Fig. 15B). The glass of the Larsen
Rift volcanoes shows an average increase of 1.17
wt% SiO, as compared to the respective bulk rock
composition. The high alkali contents of their glass
component reflect most possibly differentiation pro-
cesses associated with the intra-plate setting of these
volcanic centers. They represent thus a useful tool
to distinguish tephra originating from Larsen Rift
volcanoes (high total alkalis) from tephra associated
with Bransfield Rift volcanoes (low total alkalis).

7. Proposal for a step-by-step identification strategy
based on individual geochemical fingerprints

In many diagrams, ICP-MS bulk tephra and lava
data together form well defined clusters for most
volcanic centers (e.g., Figs. 11, 18), indicating that
in these cases the tephra compositions are broadly
similar to the lava compositions.

Trace element systematics show that most of the
studied volcanic centers appear to have a unique,
individual, stable (during the Late Pleistocene-
Holocene) and homogeneous upper mantle magma
source resulting in tight clustering of the respective
data in many diagrams (e.g., Figs. 18, 20). The
most pronounced exception to this rule is the Seal
Nunataks group, showing a larger spread based on
the used literature data (Fig. 20).

In combination with other chemical characteristics,
this allows for the geochemical characterization of the
individual volcanoes by combining the information
given by different chemical elements or element
ratios (Fig. 16), holding especially true for trace
and rare earth element ratios. In the following, we
will present a step-by-step strategy based on the
characteristic chemical features of each individual
volcanic center, yielding a high potential to correctly
identify the source of a distal tephra layer of unknown
origin, if it was produced by one of the investigated
volcanic centers.

7.1. Step 1: Distinction between Larsen Rift and
Bransfield Rift volcanoes

The Larsen Rift volcanoes are associated with an
intra-plate geotectonic setting, while the Bransfield
Rift volcanic centers belong to a marginal basin
with a back-arc character (e.g., Hole, 1990; Keller
et al., 1992, 2002). Consequently, the Larsen Rift
volcanoes tend towards alkali basaltic compositions
while the volcanoes located along Bransfield Rift
belong to the subalkali series. In terms of major
element compositions, this is reflected by the up
to 4.5 times higher K,O content of the Larsen Rift
volcanoes; the data display contents generally hig-
her than 1 wt% for the Cape Purvis volcano, Paulet
Island and some of the Seal Nunataks centers, while
the Bransfield Rift volcanoes in general have K,O
<1 wt% (Fig. 17).

Only two trachydacites and one basaltic trachy-
andesite sample from Deception Island have equal
or even slightly higher potassium contents than the
Larsen Rift volcanoes. The exception to this pattern
is the Seal Nunataks group, which predominantly plot
at the upper limit of the Bransfield Rift values at <1
wit% K,O (Fig. 17), and only about 30% of them well
within the field occupied by the other Larsen Rift
volcanoes. Despite the different applied analytical
techniques (ICP-MS in our case, XRF and INAAn
case of the literature data taken from Hole (1990) and
Hole et al. (1993)), we consider these values more
likely to reflect true compositional spread than an
analytical artifact. In fact, Hole (1990) reports for the
Seal Nunataks a compositional spread ranging from
alkali via transitional basalts to olivine and quartz
tholeiites, with the latter having K,O contents well
below 1 wt%. This is consistent with the K,O-pattern
shown by our new data.
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FIG. 16. The ‘Decision Tree’, a flow chart that we propose as a new step-by-step strategy to identify the source volcano of a distal
tephra layer of unknown origin. The approach is based on geographically zooming in onto the most likely source volcano,
as a first step distinguishing between Bransfield Rift and Larsen Rift volcanoes and then refining within the respective group
of volcanoes. It is important to note that none of the indicated geochemical characteristics alone is diagnostic, but that the
combined chain of geochemical conditions leading to a specific volcano yields a very high potential of identifying it correctly
as source of a tephra layer of unknown origin.

More convincing is the pattern shown by immobile
trace elements. Using the Nb/Y ratio as an indicator
of alkalinity, the Larsen Rift volcanoes display values
up to an order of magnitude higher than the volcanic
centers associated with the Bransfield Rift (Fig.
18). This condition is met by all samples, including
the three trachytic samples from Deception Island
that in figure 17 plot at high K,O values within the
Larsen Rift range.

Another characteristic feature of the Larsen Rift
volcanoes related to potassium is the restriction of
their Ba/K ratios to the very narrow range of 0.01-
0.02 (Fig. 19). The Larsen Rift volcanoes plot along a
horizontal trend line characterized by variable Nb/Y
but uniform Ba/K ratios. The Bransfield Rift group
shows the contrary behavior, plotting along a vertical
trend line of varying Ba/K but fairly uniform Nb/Y
(Fig. 19). These relations are independent of silica
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FIG. 17. Degree of alkalinity as reflected by the K,O content plotted against SiO,. Seal Nunataks literature data taken from Hole
(1990) and Hole et al. (1993); Sail Rock literature data from Keller et al. (1992).
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FIG. 18. Determination of magma series and rock type classification using SiO, as differentiation index and the Nb/Y ratio as indicator
of alkalinity (modified after Winchester and Floyd, 1977). Note the clear separation between Larsen Rift and Bransfield Rift
volcanoes corresponding to their respective geotectonic setting, and the tight clustering of the individual volcanic centers
showing little or no overlap. Note also, that some samples (e.g., the high-silica sample from Bridgeman Island, BI-04) do not
plot in this diagram because their Nb values are below the ICP-MS detection limit. Except for the dacite/rhyolite-boundary,
all other, horizontal (SiO,-content defined) boundaries from the original diagram delimiting the fields of the subalkali-series
have been replaced with the now widely accepted SiO,-boundaries used in the total alkali-silica-diagram (TAS; Le Maitre,
2002). The (sub-) vertical boundaries and the boundaries delimiting the fields of the alkali-series correspond to the original
diagram published by Winchester and Floyd (1977). Seal Nunataks literature data taken from Hole (1990) and Hole et al.
(1993); Sail Rock literature data from Keller et al. (1992).
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FIG. 19. Different trend behavior of Bransfield Rift and Larsen Rift volcanoes: while the former show vertical trends along vary-
ing Ba/K ratios but at rather uniform Nb/Y, the latter display horizontal trends along varying Nb/Y at fairly uniform Ba/K.

Elemental K was calculated using the formula K=K,0 *0.83014778*10000. Seal Nunataks literature data taken from Hole

(1990) and Hole et al. (1993); Sail Rock literature data from Keller et al. (1992).
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FIG. 20. Trace and rare earth element ratios characterizing and separating the individual volcanic centers from each other. While the
Larsen Rift group plots along horizontal trends towards elevated La/Yb but at uniform Sr/Nb ratios, most of the Bransfield
Rift volcanoes cluster tightly. Seal Nunataks literature data taken from Hole (1990) and Hole et al. (1993); Sail Rock literature
data from Keller et al. (1992).
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content, and therefore fractionation. A similar
pattern is observed when plotting La/Yb versus
Sr/Nb (Fig. 20). While the Larsen Rift volcanoes plot
strictly along a horizontal trend defined by variable
La/YYb but uniform Sr/Nb ratios lower than 35, the
Bransfield Rift volcanoes show either well-defined
clustering (Deception Island, Inott Point, Penguin
Island, Bridgeman Island, Sail Rock) or a steep trend
of increasing Sr/Nb at only slightly increasing La/
Yb (Melville Peak).

Other compositional conditions generally met by
the Larsen Rift group are SiO, <53 wt% (Fig. 11),
Mg-numbers between 50 and 70 (Fig. 12), Ba/La <10
(Fig. 22A), Th/Nb <0.16 and Th/Ta <1.7 (Fig. 16).
For the Bransfield Rift group, only one universally
valid geochemical condition could be identified that
delimits all samples within a narrow range: Nb/Y
ratios lower than 0.4 (Figs. 16, 18). A second condition
characteristic for this group (Sr/Nb ratios higher than
40; Fig. 20) applies only for samples with SiO, <63
wt%, hence excluding more evolved rocks.

7.2. Step 2: Distinction within the Larsen Rift group

Based on TAS major element chemistry, a first
order observation is that all samples from Paulet
Island are trachybasalts, while all but one sample
from Cape Purvis and most from the Seal Nunataks
are basalts and basaltic andesites (Fig. 11). The
only exceptions to this pattern are sample CP-03
(a trachybasaltic lava from Cape Purvis that might
have undergone some K- or Na-enrichment due to
post-magmatic alteration processes) and two samples
from the Seal Nunataks taken from the literature
(Hole et al., 1993).

Smellie et al. (20064, b) state a strong composi-
tional similarity between Paulet Island and the Cape
Purvis volcano based on major elements only. Such
a similarity, however, is not evident from the trace
and rare earth element data now available.

7.2.1. Paulet Island

The most pronounced compositional features
distinguishing Paulet Island from the Cape Purvis
volcano and the Seal Nunataks are Sr/Y >33 (Fig.
22A), La/Yb >15 (Fig. 20), Ta >2.3 ppm, and very
high Sr values (>940 ppm). No other volcano
(including those of Bransfield Rift) displays such
high Sr contents, making it a unique and diagnostic
feature of Paulet Island. Because Paulet Island also

shows the highest Nb-contents, its Sr/Nb ratios fall

in the same narrow range as those of Cape Purvis

and the Seal Nunataks (Fig. 20).

The reasons for Paulet Island’s conspicuous
features may be:

a. A very inhomogeneous mantle source beneath
Larsen Rift even at short distances (only 10 km
distance between Paulet Island and Cape Purvis).
A possible small-scale heterogeneity of the
asthenosphere beneath the Antarctic Peninsula
has also been stated by Hole et al. (1993).

b. A smaller degree of partial melting for Paulet
Island magmas. Apart from the geochemical
indications, the much smaller size and volume of
Paulet Island’s volcanic edifice as compared to
the Cape Purvis volcano - despite similar timing
of initial activity (Late Pleistocene: Rex, 1976;
Smellie et al., 2006a, b) - support this conclusion.

7.2.2. Cape Purvis volcano and Seal Nunataks

The distinction between the Cape Purvis
volcano and the Seal Nunataks is less clear. The
Seal Nunataks have Sr contents of 350-600 ppm
(Cape Purvis: 500-700 ppm), but a pronounced
compositional gap like the one separating those two
volcanic centers from Paulet Island (Fig. 22A) does
not exist. The compositional gap between Paulet
Island plotting at high La/Yb and Cape Purvis and
Seal Nunataks at lower values as indicated by our
new data, is not supported by literature data from
the Seal Nunataks plotting partly well within the
field occupied by Paulet Island (Fig. 20). However,
the Seal Nunataks tend towards lower Sr/Y ratios
(16-26) as compared to the Cape Purvis volcano
(23-29), and to higher Th/Yb (1.1-2.2 and 1.0-1.3,
respectively).

Generally, the Seal Nunataks compositional
variability is much larger than that of the Cape
Purvis volcano, and many geochemical features
defining the Cape Purvis volcano’s composition
within narrow limits (La/Yb, Th and Ta contents,
Ba/La, Fig. 16) fall well within the ranges covered
by the Seal Nunataks. It has to be emphasized,
however, that the Seal Nunataks are a volcanic
field comprising 16 individual volcanoes with
chemical compositions ranging from tholeiites to
alkali basalts (Hole, 1990), while the Cape Purvis
volcano is a single volcanic edifice; hence a smaller
geochemical variability has to be expected in case
of the latter.
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7.3. Step 3: Distinction within the Bransfield
Rift group

A clear geochemical distinction within this group
is more complicated due to the higher number of
volcanoes associated to this rift system (Fig. 16). The
Bransfield Rift volcanoes can roughly be subdivided
into three subgroups of similar chemical composition:
* Melville Peak and Bridgeman Island,

* Deception Island, Rezen Peak, Penguin Island
and Sail Rock,
* Inott Point.

7.3.1. Melville Peak and Bridgeman Island
Again, the Nb/Y ratio gives a first indication.
Of all studied volcanoes, only Melville Peak and
Bridgeman Island show Nb/Y ratios lower than 0.1
(Fig. 21), the only exception to this pattern being
one sample from Melville Peak (MP-05B, tephra:
Nb/Y =0.13). Deception Island, Rezen Peak, Penguin
Island and Sail Rock have Nb/Y values between 0.1
and 0.3, while Inott Point displays ratios between

25

0.3 and 0.4 (Figs. 18, 21). Another diagnostic
feature that clearly distinguishes Melville Peak and
Bridgeman Island from the other volcanoes is their
very high Th/Nb ratio (>1.2). All other volcanoes
have Th/Nb ratios lower than 0.5, including those
from Larsen Rift (Fig. 16). Asimilar pattern applies
concerning the Zr/Nb ratio. Moreover, Melville Peak
and Bridgeman Island are the only volcanoes having
Ta contents generally below ICP-MS detection limit
(< 0.1 ppm). Among the analyzed samples there is
no exception to this rule.

To distinguish between Melville Peak and
Bridgeman Island, a first hint is given by SiO,-
contents and Ba/La ratios. While Melville Peak
samples plot tightly clustered at SiO,=50-53 wt%
and Ba/La=10-16, Bridgeman Island’s lithologies are
more evolved (SiO,= 54-68 wt%) at Ba/La ratios >17.
Furthermore, all but one sample from Bridgeman
Island have Sr/Y ratios <25, while Melville Peak
samples plot at Sr/Y ratios between 28 and 34 (Fig.
22B). Again, Melville Peak shows tight clustering
while Bridgeman Island spreads over a larger range.
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FIG. 21. Trace element systematics within the Bransfield Rift volcano group. While Melville Peak and Bridgeman Island show higher
Th/Nb and lower Nb/Y ratios than any other volcano, Inott Point is the only one displaying Nb/Y ratios in the range 0.33-
0.38. The Larsen Rift volcanoes are omitted from this diagram; they plot at Nb/Y ratios higher than 0.67.
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This effect is most possibly related to differences in
the respective differentiation processes, as confirmed
by the high Mg-numbers displayed by Melville Peak
indicating rapid magma ascent and short storage
times in a shallow level magma chamber and the
higher SiO_-contents of Bridgeman Island samples
indicating a higher degree of differentiation (Figs.
11, 12). In terms of Sr/Nb, Melville Peak tends to
values higher than 400, while Bridgeman Island is
clustering around 300 (Fig. 20).

7.3.2. Deception Island, Rezen Peak, Penguin
Island and Sail Rock

Subdivision between the four volcanoes of this
group does not become clear from only one geo-
chemical feature. Instead, a combination of chemical
conditions must be checked (Figs. 16, 22B).

All volcanoes of this subgroup are characterized
by Nb/Y ratios between 0.1 and 0.3, Th/Nb <0.5,
and Ta contents between 0.2 and 1.3 ppm.

To distinguish Deception Island from the much
smaller, close-by situated Sail Rock volcano, both
Th/Taas well as La/Yb prove useful. While Decep-
tion Island has Th/Ta <5 and La/Yb <4.5, Sail Rock
displays Th/Ta >7 and La/Yb >5.5 (Fig. 20).

The distinction between Deception Island and
the subgroup Rezen Peak / Penguin Island (Fig.
16) is well constrained: Deception Island samples
have Ba/La ratios below 12.5, while the other two
volcanoes show without exception Ba/La >14 (Fig.
22B). Furthermore, Deception Island’s Sr/Y is lower
than 25 while Rezen Peak and Penguin Island have
Sr/Y >37. Like in the case of Sail Rock, Rezen
Peak and Penguin Island both have La/Yb >5 while
Deception Island’s values are below 4.5.

Concerning the distinction between Rezen Peak
and Penguin Island, Rezen Peak shows very high
Ba/La ratios (>20) while Penguin Island’s values
range between 14 and 19 (Fig. 22B). Another
striking difference is the La/Yb ratio, Rezen Peak
plotting at 5.1 while the Penguin Island samples
have ratios higher than 7.2 (Fig. 20). Rezen Peak is
also the volcano with the lowest Zr/Hf (24.7). All
other volcanoes show Zr/Hf >30, the exception to
this rule being only two samples from Penguin and
Bridgeman Island (PI-01 and BI-07, respectively)
that have Zr/Hf between 27.5 and 29. The Ba/La
and Sr/Y ratios (Fig. 22B) as well as Th/Ta can be
used to distinguish the Rezen Peak/Penguin Island
subgroup from Sail Rock.

7.3.3. Inott Point

This volcanic center is name-giving for the Inott
Point Formation introduced by Smellie et al. (1995,
1996). All analyzed samples are of basaltic TAS
geochemistry. This is the only volcano featuring
Nb/Y ratios ranging from 0.33 to 0.38 (Fig. 21). None
of its other geochemical characteristics (Fig. 16) is
unique and therefore diagnostic for this volcano,
but combining the information given by Th/Nb,
La/YDb, Ba/La, Ba/K and Th/Ta ratios proves useful
to unequivocally characterize its eruptive products.

8. Application of the proposed strategy and cor-
relation with published data

The comprehensive database for Late Pleistocene-
Holocene tephra from northern Antarctic Peninsula
volcanic centers allows correlation of the resulting
data with published data from ice cores (e.g., Arista-
rain and Delmas, 1998), lake sediments (e.g., Bjorck
19914, b, ¢, 1993) and marine sediment cores (e.g.,
Hubberten et al., 1991; Fretzdorff and Smellie, 2002).

In the near future, the project “Climate of
the Antarctic and South America (CASA): Joint
Brazilian-Chilean-US ice core drilling on the Detroit
Plateau, Antarctic Peninsula” will generate additional
important new ice core data (possibly including
tephra layer analyses) from the northern Antarctic
Peninsula that shall be merged and correlated with
the data presented here.

8.1. Application of the proposed strategy - Revea-
ling the origin of Livingston Island ice tephras

During austral summer 2008/2009, a sequence
of 10 tephra layers incorporated in the ice cap
of Livingston Island was observed in the area of
Perunika Glacier (Hurd Peninsula, central Livingston
Island). The lowermost eight of them are evident
at the fast-flowing front of Perunika Glacier (Fig.
23), while the uppermost two are intersecting
with the glacier’s surface close to the edge of the
ice cliff. Most of these volcanic ash horizons are
possibly the same as those studied in a previous
work at some 5 km distance at Johnson’s Dock
and other localities in central Livingston Island
(Pallas et al., 2001). This is suggested by the
distinctive distribution pattern of the tephra layers,
comprising a bundle of six lower layers (bundle
3), followed about 10 m higher by an intermediate
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FIG. 22. Ba/Laversus Sr/Y ratios of Larsen Rift (A) and Bransfield Rift (B). Larsen Rift in general has very low Ba/La values as com-
pared to Bransfield Rift. Note the pronounced gap separating Paulet Island from the other Larsen Rift volcanoes. Concerning
Bransfield Rift (B), clustering of the individual volcanoes reflects compositional differences. Seal Nunataks literature data
taken from Hole (1990) and Hole et al. (1993); Sail Rock literature data from Keller et al. (1992).
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double layer (bundle 2) and further 6 m higher by
another double layer (bundle 1; cf. figure 23 (this
paper) and figure 3 in Pallas et al., 2001). The
lower bundle of six layers at Perunika Glacier is
possibly the same as the one Pallas et al. (2001)
termed TPH3 at Johnson’s Dock. The intermediate
double layer observed at Perunika Glacier therefore
likely corresponds to the TPH2 bundle reported by
those authors, and the highest double layer to their
uppermost TPH1 horizon. However, while Pallas et
al. (2001) describe TPH1 as comprising only one
single tephra layer, at Perunika glacier it consists
clearly of two distinct layers. Pallés et al. (2001)
attributed all tephra layers to Deception Island.

In order to check if the here presented step-by-
step strategy (Fig. 16) actually works, we sampled
nine of the ten tephra layers at different locations
of Perunika Glacier (17 samples in total). Only
the lowermost layer remained inaccessible due to
outcrop conditions. We determined the stratigraphic
position of each layer and therefore the relative age
relationships. The tephra horizons were sampled at
a steeply inclined part of the Perunika Glacier close
to the front by removing about 0.5-1.0 m? of the ice
roof above each tephra layer in order to expose the
volcanic ash, while avoiding contamination with
tephra washed down from higher situated layers.
The thus exposed tephra was then sampled from
the surface below the removed roof using the broad
side of an ice axe, avoiding the outer border zones
where contamination by ash washed down from
above might have occurred.

All tephra layers consist predominantly of black
and subordinately (<10%) of red components. The
topmost layer 1 is very fine grained (<0.1 mm) as

compared to the others (usually featuring grain sizes
up to 1 mm). Layer 7, one of the six layers of bundle
3 at the bottom of the sequence, is similarly fine-
grained as layer 1 and very thin (<0.5 mm), making
it difficult to recover sufficient sample material even
from an area of about 1 m2.

The position of the ice tephras within the glacier
is not uniform. Instead, the individual layers bend
upwards towards both sides of the ice cliff shown
in figure 23 and intersect with the glacier surface
at different altitudes above sea level. This reflects
not only intra-glacial deformation processes but
also the velocity of the ice flow, being highest in
the center of the section. Here, older ice originally
located beneath the tephra layers has already been
discharged into the sea, dragging the volcanic ash
horizons down to sea level. Laterally, towards
both sides of the ice cliff, the ice flow velocity is
slower. Thus, the amount of older ice beneath the
tephra layers rises with distance from the fastest
flowing part of Perunika Glacier, as reflected by
the ash layers bending upwards and intersecting
with the glacier surface at successively higher
altitudes above sea level and at larger distances
from the shoreline.

We conclude that careful three-dimensional map-
ping of the intersection lines of the tephra horizons
with the surface of the ice cap could reveal a precise
picture of ice flow velocities, ice thicknesses and
intra-glacial deformation processes. The ice along
the beach further away from Perunika Glacier Cove
appears to be devoid of ash layers. The sequence of
10 layers observed at Perunika Glacier could thus
be the most complete tephra sequence in central
Livingston Island.

FIG. 23. Location and outcrop situation of ice tephras at Perunika Glacier in central Livingston Island (view towards SE). The entire
sequence comprises ten different volcanic ash layers, subdivided into three separate bundles. The upper two bundles (1 and
2) comprise two layers each; bundle 3 at the bottom consists of six layers. The application of our proposed step-by-step
flow chart identifies Deception Island unequivocally as source volcano of all nine sampled ice tephra horizons. Only the
bottommost layer of bundle 3 remained inaccessible. Note the lateral upward bending of the ash layers, indicating lower ice
flow velocities in those areas as compared to the central part of the section.
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Applying the step-by-step strategy illustrated
in figure 16, the ice tephras are first plotted into
a Nb/Y-SiO, classification diagram like the one
shown in figure 18, revealing that all of them are
basaltic andesites and andesites with Nb/Y ratios
between 0.16 and 0.27. Furthermore, they feature
Sr/Nb ratios ranging from 39.8 to 79.2, making it
safe to assume that they originated from one of the
Bransfield Rift volcanoes and not from Larsen Rift.

In a second step, their range of Nb/Y ratios in
combination with Th/Nb ratios below 0.5 leads to
the subgroup consisting of Deception Island, Rezen
Peak, Penguin Island and Sail Rock (Fig. 16).

In a final step, the ice tephras’ Ba/La ratios
ranging from 8.3 to 10.7 in combination with
Sr/Y<15 (both conditions ruling out Rezen Peak
and Penguin Island), Th/Ta<4 (excluding Sail
Rock) and La/Yb <4.5 (only fitting Deception
Island) identify Deception Island unequivocally
as their source volcano. A La/Yb versus Sr/Nb plot
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visualizes convincingly that the Livingston Island
ice tephras plot entirely within the field occupied by
samples from Deception Island but well outside the
field of all other investigated volcanoes (Fig. 24).
Besides confirming the conclusion of Pallas et al.
(2001) that all tephra layers in central Livingston
Island originated from Deception Island, these data
also convincingly show that the step-by-step pattern
illustrated in figure 16 works reliably.

8.2. Development of tephra databases and the
impact on paleoclimate research

Modern paleoclimate research is heavily dependent
on establishing accurate timing related to rapid shifts
in Earth’s climate, with the aim of correlating these
events at local to global scales to assess phasing of
climate variability for different parts of the globe.
\olcanic ash (tephra) has a demonstrated importance
in correlating local and global sedimentological
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FIG. 24. La/Yb versus Sr/Nb demonstrating that the Livingston Island ice tephras plot entirely within the field occupied by samples
from Deception Island, not overlapping with other volcanic centers. Seal Nunataks literature data taken from Hole (1990)
and Hole et al. (1993); Sail Rock literature data from Keller et al. (1992).
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deposits (Alloway et al., 2007; Pearce et al., 2007;
Lowe, 2008, 2011). However, not every volcanic
center or volcanic eruption creates globally distributed
tephra layers. Several regional tephrochronological
frameworks have been established in the last decade,
e.g., for Europe (Turney et al., 2004; Newton et al.,
2007; Lane et al., 2011, 2012) and New Zealand
(Alloway et al., 2007), as well as some databases
that include a wider variety of volcanic and igneous
rocks. A number of regional database projects,
including Tephrabase, NAVDAT, Central Andes,
GeoMapApp, and GEOROC, implement data storage
and availability for specific geographical regions.

Once tephra is detected in a paleoclimate archive,
the composition of the unknown tephra layer must be
quantitatively compared to that of known eruptions
in order to identify its source. The most effective
tool for these comparisons is a comprehensive
geochemical and geochronological database,
containing high quality, reviewed geochemical and
geochronological data, as well as statistical tools for
evaluating geochemical similarities.

The location and identification of tephra in ice
cores raises the significance of the volcanic records
available therein to much greater levels. Determining
the source volcano of the tephra, through matching
the chemistry of the volcanic glass found in the ice
core with that from the particular eruption (e.g., De
Angelis et al., 1985; Palais et al., 1992; Zielinski
et al., 1997; Narcisi et al., 2010a, b; Dunbar and
Kurbatov, 2011), can also tie the volcanic aerosol
signal to a specific eruption. The ability to reliably
identify the eruption(s) responsible for a particular
signal provides the information needed to clearly
assess the climatic forcing capability of a particular
eruption/volcano and of a particular type of eruption,
e.g., a plinian versus fissure type of eruption, or
tropical versus high latitude.

8.3. Availability of other published data

Among the at least 12 volcanic centers in the
northern Antarctic Peninsula area that are known or
suspected to have shown Late Pleistocene-Holocene
explosive activity (Fig. 1), only Deception Island has
so far been confirmed as source for tephra particles
or sulfate identified in a number of Antarctic ice
cores (Delmas et al., 1992; Aristarain and Delmas,
1998; Han et al., 1999; Karlof et al., 2000; Pallas
et al., 2001; Budner and Cole Dai, 2003) and lake

records (e.g., Bjorck et al., 19914, b). Tephra particles
and sulphate from Deception Island have been
transported as far as the South Pole (e.g., Budner
and Cole-Dai, 2003) and were produced by eruptions
that occurred during the last 500 years, belonging
to an evolutionary phase that is characterized by
only small to moderate volume eruptions (Smellie,
2001). If, however, small to moderate volume
eruptions from Deception Island were capable of
distributing tephra to large distances, the same
should be possible for other volcanic centers that
have not shown major volcanic eruptions so far.
Other volcanic centers with highly likely Holocene
activity are Penguin Island and the Seal Nunataks.
Furthermore, Brabant Island, Sail Rock, Inott Point,
Edinburgh Hill, Melville Peak, Bridgeman Island,
the Cape Purvis volcano, Paulet Island and eastern
James Ross Island (Fig. 1) are likely to have been
active during Late Pleistocene-Holocene times
(e.g., Gonzalez-Ferran, 1983, 1995; Smellie, 1990;
Smellie et al., 1995, 1996, 2006b, 2008).

Deception Island has been studied in detail and
numerous analytical data are available for lava,
bombs and dikes (Hawkes, 1961; Gonzalez-Ferran
and Katsui, 1970; Valenzuela et al., 1970; Gonzélez-
Ferran et al., 1971; Robool, 1973; Baker et al.,
1975; Robool, 1979; Weaver et al., 1979; Tarney et
al., 1982; Keller et al., 1992; Smellie et al., 1992;
De Rosa et al., 1995; Fretzdorff and Smellie, 2002;
Smellie et al., 2002). However, most of these data
are major element analyses, while trace and rare
earth element data are scarce. Moreover, only one
paper includes also major element analyses from bulk
tephra sampled at the source volcano (Valenzuela et
al., 1970), though not from tephra glass.

The data record for the other volcanic centers
around the northern Antarctic Peninsula exhibits
substantial gaps, and detailed tephra studies have so
far been undertaken at none of them. The demand
for such data is also reflected by numerous studies
of ice cores, lake and marine sediment cores in
the Antarctic Peninsula - South Shetland Islands -
Southern Oceans area that quote the volcanic source
of the recognized tephra layers as ‘unknown’ (e.g.,
Fretzdorff and Smellie, 2002). The missing chemical
and age data from tephra (particularly trace and REE
compositions and the major element volcanic glass
compositions) so far largely precluded a possible
attribution of layers of unknown origin to specific
subaerial Antarctic Peninsula volcanoes. However,
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some tephra layers found in marine sediment cores
might also originate from submarine volcanoes
in the Bransfield and Larsen rifts, which are not
covered by this study.

9. Implications for regional climate systems

One scope of our work was to support future
studies on local (i.e., Antarctic Peninsula) climatic
events and patterns in past and present as displayed
by the tephra dispersal, super-regional air mass
trajectories (particularly towards the Antarctic main
continent) and the eventual impact of the volcanic
eruptions on local climate.

The impact of Antarctic Peninsula volcanism on
the climate of the Southern Hemisphere is less under-
stood than the better studied and modeled impact of
volcanic eruptions on Northern Hemisphere climate
(e.g., Robock, 1978, 1981; Stothers and Rampino,
1983; Crowley et al., 1993; Ammann et al., 2003;
Oman et al., 2006; Timmreck and Graf, 2006;
Fischer et al., 2007). Reconstructions developed from
historical data (Andronova et al., 1999; Crowley and
Kim, 1999) and multiple ice core records (Robock
and Free, 1995; Ammann et al., 2003; Gao et al.,
2008) do not use any Antarctic Peninsula volcanic
eruptions for their climate forcing time series. Only
a single climate impact simulation of the tropical
1991 Mount Pinatubo eruption on the Southern
Hemisphere (Robock et al., 2007) is available.

The potential impact of the Antarctic Peninsula
volcanoes on regional climate is related to seasonality,
magnitude and duration of the volcanic eruptions. The
seasonality of an eruption can impact the formation
and preservation of sea ice in the region, both of
which are shown to be major factors controlling
seasonal temperatures, especially during the winter
months. The distribution of the volcanic products
around the continent is influenced by the intensity
of the polar vortex and the height of the tropopause.
However, among the studied volcanoes, Deception
Island is probably the only candidate capable of
generating an eruption that is sufficiently strong
(subplinian to plinian) to impact even distant parts
of the Antarctic continent.

Once information on the magnitudes and timing
of Antarctic volcanism will become available, we
should expect to find potential climate related events
in paleoclimate records (e.g., ice cores and lake
sediment cores collected in the region). Modern
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day data from satellite sensors and direct climate
observations provide only limited help to decipher
information on climate forcing from regional
volcanoes because only small volcanic eruptions
were observed during the last forty years (e.g., the
Deception Island eruptions in 1967-1970 compared
to the same volcano’s pre-historical activity as
summarized by Marti and Baraldo (1990) and
Smellie (2001)). Increased anthropogenic emissions
further complicate the detection of volcanic products
in ice core sulphate records covering modern time
intervals, and the evaluation of the impact of such
events, by masking the volcanic signal. To obtain
this information, combined long term paleoclimate
and volcanic time series have to be developed in
order to determine the impact of Antarctic volcanic
eruptions.

Antarctic ice cores allow quantitative estimates
of fluxes of volcanically derived aerosols like
SO,* to the atmosphere. Unfortunately, the sulphate
increase in ice cores only yields information on the
timing of the potential source eruption, but not the
chemical signature.

Tephra has one pronounced advantage over
sulphate spikes: besides the timing of the respective
eruption it also reveals the chemical fingerprint of
the erupted material and thus allows identifying
the source volcano. Once the source volcano of a
given tephra layer is known, additional information
on climatic conditions at the time of eruption (e.g.,
atmospheric circulation patterns controlling air mass
trajectories, wind direction) can be deduced.

10. Summary and Conclusions

The developed dataset (http://dx.doi.org/10.1594/
IEDA/100052) contributes to establishing a regional
tephrochronological framework that includes
information on Late Pleistocene-Holocene volcanic
centers located in the northern part of the Antarctic
Peninsula along two active rift systems (Larsen Rift
and Bransfield Rift).

The vast majority of the regional volcanic products
are basalts and basaltic andesites. The exceptions
are Paulet Island, which is entirely of trachybasaltic
composition, and some of the samples from Deception
Island, which are basaltic trachyandesites and rarely
even trachydacites.

The Larsen Rift volcanoes, as a general rule,
feature SiO,<53 wt%. The Cape Purvis volcano and
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Paulet Island have K,O-values higher than 1 wt%,
a condition that is only partly met by the samples
from the Seal Nunataks. Except for the most evolved
samples, the Bransfield Strait volcanoes feature
K,O-contents well below 1 wt%.

Crustal contamination during differentiation in
shallow level magma chambers has not occurred or
was insignificant, as indicated, e.g., by Sr-Nd-Pb
isotope systematics.

Microprobe analyses on the glass component reveal
fundamental differences between eastern and western
Antarctic Peninsula volcanoes. As a general rule, the
glass component of the Bransfield Rift volcanoes
shows moderately to strongly elevated SiO, but not or
only slightly elevated alkali-contents as compared to
the respective bulk rock composition. In contrast, the
glass component of the Larsen Rift volcanoes is only
slightly enriched in SiO, but moderately to strongly
in alkalis. We interpret this to reflect differences in
the geotectonic setting, Larsen Rift representing an
intra-plate environment, while Bransfield Rift is a
marginal basin with back-arc-like characteristics,
situated behind an inactive magmatic arc.

In order to identify the source of distal tephra
layers of unknown origin, a step-by-step strategy
resembling a flow chart has been developed.
Application of this ‘Decision Tree’ is based on the
successive exclusion of potential source volcanoes
until zooming in on the last remaining candidate,
which is the most likely source for the tephra layer
in question in case the unknown tephra fulfils the
geochemical conditions (Fig. 16).

Nb/Y ratios higher than 0.67 in combination
with low Sr/Nb ratios and strongly enriched LREE
(expressed, e.g., as very low Ba/La) seem to be
diagnostic to distinguish the volcanoes located
along the Larsen Rift (Cape Purvis volcano, Paulet
Island and Seal Nunataks) from those associated
with Bransfield Rift (Sail Rock, Deception Island,
Rezen Peak, Inott Point, Penguin Island, Melville
Peak and Bridgeman Island).

Sr-contents and Sr/Y ratio proved useful to
distinguish between the different volcanoes of the
Larsen Rift group. To separate the Bransfield Rift
volcanoes from each other, Nb/Y, Th/Nb, Th/Yb, and
LREE patterns along with Ba/Th and Sr/Y appear
to be diagnostic and powerful tools.

The application of the step-by-step approach on
ice tephras from central Livingston Island confirmed
previously published work in showing that all ice

tephras unequivocally originated from the Deception
Island volcano, situated some 40 km southwest of
central Livingston Island.

The correlation of our new data with published
data from tephra layers identified in ice, lake and
marine sediment cores, as well as with new data
obtained from the CASA project (Climate of the
Antarctic and South America (CASA): Joint Brazilian-
Chilean-US ice core drilling on the Detroit Plateau,
Antarctic Peninsula) will contribute substantially
to a better understanding and interpretation of
individual climatic events as well as tendencies
in the climatic evolution of the northern Antarctic
Peninsula, maybe also within a superregional frame
(Antarctic continent, Southern Oceans). The data
set will contribute also to the development of a new
Antarctic tephrochronological framework. The ability
to reliably identify the eruption(s) responsible for a
particular signal provides the information needed
to clearly assess the climatic forcing capability of
a particular eruption/volcano and of a particular
type of eruption.
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