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Abstract

Two sediment cores obtained from the continental shelf of the northern South
Shetland Islands, West Antarctica, consist of: an upper unit of silty mud,
bioturbated by a sluggish current, and a lower unit of well-sorted, laminated
silty mud, attributed to an intensified Polar Slope Current. Geochemical and
accelerator mass spectrometry 14C analyses yielded evidence for a late Holocene
increase in sea-ice extent and a decrease in phytoplankton productivity,
inferred from a reduction in the total organic carbon content and higher C : N
ratios, at approximately 330 years B.P., corresponding to the Little Ice Age.
Prior to this, the shelf experienced warmer marine conditions, with greater
phytoplankton productivity, inferred from a higher organic carbon content and
C : N ratios in the lower unit. The reduced abundance of Weddell Sea ice-edge
bloom species (Chaetoceros resting spores, Fragilariopsis curta and Fragilariopsis
cylindrus) and stratified cold-water species (Rhizosolenia antennata) in the upper
unit was largely caused by the colder climate. During the cold period, the
glacial restriction between the Weddell Sea and the shelf of the northern South
Shetland Islands apparently hindered the influx of ice-edge bloom species from
the Weddell Sea into the core site. The relative increases in the abundance of
Actinocyclus actinochilus and Navicula glaciei, indigenous to the coastal zone of the
South Shetland Islands, probably reflects a reduction in the dilution of native
species, resulting from the diminished influx of the ice-edge species from the
Weddell Sea. We also document the recent reduction of sea-ice cover in the
study area in response to recent warming along the Antarctic Peninsula.
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The Holocene was not a period of continual warming and
glacial retreat. Rather, there were episodes of neoglacial
expansion and retreat, which had significant effects on
regional climate and human activities. The most recent
cooling and glacial advance marked the start of the Little
Ice Age (LIA), which culminated between the mid-1500s
and the mid-1800s (Lamb 1977; Grove 1988). The best
available evidence for glacier advance and/or atmo-
spheric cooling in the Southern Hemisphere during the
LIA has been documented in ice cores from the Peruvian
Andes (Thompson et al. 1986), in ice cores from the
South Pole (Mosley-Thompson & Thompson 1982) and
from moraines and tills in the Antarctic Peninsula region

(Clapperton & Sugden 1989; Clapperton 1990). Less
agreement exists concerning the cooling conditions of the
LIA in the Antarctic Peninsula region. Oxygen isotope
data from an ice core from Siple Station in the Antarctic
Peninsula suggest that warmer conditions existed at the
time of the LIA, and provide a local impression of
Holocene climate variability (Mosley-Thompson et al.
1990). For the Antarctic marine environment there are
few data concerning the LIA, excepting the evidence of
ice-shelf advance and sea-ice increase over this time
period (Domack et al. 1995; Shevenell et al. 1996).

We studied gravity and box sediment cores collected
from the continental shelf of the northern South
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Shetland Islands, on the Antarctic Peninsula, to recon-
struct the late Holocene cold event, associated with
variable sea-ice conditions (Fig. 1). Influencing biological
productivity, aeolian flux and terrrigenous sediment
discharge, sea ice is an important glaciological feature
around the periphery of the Antarctic continent. Sea ice is
often associated with the cold polar climate of the Ant-
arctic, and, in general, is controlled by mean annual
temperature and intrusion of circumpolar deep water
(CDW) from the Antarctic Circumpolar Current (ACC).
Hence, sea ice and associated biological production on
the northern Antarctic Peninsula shelf may represent
sensitive climatic indicators, and the fluctuations of such
features in the past may provide us with important palae-
oenvironmental information.

Methods

Sediment sampling

The sediment cores WB1 and WB2 were collected from
an inner shelf and a deep trough on the outer shelf of the
northern South Shetland Islands, respectively, using a
gravity corer and a box corer (Fig. 1). The box corer
provides an excellent means to study recent sedimenta-
tion changes, because it preserves an intact sediment–
water interface. Gravity cores are also likely to capture
the modern sediment–water interface, as we found when
the X-radiographs from the two different cores were
examined.

Laboratory analyses

The cores were cut lengthwise in the laboratory: one half
was visually described and sliced for X-radiographs, and
the other half was used for subsampling. Subsamples
were taken at every 2 cm down the length of the cores, to
determine grain size, and total organic carbon (TOC) and
total inorganic carbon (TIC) contents. The total carbon
(TC) and total nitrogen (TN) contents were analysed
with a FLASH EA 1112 CHNS-O Automatic Element
Analyzer (Thermo Finnigan, now Thermo Scientific,
Waltham, MA, USA). The TIC content was determined
with a carbon dioxide coulometer, model 5030, with an
acidification unit (UIC Inc., Joliet, IL, USA). The TOC
content was calculated by subtracting TIC from TC. The
grain size distribution for the size fractions from -4.0 to
4.0 f, where f = -log2D/D0, and D is the diameter of the
particle and D0 is the reference diameter, which is set to
1 mm, of core WB2 was analysed by dry sieving. The finer
fractions (from 4.0 to 10.0 j) were analysed with a Sedi-
Graph 5000 D (Micromeritics Instrument Corporation,
Norcross, GA, USA). The method for computing raw data

is described in Jones et al. (1988), and the classification of
sediments followed the scheme of Folk & Ward (1957).
Physical and biogenic sedimentary structures were
revealed through X-radiographs of 1-cm-thick sediment
slabs. To measure the anisotropy of magnetic susceptibil-
ity for the cores, cubic specimens were collected by
pushing non-magnetic plastic boxes into the surface of
the halved core. A low-field (0.47-kHz) MS2 magnetic
susceptibility meter connected to an MS2B sensor (Bar-
tington Instruments, Witney, Oxon, UK) was used for
measuring the anisotropy of magnetic susceptibility. Mea-
surements at 24 positions for each specimen were
performed to determine the magnitude and directions of
the maximum (k1), intermediate (k2) and minimum (k3)
axes of the anisotropy of magnetic susceptibility. To
evaluate the relationship between the bottom current
intensity and the magnetic fabric in the sedimentary
records, the alignment parameter (Fs) of the anisotropy of
magnetic susceptibility was calculated from the following
equation (Ellwood 1975).

Fs k k k= ×( )1
2

2
2

3
2 1 2

Bulk sediment samples from core WB2 were used for
accelerator mass spectrometer (AMS) radiocarbon dating.
The dating was performed at GNS Science, Lower Hutt,
New Zealand. Samples for 210Pb analyses were collected
from the exposed core WB2, were then dried at the Korea
Polar Research Institute for analysis of water content, and
were then sent to the Korea Basic Science Institute for
further analysis, following the procedures described by
DeMaster & Cochran (1982). Quantitative diatom analy-
ses for core WB2 were performed with a settling method
(Scherer 1994). This method can be used to determine the
absolute diatom concentration (diatom per gram of sedi-
ment). Approximately 500 diatom valves were counted
along transects per slide, using a photomicroscope at a
magnification of 1250¥ (Zeiss, Oberkochen, Germany).
Diatom counts were completed following the procedures
outlined by Schrader & Gersonde (1978).

Environmental characteristics

Climate and sea-ice distribution

The northernmost Antarctic Peninsula region experiences
a slightly more moderate climate (cold temperate to sub-
polar) compared with the western Antarctic Peninsula,
on account of its lower latitude. The mean summer
temperature varies from 1.1°C (December) to 2.2°C
(January) with a mean summer relative humidity of
89%, resulting in great surface melting and run-off. The
late-summer snowlines around the South Shetland
Islands are about 150 m a.s.l. The basal ice temperatures
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Fig. 1 (a) Map of the northern Antarctic Peninsula continental shelf and north-west Weddell Sea, schematically showing the domains flow paths of the

principal water masses in the region. The heavy dashed arrows indicate the Polar Slope Current of Weddell Sea water origin, which is a mixture of shelf

waters from the north-west Weddell Sea. The heavy solid arrows represent the Antarctic Circumpolar Current, from which Circumpolar Deep Water (short

hatched arrows) moves up to the continental shelf region in the study area. Solid squares show the locations of cores WB1 and WB2. The bathymetry is

indicated in metres. Abbreviations: BS, Bransfield Strait; EI, Elephant Island; SSI, South Shetland Islands. (b) High-resolution (3.5-kHz) seismic profile from

the outer continental shelf of the northern South Shetland Islands. The location of core WB2 is noted in the trough.
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are unknown, but may be at the pressure melting point
near glacier termini, as basal temperatures in glaciers
further south are known to be at the pressure melting
point (Smith 1972). Regional atmospheric warming is
demonstrated by a comparison of aerial photographs of
Marian Cove, a tributary embayment of Maxwell Bay, in
the southern South Shetland Islands, which shows that
the extent of glacier retreat between 1989 and 1994 was
approximately the same as the retreat during the preced-
ing 30 years (1956–1986) (Park et al. 1998). The annual
total rainfall is approximately 17 cm, and rainfall during
the austral summer (from December to February)
accounts for 73% of the total annual rainfall. The annual
total snowfall is approximately 460 cm in water equiva-
lent, and the monthly total snowfall has a maximum
value of 230 cm in June.

Although information about sea ice on the shelf of the
northern South Shetland Islands is lacking, pack ice
begins to form in Maxwell Bay in the southern islands in
August, and from late October it rapidly breaks up and
the bay soon becomes completely ice-free, giving rise to
increased biological productivity. Modern bays and fjords
in the South Shetland Islands frequently remain ice-free
throughout the whole year as a result of the recent
regional atmospheric warming.

Oceanography

The continental margin of the northern South Shetland
Islands is influenced by the relatively warm (1–2°C)
CDW, with a salinity range of 34.3–34.8 psu, that is trans-
ported from the south-west, with the ACC and the cold
Polar Slope Current of Weddell Sea origin (Tokarczyk
1987) (Fig. 1a). In particular, on the continental shelf of
the northern islands, where the present cores were col-
lected, a westward Polar Slope Current is predominant,
with eddies forming along the shelf break, whereas CDW,
derived from the ACC, is confined mostly to the oceanic
zone, and does not extend onto the shelf (Ichii et al.
1998). The Polar Slope Current is a narrow (ca. 20 km
wide) and cold (less than 2°C) current, lying at a depth of
300 m along the shelf break and upper slope of the
northern South Shetland Islands. This current, which is
thought to originate in the Weddell Sea, flows counter
(i.e., westward) to the prevailing surface current (north-
eastward) of this region (Hofmann et al. 1992), carrying
Weddell Sea water to the west. The Polar Slope Current
has also been suggested as a mechanism for transporting
krill embryos released north of the South Shetland
Islands to the west. Whitworth et al. (1994) characterized
the Polar Slope Current as a shelf-water mixture derived
principally from the isopycnal mixing of the waters of the
ACC with waters of the Weddell Sea, and reported surface

water temperatures ranging from -1.6 to 1.5°C, and
salinity in the range of 33.0–34.6 psu.

Glacial history

There is much debate on the Holocene glacial and
palaeoclimatic history of the South Shetland Islands.
Mäusbacher et al. (1989) reported that the deglaciation of
King George Island occurred between 9000 and 5000
years B.P., based on the dating of lake sediments.
According to 14C dates of marine sediments, the recent
deglaciation from Marian Cove occurred sometime later
than 1300 years B.P. (Yoon et al. 1997). More details on
the mid-Holocene history of the South Shetland Islands
were presented by Bjorck, Hakansson et al. (1991), who
concluded that a climatic optimum occurred between
3200 and 2700 years B.P. in Midge Lake on Byers Penin-
sula, an estimate that is in agreement with the moss bank
data from Elephant Island (Bjorck, Malmer et al. 1991).
The moss bank data also suggest colder conditions at
5500–4300 and 3900–3200 years B.P., and an additional
mild period at 4150–3900 years B.P. They also think that
such humid conditions could have caused a readvance-
ment of the glaciers on King George Island about 3000
years B.P. (Barsch & Mäusbacher 1986; Mäusbacher et al.
1989). Schmidt et al. (1990) attributed the increased
allochthonous input to lakes to climatic change between
4700 and 3200 years B.P.

Radiocarbon data

The AMS 14C age is based on four samples of bulk organic
matter from core WB2 (Table 1). The 14C age from surface
(0–1 cm) sediments of the core was measured as
2642 � 35 years B.P., which is somewhat older than the
accepted ocean reservoir correction for Antarctica (1200–
1400 years B.P.; Berkman et al. 1998; Ingolfsson et al.
1998). This could suggest that the core-top materials
are missing as much as 3.6 m (1241 years) from the
sediment–water surface. However, radiocarbon dating

Table 1 Results of the accelerator mass spectrometer (AMS) 14C dating of

core WB2.

Core depth

(cm)

Age (14C years B.P.)

Material Lab. codeUncorrected Correcteda

0 2642 � 35 0 � 35 bulk sediment NZA19176

132 3101 � 40 459 � 40 bulk sediment NZA19178

198 3419 � 40 777 � 40 bulk sediment NZA19382

266 4186 � 35 1544 � 35 bulk sediment NZA19383

aA 2642-year correction was applied to all ages of core WB2. This correction appears

to be justified because all of the radiocarbon ages in the core were thoroughly

contaminated by the reworked older carbon, as seen in Table 2.
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has frequently resulted in such anomalously old modern
surface ages for organic matter from the Antarctic. In a
previous study (Yoon et al. 2002), we obtained AMS 14C
ages ranging between 3690 � 55 and 3120 � 50
years B.P. for the surface sediments on the mid- and outer
continental shelves off the Anvers and Brabant islands,
600 km south-west of core WB2. Domack and coworkers
(Domack et al. 1989; Domack et al. 1991) also observed a
range for the surface sediments on the East Antarctica
continental shelf from 1915 � 50 to 5020 � 180
years B.P., which is older than the expected reservoir
correction of 1200 years B.P. (Gordon & Harkness 1992).
Pudsey & Evans (2001) also reported an old surface age
(about 6000 14C years B.P.) in the Weddell Sea. The old
AMS age of surface sediments in the Antarctic has been
attributed to old carbon contamination, caused either by
the liberation of CO2 stored in the ice sheets (Domack
et al. 1989), along with the uptake of “old” dissolved
inorganic carbon by recycled ancient organic matter (i.e.,
diatoms; Gibson et al. 1999), or by the assimilation of
dissolved inorganic carbon by diatoms during CO2-
limiting conditions (Tortell et al. 1997). Thus, the rather
old surface age of 2642 14C years B.P. for core WB2 is
neither surprising nor unreasonable, and does not indi-
cate that the top of core WB2 was missing when the
coring apparatus touched the sea bottom. Because Creta-
ceous dinoflagellate cysts are commonly observed in core
WB2, the old age of the top of the core can be explained
by the incorporation of reworked and older organic
matter delivered by a strong bottom current (Table 2). A
strong shelf-to-slope current from the Weddell Sea is
known to play a role in influencing the current system
on the northern shelf of the South Shetland Islands
(Whitworth et al. 1994).

To derive a chronology for core WB2, we have used a
couple of approaches.

First, we assumed that the surface age indicates the
present-day conditions. Thus, we used the 14C age (2640
years B.P.) that we obtained as a correction, and sub-
tracted it from the three measured ages lower down in
the core, as has been done in previous studies in the
Antarctic (Domack et al. 2001; Pudsey & Evans 2001;
Allen et al. 2005). The determination of this correction
appears to be justified because: (1) recycled Cretaceous
organic matter is apparent throughout the core from
smear slides (Table 2), and (2) all of the measured radio-
carbon ages in core WB2 increase progressively with
depth throughout the core, reflecting that the contami-
nation is consistent (Table 1).

Second, the corrected radiocarbon data were used to
estimate the age versus depth relationships in the study
area. The age–depth model shows that the sedimentation
rate of core WB2 varied from 0.29 cm yr-1 in the upper
part of the core to 0.10–0.21 cm yr-1 in the lower part,
with a maximum core age of 4200 years B.P. (Fig. 2a).
The sedimentation rate in core WB2 seems to be at least
four times faster than that reported from a fjord setting
in the Antarctic Peninsula (Lallemand Fjord, 0.06–
0.08 cm yr-1 [Shevenell et al. 1996]), and two times the
sedimentation rates reported from the Palmer Deep
(0.17 cm yr-1 [Domack et al. 2001]). Such a high sedi-
mentation rate on the Antarctic shelf may be inferred
from a high-resolution (3.5-kHz) seismic profile, which
clearly shows that core WB2 was collected from the
centre of one of the troughs that has developed along the
shelf of the northern South Shetland Islands (Fig. 1b).
Yoon et al. (2004) reported numerous deep troughs on
the shelf of the South Shetland Islands, and most of them
might have been formed by glacial erosion during the
advancement of a grounding glacier on the northern
islands during the Last Glacial Maximum (LGM). As the
glacial margin retreated landwards after the LGM, dense

Table 2 Reworked dinoflagellate cysts from core WB2.

Species Core depth (cm) Numbera Range

Trityrodinium vermiculata 2 9 Upper Cretaceous

Lingulodinium machaerophorum 2 10

Nelsoniella sp. 90 14 Upper Cretaceous

Trityrodinium vermiculata 90 9 Upper Cretaceous

Lingulodinium machaerophorum 100 18

Amphidiadema denticulate 100 19 Upper Cretaceous

Operculodinium israelianum 160 19

Operculodinium israelianum 200 20

Trityrodinium vermiculata 200 18 Upper Cretaceous

Cribrodinium giuseppi 240 20 Cretaceous

Cribrodinium giuseppi 245 23 Cretaceous

Bering fritilla 255 20

Operculodinium israelianum 255 20

aThe number of reworked species per 150 dinoflagellate cysts.
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meltwater plumes released from the retreating ice-front
were funnelled along the glacier-carved troughs, with
channel-fill deposits accumulating on the shelf, probably
resulting in the unusually high sedimentation rate.

More chronological information is provided by the
210Pb analysis for core WB2. The 210Pb profile for the core
represents an excess of 210Pb activity in the upper 20 cm
of the core, below which the activity is in equilibrium

with other radionuclides (Fig. 2b), which allow us to
interpret the core top of WB2 as belonging to the last 80
years. This indicates that the top 30 cm of core WB2
(corresponding to the end of the LIA, at 100 years B.P. on
the Antarctic Peninsula) could not have been lost during
the coring process. The 210Pb profile also shows an
average sedimentation rate of 0.23 cm yr-1 (Fig. 2b),
which is within the range of the rates (0.10–0.29 cm yr-1)
calculated from the AMS 14C data. This suggests that the
sedimentation rate derived from the AMS 14C data from
core WB2 is a reasonable basis for establishing the chro-
nology in this study. Thus, with the sedimentation rate of
0.10–0.29 cm yr-1, we extrapolate the inferred age of core
WB2 for the palaeoclimatic events.

Sedimentology and geochemistry

Core WB1 was obtained from the inner continental shelf
of the northern South Shetland Islands at a water depth
of 210 m, whereas core WB2 was from a trough on the
outer shelf at a water depth of 345 m (Fig. 1). The
response of core WB2 in a high-resolution (3.5-kHz)
seismic profile is a semi-prolonged bottom echo (Fig. 1b).
This is interpreted as thick (more than 30 m) composite
channel-fill deposits emplaced by hemipelagic settling
particles and intermittent turbid plumes from the
grounding line as the glacier front retreated rapidly
during the Holocene. Based on the detailed description of
the sedimentary structure shown on the X-radiographs,
two sedimentary units are classified from the two cores:
bioturbated silty mud in the upper unit and laminated
silty mud in the lower unit (Figs. 3, 4). In this study, core
WB2 was used to produce a multiproxy data set, includ-
ing magnetic susceptibility, TOC content, C : N ratio,
grain-size data and diatom assemblage, whereas core
WB1 was only used to derive X-radiography, magnetic
susceptibility and geochemical data, for the purpose of
lithologically correlating the two cores (Fig. 3).

Core WB2

Obtained from the outer trough on the shelf, core WB2
is mainly composed of a silty clay to clay that varies
from olive grey, bioturbated silty mud (upper unit; above
100 cm of the core depth) to greenish grey, laminated
silty mud (lower unit; below 100 cm of the core depth)
(Fig. 3). The upper unit is commonly bioturbated, and
partly mottled, with a mean grain size of 8.6–10.3 f,
except for the top 15 cm, where the mean grain size
decreases abruptly (Figs. 4a, 5). The sediments consist
primarily of clay-sized material, with 1–3% composed of
poorly sorted sand, although the grain-size maxima are
noted in the uppermost 15 cm, where the silt content
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increases to more than 40% (Fig. 5). The increased silt
content in the upper 15 cm tends to co-occur with the
maxima of sorting value (well-sorted), and this is also the
case in other parts of the core, as seen in Fig. 5. The
sediments in the upper unit are also negatively skewed,

with values from -2.4 to -0.5, except for the top 15 cm,
where the sediments tend to be positively skewed
(Fig. 5). Fs, which is often used to describe the structure
of the bottom current, shows a decreasing trend, ranging
from 1.01 to 1.15 in the upper unit (Fig. 5). The TOC
content in the upper unit is slightly lower (0.52–0.71%)
than in the lower unit, excepting for the top 15 cm,
where the TOC content dramatically increases (up to
0.9%; Fig. 6). Magnetic susceptibility values are relatively
high (400–590 cgs) in the upper unit, compared with the
lower unit, and they remain consistently high within the
unit (Fig. 6). The C : N ratios are also slightly higher in
the upper unit, ranging from 7.5 to 12.4, than in the
lower unit (Fig. 6).

The lower unit is laminated or weakly laminated, as
seen in the X-radiography (Fig. 4b). Laminae within the
unit are formed by millimetre-scale interlamination with
greenish grey fine silt. The thin silt laminae are less rhyth-
mically interbedded, and have sharp lower contacts and
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gradational contacts with the thicker mud above
(Fig. 4b). The sediments mostly consist of silty clay to
clay, with a negligible quantity of sand, and commonly
contain well-sorted (>2.5 f), silt-rich intervals: the inter-
vals specifically occur at depths of 100–120, 180–200,
230–240 and 250–265 cm, as seen in Fig 5. The sediments
in the lower unit are commonly positively skewed (from
-1.5 to 0.0), with a mean grain size of 8.5–10.4 f (Fig. 5).
The TOC content is slightly higher (0.57–1.06%) than in
the upper unit, with a maximum concentration at a depth
of 210 cm, and fluctuates throughout the unit (Fig. 6).
Magnetic susceptibility values, varying from 343 to
552 cgs, and C : N ratios, varying from 5.1 to 12.3, are
relatively low in the lower unit, and, significantly, fluc-
tuate compared with the upper unit (Fig. 6). The lower

unit also shows relatively high Fs values, compared with
the upper unit, ranging from 1.01 to 1.21 in the lower
unit (Fig. 5).

Core WB1

Core WB1, collected from the inner shelf, has a down-
core pattern of lithologic sequence and geochemical
properties that is similar to core WB2 (Figs. 3, 7). It con-
sists largely of an olive grey, bioturbated silt to sandy mud
in the upper unit (above 73 cm of the core depth), and
grey, laminated silty mud in the lower unit (below 73 cm
of the core depth) (Fig. 3). As in core WB2, a higher TOC
content is commonly observed in the lower unit, ranging
from 0.28 to 0.36%, whereas a lower TOC content is
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observed in the upper unit, except for the top 22 cm,
where the TOC content gradually increases up to 0.41%
(Fig. 7). The C : N ratios are lower, ranging from 6.1 to 13
in the lower unit, and from 9.2 to 18 in the upper unit,
except for the top 22 cm, where the ratios gradually
decrease (Fig. 7). The magnetic susceptibility values in
the lower unit are relatively low (420–900 cgs), com-
pared with the upper unit, except for the top 22 cm,
where they decrease abruptly (Fig. 7). The highest values
of Fs are observed in the lower unit, ranging from 1.07 to
1.15, whereas the lowest values are found in the upper
part of the upper unit; however, no significant increase of
Fs was observed in the top 22 cm of core WB1 (Fig. 7).

Micropalaeontology

A total of 27 diatom taxa have been identified from core
WB2. Comprising 20–80% of the total, the dominant
species is a Chaetoceros resting spore (Fig. 8). The rest
of the assemblage includes taxa such as Fragilariopsis

kerguelensis, Fragilariopsis curta and Rhizosolenia antennata
(Fig. 8). As the large numbers of Chaetoceros resting spores
in the sediment may mask the signal of the rest of the
assemblage, we calculated the relative abundance of the
rest of the diatoms excluding the Chaetoceros resting
spores. Minor components (<10%) of the assemblages are
Actinocyclus actinochilus, Thalassiosira antarctica, Navicula
glaciei and Fragilariopsis cylindrus (Fig. 8).

Floral trends show a distinct change at a depth of
100 cm in core WB2 (Fig. 8). The number of Chaetoceros
resting spore valves per gram of sediment is consistently
greater than 2000 valves g-1 in the lower unit, below
100 cm of the core; above this level, the number
decreases (Fig. 8). The abundance changes of total diatom
valves parallel those found in Chaetoceros valves in the
core, showing decreased diatom valve concentration in
the upper unit (Fig. 8). The upper unit is also character-
ized by a relative decrease in the abundance of sea-ice
taxa (F. curta and F. cylindrus), the species most commonly
associated with the marginal ice zone (MIZ) of the

Fig. 6 Down-core variations of magnetic sus-

ceptibility (MS), total organic carbon content

(TOC) and C : N ratio of core WB2.
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Fig. 7 Down-core variations of magnetic sus-

ceptibility (MS), total organic carbon content

(TOC) and C : N ratio of core WB1.
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north-west Weddell Sea (Kang et al. 2001), and R. anten-
nata, a typical stratified-water species of the Southern
Ocean (Crosta et al. 2004). Crosta et al. (2005) analysed
228 modern sediment samples from Atlantic and Indian
sectors of the Southern Ocean, and categorized R. anten-
nata as a cool open ocean group, with an apparent
tolerance to sea-ice conditions. This is followed by the
relative increase in the abundance of the taxa A. actinochi-
lus, T. antarctica and N. glaciei in the upper unit (Fig. 8).
The planktic, centric A. actinochilus is considered to be a
typical Antarctic neritic species (Kozlova 1966) that
commonly occurs in the coastal sea-ice zone (Medlin &
Priddle 1990). It is one of the characteristic species found
in the area where sea ice is absent for only two months
(Armand et al. 2005). The genus Thalassiosira is wide-
spread in Antarctic waters, where it generally occurs in
open water. It is uncommon in sea ice (Fryxell & Ken-
drick 1988; Leventer & Dunbar 1996), which Fryxell
et al. (1987) attributed to its inability to survive the low
light conditions beneath the sea ice. The observation that
T. antarctica is present in some sea-ice samples (Villareal &
Fryxell 1983; Leventer & Dunbar 1996), however, has led
to the suggestion that it may be associated with coastal
sea ice, and zones of loose platelet ice underneath drifting
pack ice (Cunningham & Leventer 1998). N. glaciei has
recently been reported to show a maximum abundance
in the loose and/or fragile coastal sea ice when sea ice
begins to freeze (in April) and thaw (in October) in fjords
in the southern South Shetland Islands (Kang et al.
2002).

Interpretation and discussion

Glaciomarine sedimentation and
palaeoclimatic implication

Two distinct palaeoenvironments may be inferred for the
continental shelf of the northern South Shetland Islands
during the late Holocene. A number of parameters exhibit
strong correlations and represent distinct palaeoenviron-
ments in the shelf. Two sediment cores, based upon
similar lithologic trends, yield two distinct units: the
lower and upper units reflect open marine and sea-
ice influenced depositional environments, respectively
(Fig. 3).

The lower unit of the cores comprises a laminated
greenish grey silty mud overlain by a bioturbated olive-
grey silty mud in the upper unit (Figs. 3, 4). The mean
grain size in the lower unit of core WB2 is not only highly
variable, but is also coarser, and more positively skewed,
than in the upper unit (Fig. 5), which is indicative of
a fluctuating depositional environment under higher
energy conditions. This interpretation is supported by the

anisotropy of the magnetic susceptibility of the core,
which shows higher values of Fs, often used to denote
bottom current intensity, in the lower unit (Fig. 5).
Ellwood & Ledbetter (1977) measured the anisotropy of
magnetic susceptibility of deep-sea core sediments from
the Vema Channel, through which Antarctic Bottom
Water passes from the Argentine Basin to the Brazil
Basin. They found that Fs is highly correlated with
bottom current activity: an increase in particle alignment
is caused by an increase in bottom current velocity, which
corresponds to an increase in mean grain size. The higher
Fs values in the lower unit of core WB2 (Fig. 5), there-
fore, indicate the greater influence of bottom current
activity during the deposition of the laminated lower
unit, compared with the deposition of the bioturbated
upper unit. Moreover, the common occurrence of well-
sorted, silt-rich intervals in the lower unit (Fig. 5) appears
to be the result of either active sediment reworking by
bottom currents or some availability of terrigenous par-
ticles. Possible terrigenous sources on the shelf include:
(1) sediment-laden meltwater from a calving tidewater
glacier, (2) eolian input derived from adjoining land-
masses and (3) reworking of older sediments by currents
(Singer & Anderson 1984; Anderson & Kurtz 1985).
Because of the absence of graded intervals and bottom
current structures (Fig. 4b), we do not believe that the
increased terrigenous materials (mostly silt fractions) in
the lower unit are the result of contour currents (contou-
rite) and/or sediment gravity flow (turbidite) along the
continental slope. Sediment-laden meltwater is abundant
in fjords in the modern South Shetland Islands (Yoo et al.
1999), which are located in a subpolar climate regime,
but it is not clear whether significant quantities of sus-
pended sediment from the grounding-line environment,
at present deeply recessed within the fjords, reaches the
middle or outer shelves (Yoon et al. 1998). Many studies
have reported that fine sand and/or silt-sized material
settle mostly within 1–2 km of the glacier front within
Antarctic Peninsula fjords (Domack et al. 1993; Yoon
et al. 1998). Eolian input for the increased silt in the
lower unit is a possibility, as discussed by Stein (1992).
However, such deposition would require the concentra-
tion of aeolian material in sea ice at the core site. Based
upon the 14C chronology for core WB2, deposition of the
lower unit occurred between 330 and 1520 years B.P.,
which roughly coincides with the period of sea-ice
minima between 700 and 1032 years B.P. (the Medieval
Warm Period) found in Granite Harbor sediment cores
from East Antarctica (Leventer et al. 1993). The sea-ice
minima over the core sites during this time indicate that
the possibility of an aeolian origin for the increased silt
fractions in the lower unit (Fig. 5a) is slight. The core sites
are inferred to have been in a trough on the shelf of the
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northern South Shetland Islands, characterized by the
modern existence of the Polar Slope Current (Whitworth
et al. 1994), and the well-sorted, silt-rich intervals in
the lower unit may be associated with the influence of
this current in the past. The Polar Slope Current is a
westward-flowing, cold (less than 0.0°C) and dense water
current that flows along the shelf of the northern South
Shetland Islands, from the Weddell Sea. It is known to
originate from the mixture of the ACC and Weddell Sea
water mass sequences (Whitworth et al. 1994). It is
thought that the Polar Slope Current would significantly
intrude into the core sites during warm periods, as water
exchange between the Weddell Sea and the shelf of the
northern South Shetland Islands would have been well
established because of the reduced sea-ice cover, or even
open marine conditions. This speculation may explain the
significant reworking of initially unsorted shelf sedi-
ments, and the resulting formation of a well-sorted, silt-
rich layer in the lower unit of the cores (Fig. 5). Enhanced
biological productivity under open marine conditions
would prevail around the study area at this time, result-
ing in the higher percentages of TOC in the lower unit, as
shown in Figs. 6 and 7. Generally, the increased penetra-
tion of incident light, resulting from the reduced sea-ice
cover, encourages plankton photosynthesis and, thereby,
a higher level of primary productivity in the stable,
meltwater-induced surface layer of the water column, as
shown by the increased diatom valve concentration in
the lower unit of core WB2 (Fig. 8). Both warmer surface
water conditions and reduced sea-ice cover appear to
have contributed to the elevated productivity around the
core sites, as evidenced by the lower C : N ratios in
the lower unit, despite a warmer climate regime in which
the input of terrestrial vegetation (i.e., lichen and
moss debris, and algae) should increase the C : N ratio
(Figs. 6, 7).

The upper unit is bioturbated, poorly sorted and
depleted in silt-rich intervals (Figs. 4a, 5), indicating sedi-
mentation, with less hydraulic energy, in a protected
environment, such as a sea-ice influenced depositional
environment. The reduction of both TOC content and
diatom valve concentration in the upper unit (Figs. 6–8)
also reflects the changing depositional environment,
from that of an open marine environment with active
shelf currents to that typical of a colder environment with
increased sea-ice cover. Hence, some climatic and/or
oceanographic event induced cooler and icier conditions
during the deposition of the upper unit. The decline in
TOC content in the upper unit (Fig. 6) is probably asso-
ciated with the formation of sea ice since 330 years B.P.,
as the onset of the upper unit corresponds to the LIA
global cold event, of 600–100 years B.P. (O’Brien et al.
1995). The inferred cooling and sea-ice expansion at

about 330 years B.P. in the northern Antarctic Peninsula
are consistent with marine records from the Müller Ice
Shelf, where the advance of the shelf took place about
400 years B.P. (Domack et al. 1995), and from the Palmer
Deep in the western Antarctic Peninsula, where the sea-
ice expansion occurred about 500 years B.P. (Domack &
Mayewski 1999).

During the cooling event, the north-western Weddell
Sea would have remained ice-covered for longer during
the summer. Thus, the winter restriction between the
Weddell Sea and the core sites might have continued
during the summer. This would have severely restrained
the Weddell–South Shetland connection during summer
seasons, and the Polar Slope Current of Weddell Sea
water origin could not have entered the shelf of the
northern South Shetland Islands. Under these conditions,
it is also expected that the bioactivity of benthic animals
gradually increased, resulting in the bioturbated sediment
in the upper unit, as shown in Fig. 4a. However, the top
15 cm (approximately from the past 50 years) of core
WB2, in which the TOC content increases abruptly
(Fig. 6), may record recent regional warming in the
Antarctic Peninsula region. This climatic amelioration
could have restored the Weddell–South Shetland Islands
connection during summer seasons, resulting in an inten-
sification of the Polar Slope Current. This interpretation is
supported by the dramatic increase of well-sorted silt
content in the top 15 cm of core WB2 (Fig. 5).

Palaeoceanographic implications of diatoms

The Chaetoceros resting spore is the dominant taxa in the
shelf sediment of the northern South Shetland Islands,
comprising more than 20% of frustules in core WB2
(Fig. 8). They are the most common diatom species
around the Antarctic Peninsula, dominating the water
column, sediment trap and surface sediment diatom
assemblages (Leventer 1991). The high relative abun-
dance of Chaetoceros resting spores has usually been
attributed to periods of high productivity, often associated
with ice-edge blooms, where nitrate depletion leads to
spore formation (Stockwell 1991; Leventer 1992, 1998).
The suggestion that very high abundances of Chaetoceros
resting spores are associated with ice-edge blooms is sup-
ported by the distribution of phytoplankton assemblages
along a transect from the Weddell Sea MIZ through the
Bransfield Strait to the offshore region off the South
Shetland Islands, observed by Kang et al. (2001). They
reported that the Weddell Sea MIZ is characterized by
ice-edge blooms such as Chaetoceros resting spores and
typical sea-ice taxa of Fragilariopsis spp., which together
account for 70% of the total phytoplankton assemblage.
In contrast, these diatoms were depleted in the open
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water of the Bransfield and South Shetland islands. Thus,
the high Chaetoceros spore and sea-ice taxa abundances in
the lower unit of core WB2 (Fig. 8) are suggestive of
lateral advection of the ice-edge blooms from the Weddell
Sea MIZ to the core site between 330 and 1520 years B.P.,
roughly coinciding with the global warm period (Leven-
ter et al. 1993). The increased abundance of R. antennata
in the lower unit (Fig. 8) may be related to the intrusion
of the stratified cold water from the Weddell Sea, as this
species is reported to be an important component in
stratified water columns near the sea-ice edge (Crosta
et al. 2005). The lateral transport of diatom flocs is evi-
denced by recent sediment trap data from the eastern
Bransfield Strait. These show higher flux values for
diatoms and total particles in the lower trap, compared
with the upper trap (Kim et al. 2000), suggesting a lateral
influx of Chaetoceros resting spores from the Weddell Sea
MIZ. Nowlin & Zenk (1988) reported that the westward-
flowing Polar Slope Current, centred at a depth of 300 m
along the northern margin of the South Shetland Islands,
is a continuation of Weddell Sea water from the Weddell
Sea MIZ, which would account for the advections of
ice-edge blooms from the Weddell Sea MIZ.

Warming during the deposition of the lower unit
(Fig. 8) would have resulted in a shorter seasonal dura-
tion of sea-ice coverage in the study area. The Weddell–
South Shetland connection would have been established
for longer time spans, and larger blooms of Chaetoceros
resting spores and sea-ice taxa at the sea-ice edge, and of
R. antennata in the cold stratified water in the Weddell
Sea, could then have entered the core site. This would
have severely diluted the abundances of F. kerguelensis,
the characteristic species of the ACC (Burckle 1987), and
A. actinochilus and N. glaciei, which are indigenous to the
neritic loose ice in the South Shetland Islands. This inter-
pretation is supported by the slight decrease of these
diatoms in the lower unit (Fig. 8).

The opposite trend—the decreasing abundance of Cha-
etoceros resting spores, sea-ice taxa and R. antennata in the
upper unit—may have resulted from glacial restriction
between the Weddell Sea and the South Shetland Islands
during the LIA. During the period of maximum sea-ice
extent, the north-western Weddell Sea would have been
ice-covered for greater proportions of the year, or might
have been ice-covered even during the summer seasons.
These conditions would have suppressed the production
of Chaetoceros resting spores, sea-ice taxa and R. antennata,
as demonstrated by the reduction of biological production
during the LGM in the Weddell Sea (Pudsey 1992). Only
a reduced number of ice-edge blooms from the Weddell
Sea MIZ entered the shelf of the northern South Shetland
Islands, because of the restricted Weddell–South Shetland
connection, as is shown by the decrease in the abundance

of Chaetoceros resting spores, sea-ice taxa and R. antennata
in the upper unit (Fig. 8). The abundance of Chaetoceros
resting spores, sea-ice taxa and R. antennata in the upper
unit is unlikely to have been diluted by high silisiclastic
deposition: there is no increase in either sand and silt
contents or mean grain size in the upper unit (Fig. 5).
In contrast, the dramatic increase in the abundance of
A. actinochilus and N. glaciei in the upper unit (Fig. 8)
may be related to the reduced dilution of these neritic
diatoms in the South Shetland Islands, resulting from the
restricted Weddell Sea–South Shetland communication.
It may represent deposition in an environment of loose
sea ice associated with windy, cool climatic conditions
during the LIA.

The foregoing discussion shows that there is strong
evidence for climatic cooling at the core site during the
LIA, which is a widely recognized Northern Hemisphere
neoglacial event. The advance of glacial margins during
the LIA is also recognized from other high-latitude
regions in the Southern Hemisphere (Clapperton 1990).
Marine records from the Müller Ice Shelf have demon-
strated that the advance of the ice shelf took place at
about 400 years B.P. (Domack et al. 1995). A study of
ice-core records during the LIA indicates that the entire
continent experienced a cooler climate, whereas the
region in the vicinity of Siple Station, including the
Antarctic Peninsula, experienced warmer temperatures
at this time (Mosley-Thompson et al. 1990; Mosley-
Thompson 1992). If the LIA was characterized by warmer
conditions on the Antarctic Peninsula, then it is difficult
to reconcile evidence of sea-ice expansion on the shelf of
the northern South Shetland Islands with the climatic
record. A warmer period would presumably be less
favourable for sea-ice expansion: most of the ice shelves
in the western Antarctic Peninsula are in retreat under
the recent warming trend (Doake & Vaughan 1991). It is
therefore possible that conditions varied across the Ant-
arctic Peninsula during the late Holocene, so that sea-ice
extent in some areas, such as the continental shelf of the
northern South Shetland Islands, increased from around
330 years B.P. as a result of a cold climate. Additional
palaeoenvironmental data are needed from a diversity of
locations in the Antarctic Peninsula to fully address this
problem.

The top 15 cm of core WB2 may document a return to
a warmer climate. Chaetoceros resting spores, F. curta and
F. cylindrus, which are very abundant in the Weddell Sea
MIZ, have increased dramatically in abundance, indicat-
ing the arrival of ice-edge blooms from the Weddell Sea
MIZ at the core site, via the re-established Weddell–South
Shetland communication. The marked increase of TOC
content and the well-sorted silt fraction in the top 15 cm
may also be related to the opening of this communica-
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tion. This may record recent regional warming in the
Antarctic Peninsula: the signal is not strong, and more
data are needed in order to draw definitive conclusions.
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