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A B S T R A C T

Magnetic susceptibility (MS) values in Scotia Sea sediments showed strong correlations to ice core non-sea salt
Ca2+ concentration (dust input), which emphasizes the role of atmospheric circulation in the Southern Ocean.
As a result, the correlation between these values was suggested as a powerful tool for age reconstruction of
marine sediments in the Southern Ocean. However, controls on MS variation in Scotia Sea sediments are not
clear. In this study, we documented records of grain size, MS values (10−6 CGS/g) of bulk sediments, and MS
values of sand-sized (> 63 μm), coarse silt-sized (16–63 μm), and fine sediment fractions (< 16 μm) at sediment
cores from the Southern Ocean off the northern Antarctic Peninsula (the south Scotia Sea and the northern
Powell Basin) to reveal which size fraction is responsible for increased MS values during the glacial period and
how this size fraction is transported to the Southern Ocean deep-sea. The MS values of all cores GC02-SS02,
GC03-C2, GC03-C4, and GC04-G03 increased along with increased sand- and coarse silt-sized fractions and
decreased fine sediment fraction. Although The MS values of all size fractions increased during the glacial
period, the increased glacial MS values are more related to fine sand- to coarse silt-sized fractions than they are
to the fine sediment fraction. The fine sand- to coarse silt-sized sediments with the highest MS values during the
glacial period show (semi-)normal distribution patterns, indicating that they are transported by the same me-
chanism. The sediments are considered to be transported as ice rafted debris (IRD) during the glacial period.
Based on our record, the strong correlation between marine core MS values and ice core dust record thus sug-
gests a strong linkage between the cryosphere (iceberg calving activity) and atmospheric circulation (dust) in the
Southern Ocean off the northern Antarctic Peninsula.

1. Introduction

The Southern Ocean plays an important role in global climate
changes through deep-water formation (Orsi et al., 1995) and the bio-
logical pump (Takahashi et al., 2002). However, paleoclimatic/paleo-
ceanographic studies in the Southern Ocean have a chronic problem
with age reconstruction due to lack of foraminifers and the influence of
old carbon (Gordon and Harkness, 1992; Nakada et al., 2000; Anderson
et al., 2002; Heroy and Anderson, 2005; The RAISED Consortium et al.,
2014). It was reported that magnetic susceptibility (MS) records in
Scotia Sea sediments were well correlated with the non-sea salt Ca2+

(nssCa2+) concentration, a proxy for dust input (Röthlisberger et al.,
2004; Lambert et al., 2011), of the European Project for Ice Coring in
Antarctica (EPICA) Drauning Maud Land (EDML) ice core (Weber et al.,
2012; Xiao et al., 2016 and references therein). Through graphical

correlation between MS records of sediment cores in the Scotia Sea and
EDML ice core nssCa2+ record, high-resolution age reconstructions for
sediment cores became possible and the established age models were
consistent with other stratigraphic data (Pugh et al., 2009; Allen et al.,
2011; Weber et al., 2012; Xiao et al., 2016).

Considering the importance of MS for sediment age establishment, it
is essential to understand the controlling mechanism of MS in marine
sediments in the Scotia Sea. Although Patagonia/southern South
America is the main dust source region for the Antarctic continent
(Haberzettl et al., 2009), the mechanisms transporting fine sediments to
the Scotia Sea remain controversial (Hofmann, 1999; Diekmann et al.,
2000; Pugh et al., 2009; Weber et al., 2012). Since the magnetic
properties of marine sediments are often associated with grain size
changes (Evans and Heller, 2003), grain size changes should be ex-
amined for MS variations in the Scotia Sea. Grain size changes in the
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Scotia Sea have been rarely reported (e.g., Yoon et al., 2005), and the
relationship between changes of MS and grain size has not been dis-
cussed previously.

The modern Southern Ocean off the northern Antarctic Peninsula,
including the south Scotia Sea and the Powell Basin, is located in the
core of iceberg alley (Fig. 1), which originates in the Weddell Sea (Reid
and Anderson, 1990; Diekmann and Kuhn, 1999). As sea ice and an ice
sheet expanded during the last glacial period (Gersonde et al., 2005;
Larter et al., 2014; Minzoni et al., 2015), more ice-rafted debris (IRD)
was found in the marine sediments in the Southern Ocean (Diekmann
et al., 2000; Hillenbrand et al., 2005). However, IRD (> 2mm) abun-
dance was not correlated to high MS values of Scotia Sea sediment cores
during the last glacial period. IRD is not only limited to gravel-sized
particles but also sand-sized grains are transported by icebergs
(Andrews, 2000; Jonkers et al., 2012, 2015). Indeed, sand size grains
(63–150 μm to 2mm) were considered IRD in high-latitude deep-sea

areas in both the Southern and Northern Hemispheres (e.g., Kanfoush
et al., 2000; Sakamoto et al., 2005, 2006; Peck et al., 2007, 2015; Bailey
et al., 2013; Teitler et al., 2015). Thus, it is necessary to re-examine the
role of IRD in MS variation in the Southern Ocean off the northern
Antarctic Peninsula using new representative IRD size criteria.

In this study, we document grain size distributions and MS values of
the Southern Ocean off the northern Antarctic Peninsula to 1) de-
termine which size fraction is related to MS variation since the last
glacial period and 2) define the transport mechanism for this size
fraction. An additional purpose is to provide the most suitable size
criteria for IRD in the Southern Ocean deep-sea cores.

2. Materials and methods

A gravity core GC02-SS02 (59°29′S, 49°36′W, 4033m deep, 478 cm
long) was obtained from the south Scotia Sea by R/V Yuzhmorgeologiya
during the 2002/2003 Korea Antarctic Research Program (KARP) cruise
(Fig. 1, Table 1). Gravity cores GC03-C2 (60°34′S, 55°55′W, 3750m
deep, 834 cm long), GC03-C4 (60°33′S, 55°52′W, 3778m deep, 840 cm
long), and a box core BC03-C2 (60°34′S, 55°55′W, 3750m deep, 38 cm
long) were obtained from the south Scotia Sea by R/V Yuzhmorgeologiya
during 2003/2004 KARP Cruise (Fig. 1, Table 1). A gravity core GC04-
G03 (61°19′S, 49°48′W, 2907m deep, 596 cm long) was obtained from
the northern part of the Powell Basin by R/V Yuzhmorgeologiya during
2004/2005 KARP Cruise (Fig. 1, Table 1). All cores were opened, de-
scribed, and sub-sampled at the Korea Polar Research Institute (KOPRI).

2.1. Physical properties (magnetic susceptibility and water content
measurement)

The MS values for all sediment cores were measured at 1 cm inter-
vals on split half core sections using a Bartington MS-2B susceptibility

Fig. 1. Site location map with cores examined in this study and previous studies. White open arrows indicate iceberg alley of Anderson and Andrew (1999). Black
arrows indicate the main wind direction of Southern Hemisphere Westerlies (SHW). Polar Front (PF) and Southern Boundary of Antarctic Circumpolar Current (SB of
ACC; Orsi et al., 1995) are indicated by orange lines. The dark gray and white dashed lines are the summer (SSI) and winter (WSI) sea ice extent, respectively
(Gersonde et al., 2005). ACC is shown by light green arrows. Information on core locations is listed in Table 1.

Table 1
Information on cores shown in Fig. 1.

Core ID Latitude Longitude Water depth (m) Source

GC02-SS02 59°29′S 49°36′W 4033 This study
GC03-C2 60°34′S 55°55′W 3750 This study
GC03-C4 60°33′S 55°52′W 3778 This study
GC04-G03 61°19′S 49°48′W 2907 This study
GC02-SS01 59°49′S 49°14′W 4141 Yoon et al., 2005
GC02-SOI03 60°22′S 47°00′W 786 Lee et al., 2010
MD07-3133 57°26′S 43°27′W 3101 Weber et al., 2012
MD07-3134 59°25′S 41°28′W 3663 Weber et al., 2012
PS2319-1 59°47′S 42°41′W 4320 Diekmann et al., 2000
PS2515-3 53°33′S 45°19′W 3522 Diekmann et al., 2000
PS67/197-1 55°08′S 44°06′W 3837 Xiao et al., 2016
PS67/219-1 57°57′S 42°28′W 3619 Xiao et al., 2016
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meter at KOPRI. The MS values of core GC02-SS02 were previously
reported in Yoon et al. (2005). The MS values were also measured from
bulk samples, and>63 μm (sand-sized), 16–63 μm (5–6 phi; coarse silt-
sized), and<16 μm (7–11 phi; fine sediment) size fractions of dried
sediments from a high MS interval (750–840 cm) and a low MS interval
(140–180 cm) at core GC03-C4 using a Bartington MS-2B susceptibility
meter at KOPRI. In addition, the MS values of 250–63 μm grains were
measured at core GC04-G03 using a Bartington MS-2B susceptibility
meter at KOPRI.

Water content (WC) was measured for the top 100 cm of cores
GC03-C2 and core BC03-C2 to correct the core top loss of GC03-C2 by
the following equation:

= − +

×

WC (%) (mass of wet sediment (mass of dry sediment mass of salt))

/mass of wet sediment 100

2.2. Grain size analysis

After removing biogenic components (organic matter and CaCO3)
from bulk sediments using H2O2 and HCl, respectively, grain size was
analyzed at 4 cm intervals for all sediment cores. Coarser fractions
(> 63 μm) were analyzed using a set of sieves and finer fractions
(< 63 μm) were analyzed by a Micrometrics Sedigraph 5000 at KOPRI.
For samples with small amounts of coarser particles (> 63 μm), the
coarser particles (> 63 μm) were treated as 4 phi size. The classification
of sediments followed Folk and Ward (1957). The grain size record of
core GC02-SS02 was previously reported in Yoon et al. (2005).

To simplify and identify dominant size distributions of all cores,
principal component analysis was conducted on frequency percentages
from 4 to 11 phi at 1 phi intervals using the Past 3.10 software
(Hammer et al., 2001). Grains smaller than 0.5 μm were treated as
11 phi.

2.3. Radiocarbon dating

Nine accelerator mass spectrometry (AMS) 14C dates were measured
from acid insoluble organic matter (AIOM) from core GC03-C2
(Table 2). Five AMS 14C dates were measured from AIOM and one AMS
14C date from the planktonic foraminifer, Neogloboquadrina pachyderma
sin., from core GC04-G03 (Table 2). Seven AMS 14C dates were mea-
sured from AIOM for core GC02-SS02 (Table 2).

3. Age model

3.1. Core GC02-SS02

An age model for core GC02-SS02 was roughly established by
comparing sedimentary facies and geochemical properties with an ad-
jacent core GC02-SS01 (Yoon et al., 2005). Uncorrected 14C dates from
core GC02-SS02 were not in a chronological order, indicating that these
records are not reliable for age model establishment (Table 2). Based on
strong correlations between MS values in marine sediments and the
EDML ice core nssCa2+ record, a high-resolution age model was re-
constructed from Scotia Sea sediment cores (e.g., Weber et al., 2012;
Xiao et al., 2016). We also correlated the MS values with the EDML ice
core nssCa2+ record to establish the age model for this core (Fig. 2a).
The AnalySeries software (Paillard et al., 1996) was used to produce
graphical correlations. Six tie points were constrained for the age model
(Table 3, Fig. 2a). A tephra layer at 9–12 cm corresponds to the age
(6400–6500 cal. yr BP) of a tephra layer in an adjacent core GC02-
SOI03 in the South Orkney Plateau (Tables 1 and 3, Lee et al., 2010).

3.2. Core GC03-C2

The uncorrected 14C date of the core top is 3563 yr BP, which is
older than the reservoir age (1300 year) used in the Scotia Sea (Xiao
et al., 2016). Occurrence of old age in the core top is common in the
Southern Ocean due to the influence of old carbon (Gordon and
Harkness, 1992). Radiocarbon ages of core GC03-C2 continuously

Table 2
Accelerator mass spectrometry radiocarbon ages from cores GC02-SS02, GC03-C2, and GC04-G03. The core top age was corrected for corrected age of core GC03-C2
with correction (522 years) of 14 cm core top loss. The calibration program CALIB 7.1 (Stuiver and Reimer, 1993; Reimer et al., 2013) was used to convert the 14C
ages to calendar ages with a reservoir correction of 1300 years (△R=900 years) for foraminifers. AIOM: acid insoluble organic matter. *Ages not included in the age
model in this study.

Depth (cm) Lab code 14C age (yr BP) Error (yr) δ13C (‰) Corrected and calibrated age (2σ) (cal. yr BP) Material

GC02-SS02
0* NZA18429 5673 ±44 −26.0 AIOM
110* NZA18430 16,734 ±87 −25.3 AIOM
160* NZA18436 12,992 ±75 −25.6 AIOM
290* NZA18518 30,261 ±307 −28.0 AIOM
340* NZA18437 27,788 ±245 −27.0 AIOM
390* NZA18438 34,543 ±500 −24.8 AIOM
435* NZA18439 27,936 ±257 −25.9 AIOM

GC03-C2
0 NZA21512 3573 ±70 −25.5 522 AIOM
70 NZA21513 6195 ±85 −26.2 3132 AIOM
200 NZA21514 7227 ±50 −26.1 4166 AIOM
320 NZA21515 9394 ±40 −25.5 6343 AIOM
400 NZA21516 9717 ±40 −25.3 6669 AIOM
500 NZA21578 12,296 ±50 −25.6 9243 AIOM
640 NZA21579 16,708 ±80 −25.9 13,650 AIOM
690 NZA21580 19,308 ±100 −26.3 16,244 AIOM
820 NZA21596 21,900 ±130 −26.3 18,836 AIOM

GC04-G03
5* NZA18439 16,304 ±65 −25.0 AIOM
38* NZA18439 21,310 ±110 −25.1 AIOM
100* NZA18439 25,710 ±170 −25.4 AIOM
150* NZA18439 28,030 ±220 −25.2 AIOM
200* NZA18439 26,250 ±200 −25.2 AIOM
272* Beta447376 26,240 ±110 +0.3 29,410 Planktonic foraminifers
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increase with depth (Table 2). This observation may indicate that the
variation in old carbon influence was small, which is supported by a
narrow range of δ13C of dated organic matter, −25.85 ± 0.36‰
(Table 2). This assumption was followed by Lee et al. (2010). As a re-
sult, the core top age was subtracted from measured AIOM 14C dates as
a correction for the local reservoir effect and possible old carbon in-
fluence (Table 2). Comparing core GC03-C2 with its box core BC03-C2
(Fig. 2b) indicates that approximately 14 cm of GC03-C2 core-top was
lost during the coring process. The lost 14 cm of core GC03-C2 was

estimated to represent 522 years based on linear extrapolation. Thus,
522 years was considered in the age correction. In addition, we added
one tie point (720 cm – 17,600 cal. yr BP) obtained by comparison
between the MS values and the EDML ice core nssCa2+ record (Fig. 2a).
The age model is constructed by nine AMS 14C dates and one tie point
by correlation between the MS values and the EDML ice core nssCa2+

record (Fig. 2c).

3.3. Core GC03-C4

Although no AMS 14C dates were measured from this core, the MS
variation was very similar to that of core GC03-C2 (Fig. 2a). This
finding suggests that the depositional system at these two sites was very
similar, due to their proximity. Thus, the age model of core GC03-C4
was established by 13 MS correlation tie points with core GC03-C2 and
one MS-EDML dust tie point (Fig. 2a, Table 3).

3.4. Core GC04-G03

The uncorrected AIOM 14C dates of core GC04-G03 were not in a
chronological order, indicating that these records were unreliable for
constructing an age model (Table 2). We correlated MS values of core
GC04-G03 with the EDML ice core nssCa2+ record (Fig. 2a). The Ana-
lySeries software (Paillard et al., 1996) was used for graphical corre-
lation. Nine tie points were constrained for the age model for core
GC04-G03 (Table 3). The AMS 14C date of planktonic foraminifers at
272 cm was calibrated using CALIB 7.1 (Stuiver and Reimer, 1993) with
the MARINE13 dataset (Reimer et al., 2013). We used 1300 years,
previously used in the Scotia Sea (Xiao et al., 2016), as a reservoir
correction. The difference at 272 cm between the AMS 14C date
(29,410 cal. yr BP) and the graphical correlation age estimate
(30,818 cal. yr BP) is< 1500 years. Considering typical age re-
construction problems in the Southern Ocean, this age difference is
thought to be acceptable.

MS profiles of previous sediment cores from the Scotia Sea also
typically show a significant amount of core top loss (e.g., Xiao et al.,

Fig. 2. (a) Correlation of magnetic susceptibility (MS) of cores GC02-SS02, GC03-C2, GC03-C4, and GC04-G03 with EDML nssCa2+ record (Fischer et al., 2007).
Uncorrected 14C dates of AIOM (gray color) for cores GC02-SS02 and GC04-G03 and calibrated date of planktonic foraminifers (black color) are shown together. (b)
Age model for GC03-C2 based on 9 AMS 14C dates and one MS-EDML nssCa2+ tie point. (c) Comparison between box core BC03-C2 and the top 100 cm of core GC03-
C2 in order to estimate core top loss of GC03-C2.

Table 3
Age tie points of cores GC02-SS02, GC03-C2, GC03-C4, and GC04-G03.

GC02-
SS02
(cm)

GC03-
C2
(cm)

GC03-
C4
(cm)

GC04-
G03
(cm)

Age
(yr BP)

Method

0 522 MS–GC03-C2 MS
98 3244 MS–GC03-C2 MS
192 3768 MS–GC03-C2 MS
237 4166 MS–GC03-C2 MS
342 5962 MS–GC03-C2 MS

10 6500 Tephra-GC02-SOI03
460 7158 MS–GC03-C2 MS
546 9652 MS–GC03-C2 MS
690 14,273 MS–GC03-C2 MS
713 15,466 MS–GC03-C2 MS

187 17 15,600 MS–EDML nssCa2+

234 715 745 112 17,600 MS–EDML nssCa2+

772 17,788 MS–GC03-C2 MS
801 18,141 MS–GC03-C2 MS
824 18,588 MS–GC03-C2 MS
836 18,800 MS–GC03-C2 MS

261 170 23,600 MS–EDML nssCa2+

296 253 29,500 MS–EDML nssCa2+

381 382 38,450 MS–EDML nssCa2+

459 460 41,600 MS–EDML nssCa2+

500 43,000 MS–EDML nssCa2+

541 47,500 MS–EDML nssCa2+

583 48,800 MS–EDML nssCa2+
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2016 and references therein). Very old ages for the uppermost samples
are due to core top-loss during the coring process. In addition, the ab-
sence of constantly low MS intervals at the top also supports core-top
loss.

4. Results

MS values of cores GC02-SS02, GC03-C2, GC03-C4, and GC04-G03
were high (up to>150×10−6 CGS) during the last glacial period,
especially during Marine Isotope Stage (MIS) 2 (Fig. 3). Although the
MS values during MIS 1 were low (< 100×10−6 CGS), each core
contains at least one MS peak during MIS 1: located at 10 cm and 57 cm
at core GC02-SS02, 419 cm at core GC03-C2, and 460 cm at core GC03-
C4. The MS variation patterns of all cores are consistent with previous
MS records in the Scotia Sea and exhibit a strong correlation with the
EDML ice core nssCa2+ record (Fig. 3). However, there are differences
in peak numbers and amplitudes among all cores, including previously
reported cores, in the region (Fig. 3).

Grain size analysis record shows that all cores are composed of silty
clay to sandy mud (Figs. 4–7). All cores are characterized by the ab-
sence of a gravel-sized fraction, a low proportion of the sand-sized
fraction (< 10%), and high proportion of the fine sediment fraction
(< 16 μm, 60 to 80%) during MIS 1, except for intermittent MS peak
intervals, which are characterized by the opposite during the last glacial
period (Figs. 4–7). The mean grain size of all cores was coarser (5 to
6 phi) during the last glacial period than that during MIS 1 (~7 phi).
Sand-sized and coarse silt-sized fractions and mean grain size generally
co-vary with MS, whereas the fine sediment fraction is anti-correlated
with MS in all cores (Figs. 4–7). Gravel-sized fractions appeared in all
cores during high MS intervals, but there was no apparent correlation
with MS, mean grain size, sand-sized fraction, coarse silt-sized fraction,
or clay-sized fraction. The MS values of all size fractions during the
glacial period were higher than those during MIS 1 at core GC03-C4
(Fig. 6). However, the MS values were the highest for the coarse silt-
sized fraction during the high MS interval (750–840 cm) at core GC03-

C4, followed by those of sand-sized and fine sediment fractions (Fig. 6i).
In addition, the MS values of the fine to very fine sand (63–250 μm)
fraction during the last glacial period (100–200 cm) at core GC04-G03
showed comparable MS values to those of the coarse silt-sized fraction
during the last glacial period (750–840 cm) at core GC03-C4 (Figs. 6i
and 7i).

Principal component-1 (PC-1), PC-2, and PC-3 account for 74%,
12%, and 7%, respectively, of core GC02-SS02, 67%, 19%, and 11%, of
core GC03-C2, 76%, 12%, and 11%, of core GC03-C4, and 93%, 4%,
and 2%, of core GC04-G03. Although PC-1 of cores GC02-SS02 and
GC04-G03 has a great clay-sized fraction than that of cores GC03-C2
and GC03-C4, PC-1 is generally characterized by finer sediment (mud)
and corresponds to the low MS intervals, in particular MIS 1 (Figs. 4–7).
In contrast, PC-2 and PC-3, characterized by a higher proportion of 4–6
phi grain sizes with varying amounts of the sand-sized fraction, corre-
spond to the high MS intervals, in particular the last glacial period,
except for PC-2 at core GC03-C4 (Figs. 4–7).

5. Discussion

5.1. Examination of the size fractions responsible for high glacial MS values

The variation patterns of MS for all cores followed variation in the
sand-sized fraction and the coarse silt-sized fraction but were anti-
correlated to mean grain size (phi) and the fine sediment fraction
(Figs. 4–7). This result was statistically confirmed by the correlation
coefficient (r2) between the MS values and the mean grain sizes (0.41
for GC02-SS02, 0.69 for GC03-C2, 0.63 for GC03-C4, and 0.42 for
GC04-G03), the sand-sized fraction (0.39 for GC02-SS02, 0.87 for
GC03-C2, 0.82 for GC03-C4, and 0.55 for GC04-G03), the coarse silt-
sized fraction (0.10 for GC02-SS02, 0.21 for GC03-C2, 0.48 for GC03-
C4, and 0.14 for GC04-G03), and the fine sediment fraction (0.41 for
GC02-SS02, 0.83 for GC03-C2, 0.80 for GC03-C4, and 0.41 for GC04-
G03) (Fig. 8). Although the correlation coefficient between the MS
values and the coarse silt-sized fraction is not strong, increased

Fig. 3. Co-variation between MS values of south Scotia Sea (cores GC02-SS02, GC03-C2, and GC03-C4; this study), northern Powell Basin (core GC04-G03; this
study), and central Scotia Sea (cores PS67/197-1, PS67/219-1, MD07-3133, and MD07-3134; Weber et al., 2012; Xiao et al., 2016) with EDML nssCa2+ record
(Fischer et al., 2007).
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proportions of the coarse silt-sized fraction together with increases in
MS values clearly occur at all cores (Figs. 4–7). High MS value intervals
are characterized by increased gravel, sand, and coarse silt and de-
creased fine sediment (Figs. 4–7). Consequently, our result clearly in-
dicates that the MS values of the Southern Ocean off the northern
Antarctic Peninsula are related to a specific grain size fraction ranging
from 16 to 250 μm, the fine sand- to coarse silt-sized fraction.

Principal component analysis (PCA) for grain size distribution was
applied in order to simplify and identify end members according to
different sedimentation processes (e.g., Jonkers et al., 2015). The PCA
results for each core reveal that there are three main components for
each core, which explain> 95% of the grain size variations. Although

there are some differences in distribution patterns of PC-1 among all
cores (Figs. 4–7), PC-1 is characterized by higher proportions of fine
sediment (< 16 μm) than those of PC-2 and PC-3. PC-1 shows high
correlations with grain size distribution during low MS intervals in all
cores (Figs. 4–7). In contrast, PC-2 and PC-3 are characterized by higher
proportions of sediments> 16 μm (Figs. 4–7). PC-2 and PC-3 show
relatively high correlations with grain size distribution during high MS
intervals that occur mostly during the glacial period. The MS values at
core GC03-C4 during the glacial period were highest in the coarse silt-
sized fraction, followed by the sand-sized fraction and fine sediment
fraction. In addition, the MS values of the 250–63 μm grains (87% of
sand fraction; Fig. 9) at core GC04-G03 revealed comparably high MS

Fig. 4. Downcore variations of (a) MS, (b) mean grain size, proportions of (c) gravel, (d) sand, (e) coarse silt (63–16 μm) and fine sediment (< 16 μm), (g) correlation
of PCA classes at discrete depths, and (h) grain size distribution of PCA classes and stacked grain size distribution of each PCA class dominant interval at core GC02-
SS02.

Fig. 5. Downcore variations of (a) MS, (b) mean grain size, proportions of (c) gravel, (d) sand, (e) coarse silt (63–16 μm) and fine sediment (< 16 μm), (g) correlation
of PCA classes at discrete depths, and (h) grain size distribution of PCA classes and stacked grain size distribution of each PCA class dominant interval at core GC03-
C2.
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values to those of the coarse silt-sized fraction at core GC03-C4 (Figs. 6i
and 7i). This result indicates that increased MS values are ascribed to
increased sand- and coarse silt-sized fractions having higher MS values
at all cores. Because>87% of the sand fraction is composed of fine to
very fine sand (Fig. 9), sediments ranging from 250 to 16 μm are the
main control factor responsible for the increased MS values during the
last glacial period.

Although Weber et al. (2012) proposed that MS values of Southern
Ocean deep-sea cores are ascribed to dust input from southern South
America, the fine sediment fraction of all cores showed a negative
correlation with MS (Fig. 4). Although MS values of the fine fraction at
core GC03-C4 increased during glacial period compared to MIS 1, the

fine sediment fraction has lower MS values than those of the other size
fractions (Fig. 6i). This result indicates that the increase in MS values is
not related to fine sediment (< 16 μm, i.e., dust). Our records of grain
size analysis and MS values indicate that the coarse silt-sized fraction
together with the sand-sized fraction most likely control MS variations
in marine sediments of the Southern Ocean off the northern Antarctic
Peninsula. Although studies on the relationship between the MS values
and grain size fractions of previously reported cores do not exist,
widespread co-variations of MS in the Southern Ocean off the northern
Antarctic Peninsula allow us to anticipate that the MS of these regions is
associated with the input of silt- and find sand- sized fractions.

Fig. 6. Downcore variations of (a) MS, (b) mean grain size, proportions of (c) gravel, (d) sand, (e) coarse silt (63–16 μm) and fine sediment (< 16 μm), (g) correlation
of PCA classes at discrete depths, (h) grain size distribution of PCA classes and stacked grain size distribution of each PCA class dominant interval, and (i) MS values
of bulk, sand, coarse silt (63–16 μm), and fine sediment (< 16 μm) at core GC03-C4.

Fig. 7. Downcore variations of (a) MS, (b) mean grain size, proportions of (c) gravel, (d) sand, (e) coarse silt (63–16 μm) and fine sediment (< 16 μm), (g) correlation
of PCA classes at discrete depths, (h) grain size distribution of PCA classes and stacked grain size distribution of each PCA class dominant interval, and (i) MS values
of fine to very fine sand (250–63 μm) at core GC04-G03.
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5.2. Transport mechanism for the high MS fine sand to coarse silt-sized
fraction

There are strong correlations between the marine sediment MS va-
lues in the Scotia Sea and the EDML ice core nssCa2+ record (e.g.,
Weber et al., 2012; Xiao et al., 2016). In addition, the Ca2+ record of
sediment core in the Scotia Sea, measured by an AVAATECH X-ray
Fluorescence Core Scanner (XRF-CS), was very similar to the EDML
nssCa2+ record (Weber et al., 2012). Because the Scotia Sea is located
in the trajectory of dust transport from southern South America to East
Antarctica, it was proposed that atmospheric circulation (i.e., dust input
from the Southern South America) is the major mechanism for con-
trolling MS variation in the Scotia Sea (Weber et al., 2012). However,
the similarity between the Ca2+ record of sediment cores and the EDML
nssCa2+ record does not mean that the terrestrial input (Ca2+) is
dominated by dust input. Furthermore, Diekmann et al. (2000) reported

that fine sediments were not mainly transported from Patagonia by dust
input but were transported from various source regions by currents,
based on geochemical and mineralogical analysis.

Although it was reported that fine-grained sand is easily transported
by wind in the Taklimakan and Gurbantunggut deserts, west China
(Sun, 2002), the grain size of the eolian mineral dust that falls in Chi-
nese Loess Plateau and the far-east regions (e.g., the Pacific Ocean,
North America, and Greenland) is generally< 75 μm, mostly< 16 μm
and<5% sand-sized grains (Biscaye et al., 1997; Ding et al., 2001).
Iriondo (2000) reported that cyclonic winds can transport large
amounts of fine-grained sand and silt to the East Patagonian low lands.
Although dust fluxes within the southern westerlies were also much
higher than those of today during cold periods (Petit et al., 1990), there
was no evidence for a significant eolian supply to the Scotia Sea from
southern South America (Diekmann et al., 2000). Grains larger than
250 μm are considered within the (sime-)normal distribution pattern of

Fig. 8. Cross plots between MS and mean grain size and frequency percentages of sand, coarse silt, and fine sediment with r2 values of (a) GC02-SS02 (Yoon et al.,
2005), (b) GC03-C2, (c) GC03-C4, and (d) GC04-G03. MGS: mean grain size.

S. Kim et al. Palaeogeography, Palaeoclimatology, Palaeoecology 505 (2018) 359–370

366



PC-2 or PC-3, indicating that these larger grains are transported to-
gether with the sand and silt fractions by the same mechanism (Figs. 4h,
5h, 6h, and 7h). Considering that it should be difficult for> 250 μm
grains to be transported to the Scotia Sea from south America by wind,
the fine sand- to coarse silt-sized fraction with high MS values during
the last glacial period is also unlikely to be transported by wind. The
fact that there are significant differences in peak numbers and ampli-
tudes of MS values among all cores including previous studies also
suggests that eolian supply is not the only explanation (Fig. 3). Dust
input is not considered a major controlling factor for MS variations.
However, because MS values of fine sediment during the last glacial
periods are higher than those during MIS 1, it is plausible that dust
input may have contributed to controlling MS variations to some extent.

Hofmann (1999) found a similar MS variation pattern in sediment
cores from different current regimes; the MS variation pattern in the
south Scotia Sea and the northern Powell Basin (GC04-G03; this study)
is also very similar in spite of different regional current systems in these
two regions (Orsi et al., 1995). Especially for distal cores in the eastern
Scotia Sea, it is unlikely that sand-sized grains are transported by sur-
face currents. Alternatively, the sand-sized fraction can be of volcanic
origin probably from the South Sandwich Islands (Nielsen et al., 2007).
However, the occurrence of volcanic-related MS peaks was not con-
tinuous, but sporadic in Scotia Sea sediments (Xiao et al., 2016). MS
peaks at 10 cm of GC02-SS02, at 419 cm of GC03-C2, and at 460 cm of
GC03-C4 are volcanic-related during MIS 1 but are not reflected in the
EDML dust record (Fig. 10). As a result, concomitant volcanic material
input cannot explain the persistently high MS values during the last
glacial period.

The widespread appearance of drift deposits and sea floor scouring
suggests that bottom and contour currents have an important influence
on sedimentation in the Southern Ocean (Diekmann, 2007). The Scotia
Sea is influenced by the Weddell Sea Deep Water (WSDW) and the
Antarctic Circumpolar Current (ACC), so the bottom water transport
must be considered as well. Maldonado et al. (2003) and Gilbert et al.
(1998) reported a variety of contourite drifts in the central Scotia Sea
and the northwestern Weddell Sea. Yoon et al. (2007) also reported

evidence of bottom currents (contourites) from the upper part of core
GC02-SS01 and GC02-SS02 in the south Scotia Sea. Because the con-
tourite drifts occurred in areas of weaker flows along the margins of
contourite channels (Maldonado et al., 2003), the bottom current most
likely acts to entrain and transport fine-grained sediments in the study
area. Alternatively, sandy mud layers with high MS values could remain
as lag deposits as a result of winnowing of fine sediments by bottom
currents. Weak (strong) bottom water strength under a cold (warm)
climate was reported in the Antarctic continental margin, including the
Weddell Sea and the Ross Sea (Quaia and Brambati, 1997; Gilbert et al.,
1998; Brambati et al., 2002). The intervals characterized by high MS
values in the Southern Ocean off the northern Antarctic Peninsula were
deposited during the last glacial period (Diekmann et al., 2000;
Diekmann, 2007; Weber et al., 2012; Xiao et al., 2016; this study).
Thus, it is not plausible that wide spread sand-sized fractions during the
last glacial period are related to bottom current influence. In addition,
different MS values for all grain size fractions between MIS 1 and the
last glacial period suggest different sedimentological properties
(Fig. 6i).

Because of the proximity of the south Scotia Sea and the Powell
Basin to the shelf edge, high MS values during the last glacial period
could be related to mass flow deposits, such as turbidites, due to
Antarctic ice sheet expansion. However, turbidite deposition was al-
most absent in all cores during high MS glacial intervals (Fig. 9), which
indicates that all core sites are far enough from the shelf to avoid mass
flow deposit. The similarity of MS signals between proximal cores of
this study and previously reported distal cores (Weber et al., 2012; Xiao
et al., 2016) also implies that the mass flow deposit is not the dominant
factor for MS variation in the deep Southern Ocean off the northern
Antarctic Peninsula (Fig. 3).

There are other transport mechanisms to be considered. Since sea
ice acts as a major IRD transport mechanism in the Okhotsk Sea (e.g.,
Kimura and Wakatsuchi, 1999; Sakamoto et al., 2005, 2006) and our
study area is also influenced by sea ice, sea ice must be considered as
another potential transport mechanism. However, Weber et al. (2012)
argued that sea ice in Antarctica did likely not carry large quantities of

Fig. 9. Pie chart of proportions by sand size classification. Number of intervals to calculate proportions by sand size classification is shown together.
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fine-grained sediments to the Scotia Sea; the sand-sized fraction is
thought to be even more difficult to transport by sea ice. In addition,
there was no significant difference in MS values between cores covered
by winter sea ice (WSI) and cores not covered by WSI in the Scotia Sea
during MIS 1 (e.g., Diekmann et al., 2000; Weber et al., 2012; Xiao
et al., 2016), which suggests an insignificant role for sea ice. None-
theless, because limits of both summer sea ice (SSI) and WSI margins
were located farther to the north, especially for WSI (2°N–5°N), during
the last glacial period (Allen et al., 2011; Ferry et al., 2015), sea ice may
have acted as a supplementary transport mechanism or helped iceberg
transport during the last glacial period when MS values are high.

The IRD record, as an indicator for iceberg activity, was compared
with the MS values in Scotia Sea sediments (Diekmann et al., 2000;
Kanfoush et al., 2000; Weber et al., 2012, 2014). The IRD flux did not
match the MS variations, which leads to a conclusion that IRD input has
an insignificant role in controlling MS variation in the Scotia Sea. Be-
cause IRD is not limited to coarse fraction only (Andrews, 2000;
Jonkers et al., 2012, 2015), it should be reconsidered whether
grains> 1mm (Weber et al., 2012) or> 2mm (Diekmann et al., 2000)
in the previous studies are representative of total IRD input. Licht et al.
(1999) argued the possibility of a biased gravel-sized fraction in marine
sediment because of core diameter limitations. Gravel-sized grains were
observed in X-ray photographs of high MS intervals corresponding to
the last glacial period in all cores (Fig. 10), indicating an enhanced IRD
during the last glacial period. Nonetheless, there were no apparent
correlations between the gravel-sized fraction (> 2mm) and the MS

values at all cores (Figs. 4–7). The medium to coarse sand-sized fraction
(150 μm to 2mm) was used for IRD, and prominent IRD intervals were
correlated across the Polar Frontal Zone in the southeast Atlantic Ocean
during the last glacial period (Kanfoush et al., 2000). In the study of
Teitler et al. (2015), the size fraction examined for IRD was also
medium to coarse sand (150 μm to 2mm) in the Southern Ocean. It was
reported that> 125 μm detrital components of subpolar sediments in
the Northern Hemisphere are considered to originate from icebergs
because these larger particles settle rapidly during fluid flow or mass
flow (Ruddiman, 1977; Molnia, 1983; Mackiewicz et al., 1984). Grain
size distribution of PC-2 and PC-3, dominated by pronounced peaks in
coarse silt to fine sand, are very similar to modeled IRD and observed
IRD grain size distribution of icebergs in Kongsfjorden (Jonkers et al.,
2015). Therefore, sediments ranging mainly from sand to coarse silt
with high MS values can be considered as IRD input in the Southern
Ocean off the northern Antarctic Peninsula. This assessment is con-
sistent with previous studies; Yoon et al. (2007) proposed that a grav-
elly sandy mud interval, corresponding to the last glacial period, is
likely to result from increased ice rafting in the south Scotia Sea, and
Hillenbrand et al. (2009) suggested that the supply of IRD should be
reflected by major changes of gravel and sand in marine sediments
proximal to the western Antarctic Ice Sheet. Because modeled IRD and
observed IRD grain size distribution of icebergs in Kongsfjorden also
showed variation in peak grain sizes and the amount of sand-sized
grains (Jonkers et al., 2015), we did not sub-divided PC-2 and PC-3 in
this study.

Fig. 10. Downcore variation of MS with representative x-ray images of each type for high MS intervals of all cores; type a – gravel-rich mud, type b – ash layer, and
type c – turbidite.
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The Southern Ocean off the northern Antarctic Peninsula is known
as iceberg alley (Anderson and Andrew, 1999). Indeed, the Southern
Ocean off the northern Antarctic Peninsula is the most likely location
for iceberg detection based on observations from ALTIBERG database
(Tournadre et al., 2015) and model results (Merino et al., 2016). In
cores GC02-SS02, GC03-C2, GC03-C4, and GC04-G03, located close to
the Antarctic Peninsula, IRD is most likely sourced from the Antarctic
Peninsula region and Weddell Sea where glaciogenic sediments have
high MS values (Diekmann et al., 2000; Yoon et al., 2007). In contrast,
IRD at eastern Scotia Sea cores reflects a mixture from southern South
America and the Antarctic Peninsula during the last glacial period
(Diekmann et al., 2000). Our result is the first record to reveal that
variation of MS values is highly dependent on sediment input ranging
from coarse silt to fine sand transported as IRD to the Scotia Sea. To
confirm our conclusion, comparison between grain size fractions and
MS values of previously reported cores from the Scotia Sea is necessary.
In addition, different MS values of each size fraction between the low
MS interglacial and the high MS glacial period may suggest miner-
alogical changes (Fig. 6i), which is consistent with the fact that the
geochemistry of sediments in the Scotia Sea and the southern Drake
Passage is different between glacial and interglacial periods (Diekmann
et al., 2000; Walter et al., 2000; Lee et al., 2012). This result suggests
that mineralogical studies are also necessary in the future.

5.3. Implication of coupling between MS variation and ice core dust record

Graphical correlation between marine sediment MS values and ice
core dust records were used to establish high-resolution age construc-
tion for sediment cores in the Southern Ocean off the northern Antarctic
Peninsula (e.g., Pugh et al., 2009; Allen et al., 2011; Weber et al., 2012;
Xiao et al., 2016; this study); this method relies on an assumption that
Southern Ocean deep-sea MS values are reliable tracers of atmospheric
circulation due to the high MS values of eolian particles from southern
South America (Weber et al., 2012). However, which grain size is re-
lated to MS variation in marine sediments has not been revealed. Our
results show that the input of fine sand- to coarse silt-sized sediments
(16–250 μm) with high MS values during glacial period is the main
control for the increased glacial MS values in marine cores in the
Southern Ocean off the northern Antarctic Peninsula and that the se-
diments were transported as IRD. Thus, the high MS values during the
last glacial period indicate active glacial iceberg calving. The increased
iceberg calving activity is attributed to seaward growth of ice masses
during glacial periods (Brambati et al., 1991; Strand et al., 1995;
DaSilva et al., 1997; Diekmann et al., 2000). This attribution suggests
that iceberg calving activity at the margin of the extended ice shelf
during the glacial period was high. As a result, a strong correlation
between marine sediment core MS values and the ice core dust record
indicates that the atmospheric circulation is closely linked to the
cryosphere in the Southern Ocean. Because the Southern Ocean off the
northern Antarctic Peninsula receives many icebergs (Anderson and
Andrew, 1999), a strong correlation between marine sediment MS va-
lues with ice core dust records are universally observed in the study
area. Nevertheless, graphical correlation can be used for age construc-
tion for sediment cores in the Southern Ocean off the northern Antarctic
Peninsula.

6. Conclusions

The MS values of all cores (GC02-SS02, GC03-C2, GC03-C4, and
GC04-G03) from the Southern Ocean off the northern Antarctic
Peninsula were high during the last glacial period but were low during
MIS 1 and are well correlated to the ice core dust record. Sediments
ranging from coarse silt to fine sand (16–250 μm), characterized by
high MS values and normal distribution patterns, are considered the
main control fraction for MS values in the Southern Ocean off the
northern Antarctic Peninsula. These sediments were most likely

transported as IRD. Thus, our results suggest that 1) reconsideration
about IRD grain size is necessary; 2) iceberg calving activity was active
at the margin of extensive glacial ice shelf; and 3) cryosphere (iceberg
calving activity) and atmospheric (dust) circulation are closely linked.
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