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A B S T R A C T

The strong glacial–interglacial similarity between the magnetic susceptibility (MS) of Southern Ocean sediments
and Antarctic ice core dust records has often been used to reconstruct Southern Hemisphere atmospheric
variability. Although evaluation of various magnetic properties is essential for identifying the magnetic carriers
linked to sedimentological variation, detailed magnetic studies are not sufficient in the Scotia Sea. Here we
investigate the bulk and particle-size dependent magnetic properties of Scotia Sea sediments over the past
~22 kyr, to determine the main sediment transport mechanism driving bulk magnetic proxies including MS. In
bulk sediments, MS is highest during the last glacial period and is accompanied by an increase in the con-
centration and grain size of ferrimagnetic and antiferromagnetic minerals. For magnetic mineral assemblages,
coarse detrital magnetite is dominant. Of three particle-size fractions (> 63, 16–63, and < 16 μm), the coarse
silt fraction (16–63 μm) is responsible for the magnetic properties of bulk glacial sediments. Such dominant
contribution of coarse silts rules out a major input of dust, which is expected as finer silt and clay. The silt
fraction exhibits a co-varying magnetic mineral concentration with that of the sand fraction (> 63 μm)
throughout the last deglaciation, indicating a close linkage between their input mechanisms. Thus, the sediment
particles ranging from sand to coarse silt, which control the bulk glacial magnetic proxies, are most plausibly
transported by iceberg-rafted debris (IRD). As hematite is relatively concentrated in the sand fraction, the he-
matite contribution in the bulk sediment can highlight IRD-related magnetic signals rather than magnetite. The
bulk hematite contribution simultaneously varies with the deglacial influx of coarse IRD particles (> 1mm) in
Scotia Sea sediments, although their glacial inconsistency possibly suggests a different IRD input mechanism
during the advancement and retreat of the ice sheet. Consequently, the glacial increase in the bulk magnetic
concentration indicates vigorous iceberg calving activity in the Scotia Sea and further suggests the coupled
cryosphere–atmosphere system.

1. Introduction

Terrigenous input to deep-sea sediment environments in the
Southern Ocean relies on atmospheric and oceanic circulation patterns
which are strongly influenced by climatic variability and Antarctic ice
sheet dynamics. As a rapid and simple proxy of the terrigenous fraction,
magnetic susceptibility (MS) of Southern Ocean sediments has revealed
a close resemblance with Antarctic ice core dust records at the glacia-
l–interglacial, or even, millennial scale (Bareille et al., 1994; Pugh et al.,

2009; Weber et al., 2012). This strong resemblance plays a crucial role
in relative age reconstruction of carbonate-poor Southern Ocean sedi-
ments (e.g., Weber et al., 2012). However, the MS–dust correlation, has
not been fully understood in terms of transport mechanisms.

The Scotia Sea, located on the iceberg escape path from Antarctica
and on the midway of dust transport from the known major source
(Patagonia) to Antarctica (Delmonte et al., 2008), is very sensitive to
paleoenvironmental change. MS of Scotia Sea sediments shows distinct
glacial highs correlated to ice core dust records, and has been presumed
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as a proxy of Patagonian dust input (Weber et al., 2012). However,
whether aeolian deposition is a major part of terrigenous fraction is a
matter of debate, as it is expected to account for only a few percent of
sediment accumulation during the last glacial period in the Scotia Sea
(Walter et al., 2000; Noble et al., 2012). Apart from aeolian input, the
Antarctic Circumpolar Current (ACC) has been suggested as the domi-
nant sediment transporter delivering fine detritus during glacials, on a
basis of clay mineralogy and isotopic composition (Diekmann et al.,
2000, 2003; Noble et al., 2012; Xiao et al., 2016). On the other hand,
Kim et al. (2018b) recently proposed iceberg-rafted debris (IRD) as the
main deliver of glacial detrital particles, showing the dominance of
coarse sediment fraction (fine sand to coarse silt) from particle-size
analysis. These arguments still call for a better understanding of MS
through systematic and detailed magnetic study in the Scotia Sea
(Weber et al., 2019).

The MS signal is mainly carried by ferrimagnetic minerals, such as
magnetite (Mullins, 1977; Maher, 1986), and basically connected to
sediment magnetic properties (e.g., concentration, grain size, and
composition of magnetic minerals). Since the magnetic properties of
bulk sediments are an aggregate of many different components and
processes, an evaluation of these components provides useful in-
formation on the bulk signals and sedimentary environments. For in-
stance, Xiao et al. (2016) investigated bulk magnetic properties of
Scotia Sea sediments and identified that detrital magnetite is the main
magnetic component during glacials, whereas biogenic magnetite is
significant during interglacials. With regard to low contribution of high-
coercivity minerals, which commonly present in dust, they considered
ocean-current transport of fine magnetic minerals as the main detrital
input mechanism during glacials. However, detrital magnetic compo-
nents complicatedly mixed by various processes (e.g., dust, current, and
IRD) are not clearly discriminated in bulk magnetic properties in the
Scotia Sea.

As an extended approach, magnetic measurements on particle-size
fractions enable an isolation of magnetic property depending on par-
ticle-size distribution. As a result, the particle-size dependence of
magnetic properties has been widely utilized to separate the influences
of sediment transport and source in marine sediments (e.g., Razik et al.,
2014, 2015; Hatfield et al., 2016, 2017, 2019). In this study, we adopt
the particle-size separation approach to isolate detrital magnetic
properties in Scotia Sea sediments since the last glacial maximum
(LGM). By comparing bulk and particle-size dependent magnetic
properties, we identify the major magnetic component and particle-size
range carrying bulk signals, and determine the related sediment
transport mechanism.

2. Core location and regional settings

An ~890 cm long gravity core GC03-C1 was recovered from the
south Scotia Sea, off Elephant Island in the northern Antarctic Peninsula
(60°26.57′S, 55°41.98′W; 3774- m water depth; Fig. 1) by R/V Yuzh-
morgeologiya during the 2003/2004 Korea Antarctic Research Program
expedition. The Scotia Sea is influenced by the input of waters from
both the Drake Passage and the Weddell Sea, via the eastward-flowing
ACC and northern limb of the Weddell Gyre, respectively (Fig. 1).
Particularly, ACC is the dominant oceanic circulation in the Scotia Sea,
responding to atmospheric changes, and it lies between the Polar Front
and the southern ACC boundary (Anderson et al., 2009). In the Weddell
Gyre, many icebergs merge and then escape from Antarctica north into
the Scotia Sea along the major pathway named “Iceberg Alley”
(Anderson and Andrews, 1999). In addition, the Southern Hemisphere
westerlies dominate the atmospheric circulation of the Scotia Sea, de-
livering aeolian particles from southern Patagonia to proximal and far
to distal regions in the Southern Ocean (Weber et al., 2012; Lamy et al.,
2014). Thus, the Scotia Sea is sensitive to the terrigenous sediment
supply via ocean currents, aeolian input, and ice rafting linked to cli-
mate change (Diekmann et al., 2000, 2003; Weber et al., 2014).

3. Analytical methods

3.1. Magnetic measurements and particle-size separation

The core was split into two halves at the Korea Polar Research
Institute (KOPRI), and archive halves were used for magnetic mea-
surements. Volume-specific MS (SI unit) data were previously reported
by Bak et al. (2010), in which MS was scanned at 1 cm intervals for split
half core sections. In this study, a total of 364 discrete samples for bulk
sediment were taken with a nearly continuous ~2 cm span using 7 cm3

plastic cubes. All cube samples were measured for mass-specific MS (χ)
at dual frequency of 470 Hz and 4700 Hz using a Bartington MS2
magnetometer at KOPRI. The mass normalization was calculated by wet
masses; for wet samples, it should be noted that variance in χ can be
somewhat different if dilution effect by the water mass is corrected.
Hereafter χ in this paper refers to low frequency measurements
(χ470Hz). Frequency dependence of MS (χfd%) was defined as
100× (χ470Hz – χ4700Hz) / χ470Hz (Dearing et al., 1996). Anhysteretic
remanent magnetization (ARM) was imparted in a direct current (DC)
field of 0.05mT (=39.79 A/m) and a peak alternating field (AF) of
100mT using a D-Tech D-2000 AF demagnetizer (ASC Scientific). The
mass-normalized ARM susceptibility (χARM) was calculated by nor-
malizing the remanence to the DC field. The isothermal remanent
magnetization (IRM) was acquired at applied DC fields of 1 T using an
ASC Scientific IM-10 impulse magnetizer and is represented as satura-
tion IRM (SIRM). Backfield IRM (BIRM) at 0.3 T was imparted in the
direction opposite to that of SIRM. All remanences were measured using
a JR6A spinner magnetometer at Chungnam National University,
Korea.

χ and SIRM commonly reflect the concentration of ferrimagnetic
minerals, such as magnetite. Because χARM is sensitive to fine magnetite
grains, χARM/χ was used as a grain size parameter (King et al., 1982).
For the concentration of high-coercivity minerals such as hematite,
hard IRM (HIRM) was calculated as follows: HIRM=0.5× (SIRM +
BIRM). The relative composition of low- and high-coercivity minerals
were estimated using S-ratios (Bloemendal et al., 1992): S-
ratio= 0.5× (1 – BIRM / SIRM). S-ratios close to 1 denote the dom-
inance of low-coercivity minerals.

A total of 32 selected samples were freeze-dried, and hysteresis
curves were measured using a Princeton Measurements MicroMag 3900
vibrating sample magnetometer at the Korea Institute of Geoscience
and Mineral Resources. From the hysteresis data, the bulk coercive
force (Bc), saturation magnetization (Ms), and saturation remanence
(Mrs) were obtained by a saturating field of 1 T with field increments of
5 mT. Paramagnetic contribution was corrected using high-field slope
at ≥80% of the peak field. The remanent coercive force (Bcr) values
were determined from backfield measurements with a decreasing field
step of 4 mT. For the magnetic mineralogy and assemblages, IRM ac-
quisition curves and first-order reversal curves (FORCs) were measured
for 18 selected samples. The IRM acquisition curves were obtained up
to a DC field of 1.4 T with 120 nonlinear field steps and were fitted by
modeled coercivity spectra using an IRM unmixing program from
Maxbauer et al. (2016). 134 FORCs were obtained with a field incre-
ment of 2 mT up to a maximum applied field of 1 T and were processed
in the FORCinel software package (Harrison and Feinberg, 2008) using
the VARIFORC built-in function designed by Egli (2013).

In addition, 100 bulk sediment samples were collected from the top
400 cm at 4 cm intervals with a 1 cm span for particle-size separation.
The sediments were pretreated with 6% hydrogen peroxide, 0.1M hy-
drochloric acid, and 1 N sodium hydroxide to remove the non-terrige-
nous fractions (organic matter, carbonate, and biogenic opal, respec-
tively). Some tested samples revealed no significant magnetization loss
after such chemical treatments. This is consistent with previous studies
that documented no physical or chemical alteration in magnetic mi-
neral samples by weak to middle (e.g., pH~ 4) acids (e.g., Hounslow
and Maher, 1996; Maher et al., 2003; Strehlau et al., 2014). Based on
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previous analyses for particle-size distribution in the study area (e.g.,
Kim et al., 2018b), three main fractions were separated by wet sieving
at 63 μm and based on settling velocity: clay to fine silt (< 16 μm),
medium to coarse silt (16–63 μm), and sand (> 63 μm). After weighing
the dry mass of each fraction to calculate their fractional abundance (wt
%), 300 samples (100 samples per fraction) were prepared for magnetic
measurements. The sediment fractions were placed into gel capsules
through compression to avoid grain rotation and then centered and
fixated into 7 cm3 cubes. The cube samples were subjected to χ mea-
surements using a Kappabridge KLY-2 instrument at 920 Hz and field
intensity of 300 A/m. Then, the same magnetic parameters with the
bulk cube samples (e.g., ARM and IRM) were obtained. In addition,
hysteresis curves and FORCs were measured for some selected samples.

3.2. Radiocarbon dating

Accelerator mass spectrometry (AMS) 14C dates were measured at
Rafter Radiocarbon Laboratory, New Zealand (Table 1). Because of the
lack of foraminifers or calcareous shell fragments in the sediments, all
AMS 14C dating was conducted on acid insoluble organic matter
(AIOM) from core GC03-C1. To correct for the core top loss, AIOM AMS
14C dating was additionally conducted from 0 cm of a box core (BC03-
C1) from the same location of GC03-C1 (Table 1).

4. Age model

An age model for core GC03-C1 was established by combination of
the AIOM AMS 14C dates and correlations among Scotia Sea MS records
and the ice core dust record (Fig. 2). For 14C age correction, the possible
core top loss of GC03-C1 was estimated by comparing total carbon (TC),
total nitrogen (TN), and water content (WC) between BC03-C1 and the
top 100 cm of GC03-C1 (Fig. S1). Analytical procedures for TC, TN, and
WC followed the common protocol in KOPRI (e.g., Kim et al., 2018a).
Based on their inconsistent variations, a length of at least the box core,
32 cm, was thought to be lost during the coring process. As previous
studies considered corrected 14C dates after offsetting the surface AMS
14C dates of AIOM, assuming that the old carbon effect was constant
with depth (e.g., Domack et al., 1999; Lee et al., 2010), we corrected
the AIOM ages of this study using the box core BC03-C1 top 14C age of
4037 yr. This is older than the reservoir age (1300 years) used for the

Scotia Sea (e.g., Xiao et al., 2016), indicating that the AIOM ages are
influenced by old carbon effect. After offsetting 4037 yr, we obtained
calibrated 14C dates of GC03-C1 using CALIB 7.1 software (Stuiver and
Reimer, 1993) and the MARINE13 dataset (Reimer et al., 2013) with a
standard global reservoir age (ΔR=0), following an approach of Lee
et al. (2010) (Table 1). The relatively narrow δ13C range (± 0.8‰
standard deviation) suggests that the assumption is generally accep-
table. Of the calibrated 14C ages, six age points within the deviation
range were used to construct the age model for the top 200 cm of GC03-
C1 (Table 1 and Fig. 2c, d). The 14C ages below 240 cm were considered
as less reliable and disregarded in the age model, because of old carbon
effect in the glacial interval (e.g., Kim et al., 2018b).

In the Scotia Sea, the resemblance between MS records and dust
record (non-sea-salt Ca2+; nssCa2+) from European Project for Ice
Coring in Antarctica Dronning Maud Land (EDML) was used to con-
strain the age of the Scotia Sea sediment cores (Fischer et al., 2007;
Weber et al., 2012). The MS–EDML correlation is particularly useful for
the high MS intervals of Scotia Sea cores (e.g., Pugh et al., 2009; Weber
et al., 2012; Xiao et al., 2016; Kim et al., 2018b). Following the age
correlation established by Weber et al. (2012), we assigned seven tie
points on volume MS of GC03-C1 (Bak et al., 2010), based on similar
peaks and troughs in Scotia Sea MS records (cores MD07–3133 and
MD07–3134; Fig. 1) and EDML dust record (Fig. 2 and Table 1). The
core top and bottom ages of GC03-C1 were calculated as ~8.5 and
~22.1 ka, respectively, using extrapolation.

5. Results

5.1. Bulk magnetic properties

For the period ~22–8 ka, χ of GC03-C1 exhibits higher values
during the LGM and lower values during the early Holocene (Fig. 3a).
Water contents show a general opposite trend to χ, varying from ~50%
at the upper part to ~30% at the lower part of the core (Table S1).
Although correction for the water masses can increase χ values by a
factor of ~2 to ~1.7, such dilution effect is not considered to be a
critical factor because the trend of χ is analogous. χfd% is generally
below 2%, showing relatively low values during the LGM (Fig. 3b). This
indicates that contribution of ultrafine superparamagnetic particles is
not significant (Dearing et al., 1996), particularly for the glacial

Fig. 1. Site location map for the studied core GC03-C1 (yellow dot) and
reference sites (gray dots). Reference sites: GC03-C2, GC03-C4, GC04-
G03, and GC02-SS02 from Kim et al. (2018b), MD07–3133 and
MD07–3134 from Weber et al. (2012), and PS67/219–1 and PS67/
197–1 from Xiao et al. (2016). Iceberg Alley from Anderson and
Andrews (1999) is illustrated by white shaded arrows. The main wind
direction of the Southern Hemisphere westerlies (SHW) is indicated by a
red shaded arrow. Green and light blue dotted lines indicate the
summer sea ice (SSI) and winter sea ice (WSI) sea-ice extent, respec-
tively (Gersonde et al., 2005). The purple dotted line is the polar front,
and orange dotted line is southern boundary of the Antarctic Cir-
cumpolar Current (SB of ACC; Orsi et al., 1995). ACC is shown by
magenta arrows. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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increase of χ.
Comparison between χ and other concentration-related magnetic

parameters (Ms, SIRM, HIRM, and χARM) shows their consistent tem-
poral variations (Fig. 3), supporting that concentration of magnetic
minerals dominate changes in these parameters. Hysteresis loops were
closed and Ms was obtained in applied fields between ~350mT during
the LGM and ~270mT during the early Holocene, indicating the
dominance of ferrimagnetic minerals (e.g., magnetite, titanomagnetite,
and maghemite). Hence, strong similarity among χ, Ms, and SIRM
variations designates ferrimagnetic minerals as the dominant magnetic
carrier of χ (Fig. 3a, c, d), although χ includes non-ferrimagnetic (i.e.,
diamagnetic and paramagnetic) signals. HIRM also varies with SIRM
(Fig. 3d, e), indicating that both low- and high-coercivity minerals (e.g.,
magnetite and hematite, respectively) are closely related to the glacial
increase in magnetic concentration. In particular, HIRM shows more
distinct fluctuations than in SIRM during the marine isotope stage (MIS)
2, indicating relatively sensitive changes in high-coercivity mineral
concentration during the glacial period. Meanwhile, χARM resembles
overall glacial–interglacial variations of the other parameters, showing
large fluctuations during MIS 1 (Fig. 3f). This implies that fine mag-
netite concentration varies along with total magnetic concentration and
more sensitively changes during the interglacial period. In addition,
SIRM, HIRM, and χARM display a common peak at 18.4 ka, which is
inconspicuous in χ, indicating a layer of abundant ferrimagnetic mi-
nerals.

Generally, low values of the coercivity parameters Bc and Bcr

(~8–12 and ~32–36mT, respectively) suggest that magnetite is the
main magnetic carrier (Fig. 4a, d). In particular, low Bc values of ~9mT
during the LGM indicate the dominance of low-coercivity coarse mag-
netite, such as multidomain (MD) magnetite (Maher, 1988). Other
magnetic grain size parameters (Mrs/Ms and χARM/χ) also show similar
variations with Bc, indicating that coarser magnetite is dominated
during the LGM (Fig. 4b, c). On the other hand, Bcr shows analogous
variations with S-ratio (Fig. 4d, e), as Bcr is more sensitive to high-
coercivity components than Bc in magnetic mixtures (Roberts et al.,
1995). The S-ratios close to 1 (~0.97–0.99) throughout the core in-
dicate the generally low contribution of high-coercivity minerals (e.g.,

hematite). However, relatively low S-ratios during MIS 2 indicate their
greater contribution during the glacial period. There are some Bcr peaks
to ~40mT concurrent with the S-ratio troughs during MIS 2 (e.g.,
~15.9 ka, ~18.4 ka, and ~20.5 ka), supporting the presence of high-
coercivity minerals (Fig. 4d, e).

The average magnetite grain size distribution (i.e., hysteresis ratios)
for the selected samples is compared with empirical and theoretical
data in a Day plot (Day et al., 1977; Fig. 5a). All the samples fall close to
the theoretical mixing curves of single-domain (SD) and MD, with re-
lative dominance of MD (Carter-Stiglitz et al., 2001; Dunlop and Carter-
Stiglitz, 2006). Compared with empirical data of (unannealed) mag-
netite (Dunlop, 2002), the average grain size of our samples corre-
sponds to a range from ~9 to>20 μm, with grain size coarsening for
the glacial samples. To further identify magnetic mineral assemblages,
FORC diagrams were constructed (Fig. 5b). Along with the coarse
average grain size, the interglacial sample (~10.2 ka) shows a large
triangular vertical spread at low coercivity, indicating the dominance of
vortex state detrital magnetite (Roberts et al., 2014, 2017). A typical
narrow central ridge along the Bc axis characterizes the presence of
non-interacting bacterial SD magnetite (Egli et al., 2010). Meanwhile,
the glacial sample (~19.6 ka) is characterized by a stronger vertical
spread at low coercivity (Bc < 20 mT), which confirms the greater
contribution of coarser vortex/MD magnetite during the LGM. For the
glacial sample, a high-coercivity component extends beyond 100 mT
along the Bu axis. From the IRM unmixing results, the high-coercivity
component has a mean coercivity of 201–212 mT (cp3, Fig. 5c), con-
sistent with the coercivity range of hematite (Hyland et al., 2015). The
hematite contribution is relatively low (~6–12% of SIRM) but is greater
in the glacial sample. In addition, two low-coercivity components (cp1
and cp2) are considered as magnetites of different coercivities (Egli,
2003).

In summary, the magnetic mineral concentration of GC03-C1 is high
during the glacial period and low during the interglacial period. The
dominant magnetic component is magnetite, showing coarser magnetic
grain size during the glacial period. For magnetic mineral assemblages,
coarse vortex/MD state detrital magnetite is dominant during the gla-
cial period. During the interglacial period, the contribution of non-

Table 1
Acid insoluble organic matter radiocarbon dates from cores GC03-C1 and BC03-C1 and correlation points between GC03-C1 MS and EDML nss-Ca2+ records.e*Ages
used as tie points for the age model in this study. Corrected and calibrated ages are obtained using CALIB 7.1 software (Stuiver and Reimer, 1993) and the MARINE13
dataset (Reimer et al., 2013) with a standard global reservoir age (ΔR=0) after subtracting the BC03-C1 top age of 4037 yr, following the approach in Lee et al.
(2010). **Out-of-range ages.

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

GC03-C1
10* NZA-21383 12,290 ± 45 −24.9 8790
30* NZA-21384 12,788 ± 45 −25.8 9427
50** NZA-21466 16,169 ± 65 −25 13,581
60* NZA-21385 13,338 ± 50 −25.4 10,143
100 NZA-21467 13,209 ± 50 −25.6 9970
120* NZA-21386 13,749 ± 50 −26.4 10,613
150* NZA-21387 14,091 ± 50 −25.9 11,060
181* 12,802
200* NZA-21388 16,290 ± 60 −24.9 13,713
240** NZA-21468 18,519 ± 80 −26.9 17,118
250* 14,797
311* 16,488
340* 17,628
350** NZA-21469 21,900 ± 110 −27.4 21,085
450** NZA-21470 22,050 ± 120 −27.1 21,288
478* 18,390
550** NZA-21471 22,200 ± 120 −25.4 21,499
650** NZA-21472 23,470 ± 130 −25.3 22,908
683* 20,046
750** NZA-21549 21,430 ± 120 −24.9 20,487
839* 21,617

BC03-C1
0 NZA-21382 4037 ±30 −25.9 0
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interacting biogenic SD magnetite is relatively significant, along with
the dominance of vortex detrital magnetite. The hematite contribution
is generally low, but relatively high during the glacial period.

5.2. Magnetic concentration of particle-size fractions

For the last ~18 kyr, concentration-related magnetic parameters (χ,
Ms, SIRM, χARM, and HIRM) for each sized fraction were obtained and
compared with their respective bulk values (Fig. 6). The magnetic
parameters were calculated as mass-normalized values (Figs. 6b–f), and
then mass-weighted (Figs. 6g–k) by multiplying each fractional mass
percent (Fig. 6a) on the mass-normalized values. The mass-normalized
values indicate magnetic mineral enrichment in the fractions, while the
mass-weighted values reconstruct the fractional contribution to the
bulk values, as magnetic concentration properties are linearly additive
(e.g., Lascu et al., 2010; Hatfield et al., 2019). The fractional mass
distribution shows that the 16–63 μm fraction is predominant (50–70%)
(Fig. 6a). Noticeably, the 16–63 μm and > 63 μm relative abundances
becomes greater during MIS 2 than during MIS 1, confirming the
coarsening of average particle size during the glacial period.

The most abundant fraction, 16–63 μm, generally shows the highest
mass-normalized χ values throughout the last ~18 ka (Fig. 6a, b) and,
thus, makes the greatest contribution to bulk χ. This is confirmed by the
almost identical variations between mass-weighted χ of the 16–63 μm

fraction and bulk χ (Fig. 6g). Ms values (after paramagnetic correction)
for the three fractions show similar variations with χ (Fig. 6b, c),
confirming that the χ variation is mainly controlled by the magnetite
concentration. The highest Ms of the 16–63 μm fraction during the
glacial period indicates that magnetite is the most-enriched in silts
(Fig. 6h), regardless of magnetic grain size (Day et al., 1977; Dunlop,
1986).

Mass-normalized SIRM of each fraction also shows similar temporal
variations with χ (Fig. 6b, d); however, the SIRM signals are not the
highest for the 16–63 μm fraction. As SIRM is affected by magnetic
grain size, coarse magnetites in 16–63 μm can be less respondent to
SIRM than χ, owing to their weak magnetic remanence (Maher, 1988).
Nevertheless, the strongest SIRM values in the> 63 μm fraction during
MIS 2 indicates glacial magnetic mineral enrichment with strong
magnetic remanence. In particular, SIRM of the three particle-size
fractions is comparable throughout the last deglaciation (Fig. 6d),
clearly indicating that most of the magnetic minerals are closely linked
to the same input mechanism. Owing to its fractional abundance, the
16–63 μm fraction dominantly contributes to bulk SIRM (Fig. 6i).

As χARM is mainly carried by fine magnetite, the finest grain size
fraction (< 16 μm) has the highest values (Fig. 6e). The<16 μm
fraction consistently shows the highest χARM with severe fluctuation
throughout the last ~18 kyr, while the two coarser fractions show si-
milar χARM variations with SIRM (Fig. 6e). The different temporal
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variations of the<16 μm fraction can be affected by different magnetic
sources (e.g., biogenic magnetite) compared to the coarser fractions,
particularly during MIS 1. Although bulk χARM is mainly contributed by
the<16 μm fraction, the glacial increase of bulk χARM is associated
with an increase in the contribution of the 16–63 μm fraction (Fig. 6j).

The highest HIRM values in the> 63 μm fraction reveal that he-
matite is the most concentrated in the coarse sand fraction (Fig. 6f). The
16–63 μm fraction has markedly low HIRM (Fig. 6f) but dominantly
contributes to bulk HIRM (Fig. 6k), owing to its high fractional abun-
dance. The HIRM variations between 16 and 63 μm and>63 μm are

very similar during MIS 2 (Fig. 6f, k), indicating the same input source
of hematite. Moreover, such HIRM variations are analogous to those of
all other parameters (Figs. 6b–k), suggesting that the concentration of
magnetite and hematite is mostly linked to the same input of sediment,
ranging from sand to coarse silt.

5.3. Magnetic mineralogy and grain size of particle-size fractions

The bulk and size-fractionated samples were selected at ~17.7 ka
and constructed FORC diagrams to confirm their magnetic assemblages
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(solid symbols in Fig. 7a). FORC diagrams of the bulk and 16–63 μm
fraction resemble each other, showing the dominant feature of coarse
vortex/MD magnetite (i.e., triangular-shaped contour with large ver-
tical spread). The<16 and>63 μm fractions are dominated by finer
vortex state magnetite. For the<16 μm fraction, the central ridge
signal remains. This indicates a good preservation of biogenic magne-
tite during the glacial period, although its contribution is largely diluted
in the bulk glacial samples (Figs. 7a and 5b). For> 63 μm, the SD-like
isolated peak with vortex magnetic feature ensures the presence of fine
magnetic inclusions (Roberts et al., 2014, 2017). In addition, a large
contribution of hematite with higher coercivity (> 100 mT) is dis-
tinctively observed in this fraction (Fig. 7a).

For each fraction, 11 samples were selected for hysteresis analyses,
and their magnetic grain sizes were viewed on a Day plot (Fig. 7b).
Note, the magnetic grain size is based on magnetic properties (i.e.,
domain state), which should not be confused with physical particle size
(Hatfield et al., 2017). Hysteresis ratios of the< 16 μm (blue symbols in

Fig. 7b) and 16–63 μm (red symbols in Fig. 7b) fractions are well
clustered and comparable to ratios of 3–6 μm and>14 μm magnetite
grains, respectively (Dunlop, 2002). The<16 and 16–63 μm fractions
also fall on the theoretical SD-MD mixing line (Carter-Stiglitz et al.,
2001; Dunlop and Carter-Stiglitz, 2006), with greater MD contribution
in the 16–63 μm fraction. Meanwhile, the> 63 μm fraction displays a
wide distribution of hysteresis ratios that fall between those of the<16
and 16–63 μm fractions (yellow symbols in Fig. 7b). The ratios are also
dominantly distributed close to those of the< 16 μm fraction, corre-
sponding to 6–9 μm magnetite grains (Dunlop, 2002). This decoupling
of physical and magnetic grain sizes indicates that magnetic minerals in
the sand fraction are dominantly present as inclusions in other mi-
nerals, such as silicates (e.g., Feinberg et al., 2005; Chang et al., 2016),
rather than as discrete magnetite grains.

Compared with bulk hysteresis ratios at the same ages (magenta
symbols in Fig. 7b), the ratios of the 16–63 μm fraction show a large
overlap with those of coarser glacial bulk samples. This indicates that
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the silt fraction is the predominant magnetic carrier during the glacial
period, which is also supported by the resemblance of FORC diagrams
between the bulk sample and the 16–63 μm fraction (Fig. 7a). Hence,
the coarsening of bulk magnetic grain size in the glacial period is re-
sulted from the increased contribution of coarse vortex/MD magnetic
minerals in silts.

6. Discussion

6.1. Comparison of Scotia Sea rock-magnetic properties with dust records

Long-range dust transport from Patagonia to East Antarctica during
the Pleistocene is traced by a dust proxy (nssCa2+) from the EDML ice
cores (e.g., Fischer et al., 2007, Fig. 8a). The glacial increase in Ant-
arctic dust concentration indicates enhanced Patagonian dust produc-
tion related to various factors, such as exposure of the source area and
evolution of the southern westerly wind belt (Lamy et al., 2010;
Lambert et al., 2012). As previously reported in the Scotia Sea, MS
variations of core GC03-C1 and Scotia Sea cores (Weber et al., 2012;
Xiao et al., 2016) are very similar to EDML nssCa2+ (Figs. 8a–d); vo-
lume MS records were used for comparison among cores. This visual
resemblance between MS and Antarctic dust records seems to reflect the
sink of Patagonian dust into the Scotia Sea and Antarctica (e.g., Weber
et al., 2012). However, the particle-size range of 16–63 μm, suggested
as the main contributor to the MS signal of GC03-C1, is coarser than
fine aerosol particles of< 10 μm which are generally expected to be
long-range transported (Maher et al., 2010; Muhs, 2013).

As a proximal record of Patagonian dust from the source, MS of a
sediment core from the PASADO site 2 at Laguna Potrok Aike in
Patagonia (Lisé-Pronovost et al., 2015) is also compared. The lacustrine
sediments reflect the deposition of short-term suspended dust particles
of tens to hundreds of kilometers in the distance. Lisé-Pronovost et al.

(2015) presented that the Patagonian lake sediments show glacia-
l–interglacial MS variations covariant with the dust record of the Ant-
arctic ice core (Fig. 8a, e), although there is an inconsistency in the
millennial scale. They suggested that the glacial increase in the two
records reflects a common response to the aeolian flux from the source
area; the higher magnetic concentration is associated with the greater
aeolian supply. The millennial inconsistency was suggested as grain size
effect on MS, because the glacial high MS of the lake sediments is also
correlated to higher coercivity of ferrimagnetic grains (i.e., increase in
median destructive field of IRM; Fig. 8e), reflecting a fining of magnetic
grain size due to weakening of the Southern Hemisphere westerly winds
(Kohfeld et al., 2013; Lisé-Pronovost et al., 2015). For long-range
transported dust to the Scotia Sea and Antarctica, the particle-size is
independent of the change in wind intensity (Muhs, 2013), but it should
be generally smaller than the Patagonian lake sediments. Lisé-
Pronovost et al. (2015) identified that medium and coarse silts
(~10–30 μm) mainly carry the magnetic information of the lake sedi-
ments, suggesting that dust transport to the Scotia Sea would involve
finer particles, such as fine silt and clay. This implies that glacial se-
diments of GC03-C1 are unlikely transported primarily by Patagonian
dust, as the high magnetic concentration is mostly carried by medium
to coarse silts (16–63 μm).

In the south Scotia Sea, the particle-size distribution with the
dominance of medium to coarse silt in glacial sediment was consistently
reported from four nearby cores (GC03-C2, GC03-C4, GC04-G03, and
GC02-SS02; Fig. 1), based on particle-size analysis (Kim et al., 2018b).
For magnetic grain size, LGM sediments of GC03-C1 dominated by
coarse vortex/MD magnetite have similar hysteresis ratio distribution
with the central Scotia Sea sediments (PS67/219–1 and PS67/197–1;
Fig. 1) during glacials (Xiao et al., 2016; Fig. S2). This coarse magnetic
grain size distribution of the glacial Scotia Sea sediments is also com-
parable with that of the Laguna Potrok Aike sediments (Lisé-Pronovost
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et al., 2015), which were deposited by short-term transport during the
last glacial period (Fig. S2). Altogether, these results show general
agreement in the coarse physical and magnetic grain size of the glacial
sediments in the Scotia Sea and rule out dust input as the main sedi-
ment transport mechanism during the glacial period.

Interestingly, the<16 μm fraction of GC03-C1 has a very low he-
matite concentration (Figs. 6f and 7a), although it is expected to pri-
marily contain the aeolian dust fraction. Rather, the hematite con-
tribution in the glacial bulk sediments is associated with the coarser
sand and silt fractions (Fig. 6k). Therefore, the bulk hematite con-
centration should not be considered as an indication of dust input,
because of its low contribution in the Scotia Sea, although aeolian dust
generally involves high-coercivity minerals such as hematite (e.g.,
Bloemendal et al., 1992; Xiao et al., 2016).

6.2. Contribution of biogenic magnetite in Scotia Sea sediments

Biogenic magnetite has been suggested as a dominant contributor to
the MS signal in the sub-Antarctic Indian Ocean, where low detrital
input occurs; it could be associated with iron fertilization caused by
increased dust input during glacials (Yamazaki and Ikehara, 2012).
However, the relative proportion of biogenic magnetite to detrital
magnetite in bulk sediments of GC03-C1 decreases during the glacial
period (Fig. 5b), as consistently shown in the central Scotia Sea sedi-
ments (Xiao et al., 2016). Although biogenic magnetite is not the main
magnetic carrier during the glacial period, the glacial< 16 μm sample
displays a significant contribution of biogenic magnetite compared to
the bulk sample largely diluted by coarse detrital magnetite (Fig. 7a).
The glacial increase in biogenic magnetite is not noticeable, but the
presence of biogenic magnetite implies a suitable environment for its
production and/or preservation during the glacial period.

6.3. Implications for possible sediment transport environments

The particle-size dependent magnetic properties of core GC03-C1
indicate that coarse sediments (sands and silts) are mainly transported
by the same mechanism during the glacial period, with strong magnetic
remanence in sands (Fig. 6d, f). The glacial dominance of sediment
particles ranging from fine sand to medium silt is consistently reported
from the nearby cores in the south Scotia Sea (Kim et al., 2018b). These
results indicate that the main terrigenous supply mechanism during the
glacial period dominantly delivers coarse detrital particles in the range
of sand to silt to the Scotia Sea.

Several studies have suggested that ocean currents play an im-
portant role in sediment transport during glacials in the Scotia Sea (e.g.,
Diekmann et al., 2000, 2003; Noble et al., 2012; Xiao et al., 2016). In
the Scotia Sea, ACC carries suspended terrigenous materials from the
Antarctic Peninsula and Patagonia and disperses continental detritus
through the Drake Passage (Diekmann et al., 2000; Hemming et al.,
2007). During glacials, enhanced current erosion in extended terrige-
nous source areas at low sea level stands could provide more detrital
materials to the sea (Noble et al., 2012; Xiao et al., 2016). However,
sediment supply by current erosion is generally expected to deliver fine-
grained detritus (e.g., silt and clay) to deep-sea environments (e.g.,
Diekmann et al., 2000; Noble et al., 2012), as the lateral transport
of> 63 μm particles requires turbulence of higher velocities than is
often available in the deep sea. Therefore, current transport of the
dominant sand- to medium-silt-sized fractions in the glacial sediments
should be accompanied by enhanced ACC intensity; however, ACC in-
tensity was reportedly weaker during the glacial period than during the
Holocene in the Scotia Sea and the Drake Passage (McCave et al., 2014;
Lamy et al., 2015; Jouve et al., 2017). For instance, the fine sand
fraction in sediments from the southernmost continental margin of
South America significantly decreased during the glacial period, re-
flecting weak ACC intensity (Lamy et al., 2015). This implies that the
glacial ACC was not strong enough to deliver sands from South America
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continents to the Scotia Sea. Thus, current transport would not be the
main transport mechanism for increasing coarse particles ranging from
sand to coarse silt in the Scotia Sea, although it could result in a
quantitative increase in fine-grained detritus input during the glacial
period.

Mass flow such as turbidites can entrain coarse sand; however,
turbidite deposition was not observed in the glacial intervals in GC03-
C1 and nearby cores (Fig. 1; Kim et al., 2018b). Furthermore, the
possibility of significant sediment redistribution (e.g., winnowing ef-
fect) by the bottom current was ruled out for south Scotia Sea sediments
during the glacial period (Kim et al., 2018b). Sea ice extension or an
advance of the ice-sheet grounding zone can deliver fine-grained det-
ritus by trapping and resuspension, respectively; nevertheless, they
would also fail to be the main transport mechanisms of coarser silts and
sands (Weber et al., 2012; Kim et al., 2018b).

In this study, IRD is considered as the most plausible transport

mechanism capable of delivering sand- to silt-sized sediments during
the glacial period. Kim et al. (2018b) suggested iceberg calving activity
as the main contributor to the high MS of glacial sediments in the south
Scotia Sea, because the particle-size distribution of the dominant silt
mode is very similar to that of IRD modeled from the subarctic icebergs
(Jonkers et al., 2015). For GC03-C1, the dominance of silt-sized
(16–63 μm) sediments carrying glacial MS can support the large input
of silts by IRD influx. Of course, the IRD-related magnetic signals in silts
can be diluted by other source of finer materials, such as current and/or
dust. Thus, the sand fraction with enriched magnetic minerals (SIRM;
Fig. 6f) can be considered to retain strong IRD-related magnetic signals,
despite its low fractional abundance. In particular, the sand fraction
retains relatively concentrated hematite than finer fractions (HIRM;
Fig. 6f), which characterizes IRD-derived sediments containing hema-
tite. Such hematite contribution could highlight IRD-related signals in
bulk sediment, compared to magnetite influenced by various origins.
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Bulk HIRM of GC03-C1 is compared with the IRD flux previously
reported for the Scotia Sea for the last ~22 kyr (Fig. 9); Weber et al.
(2014) proposed a high-resolution IRD flux, based on counts of grains
coarser than 1mm from sediment cores in the central Scotia Sea
(IRD >1mm flux; Fig. 9d). The IRD >1mm flux is strikingly high
during the deglacial period (~17–9 ka), consistent with the timing of
the iceberg retreat related to deglacial warming. This deglacial fluc-
tuation of the IRD >1mm flux is very similar to that of bulk HIRM of
GC03-C1 (Fig. 9b), which is more highlighted in the magnetic mineral
enrichment in the sand fraction (SIRM of> 63 μm fraction; Fig. 9c).
This strongly indicates a simultaneous IRD influx into widespread
Scotia Sea sediments, while also supporting that IRD influx results in
the enrichment of magnetic minerals, both magnetite and hematite.
Such abundant magnetic minerals of IRD could be related to potential
source rock property in Antarctica (e.g., Pirrung et al., 2002; Brachfeld
et al., 2013). In previous petrographic/mineralogical studies, origin of
IRD clasts in Scotia Sea sediments was inferred as magmatic and meta-
sedimentary rocks in the Antarctic Peninsula (Conolly and Ewing, 1965;
Diekmann et al., 2000). However, a simulated model of Antarctic ice-
loss reveals that the IRD (> 1mm) input time series in the Scotia Sea
can be influenced from various sectors of ice-sheet discharge (e.g., the
Weddell and Ross Seas), as icebergs merge together through the Iceberg
Alley (Weber et al., 2014; Golledge et al., 2014).

Weber et al. (2014) suggested weak iceberg discharge during the
last glacial period, as the flux of grains> 1mm is very low (Fig. 9d).
Although IRD input generally has been estimated by the number of
grains coarser than 1mm or 2mm in the Scotia Sea (e.g., Diekmann
et al., 2000; Weber et al., 2014), such method biased toward coarser
gravel cannot fully evaluate the entire IRD contribution with various
particle sizes. Alternatively, magnetic concentration, such as the bulk
hematite contribution, could reflect relative contribution of the IRD-
derived grains distributed in all sizes. Indeed, common peaks of SIRM,

HIRM, and χARM found in the bulk sediments during the last degla-
ciation is associated with magnetic peaks in the sand and silt fraction
(Figs. 3 and 6d–k), indicating an IRD-related peak. Therefore, the gla-
cial increase in magnetic concentration reflects that highly introduced
fine IRD grains (fine sand to coarse silt) into sediments. The incon-
sistency between the low input of coarse (> 1mm) grains and high
input of finer IRD grains during the glacial period requires a more
comprehensive understanding of the IRD input mechanism related to
climate change. For instance, Kim et al. (2018b) suggested a different
IRD input mechanism between the time of ice-sheet advance and re-
treat, which could supply vigorous finer IRD input at the margin of the
ice shelf during glacial ice-sheet advances. To confirm such an unknown
mechanism, various sedimentological and mineralogical studies would
be needed; IRD provenance discrimination using geochemical indices
will also be useful. Nevertheless, our results based on bulk and particle-
size dependent magnetic properties clearly show that the higher con-
centration of magnetic minerals (e.g., high MS and HIRM values)
during the glacial period is mainly caused by IRD input, implying active
glacial iceberg discharge in the Scotia Sea. In addition, this further
suggests cryosphere–atmosphere interactions, as shown by synchroni-
zation between MS and dust records.

7. Conclusion

Magnetic properties of bulk sediments and three particle-size frac-
tions (> 63, 16–63, and< 16 μm) of Scotia Sea sediments were in-
vestigated over the past 22 kyr. In bulk sediments, concentration-re-
lated magnetic parameters (χ, Ms, SIRM, HIRM, and χARM) show similar
variations with distinct glacial highs and interglacial lows, indicating a
glacial increase in both the magnetite and hematite concentrations.
Both magnetic mineral assemblages and grain size analyses indicate the
dominance of coarse vortex/MD detrital magnetite in bulk and coarse
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silt (16–63 μm) sediments during the glacial period. The glacial increase
in bulk magnetic concentration is mainly contributed by the silt frac-
tion, but it is also associated with the significant enrichment of mag-
netic minerals in the sand (> 63 μm) fraction. Moreover, magnetic
concentration between silts and sands covaries throughout the last
deglaciation, indicating the same sediment transport mechanisms. As
the most plausible mechanism capable of transporting sediment parti-
cles ranging from sand to coarse silt, IRD input is considered. As he-
matite is relatively concentrated in the sand fraction (i.e., high HIRM
values) during the glacial period, HIRM of bulk sediment can highlight
IRD-related signal. The bulk HIRM variation could reflect the IRD
contribution in various sediment particle-size, and thus its glacial in-
crease suggests a considerable IRD input by active iceberg calving, re-
sulting in high magnetic concentration.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2020.109906.
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