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a b s t r a c t

The outer Ross Sea continental shelf has experienced large variations in ice sheet extent over the
Pleistocene that are theorized to be largely driven by changes in the westward-flowing Antarctic Slope
Current (ASC) at the continental shelf break. This current regulates southward incursions of warm
modified Circumpolar Water, and it is thought to have triggered past marine ice sheet retreat. Addi-
tionally, expansions of grounded ice sheets on the continental shelf have fundamentally altered the Ross
Sea water mass formation processes, influencing surface water salinity, sea ice cover, nutrient utilization,
deep-water ventilation, and primary productivity. Here, we report the geochemical, physical properties,
grain size, bulk d15N, and diatom records during the late Pleistocene from two sediment cores from the
Iselin Bank on the outermost continental shelf in the Ross Sea. These core sites were not overridden by
grounded ice sheets during the late Pleistocene glacial-interglacial cycles, allowing for a continuous
archive of glacimarine environments that were influenced by the ASC. Interglacial periods are typically
characterized by high surface water productivity and nutrient utilization, with Chaetoceros resting spores
indicating nutrient limitation under open ocean conditions, and glacial periods are typically character-
ized by low surface water productivity and nutrient utilization, with sea ice diatoms and planktonic
foraminifers indicating light limitation under extensive sea ice/ice margin proximal conditions. A grain
size analysis indicates coarse-skewed distributions and winnowing in the Iselin Bank region during cold
periods. The winnowing may be related to enhanced ASC flow instead of density driven shelf water
outflow.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The modern Ross Sea is characterized by the Ross Ice Shelf
which is fed by ice from both the East Antarctic Ice Sheet (EAIS) and
West Antarctic Ice Sheet (WAIS). During past glacial expansions
these ice masses were grounded over much of the outer continental
shelf edge in the Ross Sea (Anderson et al., 2014). The ANDRILL
AND-1B cores collected beneath the Ross Ice Shelf showed that
changes in Ross Sea shelf sedimentary facies correspond to up to 28
expansion and retreat cycles between 5 and 1 Ma, but they
contained numerous hiatuses due to periods of glacial erosion
(Naish et al., 2009). However, although the evidence for WAIS
collapse after 1 Ma remains equivocal, the sedimental facies and
deformational features of AND-1B suggest that shifts between
grounded ice sheet and floating ice shelf conditions have occurred
in the past 1 Ma at frequencies consistent with those of orbital
pacing (McKay et al., 2012). Although the exact timing of these
events in AND-1B remains difficult to constrain, seismic surveys in
the Northern Basin of the Ross Sea also indicate that there were
shelf-wide advancements and retreats during the Plio-Pleistocene
(Bart et al., 2011; Anderson et al., 2019). Given that the Ross Sea
experienced large shifts in ice sheet coverage during the Plio-
Pleistocene ice age cycles and is currently a key area for Antarctic
Bottom Water (AABW) formation and sea ice production (Smith
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et al., 2012), the outer continental shelf in the Ross Sea is an ideal
region for investigating oceanic changes through past glacial-
interglacial changes.

The last four glacial-interglacial cycles are characterized by large
glacial-interglacial variations in ice volume, temperature, sea-level,
and pCO2 (Bintanja et al., 2005; Lisiecki and Raymo, 2005; Jouzel
et al., 2007; Lüthi et al., 2008; Siddall et al., 2010). However, Ross
Shelf sediment records are largely restricted to the last glacial
period due to difficulties in obtaining sediment cores that can
penetrate the Last Glacial Maximum glacial sediments (e.g.,
Cunningham et al., 1999; Domack et al., 1999; Licht et al., 1999;
Anderson et al., 2014; McKay et al., 2016), and more continuous
sedimentary records from Ross Sea continental slope/rise are
sparse (e.g., Ceccarori et al., 1998). Although five sites at the Ross
Sea shelf and slope were drilled during International Ocean Dis-
covery Program Expedition 374 in 2018 (McKay et al., 2019), the
detailed scientific analyses are ongoing. Thus, a large gap remains
in our understanding of ice shelf and ice sheet changes and their
oceanic impacts on the Ross Sea during the late Pleistocene.
Furthermore, it is undetermined whether changes in the Ross Sea
are synchronous with those in other Antarctic regions, the South-
ern Ocean (Hillenbrand et al., 2009), and global paleoceanographic
records on AABW formation (Hodell and Venz-Curtis, 2006;
Elderfield et al., 2012).

Sedimentary facies on the Antarctic continental shelf, including
the Ross Sea, are commonly associated with the position of the ice
shelf grounding and calving line, but they can also be influenced by
the meltwater or mass flow processes (e.g., Domack et al., 1999;
McKay et al., 2009, 2012; McGlannan et al., 2017; Simkins et al.,
2017; Prothro et al., 2018). Although sediment trap studies in the
Ross Sea showed significant fluxes in CaCO3 toward the seafloor
(Collier et al., 2000), sediment cores containing CaCO3 in the Ross
Sea are extremely limited due to their poor preservation of corro-
sive bottomwater mass (Kennett, 1968; Anderson, 1975; Anderson
et al., 2014). Some sediment cores in the outer shelf regions with
Circumpolar Deep Water (CDW) influence exhibit high CaCO3
concentrations, but the major constituents are benthic carbonates
(e.g., Taviani et al., 1993; Licht et al., 1996; Frank et al., 2014). Due to
the limited number of studies on CaCO3 enriched deposits in this
setting, there is a lack understanding of 1) the dynamics of surface
water CaCO3 changes through time despite significant production
in modern surface water and 2) how shifting bottom water prop-
erties over time may influence carbonate preservation.

In this study, we developed a multi-proxy record using
geochemical (biogenic opal, CaCO3, and total organic carbon (TOC)
concentrations), bulk d15N, physical properties (magnetic suscep-
tibility (MS), water content (WC), and grain density), grain size, and
diatom assemblages from two sediment cores in the outermost
Ross Sea. These multiproxy records allow for the novel recon-
struction of glacial-interglacial changes in surface water produc-
tivity, nutrient utilization, current speed, ice rafting, and bottom
water mass during the last four glacial-interglacial cycles. We also
infer how these paleooceanographic changes may relate to changes
in ice sheet and ice shelf coverage on the Ross Sea continental shelf
during this time period.

2. Study area

The Iselin Bank is a submarine bank located in the northern edge
of the Ross Sea continental shelf break (Fig. 1), and it was not
covered by a grounded ice sheet during the last glacial period
(Anderson et al., 2002; Bentley et al., 2014). Because the Iselin Bank
forms a bathymetric high, the bottom water/current in the shelf
region flows into adjacent troughs (Dinniman et al., 2011; Smith
et al., 2012), and the sedimentation in this region is therefore not
significantly influenced by density currents. However, the Iselin
Bank is located in the path of Antarctic Slope Current (ASC) which
flowswestward along the continental slope (Smith et al., 2012). The
ASC is characterized by a subsurface front that separates Antarctic
Surface Water on the shelf from the CDW on the lower continental
slope (Orsi and Wiederwohl, 2009). Because this front serves as a
barrier to prevent the transfer of CDW to the Ross Sea continental
shelf (Ainley and Jacobs, 1981; Thompson et al., 2018), ASC vigor
may have regulated the intrusion of CDW into the Ross Sea conti-
nental shelf and influenced the marine ice sheet variance over past
Plio-Pleistocene glacial-interglacial (Naish et al., 2009). Because of
the Iselin Bank’s relatively shallower water depths, CaCO3 is better
preserved in sediments in the Iselin Bank than in deeper water
continental slope/rise; however, it is more likely to contain a
complete record than that of the glacially-eroded Ross Sea conti-
nental shelf. Nevertheless, no detailed sedimentary studies of late
Pleistocene records have been conducted from the Iselin Bank.

Although the sea ice coverage in the Ross Sea exhibits large
annual variations, an open water polynya typically forms across
much of the Ross Sea from December to February (NSIDC, 1998).
The average surface chlorophyll and carbon concentrations of the
Ross Sea water column are high between November and March,
when the seasonal sea ice retreats (Arrigo and van Dijken, 2004).
However, major surge of biogenic opal export occurs during the fall
sea ice regrowth phase (Collier et al., 2000). The mismatch in sur-
face water production observed in satellite data versus sediment
traps is likely the consequence of recycling of phytoplankton
blooms in the upper Ross Sea-water column (Collier et al., 2000).

3. Materials and methods

Two sediment cores were collected from the western flank of
the Iselin Bank by the IBR/V Araon during the ANA05B cruise in
2015, the 2.57-m-long RS15-GC40 (71�37.00440S, 178�17.46300W,
1083 m in depth) and the 5.4-m-long RS15-GC41 (71�23.07850S,
178�59.25880W, 1557 m in depth). Both gravity cores were opened,
described, sampled, and analyzed at the Korea Polar Research
Institute (KOPRI), South Korea.

3.1. Physical properties (MS, WC, and grain density)

TheMS of the two cores was measured at 1-cm intervals on split
half-core sections using a Bartington MS-2B susceptibility meter.
Before splitting the core sections, whole-round MS values were
measured at 1-cm intervals using a core logging sensor (Bartington
MS2C). TheWC of the two cores was measured at 1-cm intervals on
1-cm-thick sub-samples and was calculated using the following
equation with an assumption of 35 psm for seawater:

WC (%) ¼ (mass of wet sediment e (mass of dry
sediment þ mass of salt))/mass of wet sediment � 100.

The grain density wasmeasured at 2 cm intervals for RS15-GC40
and 5 cm intervals for RS15-GC41 on 1 cm thick sub-samples using
a gas pycnometer (AccuPyc II 1340).

3.2. Geochemical proxies (biogenic opal, TOC, and CaCO3

concentrations)

Geochemical proxies for the two cores were measured from 1-
cm-thick samples collected at 5-cm intervals. Biogenic silica
(SiBIO) concentrations were measured using a continuous flow
analyzer (SKALAR SANplus Analyzer) and the wet-alkaline extrac-
tion method modified from DeMaster (1981) at the KOPRI (Kim
et al., 2018). Biogenic opal concentrations were calculated by
multiplying biogenic silica concentrations by 2.4, the ratio of



Fig. 1. Regional map of the Ross Sea showing core locations of RS15-GC40 and RS15-GC41. Last Glacial Maximum (LGM) grounding line (blue dashed) and LGM ice flow directions
(sky blue arrows) are modified from Anderson et al. (2002). Antarctic Slope Current (ASC), Antarctic Bottom Water (AABW), Circumpolar Deep Water (CDW), Modified CDW
(MCDW), High Salinity Shelf Water (HSSW), and Ice Shelf Water (ISW) are modified from Smith et al. (2012). The red line is the axis for schematic model Fig. 6.
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biogenic opal (SiO2þnH2O)/Si that was determined by assuming
that nH2O constitutes 10% of biogenic SiO2 (Mortlock and Froelich,
1989). The relative analytical error of biogenic silica concentration
in sediment samples is less than 1%. Total inorganic carbon (TIC)
concentration was measured using UIC CO2 coulometer (Model
CM5240) at the KOPRI. CaCO3 concentrations were calculated by
multiplying TIC concentrations by 8.333, the ratio of CaCO3/C. The
relative standard deviation for CaCO3 concentration is ±1%. Total
carbon (TC) concentration was measured using an organic
elemental analyzer (FLASH, 2000 NC Analyzer) with an analytical
precision of less than ±0.1%. TOC concentrations were calculated as
the difference between TC and TIC.
3.3. Bulk d15N values

Bulk d15N values for the two cores were measured at 5-cm
intervals using Europa Scientific RoboPrep-CN elemental analyzer
and Europa Scientific 20-20 isotopic ratio mass spectrometer from
Iso-Analytical Ltd., UK. Nitrogen isotope ratios were expressed in
the conventional delta notation, which is the permil deviation from
atmospheric nitrogen. The precision for nitrogen isotopes was
approximately ±0.2‰.
3.4. Grain size analysis

After removing the organic matter and biogenic silica from the
bulk sediments using 10% H2O2 and 2N NaOH, respectively, grain
size was analyzed at-4 cm intervals for the two cores. Coarser
fractions (>63 mm) were weighed at 1-phi intervals using sieves,
while finer fractions (<63 mm) were analyzed using a Micrometrics
Sedigraph III 5120 at the KOPRI. The classification of sediments
follows that of Folk and Ward (1957).



Table 1
Radiocarbon dates from RS15-GC40 and RS15-GC41. The calibration program CALIB 7.1 (Stuiver and Reimer, 1993; Reimer et al., 2013) was used to convert the14C ages to
calendar ages (s2) with a reservoir correction of 1300 years (△R ¼ 900 years). BF: benthic foraminifer and PF: planktonic foraminifer.

Depth (cm) Analyzed material Lab code 14C age (yr BP) Error (yr) d18O (‰) cal. yr BP (min) cal. yr BP (max) Calendar age (yr BP)

RS15-GC40

3 BF þ PF Rafter-40933/1 17,432 ±79 e 19,212 19,685 19,460
5 PF Beta-489,452 21,790 ±70 þ4.7 24,360 24,978 24,642
30 PF Beta-489,453 43,290 ±620 þ4.4 44,228 46,462 45,329
100 BF þ PF Rafter-40933/2 Back-ground
RS15-GC41
23 BF þ PF Rafter-40933/3 17,791 ±86 e 19,620 20,125 19,887
25 PF Beta-489,454 18,760 ±60 þ5.1 20,850 21,317 21,073
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3.5. Diatom assemblage analysis

Thirty-two diatom assemblage samples for RS15-GC41 con-
taining either a high or low biogenic opal concentration were
analyzed at approximately 15-cm intervals. Due to the low abun-
dances in many samples, up to 200 diatom specimens were coun-
ted. For samples with extremely low diatom abundances, 200
microscope fields of view were observed and counted. The sample
preparation and diatom counting methods followed those
described in Bak et al. (2007). The quantitative analysis of the
diatom slides followed the procedures described in Scherer (1994).
Absolute abundance was calculated using the following equation:
abundance ¼ ((A � B)/(C � D))/E, where A is the number of spec-
imens counted, B is the area of the settling chamber, C is the
number of microscope fields of view, D is the area of the field of
view, and E is the sample mass. Chaetoceros resting spores were not
included in the specimen count.

3.6. Radiocarbon dating

Accelerator mass spectrometry (AMS) 14C dates were either
Fig. 2. Graphical correlations of MS values between RS15-GC40 and RS15-GC41 and graphic
and EDC dD and dust record (Jouzel et al., 2007). Interglacial periods are marked by yellow bo
grain size, normalized to sand/silt/clay total, of two cores are plotted together. Black closed
together with LR-04 d18O.
measured using the planktonic foraminifer Neogloboqudria pachy-
derma (sin.) or using a mixture of planktonic and benthic fora-
minifers. Four intervals in RS15-GC40 and two intervals in RS15-
GC41 were dated at Beta Analytic, USA or Rafter Radiocarbon,
New Zealand (Table 1). Beta Analytic also provided the d18O values
of the carbonate materials (Fig. 2).

4. Age model

The radiocarbon age results were calibrated using CALIB 7.1
(Stuiver and Reimer, 1993) and the MARINE dataset (Reimer et al.,
2013). Although there is a large variation in DR from 480 yr to
990 yr in the Antarctic regions (e.g, Domack, 1992; Domack et al.,
2001; Wu et al., 2017; Christ et al., 2015; Hillenbrand et al., 2010;
Kim et al., 2018), we used a DR of 900 years. Regardless of which
reservoir ages are used, the chronological framework for the two
cores is nearly the same considering the time scales for the two
cores. We used planktonic foraminifer AMS 14C dates as the tie
points for the uppermost sediments which constrain the timing of
the Last Glacial Maximum to 26.5 ka to 19 ka (Clark et al., 2009) for
both cores (Fig. 2). The ages of 19.5 ka at 3 cm and 24.5 ka at 5 cm in
al correlations of MS values of RS15-GC41 with LR-04 d18O (Lisiecki and Raymo, 2005)
x with marine isotope stage (MIS) numbers. Lithofacies, skewness, mean grain size, and
circles are foraminifer AMS 14C dates and their d18O values (open circles) are plotted



Table 2
Tie points obtained by whole round measured MS graphical correlations between
RS15-GC40 and RS15-GC41 and tie points obtained by graphical correlations of
RS15-GC41 whole round measured MS and LR-04 (Lisiecki and Raymo, 2005).

RS15-GC40 MS to RS15-GC41 MS RS15-GC41 MS to LR-04

RS15-GC40 (cm) RS15-GC41 (cm) RS15-GC41 (cm) LR-04 (ka)

85 91 91 126
224 227 241 222

283 237
387 326
490 403
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RS15-GC40 (Table 1) may be related to potential disturbance of the
core top during the coring process and suggests potential core top
loss, particularly for the Holocene section of RS15-GC40. The d18O
values of planktonic foraminifers used for age dating correspond to
the LR-04 variations (Fig. 2), and the planktonic foraminifer AMS
14C ages appear to be reliable.

Because of the lack of continuous d18O stratigraphy in the
Southern Ocean, previous studies covering the late Quaternary in
Antarctica have constrained ages by using correlations between
surface water productivity proxies such as biogenic opal/silica and
Ba concentration, either measured directly or scanned using X-ray
fluorescence, with an assumption that surface water productivity is
high during warm periods with less sea ice (e.g., Ceccarori et al.,
1998; Hillenbrand et al., 2009; Wu et al., 2017). The MS is typi-
cally negatively correlated with biogenic components in Southern
Ocean sediments (e.g., Ceccarori et al., 1998; Hillenbrand et al.,
2009; Yoon et al., 2009; Sprenk et al., 2013). RS15-GC40 and
RS15-GC41 also demonstrate negative correlations with biogenic
components (Fig. S1). As a result, high MS values typically occur
during glacial periods (e.g., Ceccarori et al., 1998; Hillenbrand et al.,
2009). Therefore, we graphically correlate whole-round MS values
with the LR04 d18O stack using Analyseries software (Paillard et al.,
1996) (Fig. 2 and Table 2). As gravel-sized grains are dispersed
Fig. 3. Downcore profiles of (a) MS, (b) WC, (c) grain density, (d) biogenic opal concentrat
RS15-GC40 (red) and RS15-GC41 (blue). Interglacial periods are marked by yellow box with
core.
randomly throughout the two cores, whole-round MS values are
thought to be more representative of the bulk sediment than point
MS values which can be biased toward single large grains. Although
the LR04 d18O stack does not directly reflect Antarctic climate
changes, the variation pattern is nearly identical to that of the EPICA
Dome C (EDC) ice core dD record (Jouzel et al., 2007) (Fig. 2). The
agemodel tie points are not a unique solution, and the visual tuning
approach broad minima ties in MS occurr approximately every 1.2
m to the last four full interglacial periods in the LR04 stack and in
the dD record from the EDC ice core (Fig. 2). We minimize the
number of these ties and focus our interpretations of these cores on
the differences in oceanographic conditions between the last four
glacial-interglacial cycles since marine isotope stage (MIS) 11. The
assumption that a high MS corresponds to glacial periods is further
assessed, though comparisons to geochemical proxies and diatom
assemblages (Figs. 3 and 4).
5. Results

The MS values of RS15-GC40 and RS15-GC41 are generally high
(>100 10�5 SI) during glacial periods and low (<100 10�5 SI) during
interglacial periods (Fig. 3). In contrast, WC, biogenic opal, and TOC
concentrations display the opposite pattern, with high values
during interglacial periods and low values during glacial periods
(Fig. 3). Interglacial biogenic opal concentration peaks gradually
decrease after MIS 11 in both cores (Fig. 3). TOC concentrations are
generally lower than 0.2%, except for those in the core top (Fig. 3).
MS values are higher for RS15-GC40 than RS15-GC41 (Fig. 3), and
they display an inverse relationship with WC, suggesting that grain
size (and the associated porosity) is a primary control onMS values.
This inference is supported the sand percent values, where high
sand percentages are related to higher MS values (Fig. 2). CaCO3
concentration at the two cores is generally low (or absent) during
interglacial periods and high (>5%) during glacial periods (Fig. 3).
RS15-GC41 exhibits sparse CaCO3 peaks at 21 ka, 298 ka, 342 ka,
ion, (e) TOC concentration, (f) CaCO3 concentration, (g) bulk d15N, and (h) C/N ratio of
marine isotope stage (MIS) numbers. Dashed vertical lines are mean C/N value for each



Fig. 4. Downcore profiles of (a) MS, (b) biogenic opal concentration, (c) total diatom valve, relative abundance of (d) sea ice diatoms, (e) E. antarctica var. recta, and (f) F. kerguelensis,
(g) Chaetoceros resting spores, and (h) LSR of RS15-GC41 with (i) LR-04 d18O (gray, Lisiecki and Raymo, 2005), and (j) DT of EDC ice core (black, Jouzel et al., 2007). Interglacial periods
are marked by yellow box with marine isotope stage (MIS) numbers.
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and 363 ka, whereas RS15-GC40 shows broader and more frequent
CaCO3 peaks during glacial periods and some interglacial intervals
with low biogenic opal concentrations (Fig. 3). The total diatom
valve abundance of RS15-GC41 is inconsistent with biogenic opal
concentration (Fig. 3). The diatom preservation status was gener-
ally poor, and the sea ice diatoms Fragilariopsis curta and F. cylindrus
(Sjunneskog and Taylor, 2002; Armand et al., 2005) were not
observed. However, other Antarctic sea ice related diatoms,
F. ritscheri, Actinocyclus actinochilus, and F. sublinearis (Armand
et al., 2005), were observed for RS15-GC41. In general, these sea
ice diatoms were rare during high biogenic opal and TOC intervals,
but were abundant during low biogenic opal and TOC intervals, and
they are associated with a concomitant increase in Eucampia
antarctica var. recta, a cold-water species (Leventer et al., 2002)
(Fig. 4). Sea ice-related species and E. antarctica var. recta occur in
higher abundances following MIS 8 (Fig. 4). The abundances of
Chaetoceros resting spores vary and are typically low, and they are
only found during intervals of high biogenic opal and TOC (Fig. 4).
F. kerguelensis is typically absent until MIS 7 and begins to appear
more abundantly during interglacial periods (Fig. 4).

RS15-GC40 is characterized by a coarser mean grain size (MGS)
than that of RS15-GC41 due to its greater abundance of coarse
grains (sand and gravel) (Fig. 2). The high gravel and sand contents
in both cores coincide with high MS values, coarser MGSs, and
coarse-skewed grain size distributions, whereas the mud content
increases with lower MS intervals characterized by high biogenic
opal and TOC concentrations (Figs. 2 and 3).

Bulk d15N values of the two cores vary from 3‰ to 6‰ (Fig. 3).
Bulk d15N values increased during interglacial periods, particularly
for high biogenic opal and TOC concentration intervals (Fig. 3). In
contrast, the C/N ratios of the two cores demonstrated the opposite
pattern; they were low during interglacial periods and high during
glacial periods, although the C/N ratio of RS15-GC40 is higher than
that of RS15-GC41 (Fig. 3).

Variations in biogenic opal, TOC, and CaCO3 MARs are similar to
the variations in their concentrations (Figs. 3 and 4). LSRs are high
during interglacial periods and low during glacial periods. The
highest LSRs occur during intervals of high biogenic opal and TOC
concentrations (Figs. 3 and 4).
6. Discussion

RS15-GC40 is mainly composed of clast-rich muddy sand with
well-preserved planktonic foraminifers and gradational lower
contacts passing into diatom-bearing mud. RS15-GC41 is composed
of interbedded clast-common/rich sandy mud to muddy sand and
diatom-bearing mud. We interpret that both sites experienced al-
ternations between interglacial open marine (diatom-bearing
mud) and glacial ice proximal/extensive sea ice conditions with ice-
rafting (clast-rich/common sandy mud to muddy sand). However,
although these gravel grains were likely delivered by icebergs, in-
creases in gravel are unlikely to directly relate to the dynamic ice
processes, as the coarser grain concentrations may result from the
winnowing processes. The occurrence of winnowing is supported
by low proportions of very fine sand to coarse grains (>63 mm)
(Fig. 5). The co-variation in MS and grain size indicates that the MS
variation is primarily controlled by grain size, which likely relates to
the presence of mafic lithologies in the sand fraction (Fig. 2).
Because coarse-skewed grain size distributions in the Ross Sea
outer shelf indicates thewinnowing of finematerials (Prothro et al.,
2018), increased skewness during intervals of high MS and gravel
concentrations in the two cores indicates stronger bottom currents
during glacial periods that winnowed or prevented the settling of
finer-grained material at the site (Fig. 2). Despite these stronger
currents, the glacial intervals of the two cores are characterized by
depositions of well-preserved planktonic foraminifers, sea ice
related diatoms, and E. antarctica var. recta. Consequently, the two
core records are considered to reflect both surface and bottom
paleoceanographic changes in the Ross Sea over the last 400 kyrs.
However, increased skewness is found within the interglacial pe-
riods, such as MIS 11, 7, and 5, implying that the Ross Sea paleo-
ceanographic changes are controlled by not only 100-kyr cycles but
also by shorter 41-kyr cycles.



Fig. 5. Downcore profiles of (a) MS, (b) CaCO3 concentration, and (c) MGS of RS15-GC40 (red) and RS15-GC41 (blue), (d) composition of coarse grains (>63 mm) of RS15-GC41 and (e)
RS15-GC40 with (f) EDC ice core dust record (black, Jouzel et al., 2007).
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6.1. Glacial-interglacial surface water productivity changes and
associated nutrient utilization changes

The co-variations of biogenic opal and TOC at the two core sites
suggest that TOC is mainly controlled by surface water diatom
production (Fig. 3 and S1). Thus, lower C/N ratios during interglacial
periods indicate that high biogenic opal and TOC concentrations
during interglacial periods are related to increased surface water
productivity in the study area because marine organic matter has a
lower C/N ratio than that of terrestrial organic matter (Lamb et al.,
2006 and references therein). Although terrestrial organic matter is
likely to be very low in the Antarctic, the Ross Sea sediment trap
record (Mooring MS-6) exhibited a seasonally lower C/N ratio
during the open ocean period than that during the sea ice covered
period (Collier et al., 2000), implying that a low C/N ratio is
attributed to marine organic matter. In Antarctic shelf regions,
surface water productivity increases as the ice shelf/sea ice retreats,
particularly under open ocean conditions (Leventer and Dunbar,
1988; Cunningham et al., 1999; Domack et al., 1999; Collier et al.,
2000; McKay et al., 2008; Naish et al., 2009; Prothro et al., 2018).
A low MS and grain density, fine MGS, and high WC are exhibited
during interglacial periods (Fig. 3), with low MS values being the
consequence of increasing biogenic inputs and increased mud
content. Biogenic components have lower densities than those of
lithic grains, and WC increases with an increase in mud content
and/or biogenic opal concentration in the sediment (e.g., Domack
et al., 1999; McKay et al., 2016, Fig. S1). Thus, the characteristics
of physical properties during interglacial periods imply that higher
surface water productivity occurred under more open ocean con-
ditions in the Iselin Bank region. Although decreased current speed
can increase settling of biogenic material, an open ocean during
interglacial periods is also supported by the increased relative
abundance of the open ocean diatom species F. kerguelensis (Crosta
et al., 2005) (Fig. 4).
Bulk d15N values in the two cores and surface water production

increased during interglacial periods (Fig. 4). Because bulk d15N is
used as a nutrient utilization proxy, increased d15N values indicate
enhanced nitrate utilization in the Ross Sea during interglacial
periods due to increased surface water production (e.g., Robinson
et al., 2014; Kim et al., 2018 and references therein). Chaetoceros
resting spores predominantly occur in high biogenic opal and TOC
intervals (Fig. 4) and are commonly interpreted as indicating high
primary production resulting from surface water stratification due
tomelt water (Leventer,1991; Stockwell, 1991; Leventer et al., 1996;
Sjunneskog and Taylor, 2002; Crosta et al., 2005). Thus, the high
surface water productivity and nutrient limitation during inter-
glacial periods occurs under a more stratified open ocean. This is
presented as a schematic paleoceanographic model for interglacial
periods (Fig. 6).

Glacial periods are characterized by low biogenic opal concen-
tration, low TOC concentration, low WC, low bulk d15N, high MS,
high grain density, and high C/N ratio, and coarse MGS with
abundant coarse grains (Fig. 3). The glacial characteristics indicate
1) low surface water productivity with low nitrate utilization; and
2) siliclastic influence derived from a glacimarine source. The
dominant diatom species during glacial periods are sea ice related
species and cold-water species, including E. antarctica var. recta
(Fig. 4). Prothro et al. (2018) reported that calcareous foraminifera
specimens dominate in an ice-proximal environment, which is
consistent with previous observations that the abundance of
N. pachyderma (sin.) in Antarctic continental shelves can be used as
a proxy for ice shelf calving and the melting of ice masses close to
ice marginal zones (Kellogg and Kellogg, 1988; Anderson et al.,
1991). Previous studies found that a high abundance of N. pachy-
derma (sin.) occurred during the Last Glacial Maximum, and they
linked this finding to the increased presence of sea ice (Bonaccori



Fig. 6. Schematic models of the glacial periods and interglacial periods in the Iselin
Bank region over the last 400 kyrs. The transect is shown in Fig. 1 as red line. Modified
Circumpolar Deep Water (MCDW), Antarctic Slope Current (ASC), ice rafted debris
(IRD), and planktonic foraminifer (PF).
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and Melis, 2001). In addition, Asioli and Langone (1997) suggested
that the occurrence of N. pachyderma (sin.) is related to annual sea
ice conditions, and abundant livingN. pachyderma (sin.) were found
in sea ice in the Ross and Weddell Seas (Sprindler and Diekman,
1986; Diekmann et al., 1991; Quaia and Cespuglio, 2000). Thus,
glacial sediments in the Iselin Bank area are deposited under cold
and extensive sea ice conditions in close proximity to ice shelves or
grounded ice sheet margins providing meltwater. Chase et al.
(2015) reported that biogenic opal concentration and nutrient
utilization decreases southward from the Antarctic Polar Front as
sea ice duration increases. This is due to the light limitation
resulting from the extensive sea ice cover, which restricts surface
water productivity and decreases nitrate utilization during glacial
periods in the Iselin Bank region. This result is supported by our
observation of a high relative abundance of sea ice-related diatoms
coinciding with low surface water productivity (Fig. 4).

In addition, higher C/N ratios indicate the relative increase in
terrestrial input, which can decrease marine productivity and
potentially increase glacimarine influence (and thus reworked
terrestrial organic matter) due to the existence of more proximal
ice masses. Abundant gravel grains, coarser MGS, skewness in grain
size distributions, and coarse grain sizes indicate stronger bottom
currents during glacial periods that restricted the deposition of fine
grain clay. Given that this site is currently predominately influenced
by zonal wind-driven ASC flows (Smith et al., 2012), stronger cur-
rents may have occurred during glacial periods in these locations
(Thompson et al., 2018 and references therein). This theory is also
supported by previous observations that calcareous foraminifera
specimens dominate in higher-energy current settings in the Ross
Sea continental margin (Prothro et al., 2018). The glacial paleo-
ceanographic conditions are presented in a schematic model
(Fig. 6).
6.2. Variation in CaCO3 in the Ross Sea and its implication for
bottom water mass change during the late pleistocene

CaCO3 peaks, mostly planktonic foraminifers, in RS15-GC40 and
RS15-GC41 occurred mostly during glacial periods, and CaCO3 was
better preserved in RS15-GC40 (1083 m in water depth) than in
RS15-GC41 (1557 m in water depth) due to the shallower water
depth of RS15-GC40 (Fig. 3). This indicates that the water column in
the Ross Sea became less corrosive during glacial periods, which
was potentially due to the accumulation of siliceous detritus on the
sea floor that facilitated the decay of organic matter and dissolution
of calcareous foraminifers during interglacial periods (Kennett,
1968). Conversely, strong bottom currents during glacial periods
for RS15-GC40 and RS15-GC41 raised the CaCO3 preservation by
restricting fine material deposition (Taviani et al., 1993; Anderson,
1999; Frank et al., 2014). This is supported by the fact that CaCO3
increases only occur during intervals of low biogenic opal and TOC
concentrations and with coarse MGSs (Fig. S1).

6.3. Implications of Antarctic Slope Currents variations during the
late pleistocene

Intrusions of CDW into the Ross Sea continental shelf area are
largely regulated by current speed at the continental shelf edge,
providing heat and salinity which have implications for marine ice
sheet mass balance and the formation of dense waters on the
continental shelf (Jacobs et al., 1970; Orsi and Wiederwohl, 2009;
Gordon, 2009; Jacobs et al., 2011; Pritchard et al., 2012). The con-
tinental shelf exposure to open ocean and floating ice shelves, is
important for dense water formation in the Antarctic continental
shelf (Yabuki et al., 2016). However, as the marine-based Antarctic
ice sheet terminated near the continental shelf break in the Ross
Sea, the size of the Ross ice shelf cavity was also greatly reduced
during the last glacial period (Anderson et al., 2002; Halberstadt
et al., 2016), and this likely resulted in less continental shelf
dense water formation. Thus, the enhanced bottom current at the
Iselin Bank is unlikely to be directly related to the cascading density
flows of super-cooled, saline shelf waters. Carbonate organisms are
often found with benthic carbonates in outer shelf regions where
there is enriched nutrient delivery by impinging CDW (Elverhoi and
Roaldset, 1983; Taviani et al., 1993; Anderson, 1999). However,
because the dominant component of CaCO3 in RS15-GC40 and
RS15-GC41 is planktonic foraminifer, either surface water condi-
tions allowed for the increased productivity of foraminifera, or
there was less CDW influence. Because the ASC currently flows
along the Iselin Bank (Smith et al., 2012, Fig. 1) and is wind-driven
(Thompson et al., 2018), the winnowing is most likely related to the
enhanced ASC strength under windier glacial conditions, which is
evidenced by the EDC ice core dust record (Fig. 5; Jouzel et al.,
2007). Thus, it is revealed that winnowing mechanisms are regu-
lated by shifts in wind speeds that govern ASC flow in the Iselin
Bank during glacial periods.

TheWeddell Sea has awide shelf area and is a major contributor
to AABW formation, which plays an important role in the deposi-
tion of CaCO3 (Berger, 1970). Anderson (1975) reported that CaCO3
dissolution in theWeddell Sea is related to water mass, particularly
saline shelf water. Considering the similarities between the Ross
Sea and the Weddell Sea, dense shelf water in the Ross Sea is
considered to be undersaturated with respect to CaCO3. Thus, the
improved preservation of CaCO3 can be attributed to the weakened
formation of dense shelf water in the Ross Sea. CDW intrusion was
weakened due to 1) the reduced shelf dense water formation in the
Ross Sea and 2) a strong ASC acting as a hydrographic barrier to
prevent CDW intrusion. Excellent CaCO3 preservation can occur
due to reduced CO2-rich CDW. Thus, we propose that the improved
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preservation of CaCO3 in the Iselin Bank is due to a combination of
the restriction of fine siliceous detritus inputs and reduced influ-
ence of both CDWand shelf dense water during glacial periods. The
glacial-interglacial CaCO3 variation is shown in the schematic
model (Fig. 6). However, because of the complicated bathymetry in
the Ross Sea, there are likely to regional oceanographic differences;
thus, to understand the entire temporal CaCO3 variation system of
the Ross Sea, additional studies are required.

7. Conclusions

In this study, the concentrations of biogenic opal, CaCO3, and
TOC, and bulk nitrogen isotopes, physical properties, and diatom
assemblages of RS15-GC40 and RS15-GC41 were measured to
reconstruct glacial-interglacial paleoceanographic changes during
the late Quaternary period in the Ross Sea, including changes in
surface water productivity, nutrient utilization, and bottom water
mass ventilation. The main findings of this study are as follows:

1. The sedimentation rates and sedimentary compositions of the
two cores are strongly correlated with both surface and bottom
oceanographic changes associated with ice sheet/shelf dy-
namics. In addition, paleoceanographic records in the Iselin
Bank display cyclic variations consistent with orbital-scale var-
iations observed in ice core and deep-sea benthic isotope
records.

2. High surface water productivity with enhanced nutrient utili-
zation occurred under open marine conditions during inter-
glacial periods. The co-occurrence of Chaetoceros resting pores
indicates nutrient limitation under stratified surface water
conditions.

3. Low surface water productivity with incomplete nutrient utili-
zation occurred under extensive sea ice/ice proximal conditions
during glacial periods, implying that there was light limitation
due to the sea ice.

4. Grain size and CaCO3 records indicate strong bottom currents
during glacial periods that prevented the deposition of fine
sediment and diatom frustules (winnowing). The intensified
bottom currents during glacial periods were interpreted to be
induced by wind-driven ASC.

5. CaCO3 (mainly planktonic foraminifers) preservation in the
Iselin Bank improved during glacial periods due to 1) the strong
bottom current causing less organic matter decomposition by
sweeping away fine materials and 2) the influence of grounded
ice sheets on the continental shelf restricting the formation of
corrosive dense shelf water that was undersaturated with
respect to CaCO3.
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