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Abstract

The Quaternary paleoenvironmental history of the Arctic Ocean remains uncertain, mainly
due to the limited chronological constraints, especially beyond the '*C dating limits of
accelerator mass spectrometry (AMS). The difficulty in establishing a reliable
chronostratigraphy is mainly attributed to low sedimentation rates and diagenetic sediment
changes, resulting in very poor preservation of microfossils and altered paleomagnetic records.
In the absence of independent chronostratigraphic data, the age model of the Pleistocene
sediments of the Arctic Ocean was mainly based on cyclostratigraphy, which is related to
climate changes on orbital time scales. In this study, we used the Mn/Al record measured from
the sediment core ARA03B-41GC retrieved from the Makarov Basin in the western Arctic
Ocean. In general, the Mn/Al variation was well tuned to the LR04 curve under different
assumptions for computational correlation. Regardless of assumptions, our computational
approach led to similar ages of about 600—1,000 ka for the bottom part of the core. These age
models were up to about 200 ka older than those derived from lithostratigraphic approaches.
Interestingly, our new age models show that the Ca/Al peak, a proxy for the detrital inputs from
the Laurentide Ice Sheet, first occurred about 150 ka earlier than those previously proposed.
Therefore, our results suggest that the glaciers in northern North America developed more
extensively at about 810 ka than in earlier glacial periods, and influenced the sedimentary and
paleoceanographic environments of the Arctic Ocean much earlier than previously thought. In
order to establish a more comprehensive age model, more work is needed to validate our

findings with different sediment cores recovered from the western Arctic Ocean.

Keywords: cyclostratigraphy, manganese, western Arctic Ocean, Laurentide Ice Sheet,

glacial-interglacial cycles
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1. Introduction

Establishing a reliable chronostratigraphy for Arctic Ocean sediments is most important for
the reconstruction of high-resolution Quaternary paleoceanographic and cryospheric
environments (e.g., Jakobsson et al., 2000; O’Regan et al., 2008; Polyak et al., 2009; Stein et
al., 2010a). However, the chronostratigraphic estimates for Arctic sediment records are still
highly tentative and present challenges to precise stratigraphic constraints. These difficulties
are mainly attributed to very low sedimentation rates in the Arctic Ocean, resulting in various
diagenetic imprints on sediments, including a limited presence of microfossils (e.g., Spielhagen
et al., 2004; Polyak et al., 2009). For example, the occurrence of calcareous foraminiferal tests
in the Arctic sediments is limited to relatively warm periods of the last few interglacials (e.g.,
Adler et al., 2009; Polyak et al., 2013). The use of paleomagnetic chronology is also
questionable, as the nature of variations in magnetic polarity in Arctic sediment records is still
not fully understood (Jakobsson et al., 2001; Spielhagen et al., 2004; Channell and Xuan, 2009;
Xuan et al., 2012).

The current age models for western Arctic sediments have generally been compiled on the
basis of accelerator mass spectrometry (AMS) '#C dating in the uppermost strata, cyclic
stratigraphic features associated with glacial-interglacial variations, and bio- and
lithostratigraphic markers (e.g., Polyak et al., 2004, 2009; Adler et al., 2009; Stein et al., 2010a;
Schreck et al., 2018; Wang et al., 2018). The cyclicity is accentuated by manganese (Mn)
enrichment, which caused a distinct brown color in interglacial and major interstadial sediment
layers. This is evidently seen at the stratigraphic interval corresponding to the period of “glacial
Pleistocene,” when large continental glaciers developed around the Arctic Ocean in the middle
to late Quaternary (Polyak et al., 2013; Dipre et al., 2018). However, the identification of
climatic cycles beyond the middle Pleistocene (>780 ka) is even weaker, leading to ambiguities

in the reconstruction of long-term paleoclimatic environments. Accordingly, age models
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beyond the middle Pleistocene are still being revised. For example, the age model constrained
for Northwind Ridge sediments according to Mn-based cyclostratigraphy (Polyak et al., 2013)
has recently been modified by the Sr isotope approach (Dipre et al., 2018).

In this study, we investigate a sediment core with distinct lithostratigraphic cyclicity to
establish Quaternary cyclostratigraphy in the Makarov Basin off the East Siberian margin in
the western Arctic Ocean. We apply both visual and computational correlations of the Mn/Al
record to the global benthic oxygen isotope stack (LRO04; Lisiecki and Raymo, 2005). By
comparing different age models, we show that a computational approach can be used to provide
a consistent age model under different assumptions over the last ~1,000 ka in the western Arctic

Ocean.

2. Background
2.1. Study area

The Arctic Ocean is a semi-enclosed ocean surrounded by continents including North
America, Eurasia, Greenland, and the Canadian Arctic Archipelago (Fig. 1). Beyond the broad
and shallow shelf areas of the Eurasian Arctic coasts, the deep basins are divided by several
ridges, including Lomonosov Ridge in the central Arctic Ocean, the Alpha—Mendeleev Ridge
Complex in the western Arctic Ocean, and the Gakkel Ridge in the Eastern Arctic Ocean (Fig.
1). In the Amerasian Basin, the Makarov Basin is bounded by the Alpha—Mendeleev and
Lomonosov ridges, as well as the Siberian and Canadian shelves, with a maximum depth of
~3,950 m (Nowaczyk et al., 2001). This wedge-shaped basin is 500 km wide along the East
Siberian Shelf, which narrows to the north, and consists of the Wrangel and Siberia Abyssal
plains. The broad and relatively shallow southern plain with a maximum depth of ~2,800 m is
known as Podvodnikov in Russian (Sorokin et al., 1999).

The wind-driven modern surface current systems in the Arctic Ocean are dominated by the
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anti-cyclonic Beaufort Gyre and the Transpolar Drift, which transport surface water masses,
including sea ice, from the Eurasian shelves toward the Fram Strait (Fig. 1). Both the main
currents mainly occupy the Amerasian and Eurasian basins, respectively. The study area in the

Makarov Basin is mainly under the influence of the Beaufort Gyre.

2.2. Sediment stratigraphy in the Arctic Ocean

Previous studies on sediment cores and submarine topography in the Arctic Ocean, which
focused mainly on margins and geographic features such as ridges and plateaus, showed
paleoceanographic changes and glacial history during the late Quaternary (e.g., Polyak et al.,
2004, 2007; Jakobsson et al., 2008, 2010, 2014; Adler et al., 2009; Stein et al., 2010a; Niessen
et al., 2013; Schreck et al., 2018). However, continuous sediment records for
paleoenvironmental reconstructions in the surrounding marginal areas and topographic highs
are still rare due to sediment perturbations, including glacial activities (diamicton deposit and
erosion), mass waste (e.g., landslides), and hiatus. This leads to technical limitations of
stratigraphic inter-core correlations in the heavily ice-covered Arctic Ocean. In contrast,
sediment records in Arctic deep basins are more appropriate for studying the long-term history
of the Quaternary Arctic Ocean due to relatively low sedimentation rates (Darby et al., 2006).
In the Amerasian Basin, standard lithostratigraphic (SL) units were first established using
sediment cores collected from Ice Island (T3; Clark et al., 1980), which were commonly used
for sediment core correlations in the western Arctic Ocean (Stein et al., 2010b). Because of the
unavailability of the archived sediments and the state-of-the-art analytical results of T3 cores,
a new sediment core (PS72/392-5) near the T3 core site (FL-224) was re-cored to develop
applicable multi-proxies for paleoceanographic reconstruction in the western Arctic (Stein et
al., 2010b). This has provided opportunities to establish correlations between inter-cores based

on nondestructive measurements, experimental analyses, and lithologic features obtained from
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various sediment records (e.g., Matthiessen et al., 2010; Meinhardt et al., 2014; Dong et al.,
2017; Schreck et al., 2018; Wang et al., 2018). It is also worthwhile to note that while sediment
cores in the Arctic Ocean are mostly relatively short, the Arctic Coring Expedition (ACEX)
conducted by the Integrated Ocean Drilling Program (IODP) on the Lomonosov Ridge was the
first to provide a long sediment core covering most of the Cenozoic (Backman et al., 2008).
Based on a multidisciplinary approach involving biostratigraphy, magnetostratigraphy, and
lithostratigraphy, a stratigraphy for the last ~1,200 ka was established in the central Arctic
Ocean (O’Regan et al., 2008). However, it is unknown whether this stratigraphy can be applied
to the stratigraphic correlation in the western Arctic Ocean.

The stratigraphy for the Termination II (marine isotope stages (MIS) 5/6) to the Holocene,
during the last 130 ka, is relatively well constrained in the western Arctic Ocean based on AMS
14C dating and lithological characteristics (e.g., O’Regan et al., 2008; Adler et al., 2009; Stein
et al., 2010a; Wang et al., 2018). The MIS stages are subdivided mainly based on the
occurrence of (dark) brown layers, generally referred to as B# in ascending order from top to
bottom, and beige to olive-gray layers (Fig. S1). In addition, pink—white (PW) intercalated
layers of prominently increased ice-rafted debris (IRD) are commonly used as markers for
stratigraphic correlation. For example, it is assumed that PW2, which generally occurs between
B6 (6th brown layer) and B7 (7th brown layer), corresponds to MIS 5.4 (Stein et al., 2010a;
Schreck et al., 2018). Due to a large amount of IRD, which consists of detrital carbonate
transported from the northern Canadian Arctic Archipelago (Bischof et al., 1996; Vogt 1997;
Phillips and Grantz, 2001), the PW layers were used as an indicator of the advance and retreat
of the Laurentide Ice Sheet (LIS) in North America. Beyond Termination II, i.e., before the
late Pleistocene, the age model is hampered by the lack of reliable age constraints (e.g., Dong
et al., 2017; Schreck et al.,, 2018). Existing chronological information for the middle

Pleistocene (130-780 ka) is based mainly on lithologic features including alternations of brown
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and gray layers and stratigraphic markers such as the PW1 layer. For example, Dong et al.
(2017) proposed an age model established by the stratigraphic correlation of core ARC4-BNO05
with core PS72/392-5 (Stein et al., 2010a). However, their models only covered ages up to MIS

16, which is discussed in section 5.2.

2.3. Sedimentary Mn fluctuations

Modern Mn sources in the Arctic Ocean are mainly coastal erosion and river discharge,
whereas inputs from hydrothermal vents, the atmosphere, groundwater, and oceans are
insignificant (Macdonald and Gobeil, 2012). Although much of Mn is primarily trapped in
shelf areas near its main sources, its terminal sink is the basin, which accounts for more than
three-fourths of the total Mn sink (Lowemark et al., 2014). The Mn delivered to shelves and its
subsequent transport to basins was highly regulated by the environmental changes of the
glacial-interglacial, i.e., sea level, sea ice, current, and river discharge. Mn supplies were likely
weaker during cold glacial/stadial periods than during warm interglacial/interstadial periods,
as low sea-levels, larger continental ice sheets, inactive surface currents, and thick/perennial
sea-ice covers obstructed coastal erosion and riverine input to shelves and subsequent
transports to basins. Accordingly, the alternations of Mn-poor and -rich layers are considered
as glacial-interglacial and possibly stadial-interstadial cycles. Post-depositional processes can
cause Mn remobilization, particularly in organic-rich layers; however, this diagenetic process
is likely to be reduced in deep sediments with very low organic matter (Mirz et al., 2011;
Lowemark et al., 2014).

In order to use cyclic Mn layers as a stratigraphic tool, it is important to distinguish them
from brown and beige layers. At the continental margins of the Arctic Ocean, the Mn signals
of sediment could be attenuated due to high sedimentation rates via glacier sediment supplies,

or they could be perturbed by glacial erosion and gravitational deposition (e.g., Polyak et al.,
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2004; Adler et al., 2009; Park et al., 2017; Schreck et al., 2018). In contrast, deep-sea deposits
have lower sedimentation rates due to their long distance from sediment sources (e.g., Polyak
et al., 2009; Stein et al., 2010a; Schreck et al., 2018), resulting in condensed Mn-rich layers
under thick perennial sea-ice covers (e.g., Wang et al., 2018). At topographic highs such as
shallow margins, ridges, and plateaus, erosional events have often disturbed sediment records,
hampering the identification of Mn-enriched layers (e.g., Polyak et al., 2004; O’Regan et al.,
2008; Jakobsson et al., 2008, 2010).

Based on the presence of the sedimentary Mn layer, a stratigraphic tool was established
from a sediment core retrieved from the central Lomonosov Ridge (Jakobsson et al., 2000).
The cyclic sediment sequence was correlated with a low-latitude 8'30 stack (Bassinot et al.,
1994) based on the assumption that Mn-enriched layers correspond to warm
interglacial/interstadial periods. Additional stratigraphic approaches using paleomagnetism,
cyclostratigraphy, and biostratigraphy have supported the potential of Mn-based stratigraphy
to solve difficulties in establishing the age model (Jakobsson et al., 2000, 2001; Backman 2004).
In the western Arctic Ocean, sedimentary Mn fluctuations are highly distinguishable, as the
contrast of lithological features varies distinctly between the glacial and interglacial periods
(Polyak and Jakobsson, 2011; Schreck et al., 2018). However, Mn-based stratigraphic studies

have so far mainly been confined to the Lomonosov Ridge (e.g., Lowemark et al., 2012, 2014).

3. Materials and methods
3.1. Core sampling and measurements

A 4.65 m long sediment core (ARA03B-41GCO02; hereafter 41GC) was taken using a
gravity corer from the Makarov Basin near the bottom of the Mendeleev Ridge slope
(82°19'22" N, 171°34'17" E, 2,710 m water depth) during the 2012 Arctic expedition with the

research vessel (RV) Araon (Fig. 1). Multiple cores (ARA03B-41MUC) were also collected at
8
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the same site for better recovery of surficial sediments. Wet bulk density (WBD) and magnetic
susceptibility (MS) were measured on board the RV Araon at 10 mm intervals on whole core
sections using a standard multi-sensor core logger (MSCL; GEOTEK, UK; Schreck et al.,
2018).

Split cores were macroscopically described and scanned for X-ray fluorescence (XRF) and
color reflectance (L*, a*, and b*). XRF measurements were conducted for semi-quantitative
elemental composition analysis focusing on Al, Ca, and Mn using an Avaatech core scanner at
the Korea Institute for Geoscience and Mineral Resources (KIGAM, South Korea).
Measurements were performed at 5 mm steps, and elemental concentrations were specified as
counts (e.g., Schreck et al., 2018). The elemental contents were normalized by Al (e.g., Calvert
and Pedersen, 2007; Schreck et al., 2018). Color reflectance including lightness, redness, and
yellowness was measured at 0.5 cm intervals using a Konica Minolta color spectrophotometer
CM-2600d with a 0.5 cm aperture.

For further analysis, subsamples were taken at 1 cm intervals, freeze-dried, and analyzed

for sand fraction contents (> 63 um) for every 2 cm. At the same intervals, the grain size was

analyzed for the mud fraction (< 63 pum) using Malvern Mastersize 3000. After removal of

organic matters which had been treated with hydrogen peroxide (10 %, 50 °C, 24 h), the wet-

sieved samples were disaggregated and dispersed using an ultrasonicator and then analyzed
with a measurement time of 15 seconds at 10-20 % obscuration level. In addition, AMS “C
measurements (Table 1) on planktic foraminifera Neogloboquadrina pachyderma sinistral
(150-250 um) were conducted at five core depth intervals of 0—1 cm, 67 cm, 10-11 cm, and
19-20 cm for 41GC and 0-1 cm for 41MUC at Beta Analytic (Miami, USA). The radiocarbon
age was calibrated to calendar ages using CALIB 7.10 (Marinel3, Reimer et al., 2013); the

local reservoir correction (AR) has been set as 0 due to uncertainties in reservoir ages in the
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Arctic Ocean water (e.g., Hanslik et al., 2010; Park et al., 2017).

3.2. Visual and computational correlations

Lithological features, including sediment color, MS, WBD, and sand fraction content, were
used for visual (non-computational) correlations with previously published stratigraphic
records for the western Arctic Ocean (e.g., Adler et al., 2009; Polyak et al., 2009; Stein et al.,
2010a, b; Dong et al., 2017; Schreck et al., 2018) and the Lomonosov Ridge (Jakobsson et al.,
2000; O’Regan et al., 2008). From these records, the core ARC4-BNO5 (Dong et al., 2017),
retrieved from the Canadian Basin rather than from a ridge, can be considered to be the most
compatible with core 41GC in terms of stratigraphic coverage and the sedimentary
environment in the western Arctic Ocean (Fig. 1). Thus, a visual correlation was performed by
comparing the brown layers of core 41GC with those of core ARC4-BNO5 (Table 2; VCO1).
Another visual correlation was conducted based on the brown layers of core 41GC and LR04
(Table 2; VCO02).

To establish a more objective cyclostratigraphic-based chronology beyond the late
Pleistocene, the computational correlations of the Mn/Al record of core 41 GC with LR04 were
performed using a dynamic matching program (Match 2.3.1; Lisiecki and Lisiecki, 2002). The
software uses dynamic programming to implement an automated correlation algorithm that
finds the best optimal fit between two climatic records (e.g., Lisiecki and Raymo, 2005). For
example, in the Arctic Ocean, Marzen et al. (2016) have shown that stacked records can be
successfully aligned against LR04 using the Match software. In this study, various stratigraphic
horizons, including AMS '“C dates, the PW2 layer between B6 and B7 corresponding to MIS
5.4, and MIS 5/6 and 6/7 boundaries, were used as alternative initial age constraints (Adler et
al., 2009; Stein et al., 2010a; Dong et al., 2017). The computational matching of the Mn/Al

record to LR04 was performed under different initial age constraints (Table 2; MAO1 to MAOS).
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Here, Match parameters were unified to achieve tunings under the same conditions. Initial and
final values were given by corresponding core depths of start and end data, respectively (Table
2). Number of intervals has been set to the default value. In order to obtain relatively free
correlations, the penalties for speed and speed change were set to very low values of 0.001 and
0.01 for all models, respectively. In contrast, the tie point penalty was set for all models with a
relatively high value (4) for a strict constraint of the tie points, including the #C ages and MIS
boundaries. As with speed-related penalties, the gap penalty has been set to a relatively low

value (1).

4. Results

Figure 2 shows the data generated for core 41GC, including the core surface image, the
color reflectance (L* and a*), the ratios of Mn/Al and Ca/Al, the logged physical properties
(MS and WBD), and the sand content. Based on the visible description, the (dark) brown layers
generally consist of soft, muddy sediments with a sharp upper contact and a mottled lower
transitional contact. In contrast, interlaminated gray/beige layers are generally denser and
relatively sandy, with intermittently visible intercalations of coarse-grained IRD in the
millimeter to centimeter scale. Color indices and Mn/Al ratio varied closely, showing 31 cycles
in which dark and reddish-brown layers associated with B1-B31 were intercalated with light,
yellowish-gray layers (Fig. 2). The MS and WBD values associated with the sand content are
higher at the gray layers and the boundary between the brown and gray layers (Fig. 2). Similarly,
the Ca/Al ratios shows high values at the brown/gray boundaries, with the first (oldest) peak
appearing at the top of the layer B20 (Fig. 2). The PW2 layer represents the highest Ca/Al ratio
and the WBD value with increased MS value and sand content (Fig. 2).

Based on the visual correlation of the brown layers of core 41GC with those of the core

ARC4-BNOS, the first age model VCO1 yielded an age of MIS assignment from the MIS 1 to
11
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14/15 boundary (Table 2, Fig. 3). Based on the correlation between the brown layers of core
41GC and LRO04, the second visual correlation model VCO02 could assign the MIS stages from
MIS 5/6 boundary to MIS 28 with a bottom age of 1,014 ka (Table 2, Fig. 4). Since these two
age models coincide over the period from MIS 5 to 15, different age models can be generated.
Interestingly, regardless of the age constraints used (Table 2), age-depth relationships of the
computational correlations between the Mn/Al record of core 41GC and LR04 differed from
those of visual correlations (Figs. 5, 6). Similar matching patterns with a core depth below 330
cm were observed in the three computational age models (MA01-MAO3), which assumed the
lower core bottom age of 1,014 ka (bottom of MIS 28) obtained from VCO02. However, there
were obvious differences between core depths of 160 and 330 cm depending on the age
constraints applied. The age model MAO04, which did not have a fixation of the bottom age but
applied AMS '#C age constraints, showed a different age-depth trend with the oldest bottom
core age of 1,384 ka compared to those of other visual and computational models. In contrast,
the age model MAOS, which also had no bottom age limit but was set with the constraints of
MIS 5/6 and 6/7 boundaries for core depths below 160 cm, showed a similar age-depth pattern

to those of age models MAOI-MAO3 which were constrained with the fixed bottom age.

5. Discussion

Cyclic Quaternary climate changes, accompanied by the growth/retreat of ice sheets in the
higher Northern Hemisphere, strongly affected the sedimentary and paleoceanographic
environments of the Arctic Ocean through changes in sediment supply, sea-ice and surface
productivity, hydrography, and circulation patterns (e.g., Stein, 2008). These changes are well
recorded in glaciomarine sediments of core 41GC. The sediment records show approximately
30 pairs of interlaminating gray and brown layers (Fig. 2), which are closely related to glacial-

interglacial or major stadial-interstadial cycles. The overall lithostratigraphy is characterized
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by increased proxy amplitudes and layer thicknesses toward the top of the core (Fig. 2). This
pattern may reflect changes in sediment supply as the glaciers of the Northern Hemisphere
were intensified during the Pleistocene (e.g., Balco and Rovey, 2010). In particular, proxies
such as bulk Ca, WBD, and sand content have been used as indicators of glacial deposits
transported to the Arctic Ocean (e.g., O’Regan et al., 2008; Polyak et al., 2009, 2013; Dong et
al., 2017; Wang et al., 2018). Based on these proxies, a reasonable chronology of core 41GC
is needed for the age-constrained reconstruction of the Arctic glacial history in relation to

global climate change.

5.1. Visual approach
Based on the correlations using various parameters including sediment color, texture,
physical properties, and Mn and Ca contents, the lithology of core 41GC was well matched
with the sediment cores previously studied in the western Arctic Ocean (Adler et al., 2009;
Stein et al., 2010b; Dong et al., 2017; Figs. 1, 3, and S1). Using multiple proxies, the upper
part of core 41GC can be correlated with core HLY0503-8JPC recovered from the southern
foot of the Mendeleev Ridge (Adler et al., 2009; Fig. S1). The advantage of this comparison is
that core HLY0503-8JPC has an extended age of the upper Quaternary record through its
correlation with the age framework developed by several approaches, including AMS '4C and
amino-acid dating, and correlates with the nannofossil and optical-stimulating luminescence
age constrained from the Lomonosov Ridge (Adler et al., 2009). However, a chronologic
framework is only possible up to MIS 7.
The visual correlation, which is mainly based on the cyclic interlamination of brown and
gray layers recorded in core ARC4-BNOS5 (Dong et al., 2017) taken from the Canada Basin
near the Makarov Basin, can extend the age constraints to the middle Pleistocene (VCO1; Table

2, Fig. 3). According to this correlation, layers B1-B18 of core 41GC were assigned to MIS 1-
13
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15, assuming that gray layers with high sand content and Ca levels represent glacial intervals,
while brown, Mn-enriched layers indicate interglacial periods (Stein et al., 2010a, b; Dong et
al., 2017). However, this assumption has not been proven as an independent stratigraphic
marker. Some previous studies for the late Pleistocene showed that brown layers are associated
with conditions of maximum interglacials and major interstadials such as MIS 3, 5.1, and 5.3
(Adler et al., 2009; Stein et al., 2010a; Schreck et al., 2018). Similarly, beige/gray layers
represent individual stadials or prominent pulses of meltwater and iceberg discharge events
rather than glacial periods. This pattern is also found in the middle Pleistocene record, which
complicates the relationship between the lithostratigraphic records and paleoclimatic
cyclicities on global scales.

Our visual correlation of core 41GC Mn/Al records was established with LR04 (VCO02) at
the top of the middle Pleistocene (130 ka) to cover a period longer than the age model VCO1
(Fig. 4; Table 2). In the absence of independent age constraints, this correlation was based on
the assumption that the Mn/Al peaks coincided with climatically warm periods (e.g., Jakobsson
et al., 2000; Wang et al., 2018). Based on this approach, the bottom of core 41GC has been
extended to MIS 28, 982-1014 ka (Fig. 4). When the combined age model VC01-02 was
applied to compare the Mn/Al record of core 41 GC with LR04, the Mn/Al ratios were generally
high during interglacials, but low during glacials (Fig. S2). The Mn/Al variation, however, did
not correspond well in detail to LR04, with difficulties in assigning each Mn/Al peak to MIS
substages. This is likely due to uncertainties in the age constraints that applied to the age model
VCO02 (Table 2). Similar difficulties in the direct correlation between Mn/Al ratios and LR04

have been reported for the Northwind and Alpha ridges (Polyak et al., 2013; Wang et al., 2018).

5.2. Computational approach

Previous stratigraphic studies in the Canada Basin and Northwind Ridge (Stein et al., 2010a,
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b; Dipre et al., 2018) showed that the distinct interlaminations of the brown—beige layers
blurred and homogenized in older strata, making it difficult to identify. According to the Sr
isotopic dating in the Northwind Ridge (Dipre et al., 2018), the boundary between cyclic
interlamination unit and homogenous dark brown unit placed at the end of the Early Pleistocene
(Brunhes-Matuyama boundary; ~780 ka). However, this boundary may be older (i.e. before
~780 ka) in the Amerasian Basin (Stein et al., 2010a). In an attempt to solve this problem, we
performed an additional computational correlation of the WBD data between core 41GC and
ACEX (O’Regan et al., 2008). It appears that both WBD records vary at the same time to
determine the bottom age of 1,168 ka (Fig. S2). When using this WBD-based age model to
compare the Mn/Al record of core 41GC with LR04, the occurrence of the Mn-enriched layers,
however, did not match the anticipated interglacials (Fig. S3). This suggests that the WBD
correlation between the western Arctic Ocean and the central or eastern Arctic Ocean may not
be adequate due to differences in the sources and depositional process of the sediment (e.g.
Sellen et al., 2010). The clockwise Beaufort Gyre in the Amerasian Basin transports sediments
mainly from the margin of the western Arctic, whereas the central and eastern Arctic Ocean
receives sediments mainly from the Eurasian marginal seas, such as the Barents and Kara seas,
mainly through the Transpolar Drift. On the Lomonosov Ridge, for example, there is a close
correlation between WBD and sand with coarse silt fraction (20-125 um), which has a strong
positive coefficient than that of sand fraction only (O’Regan et al., 2019). This correspondence
with previous studies showed that grain size is the major cause of bulk density variation in
downcore (O’Regan et al., 2008, 2014). However, in this study, the sand and coarse silt fraction
do not fully explain the overall variability of WBD (Fig. S4 and Table S5), indicating a different
depositional environment between the central and western Arctic Ocean. This highlights a
strong need for an independent age model of the western Arctic Ocean in accordance with

previous studies that defined it as a unique environment (e.g., Polyak and Jakobsson, 2011).
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For the development of a cyclostratigraphic correlation between the Mn/Al record and
LRO04, which is more objective than the visual correlation, we used a computational dynamic
matching method (Lisiecki and Lisiecki, 2002). Interestingly, despite the different correlation
assumptions, the bottom age-fixed models, MA01-MAO3, showed a consistent age-depth
relationship between 1,014 (MIS 28) and ~600 ka (MIS 15) (Fig. 6). A similar relationship was
derived from MAOS, which applied no bottom age fixation. Thus, our computational age
models were consistent, at least for the lower part of core 41GC, giving ~1,000 ka for the
bottom core age except for MAO4 (Fig. 6 and Table 2). However, there were apparent
differences between ~600 (MIS 15) and 130 ka (MIS 5/6) depending on the age constraints
applied (Table 2). Hence, we examined the factors that caused the differences among the
computational correlations to the middle Pleistocene.

Previous studies based on visual correlation have presented different age models for
sediment records in the western Arctic Ocean during the Pleistocene. These age models
tentatively assign massive sandy and lighter layers to peak glacial periods, e.g., MIS 10, 12,
and 16 (Stein et al., 2010a, b). In addition, the boundary between the interlaminated and
underlying non-stratified thick dark brown units in the western Arctic Ocean was considered
to be older than ~500 ka (Polyak et al., 2009) or ~750 ka (Stein et al., 2010a). More recently,
however, the age of this boundary was changed to the upper early Pleistocene (~800 ka) in the
Northwind Ridge (Dipre et al., 2018). Accordingly, the chronologic constraints likely have to
be further refined, especially for periods older than the late Pleistocene. In this context, our
computational approach shows the possibility of establishing an alternative age model,
especially for the middle to early Pleistocene, and the strong relationships between the Mn/Al
record of core 41GC and LR04. Therefore, we propose a combined age model derived from
the visual age model VCO1 for the late Pleistocene and from the computational Mn/Al-LR04,

MAOS for the middle to early Pleistocene.
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5.3. Implications of newly developed age models for the Arctic glacial history

The most prominent climate changes in the Northern Hemisphere during the Pleistocene
are characterized by the growth and retreat of the continental ice sheets. During the early
Pleistocene glacial periods, relatively small ice sheets existed sporadically in Western and
Eastern North America (Barendregt and Duk-Rodkin, 2011). The early Pleistocene glaciers
gradually extended and eventually merged during the Brunhes Chron (Barendregt and Duk-
Rodkin, 2004, 2011; Ehlers and Gibbard, 2007). In addition, the Keewatin Ice Center has
expanded broadly and begun to extend the glaciers further north to the Banks Island and the
Mackenzie Valley of the North—West Territories, adjacent to the Arctic Ocean, probably since
the upper Matuyama (Barendregt and Duk-Rodkin, 2011). These regions are considered to be
the source of terrigenous inorganic carbonates in western Arctic Ocean sediments, including
IRDs, while the sediments of the eastern Arctic Ocean, far from northern North America and
the Canadian Arctic Archipelago, consist mainly of coal, sedimentary rocks, and quartz, but
lack of carbonates (Bischof et al., 1996). Therefore, the carbonate sediments in the western
Arctic Ocean appear to be related to glacial activities, indicating iceberg calving and meltwater
discharge from the LIS that has been extended to the carbonate platform (e.g., Stein et al.,
2010a; Dong et al., 2017; Park et al., 2017).

Since the biogenic constituents of total inorganic carbon in the western Arctic sediments
are lower, Ca estimated using XRF-core scanning is generally considered to be detrital
carbonate in the western Arctic Ocean (Stein et al., 2010a; Dong et al., 2017; Park et al., 2017,
Wang et al., 2018). According to conventional lithostratigraphy in the western Arctic Ocean, a
prominent Ca peak at ~150 cm of core depth, referred to as PW2 (Figs. 2 and 3), corresponds
to MIS 5.4 (Stein et al., 2008, 2010a). However, the transport and deposition mechanism and

the exact timing of the PW2 layer are still uncertain (e.g., Schreck et al., 2018). In addition, the
17



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

first occurrence of a Ca peak in the western Arctic Ocean was considered as MIS 16, i.e. the
first “super” glaciation of the Pleistocene (Stein et al., 2010a), but this age constraint was
visually estimated as discussed in sections 5.1 and 5.2. As in MAO5 and MAO1-MAO3 (Fig.
7), the first occurrence of Ca peak corresponds to the boundary of MIS 20/21, which is older
than the previously reported MIS 16 (Stein et al., 2010a, b; Polyak et al., 2013). Based on the
newly proposed age model, the timing of the first Ca peaks at 814 ka seems plausible given the
glacial impact of the North American Arctic and the Canadian Arctic Archipelago with a wide
carbonate bed during the Matuyama Chron (774-2,595 ka; Cohen and Gibbard, 2019)
(Barendregt and Duk-Rodkin, 2004, 2011). Thus, this finding suggests that the first advance of
the LIS into the Arctic Ocean occurred at about 814 ka. The first Ca peak corresponds to the
mid-Pleistocene transition (MPT) from ~800 to ~1,200 ka when the orbitally paced glacial-
interglacial cycles gradually intensified with the amplitude modulation of precession forcing
(Imbrie et al., 2011; Hinnov et al., 2013). Based on boron isotope CO, data, Chalk et al. (2017)
have recently argued that the MPT may be triggered by a change in ice sheet dynamics. In this
context, the LIS would also be more extensive and would contribute to an increase in global
ice volume since the MPT (Bintanja and van de Wal, 2008; Balco and Rovey, 2010). During
this interval, glaciers advanced to the coast adjacent to the Arctic Ocean would be collapsed
and the terrestrial carbonate would be carried away in icebergs and eventually transported
further westwards via the Beaufort Gyre (e.g. Phillips and Grantz, 2001). As a result, our newly
constructed age models can provide alternative evidence for a better understanding of the

glacial history in North America and the Canadian Arctic Archipelago during the MPT.

6. Conclusions
In this study, we investigated a sediment core ARA03B-41GC retrieved from the Makarov

Basin in the western Arctic Ocean by analyzing MSCL (WBD and MS), color reflectance (L*
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and a*), XRF-core scanning (Al, Ca, and Mn counts), and contents of sand and mud fractions.
The new age model was constrained by applying a computational approach in addition to a
more traditional visual approach using the Mn/Al ratios and the brown layers. The
computational matching with the LR04 curve represents a consistent relationship between age
and depth under various assumptions, indicating ~1,000 ka for the bottom age of the core.
However, the visual correlation with the LR04 curve showed that the age of the bottom part of
the core was up to ~200 ka younger. Our newly established age models, which were based on
computational matching, therefore provided a new age constraint for the first occurrence of a
Ca/Al peak at ~810 ka. This indicates that the initial advance of the LIS occurred at the
boundary between MIS 20 and 21, which corresponds to the upper Matuyama Chron. Our
results are more consistent with terrestrial records than previous studies that suggested the
occurrence of the first Ca peak in MIS 16. Nonetheless, our results should be further confirmed
on the basis of a similar approach using various sediment cores collected from the western

Arctic Ocean.
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Table captions

Table 1. List of AMS “C dating for ARA03B-41GC02 and 41MUC. No AR was applied for

calibration using CALIB 7.10.

Table 2. An overview of the age models based on visual and computational correlations. In

Mn/Al = natural logarithmic Mn/Al ratio, LR04 = LR04 benthic oxygen isotopic stack

(Lisiecki and Raymo, 2005).

Figure captions

Fig. 1. A map showing the study area with the locations of core ARA03B-41GC02 (41GC) and

Fig.

reference cores HLY0503-08JPC (08JPC; Adler et al., 2009), 92/12-1pc (Jakobsson et al.,
2000), ACEX (O’Regan et al., 2008), PS72/392-5 (392-5; Stein et al., 2010b), and ARC4-
BNO5 (BNOS5; Dong et al., 2017) marked as yellow and green circles, respectively. Glacier
limits (white dashed line) during the LGM are modified from Ehlers and Gibbard (2004),
Svendsen et al. (2004), and Jakobsson et al. (2013). White arrows correspond to the
surface currents of the Arctic Ocean. BG = Beaufort Gyre; TPD = Transpolar Drift; CB =
Chukchi Borderland; MR = Mendeleev Ridge; AR = Alpha Ridge; LR = Lomonosov

Ridge; GR = Gakkel Ridge.

2. Profiles of color reflectance (L* and a*), XRF-elemental ratio (Mn/Al and Ca/Al),
physical properties (magnetic susceptibility (MS) and wet bulk density (WBD)), and sand
fraction (>63 um %) with the core surface image of core ARA03B-41GCO02. Brown layers

are indicated as B1 to B31 with brown shades. Pinkish shading indicates pink-white (PW)
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Fig.

Fig.

Fig.

Fig.

Fig.

layer.

3. Visual correlation between cores ARA03B-41GC02 and ARC4-BNO5 (Dong et al.,
2017) mainly based on the presence of brown layers and lithological features including

color reflectance (L*), sand fraction, and PW layer.

4. Visual correlation between core ARA03B-41GC02 and LR04 applied beyond the MIS
5/6 boundary. Brown shades indicate brown layers (left panel) and interglacial periods

(right panel).

5. Plots of computational correlations between In Mn/Al of the core ARA03B-41GC02

and LRO4.

6. Age-depth plots of visual correlations (VC01-VC02) and computational correlations

(MAOI-MAOS5) for core ARA03B-41GCO02.

7. Plots of Ca/Al ratios of core ARA03B-41GC02 using age models MAO1-05. Blue

shades indicate glacial periods.
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Supplementary information

Fig. S1. Visual correlation between cores ARA03B-41GC02 and HLY0503-08JPC (Adler et
al., 2009) based on lithological features including color reflectance (L*), WBD, and sand

fraction.

Fig. S2. Plots of In Mn/Al of core ARA03B-41GCO02 versus LR04 based on the age models
derived from the visual correlations (VCO1, VC02, and the combination of VCO01 and

VCo02, i.e., VCO01-02).

Fig. S3. Computational correlation (WBDO1) based on WBD data of core 41GC with those of
ACEX (O’Regan et al., 2008) and a plot of In Mn/Al of core ARA03B-41GC02 versus
LRO04 based on age model WBDO1. Please note that the WBDO01 match started from a

core depth of ~160 cm corresponding to MIS 5.5 and not from the top of the core.

Table S4. Correlation coefficients (spearman’s r?) among normalized WBD and grain size

parameters. Please note that the sand fraction is weight percent for the bulk weight while

the other grain size parameters for the mud fraction are volume percent.

Table S5. Age-depth tie points at the Marine Isotope Stage (MIS) boundary for ARA03B-41GC

derived from VCO02 (Figs. 4 and 6).
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Table 1

Core depth Uncorrected AMS 1*C age 1o Calibrated age 1o
Core Material Lab ID
(cm) (yn (€3] (cal. yr BP) (€3]
41MUC 0-1 N. pachyderma 3470 30 3369 28 463639
41GC 0-1 N. pachyderma 3910 30 3883 48 463637
41GC 6-7 N. pachyderma 10230 30 11212 38 444525
41GC 10-11 N. pachyderma 30210 180 33915 154 444526
41GC 19-20 N. pachyderma 40670 580 43844 520 463638




Table 2

Signal of Target
Age model Method Target data Age constraints End point limit
ARAO03B 41GC02 core depth
VCO01 Manual correlation Brown layer Brown layer AMS 4C ages, PW2 (MIS 5.4), and MIS Top to ~370 cm -
(ARC4-BNO05) boundaries (MIS 1/2 to 14/15)
VC02 Manual correlation Brown layer LRO4 MIS boundaries (MIS 5/6 to 27/28) ~130 cm to bottom -
MAO1 Match program In Mn/Al LRO4 AMS C ages, PW2 (MIS 5.4), and MIS 5/6 Top to bottom 1014 ka
and 6/7 boundaries

MAO2 Match program In Mn/Al LRO4 AMS 4C ages and PW2 (MIS 5.4) Top to bottom 1014 ka
MAO03 Match program In Mn/Al LRO4 AMS 1“C ages Top to bottom 1014 ka
MAO4 Match program In Mn/Al LRO4 AMS 4C ages Top to bottom No limit
MAO05 Match program In Mn/Al LRO4 MIS 5/6 and 6/7 boundaries 160 cm to bottom No limit

WBDO01 Match program Wet bulk density (WBD) ACEX WBD MIS 5/6 and 6/7 boundaries 160 cm to bottom No limit
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Sand

WBD Silt Coarse silt Medium silt Fine silt Clay
fraction
(g/ccm) (2—63 pm) (20-63 ym)  (6.3-20 ym)  (2—6.3 ym) (<2 um)
(> 63 um)
WBD -
Sand
) 0.42 -
fraction
Silt 0.71 -0.04 -
Coarse silt 0.61 0.54 0.32 -
Medium silt 0.54 -0.01 0.52 0.43 -
Fine silt -0.45 -0.48 -0.21 -0.83 -0.25 -
Clay -0.58 -0.24 -0.41 -0.66 -0.83 0.28 -
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MIS boundary Age (ka) Core depth (cm)

5/6 130 181
6/7 191 216
7/8 243 246
8/9 300 273
9/10 337 293
10/11 374 301
11/12 424 335
12/13 478 354
13/14 533 363
14/15 563 365
15/16 621 385
16/17 676 392
17/18 712 407
18/19 761 415
19/20 790 419
20/21 814 421
21/22 866 429
22/23 900 438
23/24 917 441
24/25 936 448
25/26 959 451
26/27 970 456
27128 982 459

Table S5



Table captions

Table 1. List of AMS 4C dating for ARAO3B-41GC02 and 41MUC. No AR was applied for calibration using CALIB 7.10.

Table 2. An overview of the age models based on visual and computational correlations. In Mn/Al = natural logarithmic Mn/Al ratio, LRO4 = LRO4 benthic oxygen
isotopic stack (Lisiecki and Raymo, 2005).

Figure captions

Fig. 1. A map showing the study area with the locations of core ARA03B-41GC02 (41GC) and reference cores HLY0503-08JPC (08JPC; Adler et al., 2009), 92/12-
1pc (Jakobsson et al., 2000), ACEX (O’Regan et al., 2008), PS72/392-5 (392-5; Stein et al., 2010b), and ARC4-BNO5 (BNO5; Dong et al., 2017) marked as yellow and
green circles, respectively. Glacier limits (white dashed line) during the LGM are modified from Ehlers and Gibbard (2004), Svendsen et al. (2004), and Jakobsson
et al. (2013). White arrows correspond to the surface currents of the Arctic Ocean. BG = Beaufort Gyre; TPD = Transpolar Drift; CB = Chukchi Borderland; MR =
Mendeleev Ridge; AR = Alpha Ridge; LR = Lomonosov Ridge; GR = Gakkel Ridge.

Fig. 2. Profiles of color reflectance (L* and a*), XRF-elemental ratio (Mn/Al and Ca/Al), physical properties (magnetic susceptibility (MS) and wet bulk density
(WBD)), and sand fraction (>63 um %) with the core surface image of core ARA03B-41GC02. Brown layers are indicated as B1 to B31 with brown shades. Pinkish
shading indicates pink-white (PW) layer.

Fig. 3. Visual correlation between cores ARAO3B-41GC02 and ARC4-BNO5 (Dong et al., 2017) mainly based on the presence of brown layers and lithological
features including color reflectance (L*), sand fraction, and PW layer.

Fig. 4. Visual correlation between core ARA03B-41GC02 and LR04 applied beyond the MIS 5/6 boundary. Brown shades indicate brown layers (left panel) and
interglacial periods (right panel).

Fig. 5. Plots of computational correlations between In Mn/Al of the core ARA03B-41GC02 and LRO4.
Fig. 6. Age-depth plots of visual correlations (VC01-VC02) and computational correlations (MA01-MAOS5) for core ARA03B-41GC02.

Fig. 7. Plots of Ca/Al ratios of core ARAO3B-41GC02 using age models MA01-05. Blue shades indicate glacial periods.

Supplementary information

Fig. S1. Visual correlation between cores ARAO3B-41GC02 and HLY0503-08JPC (Adler et al., 2009) based on lithological features including color reflectance (L*),
WBD, and sand fraction.

Fig. S2. Plots of In Mn/Al of core ARA03B-41GC02 versus LRO4 based on the age models derived from the visual correlations (VC01, VC02, and the combination of
VCO01 and VCO02, i.e., VC01-02).

Fig. S3. Computational correlation (WBDO01) based on WBD data of core 41GC with those of ACEX (O’Regan et al., 2008) and a plot of In Mn/Al of core ARAO3B-
41GC02 versus LR0O4 based on age model WBDO1. Please note that the WBD01 match started from a core depth of ~160 cm corresponding to MIS 5.5 and not
from the top of the core.

Table S4. Correlation coefficients (spearman’s r2) among normalized WBD and grain size parameters. Please note that the sand fraction is weight percent for the
bulk weight while the other grain size parameters for the mud fraction are volume percent.

Table S5. Age-depth tie points at the Marine Isotope Stage (MIS) boundary for ARAO3B-41GC derived from VCO2 (Figs. 4 and 6).
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Table 1

Core depth Uncorrected AMS “C age 1¢g Calibratedage 10
Core Material Lab ID
(cm) (yr) ()  (cal.yrBP) (%)
41MUC 0-1 N. pachyderma 3470 30 3369 28 463639
41GC 0-1 N. pachyderma 3910 30 3883 48 463637
41GC 6-7 N. pachyderma 10230 30 11212 38 444525
41GC 10-11 N. pachyderma 30210 180 33915 154 444526
41GC 19-20 N. pachyderma 40670 580 43844 520 463638




Table 2

Signal of Target
Age model Method Target data Age constrainis End point limit
ARADZE 41GC02 core depth
Ve Manual correlation Brown layer Erown layer AMS “C ages, PW2 (MIS 5.4), and MIS Top to ~370 cm -
{ARC4-BNOS) boundaries (MIS 1/2 1o 14/15)
vCo2 Manual correlation Brown layer LRD4 MIS boundaries (MIS 5/6 to 27/28) ~130 em o botiom -
MAD1 Match program In Mnfal LRO4 AMS “C ages, PW2 (MIS 5.4), and MIS 56 Top to bottom 1014 ka
and &7 boundaries

MAD2 Match program In MnfAl LROD4 AMS “C ages and PW2 (MIS 5.4) Top to bottom 1014 ka
MADS Match program In Mnfal LRO4 AMS MC ages Top to battom 1014 ka
MAD4 Match program In Mnfal LRO4 AMS *C ages Top to bottom Mo limit
MADS Match program In Mnfal LRO4 MIS 58 and &/7 boundaries 180 cm o bottom Mo limit

WEBDD Match program Wel bulk density (WBD) ACEX WBD MIS 5/6 and 6/7 boundaries 180 cm to bottomn Mo limit
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Sand

WBD . Silt Coarse silt Medium silt Fine silt Clay
raction
(g/ccm) (2-83 pym) (20-63 ym)  (6.3-20 pm)  (2-6.3 pm) (<2 um)
(> 63 um)
WBD -
Sand
0.42 -
fraction
Silt 0.71 -0.04 -
Coarse silt 0.61 0.54 0.32 -
Medium silt 0.54 -0.01 0.52 0.43 -
Fine silt -0.45 -0.48 -0.21 -0.83 -0.25 -
Clay -0.58 -0.24 -0.41 -0.66 -0.83 0.28 -
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MIS boundary Age (ka) Core depth (cm)

5/6 130 181
6/7 191 216
7/8 243 246
8/9 300 273
9/10 337 293
10/11 374 301
1112 424 335
12/13 478 354
13/14 533 363
14/15 563 365
15/16 621 385
16/17 676 392
1718 712 407
18/19 761 415
19/20 790 419
20/21 814 421
21/22 866 429
22/23 900 438
23/24 917 441
24/25 936 448
25/26 959 451
26/27 970 456
27/28 982 459

Table S5



Table captions

Table 1. List of AMS 4C dating for ARAO3B-41GC02 and 41MUC. No AR was applied for calibration using CALIB 7.10.

Table 2. An overview of the age models based on visual and computational correlations. In Mn/Al = natural logarithmic Mn/Al ratio, LRO4 = LR04 benthic oxygen
isotopic stack (Lisiecki and Raymo, 2005).

Figure captions

Fig. 1. A map showing the study area with the locations of core ARA03B-41GC02 (41GC) and reference cores HLYO503-08JPC (08JPC; Adler et al., 2009), 92/12-
1pc (Jakobsson et al., 2000), ACEX (O’Regan et al., 2008), PS72/392-5 (392-5; Stein et al., 2010b), and ARC4-BNO5 (BNO5; Dong et al., 2017) marked as yellow and
green circles, respectively. Glacier limits (white dashed line) during the LGM are modified from Ehlers and Gibbard (2004), Svendsen et al. (2004), and Jakobsson
et al. (2013). White arrows correspond to the surface currents of the Arctic Ocean. BG = Beaufort Gyre; TPD = Transpolar Drift; CB = Chukchi Borderland; MR =
Mendeleev Ridge; AR = Alpha Ridge; LR = Lomonosov Ridge; GR = Gakkel Ridge.

Fig. 2. Profiles of color reflectance (L* and a*), XRF-elemental ratio (Mn/Al and Ca/Al), physical properties (magnetic susceptibility (MS) and wet bulk density
(WBD)), and sand fraction (>63 um %) with the core surface image of core ARAO3B-41GCO02. Brown layers are indicated as B1 to B31 with brown shades. Pinkish
shading indicates pink-white (PW) layer.

Fig. 3. Visual correlation between cores ARAO3B-41GC02 and ARC4-BNO5 (Dong et al., 2017) mainly based on the presence of brown layers and lithological
features including color reflectance (L*), sand fraction, and PW layer.

Fig. 4. Visual correlation between core ARA03B-41GC02 and LR0O4 applied beyond the MIS 5/6 boundary. Brown shades indicate brown layers (left panel) and
interglacial periods (right panel).

Fig. 5. Plots of computational correlations between In Mn/Al of the core ARA03B-41GC02 and LRO4.
Fig. 6. Age-depth plots of visual correlations (VC01-VC02) and computational correlations (MA01-MAOQ5) for core ARAO3B-41GC02.

Fig. 7. Plots of Ca/Al ratios of core ARAO3B-41GC02 using age models MA01-05. Blue shades indicate glacial periods.

Supplementary information

Fig. S1. Visual correlation between cores ARAO3B-41GC02 and HLY0503-08JPC (Adler et al., 2009) based on lithological features including color reflectance (L*),
WBD, and sand fraction.

Fig. S2. Plots of In Mn/Al of core ARAO3B-41GCO02 versus LRO4 based on the age models derived from the visual correlations (VC01, VC02, and the combination of
VCO01 and VCO02, i.e., VC01-02).

Fig. S3. Computational correlation (WBDO1) based on WBD data of core 41GC with those of ACEX (O’Regan et al., 2008) and a plot of In Mn/Al of core ARAO3B-
41GCO02 versus LR04 based on age model WBDO1. Please note that the WBDO1 match started from a core depth of ~160 cm corresponding to MIS 5.5 and not
from the top of the core.

Table S4. Correlation coefficients (spearman’s r2) among normalized WBD and grain size parameters. Please note that the sand fraction is weight percent for the
bulk weight while the other grain size parameters for the mud fraction are volume percent.

Table S5. Age-depth tie points at the Marine Isotope Stage (MIS) boundary for ARAO3B-41GC derived from VCO2 (Figs. 4 and 6).



