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The Okhotsk Sea, which connects the high latitude Asian continent and the North Pacific,
plays an important role in modern and past climate changes due to seasonal sea ice
coverage and as a precursor of the North Pacific Intermediate Water. The long-term
glacial-interglacial changes of sea ice coverage and its impacts on terrigenous transport
and surface primary productivity in the Okhotsk Sea remain, however, not well
constrained. Base on the paleomagnetic, rock magnetic, micropaleontological (diatom),
and geochemical studies of the marine sediment core MD01-2414 (53°11.77'N,
149°34.80'E, water depth: 1,123 m) taken in the central Okhotsk Sea, we reconstruct
the terrigenous sediment transport and paleoceanographic variations during the past 1550
thousand years (kyr). Seventeen geomagnetic excursions are identified from the
paleomagnetic directional record. Close to the bottom of the core, an excursion was
observed, which is proposed to be the Gilsa event ~1550 thousand years ago (ka). During
glacial intervals, our records reveal a wide extension of sea ice coverage and low marine
productivity. We observed ice-rafted debris from mountain icebergs composed of coarse
and high magnetic terrigenous detritus which were derived from the Kamchatka Peninsula
to the central Okhotsk basin. Still during glacial intervals, the initiation (i.e., at ~900 ka) of the
Mid-Pleistocene Transition marks the changes to even lower marine productivity,
suggesting that sea-ice coverage became larger during the last 900 ka. During
interglacial intervals, the central Okhotsk Sea was either devoid of sea-ice or the ice
was at best seasonal; resulting in high marine productivity. The weaker formation of
Okhotsk Sea Intermediate Water, lower ventilation, and microbial degradation of organic
matter depleted the oxygen concentration in the bottom water and created a reduced
environment condition in the sea basin. The freshwater supplied by snow or glacier melting
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from Siberia and Kamchatka delivered fine grain sediments to the Okhotsk Sea. During the
stronger interglacial intervals after the Mid-Brunhes Transition (i.e., Marine Isotope Stages
1, 5e, 9, and 11), strong freshwater discharges from Amur River drainage area are in
association with intensified East Asian Summer Monsoon. This process may have
enhanced the input of fine-grained terrigenous sediments to the central Okhotsk Sea.

Keywords: Okhotsk Sea, paleomagnetism, paleoenvironment, mid-pleistocene transition, mid-brunhes transition

INTRODUCTION

Marine oxygen isotope data reveal that the Northern Hemisphere
glaciation had an onset 3.5 million years (Ma) ago and further
intensified around the end of Pliocene when it evolved to alternating
glacial and interglacial intervals which dominated the global climate
(e.g., Bartoli et al., 2005; Lisiecki and Raymo, 2005; Mudelsee and
Raymo, 2005). Complicated oscillating variations such as the “Mid-
Pleistocene Transition (MPT)” from 1.25 to 0.7 Ma or the Mid-
Brunhes Transition (MBT) from ~400 to 350 thousand years ago
(ka) with an increase in amplitude of 100 kyr glacial-interglacial
cycles occurred during the last 2 Myr (e.g., Jansen et al, 1986;
Lisiecki and Raymo, 2005; Yin and Berger, 2010; Elderfield et al.,
2012; Head and Gibbard, 2015; Cronin et al., 2017; Barth et al,,
2018). The high-latitude areas are particularly sensitive to global
climatic changes due to the intimate and complex couplings
between the cryosphere, the atmosphere, oceans, and continents
(e.g., Elderfield et al., 2012; Melles et al., 2012; Campos and Horn,
2018). The Arctic Amplification reveals that the near surface
temperature is rising twice faster than the global average in high
latitude regions (e.g., Serreze and Francis, 2006; Serreze and Barry,
2011; Cohen et al,, 2014). Only few long-term sediment records
from terrestrial Arctic and subarctic Pacific provide continuous and
high-resolved information of natural climate variation during
Quaternary (e.g., Haug et al., 1999; Melles et al., 2012). The lake
sediment records from the Arctic show that the forcing (e.g., CO,
concentration, orbital cycles) of super interglacial intervals were
complex over the last 2.8 Myr, highlighting the importance of
amplifying feedbacks and far field influences (Melles et al,
2012). The marine sediment records from subarctic Pacific
Ocean reveal that the subarctic Pacific halocline stratification of
surface waters influences the exchange of CO, between ocean and
atmosphere (Haug et al., 1999). The long-term chronology (e.g.,
magnetostratigraphy) climate variations of interaction between
terrestrial Arctic and subarctic Pacific remain to be studied further.

The Okhotsk Sea is a marginal sea of the northwestern North
Pacific Ocean, which is a crucial “bridge” that connects the high
-latitude Asian continent and North Pacific. It can thus provide
crucial information about the glacial-interglacial climate change
linked to the interaction between continent and ocean. The
environmental proxies of the sediments accumulated in
Okhotsk Sea are sensitive to past climate change, reflecting in
the erosion of source regions, sea ice coverage, and changes in sea
level and land-sea interactions (Gorbarenko et al., 2002, 2010,
2012; Niirnberg and Tiedemann, 2004; Sakamoto et al., 2005,
2006; Liu et al., 2006; Chou et al., 2011; Niirnberg et al., 2011; Seki
etal,, 2012; Yamazaki et al., 2013; Zou et al., 2015; Jimenez-Espejo

et al,, 2018; Lo et al.,, 2018; Lattaud et al., 2019). Some previous
work already used the magnetic parameters and environmental
data to reconstruct the sea ice condition and climate changes (e.g.,
Gorbarenko et al., 2002; Chou et al., 2011; Yamazaki et al., 2013);
such type of studies remains, however, rare. Most previous studies
of Okhotsk Sea paleoceanography focused on sediment records
<500 ka, and only few over 1 Ma (e.g., Niirnberg and Tiedemann,
2004; Matul et al,, 2009; Chou et al., 2011; Niirnberg et al., 2011;
Yamazaki et al., 2013; Lattaud et al., 2019). Core MDO01-2414,
which was cored from the central Okhotsk Sea in 2001, constitute
the longest sediments record in this sea. Chou et al. (2011)
reported the paleomagnetic results and paleoenvironmental
implications of this core, which proposed a maximum age of
about 1800 kyr. Lo et al. (2018) modified the age model by
correlating the XRF scanning data with marine isotope LR04
stack (Lisiecki and Raymo, 2005), radiocarbon dating, bio-
stratigraphic constrain, and revised the age interval to ~1550 ka.

In this study, we focus on the interpretation of magnetic
records, biogenic and chemical environment proxies to further
improve the knowledge of type and provenance of terrigenous
magnetic particles and their grain-size/concentration variations
in response to environmental change in the central Okhotsk Sea
over the last 1550 ka.

Regional Setting

The Okhotsk Sea is surrounded by the Siberian continent
(Russian Far East), Sakhalin Island, Hokkaido Island, the Kuril
Islands and the Kamchatka Peninsula (Figure 1). The regional
current system is mainly driven by the counterclockwise Okhotsk
Gyre, which includes the West Kamchatka Current (WKC) in the
east and the East Sakhalin Current (ESC) in the west. The water of
Pacific flows into Okhotsk Sea from the Krusenstern Strait and
flows out from the Bussol Strait, respectively. The Soya Warm
Current brings salty-warm water from the Japan Sea into the
southern region. The Amur River supplies freshwater input from
the Tartar Strait (Figure 1).

The Okhotsk Sea is the southernmost and the largest region in
the world of modern seasonal sea ice formation (Kimura and
Wakatsuchi, 1999; Harada et al., 2014; Nishioka et al., 2014). In
present days, seasonal sea ice cover forms over Okhotsk Sea in
both its northern and western parts (e.g., Shiga and Koizumi,
1999) (see Supplementary Figure S1A). During modern-day
winters, the development of sea ice over the Okhotsk Sea
generates the formation of the Dense Shelf Water (DSW)
which will then act as the source of the Okhotsk Sea
Intermediate Water (OSIW). OSIW provides water masses
enriched in both O, and Fe’* to the North Pacific
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FIGURE 1 | Topography map of Okhotsk Sea showing the locations of study core MD01-2414 (red cycle) and reference cores (MDO1-2415 from Nirnberg and
Tiedemann, 2004; OS03-1 from Zou et al., 2015). Arrows indicate the ocean surface currents in sea (WKC: West Kamchatka Current; ESC: East Sakhalin Current). The
present edge of sea-ice limits from March to April is shown by a white dash line (After Shiga and Koizumi, 1999). SI, Sakhalin Island; HI, Hokkaido Island.
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Intermediate Water, which supplies nutrient-enriched and well-
ventilated intermediate water into the North Pacific (present day
observation; see Supplementary Figure S1). This process
influences the biological CO, drawdowns in the world
(Lembke-Jene et al., 2017, 2018; Nishioka et al., 2013; 2020).
The variation of both sea surface temperature and sea surface
salinity in the Okhotsk Sea are also related to sea ice formation
during the winter. High freshwater input from the Amur River
decreases the sea surface salinity in the western region of the
Okhotsk Sea during summer (e.g., Harada et al., 2008) (present
day observation; see Supplementary Figure S1). The sources of
terrigenous detrital materials include the Amur river drainage,
Ice-Rafted Debris (IRD), eolian dust, and volcanic eruptions
(Nirnberg and Tiedemann, 2004; Zou et al., 2015).

MATERIALS, AGE MODEL AND METHODS

Materials

Core MDO01-2414 (53°11.77'N, 149°34.80'E, water depth 1,123 m)
was taken from a giant piston corer in 2001 in the Derugin Basin
(central Okhotsk Sea) with a total length of 52.76 m (Figure 1).
The sediments are dominated by detrital materials (from sand to
clayed silts, clays with drop stones and ash layers) with few
diatoms and foraminifera (Bassinot and Baltzer, 2002; Lo et al.,
2018). The sediment color varies from dark greenish gray to olive
gray with spotted dark dots.

Age Model and Updated
Magnetostratigraphy

The age model of the study core has been constructed by Lo et al.
(2018) based on a combination of various dating methods,

including astronomical orbital tuning between LR04
(Figure 3A; Lisiecki and Raymo, 2005) and log (Ba/Ti) ratio
(Figure 3B; Lo et al, 2018), and with supports of Accelerator
Mass Spectrometry (AMS) '*C dating, paleomagnetic polarity
transitions and a biostratigraphic event. Details of tuning please
refer to Lo et al. (2018); see next section. Tuning tie points are
given in Supplementary Table S1. The average sedimentation
rates are ranged from 9.5 cm/kyr (upper 235 cm), which is mainly
due to the stretch of piston coring process to 2-4 cm/kyr. The
paleomagnetic result presents that the bottom of the core is
identified at the Gilsa geomagnetic excursion with the age of
1552 ka (Figure 2). The marine sediments from core MD01-2414
cover centennial to millennial-scale temporal-resolved and
continuing paleomagnetic records, as well as, natural climatic
and environmental variability of central Okhotsk Sea since
1550 ka. All environmental parameters reported in this study
show an apparent glacial/interglacial variability compared with
LR04-MISs (Figure 3) (detailed information of the age model is
shown in Supplementary Figures S2, S3).

We propose here to improve the accuracy of the
magnetostratigraphic library of Chou et al. (2011) with a new
age model (Figure 2). The Matuyama-Brunhes boundary,
Jaramillo subchron, and Cobb Mountain subchron can be
characterized from paleomagnetic direction (Figures 2B,C)
and relative paleointensity (Figure 2D) records. Despite the
very low sedimentation rate in this core (i.e, ~3.4 cm/kyr in
average) making it more difficult to distinguish the geomagnetic
excursions (e.g., Channell and Guyodo, 2004; Roberts and
Winklhofer, 2004), we identified seventeen geomagnetic
excursions. All these excursions were already reported in
marine sediment cores from various sites (e.g., Lund et al,
20065 Singer, 2014; Channell et al., 2020). The model of post-
depositional remanent magnetization lock-in process shows that
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FIGURE 2 | Temporal variation trends of (A) magnetostratigraphy, (B) inclination, (C) declination and (D) relative paleointensity of core MDO1-2414. The new age
model is based on Lo et al. (2018). Field reversal and geomagnetic excursion events were marked by blue bars.

no excursions (with 1kyr duration) were recorded during the
periods of low sedimentation rates (<3 cm/kyr) for a lock-in
depth of 10 cm (Roberts and Winklhofer, 2004). The excursion
records of MDO01-2414 may be due to thinner lock-in depth
(<10 cm) within the sediments than that had reported in the
other studies (e.g., Suganuma et al., 2010, 2011; Horiuchi et al,
20165 Valet et al., 2019). From the youngest to the oldest, those
excursions are Mono Lake (32ka), Norwegian-Greenland Sea
(65 ka), Blake (110ka), Iceland Basin (195-188 ka), CR0/8a
(264 ka), Portuguese Orphan (286 ka), CR1/9f (317 ka), CR2/
13a or Orphan Knoll (519 ka), La Palma (584 ka), Matuyama-
Brunhes precursor (802 ka), Kamikatsura (891 ka), Santa Rosa
(two events at 930 and 937ka), Punaruu (1145ka), Bjorn
(1262 ka), Meseta del Lago Buenos Aires (1317 ka), Gardar
(1468 ka), and Gilsa (1552ka). The revised well-dated result
presents a complete paleomagnetic stratigraphy since 1552 ka
(Table 1).

Methods
Rock Magnetic Analyses
This core was cut into 36 sections with a length of 1.5 m for each
section, U-channels were sampled in the central part of each
section. Magnetic measurements of U-channel samples were
measured by the Bartington MS2 magnetic susceptibility
system with an ASC auto-tracking rail and a cryogenic
magnetometer (2G 755 SRM) in the shielding room of the
paleomagnetic laboratory at the Institute of Earth Sciences,
Academia Sinica, Taiwan. The Anhysteretic Remanent
Magnetization (ARM) was applied with a DC bias field of 1
Gauss under a 100mT alternating field. All U-channel
measurements are within 1 cm interval.

First-Order Reversal Curve (FORC) diagrams were measured
under room temperature by wusing a Vibrating Sample

Magnetometer (Micromag VSM 3900) at the Institute of
Geology and Geophysics, Chinese Academy of Sciences. For
each sample, a total of 100 FORCs were measured with a
positive saturation field of 1T, an increasing field step (0H) of
1.84 mT, and an averaging time of 500 ms following the protocol as
described by Roberts et al. (2000). FORC diagrams were produced
using FORCinel version 1.18 software, with a smoothing factor of 4
(Harrison and Feinberg, 2008). In a FORC diagram, coercive field
(B.) and magnetostatic interaction field (B;) are indicated on the
horizontal and vertical axes, respectively.

Micromorphology Observation

Most of the sediment samples of MD01-2414 show the same
magnetic mineralogy, the major magnetic mineral is magnetite
(Chou et al, 2011). To investigate morphology of the
ferromagnetic mineral (i.e., magnetite), we studied in detail the
terrigenous detrital materials of one representative sample from
one interglacial interval, MIS 5e, which was extracted at depth of
628 cm (118 ka, Marine Isotope Stage, MIS 5e) with a
conventional extraction method (Li et al, 2012; Jiang et al,
2020). The origins of these materials include the Amur River
drainage, Ice-Rafted Debris (IRD), eolian dust, and volcanic
eruptions; note that the input from Amur River drainage
decreased during glacial intervals. To observe the “coarse”
(i.e, ~0.1-5um) ferromagnetic particles, the synchrotron
Transmission X-ray Microscope observation was performed at
the BLO1B beamline with up to 30 nm resolution of Taiwan Light
Source (TLS, beam energy 1.5 GeV, current 360 mA) at the
National Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan (Wang et al, 2015). The coarse
ferromagnetic extracts were dried on a Kapton tape and
images were obtained under phase contrast mode with a
15 um x 15 pm image frame.
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FIGURE 3 | Temporal variation of environmental proxy results from marine sediment core MD01-2414 are compared to the marine oxygen isotope record reported

by Lisiecki and Raymo (2005) since 1550 ka. Stronger interglacial periods are marked by yellow bars. Mid-Pleistocene Transition (MPT) and Mid-Brunhes Transition
(MBT) are marked by Gray bars. MIS 19 is marked by green bar. (A) marine oxygen isotope (B), log (Ba/Ti), (C) magnetic susceptibility (x), (D) anhysteretic remanent
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(Mn/Ti), and (K) log (Fe/Ti).
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TABLE 1 | Age estimates (ka) for field reversals and geomagnetic excursions of MDO1-2414 paleomagnetic record.

Reversal and Excursion Corrected mid-depth (cm) Mid-age (ka) MIS References

(Chou et al., 2011;

Lo et al., 2018)

Mono Lake 261 32 3 Lund et al. (2006), Singer (2014), Channell et al. (2020)
Norwegian-Greenland Sea 384 65 4 Lund et al. (2006)
Blake 533 110 5d/5e Lund et al. (2006), Singer (2014), Channell et al. (2020)
Iceland Basin 885-859 195-188 7 Lund et al. (2006), Singer (2014), Channell et al. (2020)
CRO/8a 1092 264 8 Lund et al. (2006)
Portuguese Orphan 1150 286 9 Channell et al. (2020)
CR1/9p 1217 317 9 Lund et al. (2006)
CR2/13a or Orphan Knoll 2038 519 13 Lund et al. (2006), Channell et al. (2020)
La Palma 2200 584 15b/15¢ Singer (2014), Channell et al. (2020)
Matuyama-Brunhes boundary 2773 780 19 Singer (2014), Channell et al. (2020)
Matuyama-Brunhes precursor 2840 802 19/20 Channell et al. (2020)
Kamikatsura 3148 891 22 Singer (2014), Channell et al. (2020)
Santa Rosa 3269 and 3293 930 and 937 24/25 Singer (2014), Channell et al. (2020)
Top Jaramillo 3473 991 27/28 Singer (2014), Channell et al. (2020)
Base Jaramillo 3704 1075 31 Singer (2014), Channell et al. (2020)
Punaruu 3930 1145 34 Singer (2014), Channell et al. (2020)
Top Cobb Mountain 4067 1190 35 Singer (2014), Channell et al. (2020)
Base Cobb Mountain 4102 1215 36/37 Singer (2014), Channell et al. (2020)
Bjorn 4295 1262 38 Singer (2014), Channell et al. (2020)
Meseta del Lago Buenos Aires 4521 1317 41 Singer (2014)
Gardar 5050 1468 48/49 Singer (2014), Channell et al. (2020)
Gilsa 5276 15652 53 Singer (2014), Channell et al. (2020)

A small drop of ethanol (2 uL) containing ferromagnetic
extracts was dried on a carbon-coated copper grid for
Transmission Electron Microscope (TEM) observations at the
Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing, China. The samples were examined by TEM
(JEOL JEM-2100) with an accelerating voltage of 200 kV. Selected
Area Electron Diffraction (SAED) patterns were recorded from a
group of fine grained ferromagnetic particles at various camera
lengths, and Energy Dispersion Spectrum (EDS) was carried out
to detect elemental composition. Digital micrograph software was
used for image processing.

Liu et al. (2006) reported the appearance of dolomite at MISs
1, 5,9, 11, and 13, which is generally associated with a bacterial
reduction of sulfate. In this study, three samples from different
interglacial intervals (i.e., MISs 5e, 9, and 11) were selected for
Scanning Electron Microscope (SEM) analysis. Few freeze-dried
sediment powder of each sample was dispersed in ethanol and
dried on conducting resin, then observed by a Zeiss SIGMA field-
emission SEM with an operation voltage of 15 kV at the Southern
University of Science and Technology, Shenzhen, China. The
elemental analysis (INCA1, Oxford) was performed with a semi-
quantitative Energy-Dispersive X-ray Spectroscopy (EDS) system
attached to an SEM operating at 20 kV, with a collection time
of 30s.

Diatom Floral Assemblage and Opal Accumulation
Rate

Concerning the characterization of diatom, this whole core was
subsampled at a 1 cm interval and analyzed ata 5 cm resolution.
One-gram dry weight sediment was chemically treated by 10%
HCI and 30% H,O, to discard calcium carbonate components
and organic matter (Wang et al., 2014). Pleurax was used as the

mounting medium to make the permanent slide. The diatom
valves were counted at magnifications of 1000x; at least 400
valves were counted per sample when possible. Percentages are
based on the total diatom sum. Note that only the diatom
abundance was estimated for samples with poor diatom
preservation (<100 diatom valves); they were not included
for the discussions of sea ice diatom percentages. The
diatom assemblages in the Okhotsk Sea surface sediments
are strongly influenced by oceanic conditions, such as the
sea ice coverage (Koizumi et al.,, 2003). The identification of
diatom species and their ecological interpretation is based on
the previous research of surface sediments of Okhotsk Sea
(Shiga and Koizumi, 1999; Koizumi et al., 2003). Wang and
Wang, (2008) characterized 13 dominated diatom species in
MDO012414 and categorized them into different assemblage to
reflect the sea ice condition during the last 50 ka: the sea-ice

assemblage  (Bacterosira  bathyomphalus,  Fragilariopsis
cylindra, F. oceanica, Thalassiosira antarctica, and T.
nordenskioldii), the high-productivity assemblage

(Neodenticula seminae, T. latimaginata, and Thalassiothrix
longissima), and the open-ocean assemblage (Rhizosolenia
hebetata, R. styliformis, and Actinocyclus curvatulus). We
used the same categories of diatom species to distinguish the
different intervals in this study: sea ice and high-productivity
assemblages indicate the perennial ice-cover and seasonal ice-
cover, respectively, whereas the open-ocean assemblage is
assumed to be coeval to periods in which the Okhotsk Sea is
devoid in ice-cover.

We present both opal content and accumulation rate (AR).
Opal AR is calculated by opal content (%; Lo et al., 2018) x bulk
density (g/cm’; Bassinot and Chen, 2002) x linear sedimentation
rates (cm/kyr; Lo et al,, 2018).
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X-Ray Fluorescence Scanning

Iron and Manganese are abundant transition metals, and their
oxides can provide information of redox reactions in natural
environments (e.g., Nacher et al., 2013; Huang and Zhang, 2020).
Their abundances were estimated by using non-destructive X-ray
Fluorescence (XRF) scanning technique. Continuous downcore
measurements of element variations were performed in the
ITRAX XRF Core Scanner Laboratory, Department of
Geosciences, National Taiwan University (Huang et al., 2016).
All U-channels were scanned by using the 3 kW Mo source and
were analyzed at 30kV/24 mA, 2mm resolution with an
exposure time of 30s. The count value of each element was
calculated from element peak areas of original XRF spectra by the
Q-Spec software provided by COX Analytical Systems.

RESULTS

Environmental Magnetic Parameters

The bulk magnetic susceptibility (labeled as x) and ARM/x results
of the core MD01-2414 were already presented by Chou et al.
(2011) and included in Figure 3; here we added the bulk ARM
results in the figure. Magnetite is the dominant magnetic mineral
in the marine sediments of Okhotsk Sea (Chou et al.,, 2011). x
presents the variation of magnetic abundance with values in the
range of 20-150 x 10 SI; some of the highest values appear to
correlate with the occurrence of ash layers. ARM is also a proxy of
magnetic abundance which is sensitive to the fine grain (single-
domain, SD, <100 nm) magnetite contribution (Thompson and
Oldfield, 1986), with value between 1.5 and 20 A/m. ARM/ ratio
is a proxy of relative grain size of magnetite, high/low values refer
to fine/coarse grain (King et al., 1982). The variations of x and
ARM/ of this core show a consistent relationship with global
marine oxygen isotope (Figures 3A-C). High y values with
coarse magnetic grains (ARM/x between 1 and 2, grain size
>1.0 um) are observed at the oxygen isotope stages of the
glacial intervals and low X value with fine magnetic grain
(ARM/x between ~3 and 7.5, grain size <1 pum) is found at
interglacial intervals, respectively (Figure 3E, Supplementary
Figure S4). Two main trends characterize the variations of
ARM over time: it evolves similarly with oxygen isotope stages
before 400 ka and respectively show low/high values at glacial/
interglacial intervals, whereas significant decreases of the ARM
values mark the interglacial intervals after 400 ka (i.e., MISs 1,
5e, 9, 11).

Diatom and Opal

Results of diatom abundance, sea ice related diatom abundance
(%), opal data, and opal accumulation rates of the sediment
from core MDO01-2414 are detailed in Figures 3F-I. Drastic
increase of diatom abundance can be observed during the
interglacial intervals MISs 1, 5e, 9, 11, 37, 45, 47, and 49
(Figure 3F). Note that the lack of data for MISs 20-36 are
due to poosr occurrence or preservation of diatoms (see Diatom
Floral Assemblage and Opal Accumulation Rate section). The
percentage of sea ice assemblages dominated during the glacial
intervals after MIS 20, but present relatively lower values during

Paleoenvironment Variations in Okhotsk Sea

the glacial intervals before MIS 36 (Figure 3G). Sedimentary
opal concentration is a proxy of marine siliceous bio-
productivity (e.g., Keigwin et al,, 1992; Keigwin, 1998). In
this contribution, we use the diatom abundance, opal data
from Lo et al. (2018) together with our opal accumulation
rates as the proxies of productivity. Even though the opal
contents were quite variable during the glacial intervals, the
greatest concentration of opal generally occurs during the
interglacial intervals in the central Okhotsk Sea; the highest
opal values correspond to the super and stronger interglacial
intervals (Figures 3H,I).

Core Scanning Results

Log metric results of elemental counts ratio were normalized by
titanium from XRF core scanning in order to prevent the
potential signal saturation effect (e.g., Huang et al., 2016; Lo
etal., 2018). The variation of manganese- and iron-oxides content
can be considered as a proxy of bottom water redox condition
(Huang and Zhang, 2020). Mn/Ti ratio ranges from ~0 to 2.4 in
log scale that shows strong variability in glacial/interglacial cycles
in the last 1550 ka. The greatest values occurred during the
stronger interglacial intervals such as MISs 5e, 9, 11 (Melles
et al,, 2012; Coletti et al., 2015; Head and Gibbard, 2015; Petrick
et al., 2015; Past Interglacials Working Group of PAGES, 2016)
(Figure 3]). Fe/Ti ratio shows relatively small variability (i.e., ~1.6
to ~1.9) in the whole log scale when compared to log (Mn/Ti)
ratio; the latter reveals higher values during the stronger
interglacial intervals (Figure 3K).

Magnetic Analyses and Microscopy

Observation of Magnetic Particles

We combined the magnetic analysis and microscopy
observations results to characterize the type, size, and origin of
ferromagnetic particles, as well as their paleoenvironmental
implications. Chou et al. (2011) already demonstrated that
magnetite is the predominant magnetic carrier in the
sediments of core MD01-2414.

Magnetic Analyses

FORC diagrams can provide information of different magnetic
components even in the cases of complicated magnetic mineral
assemblages (e.g., Roberts et al., 2000). Examples of FORC results
of MDO01-2414 sediments for one glacial interval (MIS 2;
Figure 4A) and two interglacial intervals (MISs 5e and 9;
Figures 4B,C) are presented in Figure 4. The three samples
show a manifest “central-ridge” signature at B. between 5 and
60 mT, indicative of SD, and thus fine-grained (i.e., <100 nm),
magnetic particles such as biogenic ferromagnetic minerals and/
or detrital ferromagnetic grains resulting from the erosion of their
silica-host (e.g., Heslop et al,, 2014; Chang et al,, 2016; Li et al,,
2020a). A wide-shape B; signal in low coercivity (B, <40 mT) can
also be observed in all samples, which indicates grain sizes larger
than 100 nm, and thus either grains in the “vortex state”
(previously called “pseudo-single domain”) for size in between
100-500 nm or multi-domain (MD) ferromagnetic particles (size
>500 nm) (Roberts et al., 2017).

Frontiers in Earth Science | www.frontiersin.org

October 2021 | Volume 9 | Article 683984


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Chou et al.

Paleoenvironment Variations in Okhotsk Sea

A x10-3B x104C %1074

— 1 6 6

|_

E

m 5 0 0

17.7 ka 118 ka 324 ka
80 0 40 80 0 40 80
B.(mT) B.(mT) B.(mT)

FIGURE 4 | The First-order reversal curve (FORC) diagrams of three studied samples at 17.7 ka (MIS 2) (A), 118 ka (MIS 5¢e) (B), and 324 ka (MIS 9) (C),
respectively. All samples show a clear “central-ridge” behavior. B;, magnetostatic interaction field; B, coercive field.

Microscopy Observation

Three types of ferromagnetic particles from the sample of MIS 5e
(from depth of 628 cm) were identified from microscopy
observation. Synchrotron Transmission X-ray Microscope
observations and TEM respectively revealed that the both
coarsest ferromagnetic particles (~500-5000 nm) and those in
a size range of ~50-100 nm are angular in shape (Figures 5A,B).
We labelled those angular/irregular shaped ferromagnetic
particles as Type-1. Type-2 ferromagnetic particles
corresponds to “silicate-hosted” ferromagnetic mineral(s),
represented by abundant nano-sized (<15nm) inclusions of
ferromagnetic grains embedded within silicates with angular
morphology (Figures 5C,D); both hosts and inclusions
(oxides) were characterized through EDS analysis (Figures
5E,F). Some Type-2 grains present crystal defects (Figure 5D).
These ferromagnetic inclusions are probably magnetite. Type-3
ferromagnetic particles are nanometer magnetite aggregates (a
few nm to ~50 nm) composed of nano-sized single crystals of
magnetite showing significant defects in their lattice
(Figures 5G,H).

The SEM images of samples from the three recent “strong”
interglacial samples (MISs 5e, 9, and 11) present abundant
axiolitic/microspheric aggregates with the size ranging from 5
to 30 um; some are located within diatom frustules (Figures
6A-C). These aggregates are micro-sized crystals composed of
Fe and S (Figures 6D-F), and are likely framboidal pyrite. In the
EDS analysis in Figures 6D-F, the O and Si signals were also
detected due to the small size of the framboids and probably
belong to the silicate fragments surrounding the diatom.

DISCUSSION

Type and Origin of Ferromagnetic Particles
in the Sediments of Central Okhotsk Sea

To study the paleoenvironmental variations of the central
Okhotsk Sea, the terrigenous sources and the different types of
sediments must be characterized. The type of ferromagnetic
minerals within sediments is a proxy of these sources and can
thus help to trace and identify the origin of the detrital materials.
In the selected representative sample, MIS 5e, we identified
through microscopic observation three main different main
types of ferromagnetic (labelled Type-1 to Type-III), but all

correspond to the same unique mineral: magnetite. Previous
magnetic study of the sediment core MD01-2414 reported that
magnetite is the predominant ferromagnetic mineral whatever
the depth (Chou et al., 2011). FORC results of central Okhotsk
Sea sediments (Figure 4 in this study; Yamazaki et al., 2013) also
show similar magnetic properties at different depths. Note that
pyrite (pyrite framboids are discussed in the Core Scanning
Results section) is not a ferromagnetic mineral.

Type-1 is represented by angular/irregular particles (Figures
5A,B), with grain sizes larger than ~50 nm which is in agreement
with the FORC results and suggests that these grains are either SD
and/or in the vortex state (Figure 4B). They are likely from detrital
origin, which is related to erosion of magnetite-bearing igneous
rocks from nearby sources (Li et al., 2020a). Type-2 corresponds to
scattered nano-sized (<15nm) magnetite inclusions within a
silicate-hosted matrix (Figures 5C,D) showing that these
magnetite particles are mainly in a superparamagnetic (SP) state
or SD, for the largest ones. These domain states explain, at least
partly, the “central-ridge” behavior of FORC results (e.g., Heslop
et al,, 2014; Chang et al.,, 2016; Li et al., 2020a). Igneous rocks are
assumed to be the protolith of the silicate-hosted magnetite (Chang
et al., 2016; Li et al., 2020a).

Type-3 ferromagnetic particles are nanometer (a few nm to
~50 nm) magnetite aggregates (Figures 5G,H) and thus also
either SP or SD. Some large grains (~50 nm) are arranged into
chain structures which resemble magnetosomes (Figure 5G) but
are actually not magnetite magnetofossils because they contain
crystallographic defects which are untypical of biogenic
magnetite (e.g., Li et al, 2020a; 2020b). Though Yamazaki
et al. (2013) suggested the presence of biogenic magnetite in
the sediments of central Okhotsk Sea based on FORCs data and
isothermal remanent magnetization component analysis, we did
not find any actual magnetosome through TEM observation.
Finally, smaller magnetite aggregates correspond to rounded
magnetite aggregates (Figure 5H), with individual grain size
from a few nm to ~20 nm and thus dominantly SP. Li et al.
(2020a) observed similar kinds of SP magnetite aggregates from
the sediments of the central Pacific Ocean, but their true origin
remains unknown. In this study, we observed that the
morphologies of Type-3 grains are similar to the magnetite
inclusions of Type-2 and likely share the same origin: these
magnetite inclusions are probably issued from erosion of their
silicate hosts.
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FIGURE 5 | Images of microscopy observation of ferromagnetic particles extracted from one sample at depth of 628 cm (118 ka, MIS 5e). (A) Coarser particles
(~0.5-5 um) can be observed by synchrotron Transmission X-ray Microscope. Those grains are angular in shape. (B) Image of Transmission Electron Microscope (TEM)
presents fine extracted-magnetic particles (~50-100 nm) in irregular shapes. (C-D) Silicate-hosted ferromagnetic minerals, represented by abundant nano-sized
(<15 nm) inclusions of ferromagnetic grains embedded within silicates with angular morphology. (E) Enlargement image of (D) presents nano-sized (<10 nm)
inclusions. The Selected Area Electron Diffraction (SAED) pattern of those inclusions presents significant crystal defects. (F) Energy-Dispersive X-ray Spectroscopy (EDS)
analysis of selected area in (E) reveals that those inclusions contain abundant Fe and O. (G) Image of nanometer ferromagnetic aggregates (~50-100 nm) showing single
crystals with significant crystal defects. (H) Image of smaller nanometer-sized ferromagnetic aggregates (a few nm to ~20 nm) reveals randomly oriented single crystals.
The type of each ferromagnetic particle is specified in each photo; see text for further explanations.
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FIGURE 6 | Scanning Electron Microscope (SEM) images and related Energy-Dispersive X-ray Spectroscopy (EDS) analyses of three interglacial samples at depth
of 628 cm (MIS 5¢) (A-D), 1128 cm (MIS 9) (B-E), and 1668 cm (MIS 11) (C-F). Each sample contains various-sized framboidal pyrites within the diatom frustules.

To sum up, all ferromagnetic particles within the sediments in
the central Okhotsk Sea are from detrital origin, result from the
erosion of igneous rocks and thus probably mainly stems from the
Kamchatka Peninsula or Okhotsk-Chukotka volcanic belt (e.g.,
Wang et al., 2021), which are the largest and closest volcanic
regions around the Okhotsk Sea. The grain size distribution and
concentration of ferromagnetic particles within sediments could
reflect the variation of terrigenous transportation processes which
were influenced by environmental changes.

Paleoenvironment in the Central Okhotsk

Sea During Glacial Intervals

In the southeastern Okhotsk Sea, since 350ka the marine
productivity ~decreased while the proportion of coarse
sediments with a high magnetic susceptibility accumulated
during glacial intervals increased (Gorbarenko et al, 2002).
Niirnberg et al. (2011) provided a scenario of sea ice coverage
and glaciation on the Kamchatka Peninsula during glacial
intervals: the highly dynamic sea ice expansion leaded to high
accumulation rate of sea-ice supplied ice-rafted debris (sea-ice-
IRD) from coastal sources into the sea basin. Glaciers from the
west of Kamchatka Peninsula gradually developed until reaching
Okhotsk Sea where they split to form icebergs that derived toward
the eastern part of the sea and increased the supply of iceberg-
rafted debris (iceberg-IRD). Geochemical analyses of marine
sediments in the Okhotsk Sea revealed another source of
terrigenous materials: the eolian dust from Chinese loess
Plateau which especially is substantial during glacial intervals
(Narnberg and Tiedemann, 2004; Zou et al., 2015). Yamazaki
et al. (2013) suggested that the sea ice was also dynamic in the

central Okhotsk Sea during glacial intervals, and can thus
enhance both the IRD accumulation and the input of coarse
and high magnetic particles. The magnetic proxies presented in
this study conform with these two assumptions; during glacial
intervals the dynamic sea ice and icebergs can carry large quantity
of sediments until the central part of the sea basin, including the
coarse magnetite grains issued from igneous rocks of Kamchatka
Peninsula (Figures 3C-E). The stronger “vortex contribution” of
glacial period samples (Figure 4A) than the interglacial samples
(Figures 4B,C), also support a larger size of ferromagnetic grains
during glacial intervals.

The concentration of sea ice diatoms became significant near
the beginning of the MPT (~900 ka), especially during glacial
intervals only after MIS 20 (i.e., 814 ka), related to an abrupt
increase in Antarctic ice volume (Elderfield et al., 2012); before,
they are either in low-concentration or even near-absent
(Figure 3G). However, the lack of sea ice diatom during the
glacial intervals between ~1200 ka and ~900 ka might be due to
full coverage of seasonal sea ice (even perennial sea ice from the
extent of mountain glaciers on Kamchatka Peninsula during
specific glacial intervals) in the central part of Okhotsk Sea
(e.g., Nirnberg et al.,, 2011). Niirnberg and Tiedemann (2004)
reported the existence of IRD and drop stones during this period
in the sediment core from Okhotsk Sea, evidencing the
occurrence of sea ice. Overall, the concentrations of sea ice
diatom (Figure 3G) and opal (Figures 3H,I) in the core
MDO01-2414 show opposite trends; the low opal content/AR
during glacial intervals highlights low marine productivity
during such intervals. The opal concentration during glacial
intervals also globally decreased after the beginning of the
MPT; this implies a decrease of marine productivity during
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FIGURE 7 | Schematic cross-section and view of Okhotsk sea displaying the terrigenous transportations and oceanographic conditions during glacial periods.

the glacial intervals after 900 ka. Those phenomena suggest a
shorter duration of sea ice coverage during the pre-MPT glacial
intervals, during those periods, the sea-ice-IRD supplied coarser
terrigenous material, with a high-x, into the sea basin.

The sea ice formation produced a large volume of cold brine
sea water, which generated the Dense Shelf Water (DSW) as the
source of Okhotsk Sea Intermediate Water (OSIW), and further
enhanced the deep water ventilation (Iwasaki et al., 2012; Max
et al., 2014; Bubenshchikova et al., 2015; Zou et al., 2015). The
fresh OSIW flowed to the deepest parts of the basin while carrying
high concentrations of dissolved oxygen. The redox index of log
(Mn/Ti) and log (Fe/Ti) are low during glacial intervals (Figures
3J,K), which indicate an oxic state of bottom water and conform
to the previous interpretation (Iwasaki et al., 2012; Max et al,,
2014; Bubenshchikova et al., 2015; Zou et al., 2015).

Based on the results from the literature and this study, we
propose in Figure 7 a model of general evolution of Okhotsk Sea
during glacial intervals, including oceanographic conditions and
terrigenous transportations. During glacial intervals, the northern
and western region of Okhotsk Sea was covered by perennial sea
ice. Considering the development of sea ice, marine productivity

declined. The formation of sea ice, however, enhanced the
production of the DSW which carried high dissolved oxygen
into the OSIW. Mountain glaciers of the Kamchatka Peninsula
could extend to sea level and form icebergs that drifted to the
eastern region of Okhotsk Sea. Those mobile icebergs carried
many iceberg-IRD, including coarse and high magnetic
terrigenous detritus, to the central Okhotsk Sea basin.

Paleoenvironment in the Central Okhotsk
Sea During Stronger-Interglacial/

Interglacial Intervals

During interglacial intervals, the sea ice from the preceding glacial
interval completely melted and development of new sea ice was
only seasonal at best. High biogenic productivity and fine
sediments with a low IRD content and MS were formed in the
interglacial intervals (Gorbarenko et al, 2002, 2012). The
proportion of terrigenous sediments from the Siberian
continent increased compared to the glacial intervals
(Nirnberg et al., 2011; Iwasaki et al., 2012; Khim et al.,, 2012;
Jimenez-Espejo et al.,, 2018). The proportion of ferromagnetic
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grains among the fine grained material is, yet, relatively lower. x,
ARM/x and LR04-MISs evolve similarly; for instance, low x and
fine magnetite grain size (ARM/X) correlate with low §'0 value
(i.e., warmer period). The super-interglacial intervals (e.g., MISs
1, 5e, 11, 31, 47, 49; Melles et al., 2012; Coletti et al., 2015; Head
and Gibbard, 2015; Petrick et al., 2015; Past Interglacials Working
Group of PAGES, 2016) present relative low abundance and finer
ferromagnetic grains (Figures 3A-E). Note that, although MISs 9
and 37 are not super-interglacial intervals, they show a similar
behavior as those intervals in the study area (Figure 3).

MIS 19¢ (green bar in Figure 3) is a peculiar interglacial
interval as it shows similar orbital pattern as the present (e.g.,
Tzedakis et al., 2012; Giaccio et al., 2015; Suganuma et al., 2018).
Increase of ferromagnetic particle sizes and sea ice formation and
decrease of biogenic productivity occurs at the transition from
MIS 20 to MIS 19, suggesting a sudden event. Similar coeval
potential cooling event was also observed in the sediment records
from Lake Baikal, Lake EI'gygytgyn, the Chinese loess—paleosol
sequences, and in central Japan as well (e.g., Suganuma et al.,
2018).

During most periods, including the glacial intervals, ARM
values correlate well with the grain size of magnetite: fine grains
are associated with high ARM values in (interglacial intervals)
and, reciprocally, coarse grains with low ARM values (glacial
intervals). This indicates that smaller ferromagnetic grains (and
thus SD) were transported into the central Okhotsk Sea during
the warmer periods. However, significant decreases of the ARM
values are associated with the last four “strong” interglacial
intervals (i.e., MISs 1, 5e, 9, and 11), indicating a diminution
of ferromagnetic grains input among the sediments during these
periods (Figure 3D). On the other hand, high ARM/x
characterize these four periods (Figure 3E), evidencing that
the remanence of these sediments is still dominantly carried
by the fine-grained ferromagnetic minerals, which are even
much smaller than during other interglacial intervals. Those
four strong interglacial intervals, which occurred after the
MBE (~400 ka; e.g., Jansen et al., 1986; Yin and Berger, 2010;
Cronin et al, 2017), probably had distinctive environments
compared with previous interglacial intervals. Three main
reasons may explain the lower input of fine ferromagnetic
grains during those post-MBE strong interglacial intervals: 1)
the dilution of magnetic concentration by blooming of plankton
fossil deposition, 2) the dissolution/alteration of fine grain
ferromagnetic particles under anoxic bottom water condition,
or 3) a variation of terrigenous sediments input to the central
Okhotsk Sea due to environmental change(s).

In the first hypothesis, the high input of siliceous plankton
fossils diluted the fine grain ferromagnetic mineral concentration.
Result of diatom/opal occurrence from previous studies (e.g.
Niirnberg and Tiedemann, 2004; Iwasaki et al., 2012; Khim et al.,
2012; Lo et al.,, 2018) and this study show that high biogenic
productivity occurred during deglaciation of strong interglacial
intervals (e.g., MISs 1la, 5e, 9¢, and 1lc Niirnberg and
Tiedemann, 2004). The diatom abundance during super-
interglacial intervals can increase tens to hundred times
compared to the glacial intervals (Figure 3H). High biogenic
fragments can be predominant in the sediments and dilute the

Paleoenvironment Variations in Okhotsk Sea

magnetic contribution (x, Figure 3C). However, some high
biogenic productivity interglacial intervals such as MISs 31, 37,
47, and 49, are associated with an increasing ARM compared to
the result of MISs 1, 5e, 9, and 11 (Figures 3D,F,H,I). Such
divergence is in inadequacy with the first hypothesis but yet
indicates that multiple environmental mechanisms changed the
ferromagnetic input during warm periods.

Regarding the second hypothesis, it is assumed that the finest
ferromagnetic grains (i.e, the nano-sized magnetite) were
dissolved/altered under anoxic bottom water condition.
Through their study of the present water column from
northeastern Okhotsk Sea to low latitude northwestern Pacific,
Nishioka et al. (2013) revealed that Okhotsk Sea is the important
source of dissolved iron to subarctic North Pacific via the OSIW.
The sea ice formation on the northwestern continental shelf in
winter generates a DSW that disturbs and resuspends the
sediments and then provides dissolved iron into the OSIW.
Nishioka et al. (2013) also suggested that particles of volcanic
origin from the Kamchatka Peninsula might be the source of
dissolved iron even though the actual process and mechanism
remain unknown. Based on the results presented here, we think
that the high biogenic production during interglacial intervals
(Figures 3F-I) yielded the elevated contents of organic matter in
the sediments (e.g., Iwasaki et al., 2012). The microbial decay
reactions therefore led to the exhaustion of dissolved oxygen in
bottom water (Wakeham, 2020). The lesser sea ice formation
(Figure 3G) also weaken the seawater ventilation, leading to a
decrease of the oxygen supply into deep water in the center of
Okhotsk Sea (Zou et al.,, 2015; Lembke-Jene et al., 2017, 2018;
Jimenez-Espejo et al., 2018). Both processes may cause the pore
water gradient in the sediments changing from suboxic to anoxic
condition.

Under anoxic conditions (reducing environments), the redox
reactions of manganese- and iron-oxides are favored toward their
reduced forms (i.e., Mn>" and Fe?"), and become more dissolved
in the water (e.g., Burdige, 1993; Huang and Zhang, 2020). The
mobile Mn>* could migrate from the pore water of sediments and
alter to an oxic state at the oxic/post-oxic boundary, and then
precipitate as manganese oxyhydroxides. This process leads to
enrichment of manganese content in the sediments. The log (Mn/
Ti) ratio of XRF core scanning is relatively high during
interglacial intervals (Figure 3J), which inferred a reduced or
anoxia condition in bottom water. Liu et al. (2006) made the same
interpretation based on the geochemical analysis of core MDO1-
2414. By contrast, Fe*" has low solubility and easily transforms to
insoluble minerals such as siderite (FeCOs3), iron monosulfide
(FeS), and pyrite (FeS,) (e.g., Burdige, 1993). Both log (Fe/Ti) and
log (Mn/Ti) are relatively high during interglacial intervals
(Figure 3K). Interglacial samples contain abundant framboidal
pyrite aggregates which lie inside the diatom frustules (Figure 6).
Sulfate reducing bacteria, that propagated within the sedimented
frustule, may be the source of the sulfide: they digested the diatom
organic matter and created microenvironment where both the
dissolved Fe** and sulfide are put in contacts to form framboidal
pyrite aggregates (e.g., Hudson, 1982; Schieber, 2011). The
appearance of framboidal pyrite aggregates support the idea
that the iron dissolution occurring within the sediments in the
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central Okhotsk Sea can be considered as the source of dissolved
iron in the OSIW during interglacial intervals.

Despite that the anoxic condition and iron dissolution match
well with the second hypothesis, those phenomena still fail to
explain the significant decrease of ARM values during the last
four strong interglacial intervals. Two points remain litigious: 1)
The redox indexes, log (Mn/Ti) and log (Fe/Ti) present
significant high values during each interglacial interval, which
is in inadequacy with the apparent ARM decreasing
characterizing these intervals. 2) Three different types of
magnetite were characterized within the MIS 5e sediments (see
Environmental Magnetic Parameters section). The presence of
nanometer-sized magnetite particles indicates that the fine grain
magnetite was not totally dissolved during warm periods (Figures
5G,H). The silicate matrix surrounding the nanometer-sized
magnetite inclusions (Figures 5C,D) can, furthermore,
preserve it from dissolution under reducing conditions.

The third and last hypothesis is that a change(s) among the
terrigenous deposits explain the lower SD ferromagnetic grains
input into the central Okhotsk Sea. Previous studies reported
contemporaneous (i.e., <500 ka) environmental changes during
interglacial intervals such as decreasing of IRD (e.g., Niirnberg
and Tiedemann, 2004; Gorbarenko et al., 2017) and the
increasing of sea level (e.g., Thomas et al, 2009). The latter
strongly modified the input of terrigenous sediments in the center
of Okhotsk Sea (e.g., Liu et al, 2006; Niirnberg et al., 2011;
Jimenez-Espejo et al., 2018). Niirnberg and Tiedemann (2004)
pointed out a significant gradual decline of the IRD fraction and
an increase of the <63 um fraction from ~400 to 600 ka within a
sediment record in the central Okhotsk Sea. This offset may be
related to the MBT (occurring between MIS 13/11) in which an
increase in the amplitude of the 100 kyr climate cycles occurs:
post-MBT interglacial intervals show warmer temperature and
higher sea level compared to the pre-MBT interglacial intervals
(e.g., Jansen et al., 1986; Yin and Berger, 2010; Cronin et al., 2017;
Barth et al., 2018).

The paleoclimate records from the Chinese Loess Plateau
reveal an extension of East Asian Summer Monsoon (EASM)
domain area during interglacial intervals since MBT (Xu et al.,
2020). The enhancement of EASM was due to the retreat of the
northern hemisphere ice sheet provoking the northward shift of
the Intertropical Convergence Zone (ITCZ) and the rise of sea-
level (Xu et al., 2020). Meanwhile, coupled with the inhibition of
cold air masses from the Arctic region to midlatitude, the
northward expansion of EASM may have increased the
atmosphere temperature in the region in and around the
Okhotsk Sea. Such increase then enhanced the precipitation
rate in the Amur River drainage area and, consequently, the
freshwater input into the Okhotsk Sea (e.g., Niirnberg and
Tiedemann, 2004; Harada et al., 2008; Khim et al, 2012;
Lembke-Jene et al, 2017). In summer observation of present
days, Amur River supplies large amounts of freshwater into
northeastern Okhotsk Sea decreasing the sea surface salinity
whose effect extends till the central Okhotsk Sea (see
Supplementary Figure S1). Melting of Kamchatka mountain
glacier may also be another source of freshwater input (Harada
et al., 2008; Niirnberg et al., 2011).

Paleoenvironment Variations in Okhotsk Sea

Geochemistry results of marine sediments show that a major
source of terrigenous materials and nutrients of the south-central
Okhotsk Sea during interglacial intervals is the Amur River
(Figure 5A of Zou et al.,, 2015; Figure 6 of Wang et al., 2021).
During such intervals, the increase of water discharge from the
Amur River provided greater amounts of terrigenous materials
including fine but relatively poorer in ferromagnetic particles as
those material comes from drainage areas of the river (Zou et al.,
2015), which are dominated by sedimentary rocks (Zhao et al.,
2018). Meanwhile the sea ice coverage in Okhotsk Sea was under
open water conditions in the western region of the Okhotsk Sea or
seasonal ice became shorter in its northeastern region. The ice-
sheet retreat reduced both the number and size of icebergs and
consequently the supply of coarse and abundant ferromagnetic
mineral content (ie., iceberg-IRD) from the Kamchatka
Peninsula. Even though fine ferromagnetic particles were still
carried into Okhotsk Sea by melting water from glaciers, their
overall input decreased. Thus, the detrital input in the central
Okhotsk Sea during the last four strong interglacial intervals is
characterized by fine- and low ferromagnetic mineral
concentration. All things considered, only the third hypothesis
can explain the significantly decreasing ARM value during those
strong interglacial intervals.

We propose in Figure 8 a model of general evolution of the
terrigenous transportations and oceanographic conditions of
Okhotsk Sea during interglacial intervals. In such periods, the
sea ice on the central Okhotsk Sea was either seasonal or
inexistent. The retreat of both the Kamchatka mountain
glacier and the sea ice diminished the IRD accumulation in
the central sea basin. The freshwater caused by melting of snow
and/or glaciers from Siberia and Kamchatka carried fine grain
sediments to the Okhotsk Sea. The sea ice retreat weakened the
input of DSW, which in turn decreased the formation of OSIW
and the bottom water ventilation, and consequently, reduced
the supply of dissolved oxygen into deep water. The open ocean
conditions and vertical mixing of intermediate water caused
high marine productivity; large amounts of plankton debris
were deposited in the sea basin. The microbial decay of organic
matters depleted the dissolved oxygen and formed a reduced
environment in the bottom water. Coupled with high
concentration of dissolved Fe’*, the anoxia conditions
generated the formation of framboidal pyrite in the
sediments. Finally, during the last four strong interglacial
intervals (MISs 1, 5e, 9, and 11), which are post-MBT, the
active EASM enhanced 1) the freshwater discharge induced by
the high precipitation rates in the Amur River drainage area,
and 2) the supply of fine- and poor-ferromagnetic sediments to
the central Okhotsk Sea basin.

CONCLUSION

In this study we investigated the paleoenvironmental variations in
the central Okhotsk Sea since 1550ka by a combination of
environmental magnetic proxies, diatom, opal, geochemical
proxies and microscopy observations. The main conclusions
are as follows:
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Paleoenvironment Variations in Okhotsk Sea
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1) We present the new magnetostratigraphy of core MD01-2414
with a new age model by Lo et al. (2018); seventeen
geomagnetic excursions are identified. This unique record
provides a reliable paleomagnetic chronology for regional
Earth’s field study and paleoceanography study of marine
sediments in the northwest Pacific region.

Three types of magnetite are identified from sediments during
MIS 5e, 1) detrital origin angular-irregular coarse grains, 2)
volcanic origin silicate-hosted nanometer-sized magnetite
inclusions, and 3) nanometer-sized magnetite aggregates
which were formerly inclusions in silicates. The Kamchatka
Peninsula is assumed to be the source of all those particles.
During glacial intervals, the perennial sea ice covered the
northern and western areas of Okhotsk Sea, which caused low
marine productivity and enhanced the formation of Okhotsk
Sea Intermediate Water (OSIW) and oxygenation in bottom
water. Those mobile icebergs from the Kamchatka Peninsula
Glacier carried coarse and abundant ferromagnetic
terrigenous detritus to the central Okhotsk Sea basin.

2)

3)

4) Increased abundance of sea ice diatoms and opal suggest a
shorter duration of sea ice coverage in the glacial intervals pre-
MPT than syn-/post-MPT.

During interglacial intervals, the retreat of sea ice coverage
decreased the IRD accumulation, the OSIW formation, and
the bottom water ventilation. The freshwater from Siberia and
Kamchatka exported fine-grained sediments to the Okhotsk
Sea. High marine productivity resulted in the deposition of
large amounts of plankton debris in the sea basin. Low supply
of dissolved oxygen from OSIW and microbial decay caused
an oxygen-depleted environment in the bottom water. This
condition favors the formation of framboidal pyrite in
sediments during these interglacial intervals.

During the stronger interglacial intervals after Middle
Brunhes Transition (MBT) (i.e., MISs 1, 5e, 9, and 11),
active EASM enhanced the precipitation rates in the Amur
River drainage area. The strong freshwater supply increased
the input of fine- and poor-ferromagnetic sediments to the
central Okhotsk Sea basin.

5)

6)
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