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Arctic deep-water anoxia and its potential role for
ocean carbon sink during glacial periods

Kwangchul Jang® !, Kyung Sik Woo® 2% Jin-Kyoung Kim3 & Seung-Il Nam@® 1

Deep water freshening beneath pan-Arctic ice shelves has recently been proposed based on
the absence of excess thorium in glacial Arctic sediments. This profound proposal requires
scrutiny of Arctic paleohydrology during past glacial periods. Here, we present structural and
geochemical results of inorganic authigenic carbonates in deep-sea glacimarine sediments
from the Mendeleev Ridge, western Arctic Ocean over the last 76 kyr. Our results suggest
that Polar Deep Water in the western Arctic became brackish and anoxic during stadial
periods. We argue that sediment-laden hyperpycnal meltwater discharged from paleo-ice
sheets filled much of the water column depending upon the density, substantially reducing
the salinity and oxygen content of the Polar Deep Water. Our findings suggest that this
phenomenon was more extreme in the western Arctic Ocean and may point to the potential
role of the western Arctic Ocean as an additional carbon reservoir in the global carbon cycle
across glacial-interglacial cycles.
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concentrations than today, which cause a substantial

fraction of global cooling!. A large proportion of the
diminished carbon from the atmosphere during glacial periods
was stored in deep oceans, the largest CO, reservoir2. In this
regard, the Southern Ocean has been identified as a major CO,
sink during glacial periods based on the evidence for strong ocean
stratification? that led to oxygen depletion®. On the other hand,
the role of the Arctic Ocean in glacial CO, drawdown has not
been considered. Despite dysoxic bottom waters being suggested
as a possible cause for the absence of Mn in glacial sediments?,
the prevailing paradigm is that the Arctic Ocean was mostly
oxygenated during the late Quaternary.

However, the recent suggestion of the Arctic Ocean being a
freshwater filled basin during marine isotope stages (MIS) 6 and 4
(ref. ®) triggered the revaluation of these past concepts®’. The
deep Arctic Ocean is generally saline and well-oxygenated at
present®, in which the brine formed in coastal polynyas plays a
crucial role in deep ventilation® (Supplementary Note 1). On the
other hand, glacial Arctic hydrology such as salinity>~” and
oxygenation!9-12 is still under debate because of controversial
geochemical evidence (Supplementary Note 2). Given that for-
aminifera records are discontinuous and tend not to be preserved
during unfavourable intervals for their survival such as oceanic
freshening (e.g., ref. °) and anoxia, it is necessary to develop and
apply alternative proxies and archives to reconcile inconsistencies
between the paleoceanographic reconstructions in the Arctic
Ocean.

Here, we provide an almost continuous record of the authi-
genic carbonates in glacimarine pelagic sediments at site PS72/
410-1 from the Mendeleev Ridge in the western Arctic Ocean
since the last glacial period (Fig. 1). The in-situ formed authigenic
carbonates and their textural and geochemical properties provide
direct information on the origin and associated prevailing ocea-
nographic conditions for the Polar Deep Water (PDW) (Sup-
plementary Note 3). The results indicate that brackish and anoxic
PDW, at least in the western Arctic, predominantly prevailed
during stadial periods such as MIS 4 to early 3 (hereafter MIS 4-
3) and MIS 2, probably due to oxygen-depleted meltwater
intrusion. This raises important questions on the role of the
Arctic Ocean as an atmospheric carbon regulator.

G lacial periods are characterised by lower atmospheric CO,

Results and Discussion
Authigenic calcites as an archive of the PDW. Authigenic car-
bonates are found throughout the sediment core (up to a depth of
39 cm), except for a few intervals (21-23 and 32-35cm). Two
intervals at core depths of 4-6 cm and 25-30 cm contain rela-
tively higher contents. Carbonate crystals consist of calcite (and
Mg-calcite) and aragonite, and various growth textures indicate
their inorganic origin. Calcite (and Mg-calcite) crystals show two
types of growth habits: either bundles of platy calcite crystals
(foliated ultrastructure) or individual calcite crystals. Bundles of
platy calcite crystals sometimes show the overall spherical growth
pattern of each bundle (Fig. 2a). Bundles of calcite plates
invariably comprise a stack of thin folia with isosceles triangle
shapes (Fig. 2b and c). Individual calcite crystals show equant,
bladed to fibrous textures and occasional aggregates of several
crystals. Aragonite crystals mostly display fibrous textures, which
are composed of needle-shaped crystals. Square-ended termina-
tions of each crystal confirm its aragonite mineralogy!3. Arago-
nite needles either show spherulitic growth fabric (Fig. 2d) or
randomly oriented fabric (Fig. 2e). Although rare, two stages of
aragonite growth after calcite are present (Fig. 2f).

Authigenic calcites occur in core-top sediment (<1 cm). This
implies that the fluid at the sediment-water interface has been

saturated with respect to calcite. Indeed, Arctic seawater is
saturated with respect to calcite and aragonite to some extent at
present, most likely resulting from low sedimentation and organic
respiration rates'%. Considering lower to similar sedimentation!®
and total organic carbon contents at site PS72/410-1 during the
last glacial period (Supplementary Fig. 1), the calcite saturation of
ambient seawater at site PS72/410-1 could have been persistent
over the last 76 kyr, leading to the continuous precipitation of
authigenic calcites at the sediment-water interface. This allows the
continuous record of the PDW signatures, except for two absent
intervals. On the other hand, the authigenic aragonites are found
from slightly deeper depths (>1cm) and often occur as an
overgrowth on calcites, implying possible later subsequent
precipitation in deeper sediments.

The subsequent overgrowths of calcite at deeper depths were
considered to be minor based on the following reasons. At first,
two stages of carbonate growth were found but only as a form of
aragonite overgrowth on calcite. Authigenic calcites formed
earlier than aragonites, and thus calcites are more likely to reflect
a pristine PDW composition without secondary alteration.
Second, the mean §'80 and §'3C values of these calcites at every
1 cm depth interval showed clusters with different core depths
(Supplementary Fig. 2). This reflects a time-dependent variability
of the fluid composition in a semi-closed system!®, which is
strongly supported by the general clustering of the §!80 and §13C
values of individual calcite crystals at a limited depth interval
(Fig. 3). Marine silicate weathering and subsequent authigenic
carbonate precipitation at deeper depths!” may overprint the
authentic PDW record in a semi-closed system. These processes
typically release large amounts of Mg (ref. 18.), resulting in
dolomite, siderite and Fe-rich calcite formation!’; however, the
Mg contents of authigenic calcite were significantly lower at
the deeper depths (Fig. 4). Taken together, we conclude that the
geochemical results of authigenic calcites primarily reflect the
physicochemical conditions of the overlying PDW without
further remarkable diagenetic alteration.

Brackish stadial Arctic. Authigenic calcites at site PS72/410-1
consist of low magnesium calcites (LMC <4 mol% MgCOs;
ref. 19) during two stadial periods including MIS 4-3 and MIS 2,
approximately corresponding to the Middle and Late Weichselian
glacial periods?® (Fig. 4). This observation is in contrast to high
magnesium calcites during the Holocene and interstadial within
MIS 3 (Fig. 4). The MgCOj3 concentrations of calcites are thought
to be primarily governed by the Mg/Ca ratios of fluids2122, Over
geological time scales, LMC has mainly formed in shallow marine
environments during the time intervals of low seawater Mg/Ca
(<2 mole/mole), while high magnesium calcites and aragonites
have predominantly precipitated during the time intervals of high
seawater Mg/Ca (>2) such as the modern condition (~5.2)(review
in refs. 1922). Laboratory experiments show similar results that
MgCOj; concentrations in calcites vary as a function of the aqu-
eous Mg/Ca ratios?3. Both geological and experimental evidence
indicates that the occurrences of the LMC only during stadial
periods reflect the significant reduction in Mg/Ca ratios of the
PDW in the western Arctic Ocean. This reduction cannot be
achieved by oceanic mixing between the Arctic Ocean and sur-
rounding oceans because Mg/Ca ratios of deep seawater are
generally homogenous?*. An intrusion of cold hydrocarbon see-
page that is thought to be responsible for the LMC precipitation
in today’s aragonite sea?>~27 might be considered. Hydrocarbon
seepage in the Arctic is generally associated with the destabili-
zation of gas hydrate, possibly via bottom temperature
warming?$2% and/or isostatic rebound by glacial unloading®.
Given the depth of the coring site, however, it is difficult to
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Fig. 1 Location of the study area and sampling locality in the Arctic Ocean. Sediment core PS72/410-1 was collected from the central part of the
Mendeleev Ridge in the western Arctic at 80°N at a water depth of 1,800 m during RV Polarstern Arctic Expedition ARK-XXIII/3 (PS72) in 2008 using a
giant box corer'®. The maximum extents of the Laurentide Ice Sheet and Eurasian Ice Sheet during the last glacial maximum (black dotted lines) and MIS 4
(solid black lines) are marked®3. A white dotted line indicates the Quaternary maximum extent of the marine-based East Siberian Ice Sheet80. The

bathymetry is taken from IBCAO Ver. 3.0 (ref. 94).

envisage a mechanism to destabilize gas hydrates during glacial
periods. In addition, our data with positive 813C signatures
(Fig. 4) are in contrast to typical negative data derived from the
oxidation of methane hydrates3!.

Freshwater typically shows an order of magnitude lower Mg/
Ca ratios compared to seawater, which is also consistent with the
case in the Arctic Ocean3?-3* (Supplementary Table 1). There-
fore, the massive sinking of freshwater could account for the
significant reduction in the seawater Mg/Ca ratio, thereby
precipitating the LMC during two stadial periods. This is also
strongly supported by generally lower strontium (Sr) contents in
the LMC (Supplementary Fig. 3), typically resulting from
carbonate precipitation in low Sr/Ca ratios of fluid>, which is
attributable to low salinity condition as evident from lower Sr/Ca
ratios of freshwater3?33 than seawater?4 in the Arctic Ocean.
During glacial periods, freshwater discharge in the Arctic was
prevalent due to the waxing and waning of continental ice
sheets?0, and its intrusion into the PDW occurred as recorded by
conventional water mass tracer, authigenic exq (ref. 1°) (Fig. 4).
The time-dependent variability of calcite 880 additionally
supports the freshwater sinking idea, as inferred from the general
correlation between the MgCO; contents and 8'80 values of
authigenic calcite (r~ 0.6, n=22) (Supplementary Fig. 4). The
changes in 8180 typically result from changes in ambient
seawater temperature, but a wide §'80 range of ~11%o of the
authigenic calcites does not correspond to temperature variability
during the last glacial-interglacial cycle3® because the temperature

estimation range based on the 180 range is far larger than the
present PDW temperature range (—0.7 ~—0.9 °C at ~2000 m
depth from ref. °). The calcite 8!80 signatures instead likely
record the compositional change in the PDW in response to
freshwater intrusion (Fig. 4). Terrestrial freshwater such as Arctic
rivers release highly depleted 8§80 (-23.8 to -16.3 %o VSMOW;
refs. 37-38), resulting in negative 8180 values near the river mouths
on the Kara, Laptev and Beaufort shelves at present?”. Following
this observation, light §180 signatures of planktic foraminifers in
multiple sediment cores from the Arctic Ocean since the
penultimate glacial including MIS 4-3 and 2 (e.g., refs. 1>39)
could be primarily attributed to 8!80-depleted freshwater
discharge, and the associated lower §!80 values of the LMC in
this study could reflect its sinking into the PDW. For example,
general lower calcite 8'80 values associated with higher
authigenic eng during MIS 4-3 can be interpreted as the intrusion
of 8180-depleted freshwater3”:38, likely originating from the
Eurasian Ice Sheet2040 and perhaps also the East Siberian Ice
Sheet®® (Fig. 4). Likewise, negative 8§30 values during MIS 2
could be explained by freshwater sinking, possibly derived from
the Laurentide Ice Sheet on N. America as recorded in lower
authigenic exg!” (Fig. 4).

The PDW-freshening scenario is broadly consistent with the
recent suggestion based on the excess thorium-230 (239Th,,) in
the marine sediments from the Arctic Ocean and the Nordic
Seas®, but there are two important discrepancies between the
studies. First, we determine that the PDW was brackish rather
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Fig. 2 Scanning electron microscopy (SEM) photomicrographs showing a variety of calcite and aragonite ultrastructures of authigenic carbonates.
a Radially grown calcite lumps with foliated layers, b randomly oriented, foliated calcite, ¢ radially oriented, foliated calcite, d spherulitic aragonite,
e randomly oriented aragonite crystals with square-ended terminations, and f two stages of aragonite growth. Note that larger aragonite rods are

overgrown by finer spherulitic fibrous aragonite.

than fresh. Geibert et al.> showed a widespread disappearance of
230Th,, in Arctic and subarctic deep-sea sediments during
portions of MIS 6 and 4, from which they suggested that these
regions were fully filled by freshwater. In this extreme condition,
the presence of microfossils may result from sediment reworking
as proposed by the original author>®, but continuous §'80

records of foraminifers in the Nordic Seas and the Fram Strait are
consistent with other global deep-sea records, casting doubt on
this hypothesis (for details, see ref. 7). On the other hand, our
simple mass balance calculation based on calcite §!80 at site
PS72/410-1 tentatively suggests that the seawater in the western
Arctic Ocean above the depth of 1,800 m would have been diluted
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Fig. 3 Scatter diagram of carbon versus oxygen isotope compositions for authigenic calcites with sampling depth. At every 1cm depth interval, carbon
and oxygen isotope compositions tend to cluster to some extent, showing a semi-closed diagenetic system'®. This clustering implies that the stable isotope
contents of authigenic calcites may adequately reflect the PDW conditions when they precipitated.
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Fig. 4 Downcore variability in MgCO; concentrations and stable isotope values (5180 and §13C) of authigenic calcites as well as authigenic eyq at site
PS72/410-1. Geochemical records indicate brackish and anoxic environments of the deep Arctic Ocean during stadial periods, resulting from oxygen-
depleted freshwater intrusion, as recorded by authigenic eng. Note that data is absent at 13-18, 19-23 and 31-39 cm for Mg contents and 10-13, 21-23 and
32-35cm for stable isotopes.
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Fig. 5 Revised lithostratigraphy and age models. Depth intervals for
lithostratigrapphic Units G1, B2, and G2 were adjusted primarily based on
colour reflectance L* values and radiocarbon ages. The age model was
applied based on the previous construction using radiocarbon ages and by
correlating lithostratigraphy and stable isotopes of planktic foraminifers
with neighbouring cores'®. The age for core-top sediments was estimated
by linear extrapolation.

by freshwater by up to 40% (Supplementary Note 4). This covers
the brackish (>21%o) to saline water conditions rather than
freshwater. These brackish conditions are commensurate with the
presence of foraminifera, given the tolerance of foraminifera to
lower salinity*!42 (for details, see the next section). Second, there
is a slight discrepancy in the timing for the PDW freshening
events between our (MIS 4 to early MIS 3) and previous studies
(MIS 4). However, both LMC and 230Th., minima occurred
within the same lithostratigraphic Unit G2, and thus the time
discrepancy would be interpreted as an artefact of age uncertainty
induced by applying different age models. In contrast to our
study, Geibert et al.”> did not adopt the widely accepted age model
in the central Arctic Ocean based on radiocarbon ages and
nannofossil occurrences (e.g., ref. 43) but instead assigned low
230Th,, intervals to MIS 6 and 4 through correlation to the
corresponding 230Th,, minima at site PS1533-3 from the Yermak
Plateau. Indeed, the disappearance of 239Th,, was found at the
upper part of Unit G2 of the nearby core PS72/396-3 (80°34.74'N,
162°19.01'W, 2722 m water depth; ref. °), which was dated to 45.8
ka BP in our core (Fig. 5). Furthermore, we also suggest MIS 2 as
an additional freshening interval, which was partly identified by
the 230Th,, minima in the selected cores®. The less pronounced
230Th,, record is probably attributed to the poor preservation of
sedimentary records during the last glacial maximum!>44-46,
which may have resulted in the diluted 23Th,, inventories®. The

reduced 239Th,, records for Arctic sediments*”48 during MIS 2
may support this speculation.

Anoxic PDW during cold stadials. Despite the massive fresh-
water intrusion into the PDW, the PDW was probably oxygen-
depleted during MIS 2. During this period, the §!3C value of
authigenic calcite at site PS72/410-1 reaches a maximum of 5.7
%o. Considering a slight enrichment by ca. 1 per mil between
calcite and bicarbonate in seawater®?, this positive §13C value is
much higher than those of dissolved inorganic carbon (DIC;
1.26 +£0.12%0 from ref. °) and live benthic foraminifera C.
wuellerstorfi in the deep Amerasian Basin of the western Arctic
Ocean (1.44 % 0.10%o from ref. °9) (Fig. 4). Similar to calcite §!30
values, massive freshwater sinking may exert an influence on the
calcite 813C values, however, the observed change in §!13C is not
consistent with the negative §13C signatures of the Arctic rivers at
present (-8%o on average from refs. >1°2). While the negative
813C excursion is expected from PDW freshening, the actual
increase in §13C can be caused by one of the following factors: (i)
oxidation of marine organic matter, (ii) methane oxidation, (iii)
dissolution of carbonates in sediments and (iv) microbial
methanogenesis. However, the first and second factors can be
simply discarded because both typically result in negative shifts in
the 813C of authigenic carbonates down to —25 and —75%o,
respectively®>>*, Carbonate dissolution is also not likely since
carbonate rocks from the Mackenzie River drainage, which is the
primary source area for Arctic carbonates, have relatively low
813C signatures ranging from —3.6 to +2.8%o (after converting
into VPDB scale from ref. °!). On the other hand, methanogen-
esis can cause !13C enrichment and even positive §13C (ref. 17°4),
thus accounting for the positive §!13C signatures of the authigenic
calcites at site PS72/410-1. Methanogenesis is an anaerobically
organic respiration process that generates methane (CHg). In
these reactions, CH, preferentially uptakes light carbon (12C).
The production of 13C-depleted CH, under the semi-closed sys-
tem renders residual dissolved inorganic carbon pools to be
enriched in 13C, thereby forming the !3C-enriched authigenic
calcites at the sediment-water interface under anoxic conditions.

The conventional explanations for ocean anoxia include
decreased vertical mixing that limits oxygen supply (e.g., ref. 3)
or the increased respiration of labile organic matter that
consumes oxygen (e.g., ref. >°). However, the idea of reduced
vertical mixing can be excluded based on our earlier statement
that the vigorous sinking of freshwater took place. In addition, in
the central Arctic sediment cores during glacial periods, organic
carbon accumulation is known to be generally lower®® than in
present-day oxygenated conditions®. Indeed, the contents of total
organic carbon at site PS72/410-1 are relatively higher during the
Holocene compared to the last glacial period, even after
correcting time-dependent decrease in total organic carbon by
organic matter degradation®”>8 (Supplementary Fig. 1). Thus, we
conclude that in-situ oxygen consumption by organic matter
respiration does not solely induce the anoxic PDW during MIS 2,
calling for an additional process.

It can be speculated that the meltwater which filled the PDW
was oxygen-poor freshwater, which can be generally noticed at
the base of glaciers®®%0, During cold stadial periods such as MIS 2
(refs. 20-61) massive ice sheets had expanded on the shelves and
adjacent land areas in the Arctic Ocean. This led to vigorous
glacial erosion, potentially resulting in substantial storage of
sediments with the terrigenous organic matter within ice
sheets®”-62:03_ The influence of this organic matter seemed to be
not distinct beyond the shelf edge® as indicated by the absence of
a decrease in 8!3C,, at site PS72/410-1 during MIS 2
(Supplementary Note 5 and Supplementary Fig. 1). However,
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Fig. 6 Schematic illustrations of the oceanic conditions in the Arctic Ocean during two contrasting periods. The anoxic subglacial meltwater underneath
the Laurentide and Eurasian Ice Sheets (potentially also East Siberian Ice Sheet; not shown) formed sediment-laden hyperpycnal flows, leading to PDW
freshening and anoxia during stadials (a), while brine formation at the marginal polynya can supply oxygen into the deep basin by vertical mixing during
interstadials (b). We speculate that oxygen contents in the eastern Arctic Ocean during stadials were slightly more oxygenated than those in the western
Arctic Ocean due to limited, but continuous exchange with the North Atlantic inflow. Note that the deep water exchange below ~1700 m was likely limited
based on the present-day observation that deep water in the western Arctic Ocean crosses the Lomonosov Ridge through the passages in the intra-basin
near the North Pole (~1870 m)7576 or the southern passage of the southern Lomonosov Ridge (<1700 m)77, but the water inflow in the opposite way has

been yet observed at the depth shallower than ~1700 m””.

higher TOC contents on the Chukchi Borderland®? and the
Siberian continental margin® during early MIS 2 suggest the
enhanced input of terrestrial organic matter within the bound-
aries of the shelf, which potentially exerted a strong influence on
the regional water chemistry®®. Indeed, subglacial environments
under ice sheets are known to be largely anoxic®” due to restricted
atmospheric exchange and enhanced microbial organic
respiration®®68, Hence, it is likely that the meltwater discharged
beneath ice sheets during MIS 2 was essentially oxygen-poor,
which was possibly sustained by the prolonged meltwater
residence time®® as well as the limited air-sea exchange under
thick perennial sea ice or an ice shelf as inferred from
geomorphological features on the continental shelf and sub-
marine ridges in the western Arctic Ocean (refs. 70-71),

The subglacial meltwater from ice sheets contained large
amounts of sediments, episodically forming high-density flows’2
that resulted in vigorous deep intrusion?’ at all depth levels
depending upon the density (Fig. 6). During its journey into the
deep sea, the density of hyperpycnal flows may have decreased by
sediment settling, however, the flows could have maintained their
physical characteristics over long distances through the entrain-
ment of ambient seawater’3. While the oxygen-depleted sub-
glacial water could thus reach and influence seawater at all depth
levels, the PDW would have become further deoxygenated in
conjunction with in-situ organic decomposition. As the process
progressed, a very thin sulfate-reducing zone seemed to disappear
near the sediment-seawater interface due to the strong anoxic
condition of overlying seawater, and then the sediment near the
seafloor directly transitioned into the methanogenic zone. In

combination with massive meltwater discharge®®, the inferred
existence of thick perennial sea ice or an ice shelf covering the
Arctic Ocean during cold stadials including MIS 4 and 2
(refs. >7071.74) may have notably inhibited Atlantic water inflow
carrying salt and oxygen (Fig. 6), possibly allowing a semi-
enclosed western Arctic basin to maintain brackish and anoxic
PDW.

The presence of calcareous foraminifers under brackish and
anoxic conditions is, at first, difficult to explain®. Indeed, many
Arctic sediment cores showed barren to low foraminifers in
lithostratigraphic Unit G1, typically corresponding to MIS 2 (e.g.,
ref. 11). However, given the extremely low sedimentation rate
during this interval (~0.2cm kyr! at core PS72/410-1), the
discontinuity of these unfavourable conditions for the growth of
foraminifers in conjunction with a tolerance of foraminifers*!42
may provide a key clue to explain a few (rare) occurrences of
foraminifers during MIS 2. The entrained seawater into
hyperpycnal flows likely supplied intermittent extra oxygen and
salt into the deep sea, allowing the presence of benthic fauna for
short time intervals until the oxygen was exhausted. The relatively
oxygenated and saline N. Atlantic inflow from the eastern Arctic
to the western Arctic might also be a potential feeder although
their inflow would be the minimum, given the presence of a thick
ice shelf at least above ~450 m on the continental shelf in the
western Arctic Ocean during MIS 2 (refs. 7%71), and a lack of
observation for deepwater inflow from the eastern Arctic Ocean
below ~1700 m (refs. 7>-77). Episodic ecosystem recovery under
prevalent anoxic environments is exemplified by the re-
establishment of benthic fauna during sapropel formation in
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the Mediterranean (e.g., ref. 78) where the sedimentation rate is
much higher (6.8-13.7 cm kyr'! from ref. 7°). In this view, the
general absence of foraminifera between 13-19 ka BP in sediment
cores from the Mendeleev Ridge!! might be interpreted as a
prolonged of anoxia and freshening.

Interestingly, the 813C signatures during the other intervals are
also positive although the magnitudes are not highly pronounced
(Fig. 4). These positive §13C excursions were perhaps attributable
to persistent anoxic environments like during MIS 2. This could
also be likely during MIS 4-3 because calcareous microfossils also
rarely occurred>!!, and meltwater intrusion with negative §!3C
(refs. °1:°2) may have suppressed the positive §!13C signatures
from methanogenesis. However, brown layers, corresponding to
the Holocene and interstadial within MIS 3 (ref. 80), contain
relatively abundant benthic foraminifers in the western Arctic
Ocean (e.g., ref. ). A combination of reduced meltwater supply,
the increased role of water temperature in the density structure of
the ocean, and the strong formation of brine via seasonal sea ice
formation on the continental margin®' may have contributed to
deep convection, thereby supplying oxygen and salt to the PDW
for these benthic fauna (Fig. 6). Therefore, slight increases in §13C
during warm periods may not reflect methanogenesis but rather
a natural variability of seawater 8!3C in response to changes
in surface productivity, air-sea exchange rate and water
circulation®2. Our anoxic scenario is not fully supported by
authigenic uranium enrichment, another traditional indicator for
reducing environments, in Arctic sediment cores during stadials.
This inconsistency is probably not due to the non-reducing
setting but due to the very limited concentration of dissolved
uranium in seawater by freshening, as inferred from a widespread
disappearance of 230Th,, at those times®.

Overall, we conclude that the PDW in the western Arctic
Ocean was predominantly brackish and oxygen-depleted during
stadial periods such as MIS 4-3 and MIS 2. Significantly reduced
oxygen concentrations during glacial periods have also been
reported in the Southern Ocean® and the North®3 and South
Atlantic®4, implying ubiquitous oxygen depletion events in the
glacial deep ocean realm. Considering the general relationship
between the dissolved oxygen concentrations and the amounts of
respired carbon in the oceanic water mass83, a substantial amount
of carbon could be stored in the PDW of the western Arctic
Ocean, serving as an important carbon sink during glacial
periods. The hyperpycnal subglacial meltwater probably acted as
the primary carrier of the glacially derived carbon (organic
carbon, CO, and CH,) from beneath continental ice sheets to the
deep ocean before escaping into the atmosphere. Future work for
quantitative O, reconstructions across the entire Arctic Ocean
will provide a more complete perspective on the behaviour of
greenhouse gases across glacial-interglacial cycles.

Methods

Core information. Sediment core PS72/410-1 was collected using a giant box corer
in the central part of the Mendeleev Ridge in the western Arctic during RV
Polarstern Expedition ARK-XXIII/3 (PS72) in 2008 (80.51°N, 175.74°W; water
depth of 1800 m) (Fig. 1). Core PS72/410-1 is mainly composed of sandy-silty clay
with varying colours of brown to dark brown, dark yellowish brown, olive to olive-
brown, and dark greyish brown!>$>. In this study, we propose the revised lithos-
tratigraphy based on the reported radiocarbon ages and colour reflectance L*
values!® for better consistency between cores in the western Arctic Ocean (Fig. 5).
In brief, the brownish Units B1 and B3 were defined as the depth intervals of
0-4 cm and 32-39 cm, in agreement with the previous study!®. On the other hand,
the depth interval of lithostratigraphic Unit G1 was modified to be 10-14 cm based
on the radiocarbon ages as well as high L* values to match its updated age
assignment to the last glaciation/deglaciation80-86, Likewise, the depth intervals for
underlying Units B2 and G2 were slightly adjusted to 14-20 cm with low L* and
20-31 cm with high L*, respectively. We generally adopted the previous age model
based on radiocarbon age dating and isotopic and stratigraphic correlations with
neighbouring cores!®. However, given the uncertainty of carbon reservoir time in
the Arctic Ocean (AR = 1000 yr applied in this study from ref. 87), the bottom of

Unit G1 was assigned to the end of MIS 2 for better consistency with the Arctic
cores8086 (Fig, 5) although radiocarbon age was dated to 30.8 ka BP at corre-
sponding depth!>. In addition, we used the extrapolated age of the surface sedi-
ments (0-1 cm) rather than zero because of the low sedimentation rate during the
late Holocene due to the presence of perennial sea ice (e.g., ref. 8). Thus, the age of
core PS72/410-1 spans 76 to 3.3 ka BP.

Authigenic carbonate analysis. A 39-cm-thick sediment core was subsampled at
1-cm intervals for textural and geochemical analyses. After wet sieving (63 pm),
carbonate crystals were hand-picked under a binocular microscope. Carbonate
crystals were examined with binocular and scanning electron microscopes for
textural analysis. Carbonate mineralogy was determined by crystal shapes (square-
ended terminations of aragonite crystals) and qualitative EDAX analysis (high Sr
and low Mg contents for aragonite and low Sr and high Mg contents for calcite).
Carbonate crystals were separated by repetitive density separation using a chemical
agent produced in the laboratory®”. The chemical reagent caused the fluids (the
mixture of sodium polytungstate and distilled water) to have a density of

2.8 gcm3, thereby separating calcite from aragonite. The crystal shape and
microstructure were examined using a scanning electron microscope (S-4300,
Hitachi) at the Korea Institute of Ocean Science and Technology. The relative
proportions of authigenic carbonates in the sediments were qualitatively deter-
mined to be low, middle, and high.

Stable isotope analysis on carbonate crystals was carried out using a Finnigan
MAT253 gas mass spectrometer with a Kiel IV automatic carbonate preparation
device at the Alfred Wegener Institute. The mass spectrometer was calibrated via
the international standard NBS19 to the VPDB scale, and the results are given in §-
notation versus VPDB. The precisions of the §180 and §'3C values, based on the
periodic measurements of an internal laboratory standard (Solnhofen limestone)
over one year, were better than 0.08 and 0.06%o, respectively>’. Magnesium
concentrations of authigenic carbonates were analysed using inductively coupled
plasma atomic emission spectroscopy (Ultima 2 C, Horiba Jobin Yvon) at the
Korea Basic Science Institute with a relative standard deviation of <5%. All data
generated in this study can be found in a public repository in the Korea Polar Data
Center”.

Data availability

Stable isotopic compositions and MgCO; and Sr contents of authigenic carbonates have
been deposited in the Korea Polar Data Center® (https://doi.org/10.22663/KOPRI-
KPDC-00002173.2) and are also available in Supplementary Data 1 and 2. Authigenic exgq
and colour reflectance L* and a* values used in Figs. 4 and 5 can be found in the
PANGAEA database!%? (https://doi.org/10.1594/PANGAEA.817611 and https://doi.
org/10.1594/PANGAEA. 817614, respectively).
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