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ABSTRACT

Some studies have used excesses of 23°Th (23°Thxs) in marine cores from low sedimentation rate sites for the
setting of a late Pleistocene stratigraphy, but the temporal and spatial variability of 23°Th,; fluxes in the Arctic
Ocean remains poorly understood. In this paper, we review all available ?>°Th data from the Arctic Ocean to
document the regional 2**Th,s behavior within the geological time frame of the latest glacial/interglacial cycles.
We evaluate the potential roles of bathymetry, sedimentological regimes, and geochemical properties of the
sediment in relation to 230ThXS fluxes. The 230Thxs inventories in the sediment accumulated since the Last Glacial
Maximum suggest that 22°Th, fluxes are linked to the sea-ice regime, brine production rate and sinking, organic
carbon fluxes, ice-rafting pathways, seawater exchange between the Arctic, Atlantic, and Pacific oceans, neph-
eloid transportation, and possibly other unidentified factors. During “warm” intervals, the development of “ice
factories” over shelves and enhanced detrital and organic matter fluxes related to high sea levels and high
summer insolation conditions constitute major parameters governing 2*°Thy-records. During glacials, under a
perennial ice cover or ice shelf, 23OThxs was partly exported through Fram Strait into the Nordic Seas, and
possibly partly built up in the water column, depending on the ventilation rate of the deep-water masses. At the
sea floor over slopes and ridges, the winnowing of fine fractions and brines-related compounds by deep currents
leads to post-sedimentary redistributions of 2*°Thy,. These features do not invalidate chronostratigraphic in-
ferences made using 230Thxs—records in sediments but shed light on their use and limitations. Sedimentary
profiles of 22Th, allow the identification of interglacial-interstadial and glacial stages in low sedimentation rate
settings. This remains valid for sediments encompassing from recent to Marine Isotope Stage 11 (MIS 11), with
some reservations depending on the sedimentary characteristics of the site considered. The 23°Th, records have
been initially proposed for the setting of an “extinction age” assigned to the final decay of the excess within the
one-sigma uncertainty of its estimate. We show here that this extinction ages may vary between ~200 to ~420
kyr, mostly depending on the site-specific relationship between 22°Th deposition and sedimentary regime, and on
any potential post-depositional effects, which may include redox-driven U mobility and 23°Thy losses linked to
fine sediment fractions winnowing.

1. Introduction

constrained by the sea ice cover, especially during glacials (e.g., Ku and
Broecker, 1965; Huh et al., 1997; Strobl, 1998; Not and Hillaire-Marcel,

Thorium-230 (>*°Th) produced by dissolved and radioactive ura-
nium (U) in the water column and accumulated into the sediment as an
excess (ZBOThXS) over its fraction carried by detrital minerals, has often
been used for normalizing sedimentary fluxes in the global oceans on the
basis of a constant 23°Th flux model (cf. Francois et al., 2004; Costa et al.,
2020). Nonetheless, this constant model is incompatible in the Arctic
Ocean mainly because i) 22°Th scavenging in the Arctic Ocean is highly
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2010; Gusev et al., 2013; Hillaire-Marcel et al., 2017; Geibert et al.,
2021; Xu et al., 2021; Purcell et al., 2022); ii) boundary scavenging of
230Th may occur in the context of the wide Arctic continental shelf areas
(e.g., Edmonds et al., 2004; Valk et al., 2020); iii) potential 230Th export
toward the Nordic Seas through Fram Strait (e.g., Moran et al., 2005;
Hoffmann et al., 2013; Luo and Lippold, 2015; Hillaire-Marcel et al.,
2017; Kipp et al., 2021).
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In parallel, some investigations addressed the potential use of 220Thy
in sedimentary records for the setting of a chronostratigraphy spanning
the late Quaternary, starting with the pioneering work of Ku and
Broecker (1965). Peaking values of 230Thxs in cored sequences were
accordingly assigned to interglacial or interstadial intervals (e.g., Strobl,
1998; Not and Hillaire-Marcel, 2010; Gusev et al., 2013; Hillaire-Marcel
etal., 2017; Purcell et al., 2022). In this respect, a striking feature of the
230Th,, distribution in sedimentary sequences is the widely observed
"subsurface" 230Thxs peak (Huh et al., 1997), which was tentatively
assigned to the last deglaciation by Hoffmann and McManus (2007),
based on “C-derived chronologies (Darby et al., 1997; Poore et al.,
1999a, 1999b). This peaking “subsurface” 23Thysvalue is generally
higher than that of the surface sample and was thought to be related to
sediment focusing due to the rapid sea level rise at the end of the last
deglaciation (Hoffmann and McManus, 2007) or some 230ThXS in-
tensifications associated with an extremely low sedimentation rate
(Geibert et al., 2022). Hoffmann and McManus (2007) concluded that
230ThXS sedimentary fluxes, as estimated from 14C_based chronologies,
had been in balance with the production of this isotope in the water
column (henceforth the “?*°Th-rain”) since the Marine Isotope Stage 3
(MIS 3). In view of recent findings by Hillaire-Marcel et al. (2022a),
which invalidates the '*C-derived chronology used by Hoffmann and
McManus (2007), this conclusion must now be revised. More recent
studies suggest that the "subsurface" 23°Th,, peak should be assigned to
the early MIS 3 (Not and Hillaire-Marcel, 2010; Hillaire-Marcel et al.,
2017; Purcell et al., 2022), possibly in relation to some build-up of ?3°Th
in the water column during the preceding MIS 5d-4 interval (Hillaire-
Marecel et al., 2022b).

In some of these recent studies, the radioactive decay of 230Th, to
values within one sigma uncertainty of its calculation in sedimentary
cores, was used for the setting of a “benchmark age” or “extinction age”
(Not and Hillaire-Marcel, 2010; Hillaire-Marcel et al., 2017; Purcell
etal., 2022). Purcell et al. (2022) also demonstrated that the correlation
of 23°Th,, peaks between marine sequences differing by as much as a
factor 5 in their sediment accumulation rate, was sufficiently robust to
set a 230Th,.-based stratigraphy spanning the last few climatic cycles
(see also Geibert et al., 2021).

This 2%0Thy,-based chronostratigraphy disagrees with chronological
schemes based on ecostratigraphic considerations (e.g., Backman et al.,
2009) and the Mn-cyclostratigraphy proposed by Jakobsson et al.
(2000). This issue falls beyond the scope of the present study, but has
been discussed in several recent papers (e.g., Xiao et al., 2021, 2022;
Hillaire-Marcel and de Vernal, 2022).

Aside from the above features of 2°°Th-behavior in the Arctic Ocean,
the mechanism related to the low to near-nil 2**Thys accumulation in
layers deposited during glacial stages is so far under debate. Geibert
et al. (2021) assumed that near-nil 230Thxs accumulation resulted from
the absence of 23°Th production due to the replacement of marine water
by U-poor freshwater below a thick ice shelf. This assumption was
challenged as several pieces of evidence show that seawater exchange
between the Arctic and the Atlantic oceans continued during glacials
(Spielhagen et al., 2022) and that the production of 230Th was more
certainly reduced but not suspended (Hillaire-Marcel et al., 2022b).
Instead, for several other authors, the very low burial rates of 230Th.
during glacial stages would result from a reduced production below
thick ice shelves, thus a reduced marine water column, adding to
reduced scavenging with the scarce and sporadic accumulation of coarse
material during short ice streaming and iceberg-rafting events (Not and
Hillaire-Marcel, 2010; Hillaire-Marcel et al., 2017, 2022b; Xu et al.,
2021; Purcell et al., 2022).

The above summary of studies about 230Th, in Arctic Ocean marine
sequences illustrates that its behavior, in relation to the specific hy-
drography, ice conditions, and sedimentology features remains insuffi-
ciently documented. Some general features of 2*°Th behavior in the
world oceans are well established. The strongly particle-reactive 2*°Th
ensuing from the dissolved 23*U decay is rapidly removed from the
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water column by fine particles (Bacon and Anderson, 1982). In the
central Arctic Ocean, where aeolian dust flux is low (cf. Stein, 2008),
terrestrial and marine dissolved organic matter, as well as fine organic
and inorganic particles delivered by seasonal sea ice, are major scav-
engers of trace metals, including 23°Th (e.g., Baskaran, 2005; Hillaire-
Marcel et al., 2017; Charette et al., 2020; Liguori et al., 2021). At sites
from the central Arctic Ocean, away from the continental margin,
sedimentary fluxes linked to ice-rafting deposition (IRD) are low, the
present interglacial being often represented by a few centimeters of
partly sorted detrital and biogenic material (e.g., de Vernal et al., 2020).
Other processes, such as lateral transportation (Chen et al., 2021),
winnowing of fine particles by sinking brines (Osterkamp and Gosink,
2013) and turbidity or contour currents (cf. Mosher and Boggild, 2021),
and early diagenetic ferromanganese coatings may also impact 2*Thy
fluxes at the sea floor and its sedimentary fate (Hoffmann and McManus,
2007; Not and Hillaire-Marcel, 2010; Hillaire-Marcel et al., 2017). An-
alyses of soluble and particulate phases of 23°Th in the water column
also indicate that other factors may interfere. They include isopycnal
transportation in strongly stratified water masses (Pavia et al., 2020),
ventilation rates of water masses (e.g, flux and residence time of the
Atlantic Water in the Arctic Ocean; cf. Wefing et al., 2020; Richards
et al., 2022), and hydrothermal plumes (e.g., Valk et al., 2018, 2020;
Gdaniec et al., 2020).

Building on these earlier studies, we intend to further document the
behavior of 23°Th in the context of the Arctic Ocean. Special attention
will be paid to the distribution and inventory of 2*°Th,, in sedimentary
sequences. Using all published 2*°Th,s records, we intend to demon-
strate in particular that two robust benchmark ages can be retained: the
inception of MIS 3 and the "extinction" age of 230Thy. At the time scale of
the Last Glacial Maximum (LGM) to recent, we will examine the 23%Thy,
inventories vs the bathymetry, geochemistry, and other sedimentolog-
ical features. We will also look deeper into 23°Th scavenging in the
Arctic Ocean, into its linkage to fine particle and organic compound
fluxes, thus its relationship with sea ice production rates and subsequent
brine fluxes. At last, at the Milankovitch time scale, we will explore how
sea level and solar insolation changes govern 2°Th, fluxes at the sea
floor, whereas its sedimentary fate might be further modified by the
deep sea and diagenetic processes.

2. Background setting

The vast and shallow continental shelves (Jakobsson et al., 2012;
Fig. 1A) serve as an important source of terrestrial particles toward the
deep Arctic Ocean. Under high sea levels, i.e., during interglacial and/or
interstadial periods, coastal erosion, wind, wave, and tidal forces lead to
the resuspension of fine particles over shelves. Part of the suspended
particle matter is frozen in seasonal sea ice and redistributed along the
surface circulation routes, mainly through the Transpolar Drift (TPD)
toward the Fram Strait, and the Beaufort Gyre (BG) in the western Arctic
Ocean (Fig. 1A). The concentration of suspended particle matter in sea
ice has been measured to range from 10 to 660 mg.L !, depending on the
location and distance from the coast (Eicken, 2004, and reference
therein).

The intermediate- and deep-water currents of the Arctic Ocean de-
pict velocities generally below 6 cm.s™! (Galt, 1967; Hunkins et al.,
1969), but could reach up to 20 cm.s ! in eddies extending from 100 m
to at least 712 m on the Amundsen Basin side of the Lomonosov Ridge
(Woodgate et al., 2001). Turbidity currents tend to be frequent, espe-
cially during glacials, leading to the potential winnowing of fine parti-
cles (Boggild and Mosher, 2021; Mosher and Boggild, 2021). Moreover,
“katabatic flows of dense cold brines” (Osterkamp and Gosink, 2013)
and high salinity water flow over ridges between the Amerasian basin
and the Eurasian basin (cf. Jones et al., 1995), may also contribute to the
winnowing of fine particles.

As a result, large amounts of small-size particles (<51 pm; up to 60
pg.L~Y; Xiang and Lam, 2020) and of particulate organic carbon (POC;
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Fig. 1. A) Bathymetric map of the Arctic Ocean and major circulation features. Red dots: location of all cited cores (from Somayajulu et al., 1989; Huh et al., 1997;
Strobl, 1998; Hoffmann and McManus, 2007; Not and Hillaire-Marcel, 2010, 2012; Hoffmann et al., 2013; Hillaire-Marcel et al., 2017; Geibert et al., 2021; Xu et al.,
2021; Purcell et al., 2022; Song et al., 2022a); blue arrows: major surface circulation pathways; purple dashed arrows: intermediate and deep currents pathways
(Rudels, 2011; Mosher and Boggild, 2021); AR: Alpha Ridge; BG: Beaufort Gyre; GR: Gakkel Ridge; LR: Lomonosov Ridge; MR: Mendeleev Ridge; NR: Northwind
Ridge; TPD: Transpolar Drift. B) Closer view of sites from the Lomonosov Ridge, central Arctic Ocean, with intermediate currents paths (white arrows) based on Bjork
et al. (2007, 2010). C) Closer view of sites from northern Mendeleev Ridge, with the Canadian Basin Deep Water path in white arrows (Rudels et al., 2012). M-N:
section along 180°E; P-Q: cross-section over core Arc7-E25 (hereafter named E25). The names of the cited cores are abbreviated in the map. The full names are
provided in the main text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

up to 4 pmol.L 1), are laterally transported and redistributed basin-wide
through sea ice rafting and deep currents. They are also displaced within
the intermediate and benthic nepheloid layers toward deep basins
(Benner et al., 2005; Vetrov and Romankevich, 2019a; Xiang and Lam,
2020; Schulz et al., 2021). The §*3C-value of POC is lower than —26%o in
the central Arctic Ocean, suggesting significant terrestrial supplies from
river discharge (e.g., Xiang and Lam, 2020), whereas it averages ~
—24%o in continental margin areas likely due to high marine primary
productivity favored by seasonal sea ice opening (Broder et al., 2016;
Xiang and Lam, 2020). Lobbes et al. (2000) estimated that about 1013 g
of organic carbon (OC) was released annually into the Arctic Ocean by
the 12 major Russian rivers, with the dissolved organic carbon (DOC)
fraction accounting for more than 90% of the total OC. DOC

concentrations are high in the surface waters of the Arctic Ocean,
especially of the central Lomonosov Ridge area, with peaking values
above 100 umol.L_1 (Vetrov and Romankevich, 2019b). In the inter-
mediate and deep waters, DOC content ranges from ~54 to 64 pmol.L’1
(Wheeler et al., 1996; Benner et al., 2005), except in the Canada Basin
where mean DOGC concentrations are ~20 pmol.L™! (Vetrov and
Romankevich, 2019b). As a whole, the terrestrial DOC contributes to
~14 to 24% of the DOC budget of the Arctic Ocean (Benner et al., 2005).
With the ongoing permafrost thawing and coastal erosion, terrestrial
organic matter transport to the Arctic Ocean is expected to increase
significantly (Abbott et al., 2014; Haugk et al., 2022).

The Arctic Ocean water masses are strongly stratified. Its surface
layer, between 0 and ~ 50 m, the Polar Mixed Layer (Aagaard et al.,
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1981), is characterized by a low salinity related to sea ice melt in
summer and freshwater discharge. The properties of the underlying
halocline layer (about 50 to 200 m) are strongly influenced by seasonal
sea ice formation and the subsequent brine production and sinking. The
intermediate and deep waters in the Eurasian and Amerasian basins of
the Arctic originate essentially from the Atlantic Ocean. However, dense
water generated by the seasonal sea ice formation and brine production
could also penetrate down to 300-400 m (Ivanov and Golovin, 2007).
The mixture of Atlantic Water and sinking brines leads to the formation
of an isopycnal layer within the 27.9-28.08 sigma theta (cy) density
range at a water depth of ~300 to 1500 m (Ivanov et al., 2004; Rogge
et al., 2022) and possibly as deep as ~2000 m according to numerical
models (Fu, 2022).

During glacial periods, under low sea levels, continental shelves were
mostly exposed and/or glaciated. The northern margins of the two major
ice sheets of the Northern Hemisphere, the Eurasian Ice Sheet and
Laurentide Ice Sheet, directly impacted the Arctic Ocean (Stein et al.,
2017). In addition, an East Siberian Ice Shelf/Ice Sheet, located in the
East Siberian-Chukchi Sea Borderland, may have been active during
several late Pleistocene glaciations (e.g., Niessen et al., 2013). This ice
cover has produced scouring over the seafloor at water depths of up to 1
km (e.g., Polyak et al., 2001; Jakobsson et al., 2010; Niessen et al.,
2013). Recently, it was hypothesized that, below such an ice shelf,
freshwater would have replaced marine water in the deep Arctic basins
and the Nordic Seas, at least during MIS 4 and 6 (Geibert et al., 2021).
This hypothesis has been challenged (Spielhagen et al., 2022; Hillaire-
Marcel et al., 2022b). Nonetheless, during glacials, more likely during
ice advance and retreat intervals, sporadic and short sedimentary pulses
occurred, linked to iceberg-rafting/ice streaming (Purcell et al., 2022) or
to downslope processes (Ye et al., 2020).

3. Dataset and source

This study is based on published datasets or datasets available in the
PANGAEA archives. A summary of data available for each study site
(sedimentology, geochemistry) is provided in the Supplementary Ma-
terial tables. A few sites have been discarded from this study due to i) the
loss of core top sediments, thus the lack of data over an undefined time
frame (e.g., site AF-00-07 from Gusev et al., 2013), ii) too-low numbers
of U-Th measurements (n < 10; e.g., most sites from Somayajulu et al.,
1989), iii) some large gaps in sampling intervals (e.g., up to 20 cm at site
T3-63-1 of Ku and Broecker, 1965). The IRD contents are based on wet
sieving, whereas clay contents are from laser diffraction measurements.

The conventional calculation of 23°Thy, has been summarized by
Costa et al. (2020). It consists in subtracting the lithologic and authi-
genic 22°Th fractions from the total based on the assumption that steady
terrestrial particle supplies through time, thus a constant 232Th/238U
ratio. However, significant variations of the 2*2Th/238U ratio were
documented in sedimentary sequences from the Arctic Ocean, thus
resulting in large uncertainties in the estimated 23°Th, (Geibert et al.,
2021). Here, an approach recently proposed by Purcell et al. (2022) was
used to calculate the 230Thxs. It is summarized as follows:

AP’Thy, = ATh — AU pewn

where A = activity of the specific isotope and AUy = the mean 234y

activity, or if not applicable, the mean 2*%U activity.

Because of minute uranium losses with the preferential departure of
234U due to the oxidation of the sediment that increases through time
(see Supplementary Material section 2), calculating 23°Thy vs the mean
238y activity may provide a better estimate of the 22°Th excess inherited
from the initial 2*°Th-rain downcore. However, considering the negli-
gible offset between 23U and 2%%U activities in all records compiled (= 0
+0.08 dpm.g~1; 10; n = 426), using 28U activity for estimating 2>*Th,
would not modify significantly the overall 22°Th distribution reported
here (see also Purcell et al., 2022 about this issue).
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The dry bulk density (pg; DBD) in core PS51/038-4, PS2185-3/6,
PS2200-5, and PS2757-6/8 (hereafter named PS51, PS2185, PS2200,
PS2757, respectively) has been calculated from bulk density (py,) data,
based on porosity as follows: (pg = (pw - (pOrosity * pseawater))- For core
HLY0503-11MC (hereafter named MC11) and the top 25 cm of core
PS87/030-1/3 (hereafter named MO030), it was calculated from dry
weight sediment versus initial sampling volume data. For the lower
section of core MO030, it was estimated from a logarithmic trendline
based on the core top dataset: pg = 0.95 + 0.19 * log(x); where x is the
core depth in centimeters (see Hillaire-Marcel et al., 2017). This equa-
tion provides a density value at the high range of the available datasets
(see Fig. A.1). The pq of cores 19-8, PL94-AR-BC08-32, Arc5-MAO1,
HLY0503-12MC & 18MC (hereafter named 19-8, BC08-32, MAO1,
MC12, MC18, respectively) was then estimated using the mean DBD
data of 1.09 + 0.16 g.cm’3 (£ 1o; n = 2129; see Fig. A.1).

The 23°Th,, inventories were calculated as follows:

230

S The =Y [(py); A" AXi]

i

Where ZBOThxs is the total 230Th,, inventory, (pg); = pa of i the
depth interval; A; = the activity of the interval; AX; = the thickness of i
depth interval.

When calculated from either 224U or 238U, 230Th,, inventories do not
differ significantly (see Fig. A.2).

The extinction depth of 230ThXS is reached when:
ll’l(Az:mTh) — ll’l(A234U) < [(0230)2 + (6234)2 } s

i.e., when 23OThXS falls within the quadratic sum of errors for its
estimate.

The extinction age of 2*°Th,; at one sigma uncertainty could then be
estimated based on the slope of the ln(AZBOThXS) line and the half-life of
230Th (~75.6 kyr; Cheng et al. (2013)). Under interglacial conditions,
the theoretical 22°Th-rain, which is its production in the water column,
was estimated using the following equation after Suman and Bacon
(1989): 239Th-rain (dpm.cm_z.kyr_l):

~[0.00263 " (D — 200)] + (200 * 0.00258)

where D is the water depth in meters; dpm stands for disintegrations per
minute.

The equation assumes a mean salinity of ~34.2 psu in the surface
water layer (the upper 200 m) vs 34.9 in the deep waters of the Arctic
Ocean, which is practically identical to the mean world ocean salinity (e.
g., Fournier et al., 2020).

The production of 2**Th under full glacial conditions is based on the
assumption that the Arctic Ocean was covered by an ~800 m-thick ice
shelf with an ~130 m-thick freshwater layer during the peaking glacial
intervals (Hillaire-Marcel et al., 2022b). Ice shelf thicknesses during
distinct glacial spans were estimated proportionally to the LR04 benthic
foraminifera oxygen isotope stack of Lisiecki and Raymo (2005). How-
ever, uncertainties about the relationship with global ice volume (e.g.,
Raymo et al., 2018) arise from the lack of any 5180 stack for the Arctic
Ocean. The mean glacial 23°Th production would then only account for
approximately 60% of the interglacial production, using the interna-
tional bathymetric chart of the Arctic Ocean (IBCAO; Jakobsson, 2002)
corrected for sea level changes estimated from the LR04 stack (see
Lisiecki and Stern, 2016).

Radiocarbon ages of large sets of foraminifer shells must be used with
caution especially at sites with very low sediment accumulation rates, as
documented by Hillaire-Marcel et al. (2022a). They nonetheless provide
chronological boundaries within or beyond the radiocarbon time scale.
All published '*C ages of the study sites were recalibrated (see
Table A.2) using MARINE13 (cf. Reimer et al., 2013), as MARINE20 is
not recommended for polar oceans studies due to the large uncertainty
of their marine radiocarbon concentration (Heaton et al., 2020). A large
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array of AR-values can be found in the literature about the Arctic Ocean.
We use here the value of 440 + 138, from MARINE13. It is compatible
with estimates from Hanslik et al. (2010) for the Holocene and from
Pearce et al. (2017) for the Chukchi Sea (~300 yr and 477 + 60 yr,
respectively). We did not use the larger value of 1000 yr proposed by
Hanslik et al. (2010) for pre-Holocene samples as they could be biased
by the benthic mixing of foraminifer shells between the MIS 3 and Ho-
locene layers (Hillaire-Marcel et al., 2022a).

4. Results and discussion
4.1. 239Th, inventories

Under steady-state conditions, with constant 2>Th fluxes to the sea
floor and constant sediment accumulation rates, 230ThXS inventories
should follow a logarithmic curve driven by the radioactive decay of the
isotope. Significant departures from this theoretical pattern indicate that
steady-state conditions are not fulfilled (Fig. 2). Most sites show an in-
crease in their 2*°Thy-inventory from the core top, with a slope well
above that of a logarithmic function. This “acceleration” may be linked
to a sedimentary hiatus during MIS 2 and underlying peaking 2*°Thy
values during MIS 3 (Fig. 2; e.g., Not and Hillaire-Marcel, 2010; Hillaire-
Marecel et al., 2017).

On a longer time scale, most curves show a stepwise increase with
plateaus likely corresponding to stadial and/or glacial stages (MIS 5d-4,
MIS 6, and MIS 8 when recorded), and increases to interstadial/inter-
glacial intervals (MIS 1, 3, 5e, and 7; Fig. 2C, D). An asymptotic trend is
finally depicted at sites where the 230Th,; “extinction depth” has been
reached.

A closer look at sites along the TPD and BG tracks, where 230Thy-
inventories have almost reached an asymptotic value (Fig. 2C, D), i.e.,

Earth-Science Reviews 244 (2023) 104514

when 230Th,, values fall within error bars of their estimate, shows in-
ventories inversely proportional to the distance from the Russian shelves
(Fig. 3; see also Purcell et al., 2022). Site BC26 depicts a unique feature
that will be discussed later in Chapter 4.5.
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4.2. 20Th, extinction depth and age

Estimates of 23Th, extinction depths and ages in the Arctic Ocean
are mentioned in very few studies (Not and Hillaire-Marcel, 2010;
Hillaire-Marcel et al., 2017; Purcell et al., 2022), as they can only be
calculated at sites where the 23OThxs inventory curve has reached its
asymptotic value, thus, after three intervals with abrupt increases (see
Fig. 2C, D). So far, among the available 230Th, . records, only seven fulfill
this condition. Their 23°Th,, extinction ages vary from ~200 kyr to 420
kyr, depending on the uncertainties estimated from the deviation stan-
dard (one sigma) of the slope of the ln(A230Th) line and mean 23%U ac-
tivity (Fig. 4). Within glacial layers, due to the low 2*°Thy values, often
within the error bar of their calculation, the estimated ages depict large
uncertainties, especially those based on low analytical precision (alpha
counting) and with low sampling depth resolution (Fig. 4; Table A.1).

4.3. 20Th, distribution as a chronostratigraphic tool

Following the approach of Not and Hillaire-Marcel (2010), Hillaire-

4
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Marcel et al. (2017), and Purcell et al. (2022), we tentatively assigned
peaking 230Thxs—values of all cores from the central Arctic Ocean low
sedimentation sites (lower panel in Fig. 5) to MIS 1, 3, 5e, 7, and also to
MIS 9 and 11, where 230ThXs of these intervals are still measurable. The
core top 239Th,, peak assigned to MIS 1 is difficult to distinguish from
that of MIS 3 at several sites from the central Arctic Ocean due to the
sedimentary hiatuse during MIS 2, and because it might be reduced or
missing when the sediment surface has not been perfectly recovered.
The MIS 3 interval depicts the maximum 230Thxs value at all sites (cf. the
“subsurface maximum peak” of Huh et al., 1997). Deeper downcore, the
MIS 5e 23°Thy, values, when corrected for radioactive decay (i.e.,
multiplied by ~3), do not differ significantly from those of MIS 1 when it
is distinguished from the MIS 3 peak, but seem lower than that of MIS 7
after correction for radioactive decay.

Using a '*C-based age model, Hoffmann and McManus (2007) pro-
posed that the subsurface 230ThXs maximum observed throughout all
cores from the Arctic Ocean (Fig. 5) was due to some sediment focusing
during the rapid sea level rise of the last deglaciation. However, they
also considered that their age model is questionable due to benthic
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mixing. Indeed, recent *C-measurements in fish otoliths from the
Lomonosov Ridge demonstrate that 1*C-based chronostratigraphies can
be biased by the mixing of MIS 3 or older fossil specimens with Holocene
specimens at sites of low sedimentation rates (Hillaire-Marcel et al.,
2022a). In addition to potential biological mixing, the winnowing of fine
particles by contour and overflow density currents may have contrib-
uted to the merging of MIS 3 remains at the surface (Hillaire-Marcel
et al., 2022a). Regardless of this feature, radiocarbon data below the
impacted surface layer support the assignment of the sub-surface 23°Th,q
peak to MIS 3 (Hillaire-Marcel et al., 2017, 2022a).

Intervals with 2*°Thy minimums are assigned to glacial/stadial

stages. MIS 2 is characterized at many sites by a sedimentary hiatus, as
does MIS 6 at some sites, notably along the Mendeleev and Lomonosov
ridges (e.g., Not and Hillaire-Marcel, 2010; Hillaire-Marcel et al., 2017;
Geibert et al., 2021, Fig. 5). As documented in Hillaire-Marcel et al.
(2022a) from the '*C measurements in fish otoliths, such sites may also
depict the mixing of Holocene and MIS 3 fossil remains. As substages 5a
and 5c¢ do not show significant 2*°Th, peaking value in all sequences
analyzed so far, we assigned the low 23Th,; layer between MIS 3 and
MIS 5e to a “glacial” MIS 5d-4 interval.

Purcell et al. (2022) recently documented potential late diagenetic
effects leading to a redistribution of U-isotopes %38y, 2%*U), thus
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impacting 23°Th, values, right below the extinction age of the initial
230Th,, at site PS2757 from the southeast Lomonosov Ridge. This frac-
tionated U mobility seems governed by redox gradients between an
organic carbon-rich layer and the over-underlying oxidized layers. Thus,
much care must be taken to decipher 22°Th excesses linked to the initial
Z0Th “rain” from the water column vs 23Th excesses due to the
diagenetic relocation of its parent isotopes before the setting of any
230Th,-based stratigraphy. Here, as illustrated in Fig. 5, a 23°Thy stra-
tigraphy could be set with some confidence for most low sedimentation
rate sites, and with some ambiguity in the case of core BC26 collected
close to the North Pole.

4.4. The Z3°Th production rate in the Arctic Ocean: glacials vs
interglacials/interstadials

Since the work of Huh et al. (1997), low 23°Thxs burial rates in the
Arctic have been associated with the presence of a thick ice cover in the
Arctic Ocean. However, the processes linking ice cover and 230Th,-
fluxes at the sea floor remain unclear. Linkages with IRD during ice-
sheet advances and retreats were proposed (e.g., Hillaire-Marcel et al.,
2017, 2022b; Xu et al., 2021; Purcell et al., 2022). Extremely low 23Thy
during MIS 4 and 6 relate to the replacement of marine water by U-
depleted freshwater, leading to negligible 22Th production in the water
column and 23°Th,-fluxes at the sea floor, as hypothesized by Geibert
et al. (2021), but challenged by Spielhagen et al. (2022) and Hillaire-
Marcel et al. (2022b). Given the uncertainties about the processes
involved, a reassessment of the 22Th production, scavenging, and burial
under distinct climate conditions seems thus needed.

Due to the relatively conservative behavior of the U/salinity ratio in
oxygenated ocean water (3.22 + 0.18 ng.g~! for a salinity of ~35 psu;
Ku et al., 1977; see also Suman and Bacon, 1989; Not et al., 2012), the
production rate of 23°Th in the water column of the Arctic Ocean should
be proportional to salinity and depth. Following Suman and Bacon
(1989), under the present-day mean bathymetry and salinity of the
central Arctic Ocean (~2700 m; Jakobsson, 2002; ~34.9, Rudels and
Carmack, 2022), the 23Th-rain should average ~7.2 dpm.cm 2.kyr!
(Fig. 6). Based on 231pa /230TH ratios in surface sediments of the modern
Arctic Ocean, Moran et al. (2005) estimated that about 10% of this 2307
production is exported through Fram Strait, suggesting 23°Th, fluxes at
the sea floor of about 6.5 dpm.cm™2kyr ! (see also Kipp et al., 2021).

During glacials, with the development of ice shelves and under low
sea levels, the 2°°Th production in the glaciated Arctic Ocean was
significantly changed. Under full glacial conditions, the global sea level
was ~120 m below the modern one, and an ~800 m-thick ice overlying
an ~130 m freshwater layer (Hillaire-Marcel et al., 2022b) could have
characterized most of the Arctic Ocean. As documented by Spielhagen
et al. (2022), there were exchanges between the deep Arctic Ocean and
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the Atlantic Ocean through Fram Strait, thus allowing for 22°Th export
from the Arctic Ocean. Hence, the 23°Th-rain in the central Arctic Ocean
would have averaged ~4.5 dpm.cm~2.kyr ! under a saline water layer
of about 1700 m thick (Fig. 6). This would represent ~40% reduction of
the 22Th-rain during glacials compared to interglacials. As coarse IRD is
not an efficient scavenger of 2°°Th, a significant part of the 2*°Thy, could
have been exported through Fram Strait or partly build up in the water
column, depending upon ventilation rates and seawater exchanges be-
tween the Arctic and Atlantic oceans (Fig. 6; Hoffmann et al., 2013; Luo
and Lippold, 2015; Kipp et al., 2021; Hillaire-Marcel et al., 2022b). This
assumption, however, does not contradict the hypothesis of Geibert et al.
(2021) as most studied sites are from relatively shallow ridges, close or
within reach of the ice shelf and/or its accompanying freshwater lower
boundary ridges. Hence, 2*°Th flux at the sea floor may have been
reduced at shallow sites such as that of core E25 (Fig. 6).

4.5. Factors governing 2>°Th fluxes from the water column and their
sedimentary fate

The factors controlling 23°Th, scavenging rates and fluxes at the sea
floor were examined based on studies of the water column (e.g., Bacon
et al., 1989; Scholten et al., 1995; Edmonds et al., 1998) and sediments
(e.g., Moran et al., 2005; Hoffmann and McManus, 2007; Hoffmann
et al., 2013; Luo and Lippold, 2015; Hillaire-Marcel et al., 2017; Geibert
et al., 2021). Water column investigations provide a snapshot of a
modern-like situation, while sediment studies often used radiocarbon
chronologies for flux calculation (e.g., Hoffmann and McManus, 2007;
Hoffmann et al., 2013; Luo and Lippold, 2015; Hillaire-Marcel et al.,
2017), which may present intrinsic biases as documented by Hillaire-
Marcel et al. (2022a). Other studies refer to surface sediments without
any clear information about their temporal context (e.g., Moran et al.,
2005). Further examination of factors controlling 230Th, burial rates on
well-constrained time frames and at large scale thus seems relevant.

4.5.1. 230Th flux at the sea floor and its burial

Aside from a consensus about maximum 22°Thy values linked to MIS
3 and recent interglacial intervals, when Arctic shelves were submerged
and the summer season insolation was peaking, not much is known
about the variability of 3°Th, fluxes and burial rates during the late
Quaternary and at the scale of the whole Arctic Ocean. Most studies
published so far were based on a limited number of sedimentary se-
quences, thus yielding a partial view of the issue (e.g., Huh et al., 1997;
Strobl, 1998; Not and Hillaire-Marcel, 2010; Gusev et al., 2013; Hillaire-
Marcel et al., 2017; Purcell et al., 2022). Here, we try to confront all
published inventories of 2*°Ths in post-LGM sediments with a few
physical and chemical parameters, including water depth, sedimenta-
tion rate, clay and IRD fluxes, mean grain size (®-value), and OC flux.

*Th,, export and
build up?

Mean “Th,,
production rate:
~4.5 dpm.cm® kyr’

3.0 &

0 120 240 360 480
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0 120 240 360 480 600

Distance (km)

Fig. 6. Sketch of the *°Th,, production in the Arctic Ocean during interglacial and glacial intervals. The location of section P-Q could be seen in Fig. 1A. Red dot:
location of core E25. CB: Canadian Basin; MB: Makarov Basin; MR: Mendeleev Ridge; MSL: Modern Sea Level; SL: sea level. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Due to the difficulty of setting time boundaries in sedimentary re-
cords for time intervals older than MIS 3, we looked specifically at the
post-LGM sedimentary layer, with the LGM set at the depth of the
minimum 230Thxs value above the MIS 3 peak (Figs. 2, 5). This post-LGM
layer mostly records Holocene sedimentation, at least over ridges where
it barely exceeds 1 or 2 cm (e.g., Not and Hillaire-Marcel, 2010; de
Vernal et al., 2020), with maximum calibrated 1*C ages of 9 kyr and
maximum sedimentary fluxes during the early to middle Holocene
(Hillaire-Marcel et al., 2022a). In sequences recovered from box and
multi-cores, this Holocene layer is generally well recovered (e.g., Poore
et al., 1999a, 1999b; Table A.2), but its recovery is far from ascertained
in gravity or piston cores where surface sediments may have been lost (e.
g., Gusev et al., 2013). Thus, the total number of sites used for this part
of the study was reduced to 17 or less, in cases when a physical or
chemical parameter was missing (Fig. 7). All cores illustrated in Fig. 7
are from low sedimentation rate sites (<2 cm.kyr’l). We will look at the
two high sedimentation rate sites (PS2757; MC18) independently, later
on. As most of the post-LGM sediment accumulation occurred during the
last 9 kyr (Not and Hillaire-Marcel, 2010; Hillaire-Marcel et al., 2022a),
fluxes reported in Fig. 7 have been estimated as representing 9 kyr in-
terval, and not the last 21 kyr elapsed since the LGM.

Some features emerge from Fig. 7. The post-LGM 2°Th,, inventory
correlates with the bathymetry of the coring site and the OC flux,
whereas it anti-correlates with the coarse fraction content (®-value). In
comparison with the 230Th-rain, the 22°Thy burial rate is mostly in
deficit, consistent with earlier assumptions about 3°Th export since the
LGM (e.g., Moran et al., 2005; Hoffmann et al., 2013; Luo and Lippold,
2015). However, as documented in Hillaire-Marcel et al. (2022a), evi-
dence of sediment winnowing over ridges by “katabatic flows of dense
cold brines” (Osterkamp and Gosink, 2013), and/or turbidity, density-
driven contour currents (cf. Jones et al., 1995; Bjork et al., 2007,
2010; Boggild and Mosher, 2021; Mosher and Boggild, 2021), could also
account for some 23°Thx5-loss over these ridge sites. As discussed below,
some deep intra-basin sites record relatively very high 23°Th in-
ventories likely due to re-sedimentation of winnowed sediments from
ridges.

Earth-Science Reviews 244 (2023) 104514

The weak correlation between 23°Thy and clay fluxes is based on a
low number of observations and does not permit discarding the role of
clay in scavenging. However, it seems reasonable to assume that in the
“sediment-starved” Arctic Ocean, thorium scavenging is primarily
controlled by organic compounds in part adsorbed onto fine particle
surfaces (Baskaran et al., 2003; Zhang et al., 2021). For example, at a site
such as that of core M030, the mean sedimentation rate is less than ~4
mm.kyr ! (Hillaire-Marcel et al., 2017). Clays represent ~24% of the
sediment (Table A.4). The accumulation rate of fine scavenging mineral
particles is low on a thousand-year time scale, which is significantly
longer than the 20 to 40 yrs residence time of 23°Th in the Arctic Ocean
as estimated by Scholten et al. (1995) and Trimble et al. (2004). The
activity of 230Thy, value at the top of core M030 is ~12 dpm.g~'. The
230 scavenger would be the DOC, in particular, specific fractions of
colloids (Baskaran et al., 2003), which also play a substantial role in
coagulating and transporting trace metals (e.g., Fe, Mn, Co, Ni; Guo
et al., 2000; Pokrovsky et al., 2014; Krickov et al., 2019).

Beyond 2*°Th production in the water column, the major parameter
governing 2*°Thy, fluxes at the floor of the deep Arctic Ocean and its
burial rates seems related to organic matter. Marine DOC is the major
scavenger of trace metals in the western Arctic Ocean, whereas both
marine and terrestrial DOC are effective carriers in the Eurasian basin
(Williford et al., 2022). Under the influences of several physical and
biological processes (e.g., coagulation, mixing, gravitational settling,
ecosystem structure and food-web interactions; Roca Marti, 2017),
230Th -enriched organic matter aggregations would sink to the seafloor.
The positive relationship between 2*°Th, inventory and sedimentation
rate, and OC flux in the TPD cluster relates to the riverine discharge and
seasonal sea ice production on the Siberian continental shelf (Suman and
Bacon, 1989; Wheeler et al., 1996; Benner et al., 2005; de Vernal et al.,
2020; Fadeev et al., 2021; Rogge et al., 2022; Williford et al., 2022). On
a long geological time scale, it could thus be related to high summer
season insolation and high sea level conditions (Hillaire-Marcel et al.,
2021).

In the BG cluster of the western Arctic Ocean (Fig. 7), DOC con-
centrations are lower than those of the TPD area due to weak terrestrial
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discharge from the Mackenzie River compared to Russian rivers (Stein,
2008; Vetrov and Romankevich, 2019b). However, primary productiv-
ity over the Chukchi Sea shelf is important and constitutes the major
contributor to the DOC budget of the western Arctic Ocean (Williford
et al., 2022). The decreasing 230Th,, inventories from the continental
margin to the central western Arctic Ocean (Fig. 3) would thus be linked
to the lateral transportation and progressive removal/decay of the DOC
along the intermediate and benthic nepheloid layers (e.g., Xiang and
Lam, 2020; Chen et al., 2021; Schulz et al., 2021).

Brines play a complementary role as they carry most of the DOC
produced by sea ice algae and microfauna. The organic contents of the
brine promote organic ligand complexation (Becquevort et al., 2009;
Ardiningsih et al., 2021). Brine could extract and release 60 to 70% of
the labile trace metals (e.g., Fe, Mn, Cd) from the dirty sea ice (Grotti
et al., 2005; Evans and Nishioka, 2018, 2019). Therefore, brines could
re-distribute the soluble and leachate phases 2*°Th,, along their advec-
tion and sinking into the central Arctic Ocean.

A few coring sites deserve specific attention. The cores MC18 and
BC26 were raised ~24 nautical miles apart on the Lomonosov Ridge but
at different water depths. Core BC26 is from ~1034 m on the ridge crest,
and core MC18 is from ~2500 m in an intra-basin of the ridge (Fig. 1B).
The post-LGM-inventories of 23°Thy in core MC18 is ~237 dpm.cm ™2,
more than twice the 2°Th-rain. In opposition, the post-LGM peak is not
distinguishable from that of MIS 3 in core BC26. Core BC26 depicts a
highly compacted 22°Thy, profile with an MIS 7 inception assigned at
~20 cm, which corresponds to the depth of the MIS 3 peak in the deeper
MC18 site. We see here evidence for proximal redeposition of fine sed-
iments and their 22°Thy, and will discuss it in subchapter 4.5.2.

Another site with particular features is that of core PS2757, which is
characterized by relatively high sedimentation rates (~2.6 cm.kyr%;
Fig. A.4). Purcell et al. (2022) have well-documented the behavior of
230Th,, in this core. They highlighted the facts that sites with sedimen-
tation rates exceeding a few cm.kyr ! are characterized by dilution of
the 230Th from the water column by detrital 2*Th supplies and that the
possible diagenetic U mobility would make the 2*°Thy, approach un-
suitable for estimating extinction ages, as well as for the setting a
230Th,,-based stratigraphy.

Northern tip of the Mendeleev Ridge

s MC12 (1586 m) IS MC11 (2570 m)
© 18+1vs64 = |13vs 114
5 97 8 -
e 7 <
Q. .
T -
) = S escvemmommecmmee=s' | | S eereeccccccccccscscas
g o T T 1 T T T T 1T T © —r 1 1 1 1 T 11
£ 0 10 20 0 10 20
2 BC19 (2400 m) 3 BC20 (3145 m)
o 8 490 £ 14 vs 105 — ]130+20vs 142
oﬁ - 1 e 1 e ~
3 ol
o ] LI B N S B S B e B R LN B B BN L BN B B BN N B |
0 10 20 0 10 20

Age (cal.kyr BP)

Earth-Science Reviews 244 (2023) 104514

4.5.2. Post-depositional process impacting >°Thy records

Aside from radioactive decay and vertical 22°Th rain, the post-
depositional processes that could alter 23°Thy, records include: i) late
diagenetic processes along major redox boundaries linked to high
organic carbon content layers, as documented from core PS2757 by
Purcell et al. (2022); ii) supplies from glacial erosion by thick ice shelves
(e.g., Jakobsson et al., 2016); iii) sediment winnowing by deep currents
and redeposition (Bjork et al., 2007; Not and Hillaire-Marcel, 2010).

In the Lomonosov Ridge area, the post-LGM 230Th,-inventories at
sites BC26 and BC28 located on the crest of the ridge are close to
equilibrium or in deficit with the corresponding 2*°Th-rain values
(Fig. 8; Table A.3). Comparatively, core MC18 raised from the Intra
Basin of the ridge, and core PS2185 collected away from the deep-water
exchange channel (Fig. 1B) depict strong excesses in 2>Th-inventories.
This feature may be associated with winnowing and redeposition pro-
cesses driven by the active deep-water exchange between the Makarov
and Amundsen basins (Bjork et al., 2007, 2010), especially at site BC26
that is influenced by the Canadian Basin Deep Water (Bjork et al., 2010).
The 2*0Th,s-enriched fine components of sites BC26 and BC28 would
have been laterally transported toward deeper sites, such as MC18.
Similar features are observed in the western Arctic Ocean. Sites MC11
and MC12 are located at the northern tip of Mendeleev Ridge, in the
pathway of the Canadian Basin Deep Water (Fig. 1C; Rudels et al., 2012).
They depict deficits in their post-LGM 230Th,; inventories vs the corre-
sponding 2*Th-rain values (Fig. 8; Table A.3). In opposition, site BC20,
lying deeper in the Makarov Basin, and the sheltered site BC19 show
230Th-inventories in balance with the 2°°Th-rain (Figs. 1C, 8; Table A.3).
Unfortuanately, a quantitative assessment of the 23°Th,; removal and
redeposition relating to deep water exchanges is still out of reach due to
the rare datasets available, especially from the deep Arctic Basins.

4.6. Paleoclimatic and paleoceanographic implications from 239Th,
records

In contrast to the sediment-focusing model which has been used to
interpret the subsurface 230ThXS peak (Hoffmann and McManus, 2007),
Geibert et al. (2022) suggested that the subsurface 230Thy peak might be
linked to extremely low sedimentation rate considering that "Even fine
particle fluxes generating sedimentation rates < 1mm/1000 years lead to >
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Fig. 8. Post-LGM 2°Th,, inventories vs 2*°Th production in the overlying water column (**°Th-rain) in cores from Lomonosov and Mendeleev ridge areas. In-
ventories are estimated to mostly represent sediment and 230Th,, accumulation during the last ~9 ka; the 230Th-rain is calculated since the end of the LGM (~18 ka).
Blue lines and numbers: 23°Thy inventory in cores; red lines and numbers: 230Th-rain; blue arrows: 23°Thy inventory above the 230Th-rain; red arrows: 23°Thy,
inventory below the 2°Th-rain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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100-fold 230Th concentrations elsewhere (Yang et al., 1986)". However,
this assumption is in contradiction with the thick sediment layer
deposited during MIS 3 (> 10 cm; Fig. 5). In our view, the sub-surface
230Th,s peak indicates enhanced sea ice rafting deposition, thus
seasonally open sea ice over largely submerged shelves (Xiao et al.,
2015). Such conditions were met under i) the relatively high sea level (~
—40 m to —50 m) that was reached during MIS 3 (Pico et al., 2020;
Dalton et al., 2022), ii) the high summer insolation of the ~54 to 49 kyr
interval (Hillaire-Marcel et al., 2021), and iii) the shrub tundra vege-
tation between 54 and 51 kyr that was reconstructed at the proximity of
the Lena River delta by Zimmermann et al. (2017). However, all factors
accounting for the maximum 2*°Thy of this early MIS 3 interval still
remain not fully elucidated. Hillaire-Marcel et al. (2022b) proposed that
some build-up of 2°Th in the water column of the Arctic Ocean, under a
resilient ice shelf spanning the MIS 5d-4 interval, may have contributed
to the enhanced scavenging rates of 23°Thy, during the early MIS 3.
Enhanced DOC fluxes during this interval might have also played a role
as DOC is an efficient scavenger of trace metals (e.g., Williford et al.,
2022). Interestingly, the DOC contents in ice wedges from the Lena Delta
by Wetterich et al. (2020) suggest that DOC concentrations in the MIS 3
layer (~367 mg.L™!) were about one-order magnitude higher than those
of the Holocene layer (~34 mg.L ™), which is compatible with organic
inputs from terrestrial vegetation (Zimmermann et al., 2017) through
the Lena River that presently contributes ~50% of the DOC supplied by
Russian rivers (Lobbes et al., 2000). Hence, a high terrestrial DOC flux
toward the Arctic Ocean some 55-50 kyr ago might have greatly
contributed to a high 23°Th-scavenging rate during this early MIS 3
interval.

A critical feature of all available records is the relatively low 230Th
in sediments of the Last Interglacial (MIS 5e) compared to MIS 7. The
longer duration of MIS 7 than MIS 5e, its high summer insolation, and its
three high sea-level phases might explain a better recording of MIS 7
than MIS 5e in the Arctic Ocean sedimentary sequences as proposed by
Hillaire-Marcel et al. (2021). Because of chronostratigraphic issues, as
evoked in the introduction of the present paper, notably for the Last
Interglacial (see also Kageyama et al., 2021; Hillaire-Marcel and de
Vernal, 2022; West et al., 2023), there is no unequivocal information
about the paleoceanography of MIS 5e for the central Arctic Ocean.
Nevertheless, reliable stratigraphical schemes are available from the
Nordic Seas, where all studies report a shorter, mostly cooler MIS 5e
interval in comparison with the Holocene (Rasmussen et al., 2003; Oppo
et al., 2006; Bauch and Erlenkeuser, 2008; Van Nieuwenhove and
Bauch, 2008). On this basis, assuming a short and mostly cool Arctic
Ocean during MIS 5e, a lesser 230Thy, recording of the interval is
possible. According to Wetterich et al. (2016), “...the isotopic composition
(d*®0, dD) [and pollen content] of the Buchchagy ice-wedge [Laptev Sea
cost] indicates [MIS 5] winter conditions colder than during the MIS 3 [...],
harsher summer conditions and rather similar vegetation as during the MIS 2
stadial.”

It is important to highlight the fact that, by itself, the low 230y
characterizing the MIS 5e in the Arctic Ocean, does not necessarily
indicate a shorter or cooler interval in comparison with the Holocene. As
evoked above in reference to the study by Hillaire-Marcel et al. (2022a),
the winnowing of fine 23°Thyg-barrier particles, by density-driven and
contour currents, occurs over ridges. Therefore, active circulation and
high rates of sea ice production and sinking brines could also result in
low 239Thy, in sediments from the ridge summits. Under such a scenario,
the low 239Th,, value of the interval assigned to MIS 5e could well point
to warm conditions and high brine production rates during MIS 5e, in
contradiction with what could be proposed solely based on some direct
proportionality between 23°Th fluxes and climate conditions. Such a
scenario involving the winnowing of fine particles by density-driven
bottom currents can be supported by some arguments pointing to
highly dynamic sea ice conditions during the Last Interglacial: i) the MIS
5e experienced a significantly higher sea level (up to ~9 m vs the Pre-
sent; Kopp et al., 2009; Dutton et al., 2015; ii) thus, the flux of relatively
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“warm” and low salinity Pacific waters through Bering Strait was
potentially higher by ~50% than at present (Song et al., 2022b), with
impact on the freshwater budget and sea ice regime in the Arctic Ocean
(Karami et al., 2021). Enhanced circulation and higher brine production
rates could then account for a loss of 22°Thy and of its fine carrier
particles and compounds through winnowing processes. Thus, we sug-
gest keeping open the debate about paleoclimate conditions in the Arctic
Ocean during MIS 5e until more direct evidence from proxies is
available.

4.7. Overview of the glacial vs interglacial 2°Th cycling in the Arctic
Ocean

In addition to the main parameters governing the fate of 23°Th pro-
duction in the Arctic Ocean discussed above, a large array of other
processes may also interfere with its scavenging, fluxes within the basin
and at the sea floor, effective burial, and post-depositional evolution.
They range from land erosion and river runoff, coastal erosion, sea ice
and brine dynamics, slope processes, isopycnal transportation, revers-
ible scavenging, deep currents, deep ocean circulation and exchanges
with other oceans, hydrothermal plumes (e.g., Valk et al., 2018, 2020;
Gdaniec et al., 2020; Pavia et al., 2020; Chen et al., 2021), aside from
other potential factors not yet documented. An overview of major pro-
cesses so far identified, which may have variable impacts in time and
space, is provided in Table 1 and illustrated in Fig. 9.

4.7.1. The submerged continental margin during interglacials/interstadials

Aside from the direct linkages between 2*Th production and shelf
water salinity, primary productivity, river runoff, terrestrial DOC, and
fine particle fluxes, shallow currents control the dispersal of fine parti-
cles and colloids, thus 2*Th-boundary scavenging processes (e.g.,
Nozaki et al., 1981; Roy-Barman, 2009; Kuzyk et al., 2013). Coastal and
shelf processes also include permafrost thawing, groundwater discharge,
coastal erosion, and sediment resuspension induced by tidal, wave, and
wind forces (Holmes et al., 2002; Abbott et al., 2014; Wegner et al.,
2015; Haugk et al., 2022). In fine, *°Th-scavenging particles and
compounds are dispersed toward the central Arctic Ocean through sea
ice-rafting, eddies, and currents (Fig. 9; Roy-Barman, 2009; Kipp et al.,
2018; Xiang and Lam, 2020; Rogge et al., 2022). Due to the large shelf
area of the Arctic Ocean, boundary scavenging is a critical parameter,
especially under high sea levels, when shelves are submerged (cf.
Edmonds et al., 2004; Moran et al., 2005; Gdaniec et al., 2020). Seasonal
sea ice production also interferes as fragile sea ice dwelling from the sea
surface down to 25 m, could capture suspended particles (Ito et al.,
2019, 2021; Drits et al., 2021). At last, brines related to sea ice formation
sink on the shelf floor (down to ~300-400 m in the Laptev shelf; e.g.,
Ivanov and Golovin, 2007), leading to the mixing of trace metals over
the shelf and their redistribution downslope (Evans and Nishioka, 2018,
2019).

4.7.2. The exposed continental margin during glacials/stadials

Under the low sea levels of glacial/stadial intervals, continental
shelves were mostly exposed (Jakobsson et al., 2010, 2012), and the
Bering Strait was closed (Jakobsson et al., 2017). Thus, several param-
eters mentioned above, such as shallow shelf currents related to the
Pacific and Atlantic waters inflows, sediment resuspension, boundary
scavenging, and seasonal sea ice-related processes, including primary
productivity, were either strongly reduced or nil (Fig. 9; Table 1). Be-
sides, river and continental DOC discharges were impeded by the exis-
tence of ice sheets/shelves surrounding the Arctic (Polyak et al., 2001;
Jakobsson et al., 2010; Stein et al., 2017), whereas large lakes developed
southward over northern Siberia (Krinner et al., 2004). Glacial advance
over shelves would then carry unsorted, relatively coarse particles to-
ward the deep basins (Purcell et al., 2022). Combining all these features,
230Th scavenging on the continental shelves was practically stopped,
with quasi-nil transportation of **°Th-bearing particles and compounds



T. Song et al. Earth-Science Reviews 244 (2023) 104514
Table 1
Overview of factors influencing **°Th cycling in the Arctic Ocean.
Parameter Effective role Status Reference
Glacial Interglacial
River discharge Fine particle and DOC supplies \/ Holmes et al., 2002
Coastal erosion Particulate supply v Wegner et al., 2015
230: : . .
Th burial 1
Boundary scavenging shelvesurla & resuspension over continenta on slopes? \/ Edmonds et al., 2004; Moran et al., 2005; Kuzyk et al., 2013
Entrainment into fragile sea ice and lateral
Sediment resuspension over shelves . 8 \/ Baskaran, 2005; Charette et al., 2020; Drits et al., 2021
transportation
Coagulation of ic matter with “*°Th
Brines oaguiation of organic matter wi Vv Evans and Nishioka, 2018, 2019; Ito et al., 2019, 2021
adsorption
Fi icle rel h lanki
Seasonal sea-ice melting ine particle release and phytoplankton \/ Kipp et al., 2018; Fadeev et al., 2021;
blooms
. . . . . Polyak et al., 2001; Jakobsson et al., 2010, 2016; Purcell
Ice streaming Glacial erosion and unsorted detrital supplies 1/ ot al 2022
Isopycnal transportation Brines mixing with Atlantic Water \/ Pavia et al., 2020; Rogge et al., 2022
Hydrothermal fluid Sporadic scavenging \/ \/ Valk et al., 2018; Gdaniec et al., 2020
Pacific Water inflow Chukchi Sea role v Kuzyk et al., 2013
Atlantic water inflow and deep 230. Moran et al., 2005; Hoffmann et al., 2013; Gdaniec et al.,
E f “*“Th
water export xport o \/ reduced 2020; Valk et al., 2020
Deep overflowing currents F,me particle and compound winnowing on \/ Bjork et al., 2007, 2010; Hillaire-Marcel et al., 2022a
ridge crests
Reversible scavenging Desorption at the water-sediment interface \/ \/ Trimble et al., 2004; Gdaniec et al., 2020; Valk et al., 2020
Intermediate and bottom currents Re-suspension of scavenged particles and reduced \/ ang and Lam, 2020; Schulz et al., 2021; Gardner et al.,
compounds 2022;
Turbidity and contour currents Winnowing of fine particles and compounds Enhanced? \/ Mosher and Boggild, 2021

toward the central Arctic Ocean (Fig. 9).

4.7.3. The cycling of *>°Th in the deep Arctic Ocean during interglacials/
interstadials

Z30Th distribution in the Arctic Ocean is influenced by the sea ice-
generated brines, as it does around Antarctica (Grotti et al., 2005;
Becquevort et al., 2009; Ardiningsih et al., 2021). With a penetration
depth of ~300-400 m, brines depict high concentrations of soluble and
adsorbed phases of **°Th as discussed above. They are partly mixed with
the intruding Atlantic Water, forming an isopycnal layer ~300-1000 m
deep (Ivanov et al., 2004). The intrusion of Atlantic Water was observed
to be stronger over the past ten years, leading to the deepening of the
isopycnal layer to ~1500 m, occasionally down to 2000 m (Fig. 9;
Gdaniec et al., 2020; Valk et al., 2020; Fu, 2022; Rogge et al., 2022).
Thus, isopycnal transportation must be considered as an important
player in the redistribution of >*°Th in the high-latitude ocean (Pavia
et al., 2020). The Arctic deep water also depicts a high soluble >*°Th
concentration as a result of the reversible scavenging (Gdaniec et al.,
2020). Hence, **°Th speciation and concentration are heterogeneous
within the different water layers of the Arctic Ocean.

Another important process that influences the 22°Th distribution in
the deep Arctic Ocean is the lateral transportation within the interme-
diate and bottom nepheloid layers (Fig. 9; e.g., Chen et al., 2021; Schulz
et al., 2021; Gardner et al., 2022; Williford et al., 2022). Following the
fine particle concentration gradients from the continental slope to the
central Arctic Ocean (Xiang and Lam, 2020; Williford et al., 2022),
decreasing trace metal concentrations (e.g., Fe, Co, Nd) in the water
column are observed (Charette et al., 2020; Liguori et al., 2021).

It has been reported that hydrothermal plumes from the Gakkel
Ridge could contribute to 22°Th scavenging in the deep Nansen Basin
(Valk et al., 2018). However, the relatively slow spreading rate and low
overall hydrothermal activity (Jean-Baptiste and Fourré, 2004) lead to
inferring low influence on 22°Th cycling at the scale of the whole Arctic
Ocean.

4.7.4. 230Th burial in the deep Arctic Ocean during glacials

During glacial periods, turbulent mixing was mostly paused below
the severe ice cover, resulting in reduced lateral transportation (Rippeth
and Fine, 2022). The deep circulation might have been similarly reduced
(e.g., Hillaire-Marcel et al., 2022b). Whereas, due to their low velocity
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(2to 6 cm.s~L; Galt, 1967; Hunkins et al., 1969), bottom currents should
generally be of minor impact on the 230Th,-rain dispersal. However,
they cannot be overlooked where boundary currents are active (Wood-
gate et al., 2001). Such turbidity and contour currents were apparently
active during glacials in the Lomonosov Ridge and Canadian Basin
(Weigelt et al., 2020; Boggild and Mosher, 2021), especially under low
sea levels (Mosher and Boggild, 2021). This might have led to the
resuspension and removal of fine particles deposited during earlier
interglacial/interstadial intervals.

5. Conclusion

One major conclusion that may be drawn from this synthesis work is
that there is no simple proportionality between time and sediment or
230Th,, deposition in the deep Arctic Ocean. No realistic time interpo-
lation or time estimate can be made aside from the stratigraphic
assignment of peaking 2**Th,s-values to specific “warm” intervals and
the calculation of 2°Th,g extinction age.

Without more information on 23°Thy, in deep depocenter, 230Th-
budgets are difficult to set, especially for glacial intervals. Overall, one
may infer reduced 22°Th deposition during such episodes, in particular
at shallow sites within reach of ice shelves or of their underlying
freshwater layer (Hillaire-Marcel et al., 2022b). This would be partly
compatible with the hypothesis of a “freshwater-filled” Arctic Ocean by
Geibert et al. (2021). The strongest evidence for some 23OTh—export, at
least during MIS 2, may be derived from 2'Pa/?*°Th activity ratios as
documented by Moran et al. (2005) or Hillaire-Marcel et al. (2017). This
would imply a possibly reduced, but still active deep water circulation
and exchanges with the Nordic Seas and Atlantic Ocean (cf. Spielhagen
et al., 2022).

The compilation of 230Th,, distributions and inventories in cored
sequences published so far allows us to reassess the usefulness of 230y
as a stratigraphic tool as proposed in earlier papers (e.g., Strobl, 1998;
Not and Hillaire-Marcel, 2010; Hillaire-Marcel et al., 2017; Geibert
et al., 2021; Purcell et al., 2022). Two benchmark ages could be
reasonably set: i) that of the subsurface 230ThXS peak (~53 kyr), and ii)
the 230Th,, extinction age downcore (~220 to 420 kyr). They lead to
paleoceanographic inferences about the Arctic Ocean quite distinct from
those using biostratigraphic markers and Mn-based cyclostratigraphy
(see also Hillaire-Marcel and de Vernal, 2022) and even, radiocarbon
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(Hillaire-Marcel et al., 2022a). However, in some cases, the 239Thy,-
based stratigraphy should be used with some caution, notably when the
MIS 1 230Th,, peak is not distinguishable from that of MIS 3, or when the
redox-driven diagenetic processes interfere (Purcell et al., 2022).

This review highlights the importance of solar insolation and sea
level in governing the cycling and sedimentation of trace metals in the
Arctic Ocean, through the critical role of seasonal sea ice production and
melting over submerged continental shelves (Hillaire-Marcel et al.,
2021). It also documents post-depositional processes related to brine-
driven deep current exchanges between the Canadian, Amundsen and
Eurasian basins resulting in some 2E’OThXS redistribution from the ridges
to the deep basins. At last, it confirms the major role of DOC, either
produced by marine algae or discharged by the rivers (particularly the
Lena River), in 230Th—scavenging processes.

Future work could be focused on deep basins and continental mar-
gins as their inventories in 23°Th and 2*'Pa could help constrain better
the budgets of these isotopes during recent glacials and the MIS 3 and 5e,
in particular.
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