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ABSTRACT

Recently, the use of “extinction ages” of excesses in U-series isotopes (?30Th,, 23!Pay,) has been proposed for the
setting of benchmark ages of up to ~350 and ~150 ka, respectively, in late Quaternary marine records from the
Arctic Ocean. However, the use of such U-series-based chronostratigraphic approaches has some limitations.
These limitations are illustrated by U-series measurements in a cored sequence from the southern Lomonosov
Ridge (PS2757). In this core, the final measurable excess in 230TH (230Thxs), strictly linked to the sedimentary flux
of this isotope from the overlying water column (***Thys-marine), is observed at a depth of ~590 cm downcore.
An “extinction age” of ~230 ka can be estimated for the residual 2°°Th,; at this depth. It approximately matches
the Marine Isotope Stage 7/8 transition. Below this transition, strong redox gradients constrained by a layer
enriched in organic carbon resulted in a late-diagenetic relocation of uranium leached from detrital minerals in
the over- and underlying oxidized layers. This uranium relocation resulted in large amplitude radioactive dis-
equilibria within a core section otherwise characterized by near secular equilibria between inventories of 238y.
series isotopes, implying an age greater than the “***Thy:-marine extinction age” for the whole section. In the
overlying part of the core, the 220Th, distribution correlates with other 2°Thy,-documented sequences from the
Central Arctic Ocean. 2*°Th,; can be thus used for stratigraphic correlations between the relatively low-
sedimentation rate marine sequences of this basin, over the last two or three glacial cycles, but special atten-
tion to potential diagenetic effects is recommended. Moreover, as for a given 23°Thy,-marine flux at the seafloor,
initial 2*°Thy, values are broadly inversely-proportional to the sedimentation rate, the resulting estimates of
230Th,, “extinction age” vary accordingly. This variability restricts the chronostratigraphic use of 2*°Thy to
sequences with relatively low sedimentation rates, such as those where the initial 23°Thy-marine significantly
exceeds the 23Th-fraction carried by detrital minerals.

1. Introduction

2008; Xuan et al., 2012; West et al., 2021), the sporadic downcore
occurrence and limited diversity of microfossil assemblages (e.g.,

The setting of a robust chronostratigraphy of central Arctic Ocean
sequences remains a challenge due to many factors such as low and
variable sedimentation rates (e.g., Clark, 1970; Stein, 2008), conflictual
interpretations of paleomagnetic records between Arctic Ocean regions
(e.g., Clark et al., 1980; Darby et al., 1989; Nowaczyk et al., 1994; Stein,

* Corresponding author.
E-mail address: chm@uqam.ca (C. Hillaire-Marcel).

https://doi.org/10.1016/j.margeo.2022.106802

Backman et al., 2004; O'Regan et al., 2020), and discrepancies between
local and open ocean oxygen isotope stratigraphies (e.g., Ravelo and
Hillaire-Marcel, 2007). Radiocarbon chronostratigraphies spanning late
glacial and Holocene intervals point to recent sedimentation rates <1
cm/ka in several cores from the central Arctic but up to a few tens of cm/
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ka in sites closer to the continental margin (e.g., Stein et al., 1994; Darby
et al., 1997; Poore et al., 1999; Ngrgaard-Pedersen et al., 2003; Polyak
et al., 2004; Deschamps et al., 2018). Unfortunately, beyond ~35 ka,
radiocarbon data from marine biogenic carbonates are often unreliable
(see examples in O'Regan et al., 2008; Polyak et al., 2009), due to sec-
ondary carbonate precipitation through diagenetic processes (e.g.,
Broecker et al., 1984; Wycech et al., 2016). Beyond ~35 ka, the late
Quaternary stratigraphy of Arctic Ocean sedimentary sequences was
initially set from paleomagnetic data (e.g., Clark et al., 1980), but re-
interpretation led to conflictual chronostratigraphies (Nowaczyk and
Baumann, 1992 or Nowaczyk et al., 1994).

In this context, the use of uranium-series (U-series) isotopes has been
proposed for the setting of independent time constraints (Ku and
Broecker, 1965; Huh et al., 1997). For example, by using the distribution
and inventories of excesses in 2°°Th and 23'Pa, i.e., of the sedimentary
fraction these isotopes linked to the synsedimentary U-decay in the
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water column (e.g., Anderson et al., 1983), Not and Hillaire-Marcel
(2010) and Hillaire-Marcel et al. (2017) demonstrated that the magne-
tostratigraphy of Doell and Dalrymple (1966), Clark (1970, 1981), Clark
et al. (1980), and Spell and Mcdougall (1992) with mm ka~! sedimen-
tation rates (SR) in the central Arctic Ocean, was more likely than the
revised interpretation of Nowaczyk and Baumann (1992) and Nowaczyk
etal. (1994) (see also, Jakobsson et al., 2000) used to infer cm ka™! SR at
the same sites.

In the present paper, we do not attempt to reconcile these conflicting
Quaternary chronostratigraphies. Instead, we intend to further docu-
ment the behavior of 2°°Th excesses (230Thxs) in Arctic sedimentary
sequences, aiming to constrain their use as a chronostratigraphic tool.
We use cores raised from site PS2757 on the southern Lomonosov Ridge,
close to the Siberian continental margin (Fig. 1). At this site, two cores, i.
e., PS2757-8 (an about 8 m long gravity core) and PS2757-6 (a 35 cm-
multicore) were recovered, the multicore providing an undisturbed
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Fig. 1. Location of cores cited (black stars); white arrow: Trans-Polar Drift (TPD). The background map shows the Arctic Ocean bathymetry from Jakobsson

et al. (2012).
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record of the most recent sediment (Rachor, 1997). The composite re-
cord from the two cores is further on referred to as “Core PS2757”. At
this site, mean SR of ~1.6 cm. to 4.8 cm ka-! were estimated from earlier
studies based on different tentative age models (Strobl, 1998; Stein
etal., 1997, 2001a, 2017a). Our objective was to test the applicability of
the 230ThXS method at this site, i.e., a site with relatively high SR, in
comparison with those from the central Arctic Ocean, thus, where initial
230Th,,-values were likely to be much lower. Our study thus extends the
work of Not and Hillaire-Marcel (2010) and Hillaire-Marcel et al. (2017)
who described the 22°Thys method for sites with mm ka~! SR. We also
sought to characterize the behavior of U-isotopes in a sequence with
intervals containing relatively elevated organic carbon contents. Such
intervals may trigger the development of redox gradients in the sedi-
mentary column and lead to a diagenetic redistribution of redox-
sensitive elements such as uranium (e.g., Bonatti et al., 1971; Vallieres
et al., 1993), with impact on the relative distribution of 238U-daughter
isotopes (33*U and %°Th in particular).

2. Materials and methods

We used sub-samples from an 8.4 m long Kastenlot core raised from
the southern tip of the Lomonosov Ridge (PS2757-8: 81°09.8' N,
140°12.0" E, 1241 m depth; Fig. 1), previously investigated for organic-
geochemical bulk parameters by Stein et al. (2001a). Based on the
lithological core description, the upper ~14 cm display coring distur-
bances (Stein et al., 1997). Thus, in order to set a composite record for
the study site, we also analyzed a multicore collected less than 3 nautical
miles away (PS2757-6; 81°11.37' N, 140°02.67’ E, 1290 m depth; 35 cm
long), where the surface sediment was preserved (see details in Sup-
porting Information section).

2.1. Sediment properties and sub-sampling

The measurements of total carbon (Cyor), organic carbon (Coyg), and
total nitrogen (Niot), those of 513C-values of organic carbon (613Corg) and
of U-series isotope were made in Geotop-UQAM laboratories. For this
purpose, core PS2757-8 was sampled and analyzed at 20 cm intervals,
and core PS2757-6 at ~5 cm intervals (see Supporting information;
Tables S3 and S4). Other sedimentological, mineralogical, geochemical,
and micropaleontological data cited in the present study come from
earlier studies. Miiller and Stein (2000) made grain size measurements
using sieving/settling techniques and bulk sediment mineralogical
analysis by X-ray diffraction. Heavy minerals were studied in detail by
Behrends (1999). Wet bulk density changes downcore are from Niessen
(1996) and were determined with a non-destructive Density Measuring
System. Elemental geochemistry measurements were made using X-ray
fluorescence by Schoster (2005), except for sulfur, which was analyzed
with an elemental analyzer. Micropaleontological analysis was done by
Matthiessen et al. (2001).

2.2. Elemental and stable isotope (. 613C0,g) analysis

Total carbon (Cio), organic carbon (Corg), and total nitrogen (Niop)
contents were measured using a Carlo Erba™ elemental analyzer. The
measurement for C,; was made after fumigation with 12 M HCI to
dissolve carbonates, including detrital dolomite (see Maccali et al.,
2013). The isotopic composition of organic carbon (613C0rg) was ob-
tained on a fumigated aliquot with a Vario™ micro cube elemental
analyzer connected to an Isoprime 100™ mass spectrometer. Overall
analytical precision is better than +0.1%o for 613C0rg (£10), based on
measurements of replicate samples (see details in the Supporting
Information).

2.3. U- and Th-series analyses

Following chemical separation as described in Edwards et al. (1987),
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U and Th isotopic concentrations were obtained from MC-ICP-MS
measurements and converted into activities using half-lives from
Cheng et al. (2013). The overall analytical reproducibility was ~ +1%
(+ 20; see Supporting Information for details).

Inventories of U-series isotopes were calculated as follows:

Inventory (dpm cm’z) = Z X, X Ay X Pu

where X, (cm) is the thickness, A, (dpm g’l) is the average activity, and
P, (g cm™3) is the average dry bulk density of the n™ depth interval (Not
and Hillaire-Marcel, 2010).

Between the measured depths, all values were linearly interpolated.
Whereas the interpolation could result in some uncertainty, we assumed
that potential negative and positive offsets should end even up when
summed up across the 44 samples of the composite sequence

3. Results
3.1. Sediment properties

Core PS2757-8 is composed of brown silty clays (Stein et al., 1997)
with some intervals containing up to 30% sand (Miiller-Lupp et al.,
2000). The average weight percentages of sand (63 pm — 2 mm), silt (2
pm - 63 pm) and clay (< 2 pm) fractions are 5.3 + 7.1%, 46.5 + 8.6%
and 48.2 + 11.8%, respectively (Miiller and Stein, 2000); clay and sand
contents are anticorrelated (R = —0.70; see Fig. 2). Bulk mineralogical
analysis indicates that quartz (~ 43%), plagioclase (~ 24%), pyroxene
(~ 10%), and alkali feldspars (~ 6%) dominate. Amphibolites, kaolin-
ites, chlorites, smectites, and illites also exist in variable and minute
quantities (Miiller and Stein, 2000). Heavy minerals of the 240-600 cm
interval differ from those found in the over- and underlying sediment
sections, suggesting that the coarse material from this intermediate
section originated from distinct sources (Stein et al., 1997; for details see
also Behrends, 1999). The sequence depicts very low carbonate contents
(< 0.2 dry weight percent -dw%-) with minor pulses matching increases
in peaking sand values (Supporting Information).

3.2. Organic carbon content and isotopic composition

The organic carbon content varies between ~0.9 and ~0.1 dry
weight percent (dw%) in the study sequence (Fig. 2). The maximum
value is observed at the core top. It is slightly above values reported in
surface sediments from northernmost sites along the Lomonosov Ridge
(0.6 to 0.3 dw%; Stein and Macdonald, 2004). Below, Cyrg-values
decrease within the first meter to ~0.3 dw%, then more progressively to
~0.1 dw% reached at ~5.5 m. Deeper in the core, Corg-values increase
again within a close to 1 m-thick layer - (~ 6.2-7.2 m), peaking at ~0.7
dw%.

Corg/Niotal molar ratios range from 1.9 to 9.8. They follow closely the
Corg-content variations (Fig. 3). Corg shows 513C values mostly within the
~ —22.5%0 to —23.5%o range (Fig. 3), suggesting organic matter fluxes
with a strong marine source component (cf., Miiller-Lupp et al., 2000;
Naidu et al., 2000). In contrast, the -deep Cg-enriched layer, shows a
large negative 613C0rg excursion (down to ~ — 25%o), indicating sig-
nificant inputs of terrestrial organic carbon at this depth (e.g., Naidu
et al., 2000).

3.3. U- and Th-series isotopes

The 238y/232Th activity ratio (AR) of the composite record averages
0.61 + 0.19 (+10), which is within the range reported for late Quater-
nary sediments from the Arctic Ocean (from ~0.6 to ~1; Hoffmann,
2009; Not and Hillaire-Marcel, 2010; Gusev et al., 2013). This AR value,
however, is slightly below values reported in sediments from Russian
rivers that flow into the Arctic (~ 0.76; Viers et al., 2009) but within one
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Fig. 2. Major sedimentological and geochemical properties of the composite
core. The red and green vertical stripes distinguish the interval affected by late
diagenetic U-relocation processes from oxidized low C,4-content layers (green)
towards the reduced Cqg-enriched layer (red). Green arrows on the clay and
sand diagram are interpreted as glacier advances, while red arrows depict re-
treats (cf., Miiller, 1999). The blue dotted >3°Th profile illustrates the decay of
the initial 2*Thy, above the diagenetically altered layers. The corresponding
data can be found in tables S1 to S4 of the Supporting Information. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

standard deviation of the mean Earth's crust value (e.g., Paul et al.,
2003).

The mean AR(***U/?%8U) of the whole sequence averages 1.00 +
0.09 (+10), with values more clustered above 560 cm (0.99 + 0.03;
+10), thus suggesting near-secular radioactive equilibrium between the
two isotopes at the scale of the whole sequence.

Whereas the 232Th content below 560 cm downcore does not depart
significantly from its value in the upper part of the core (respectively,
10.3 £+ 1.12 ppm and 11.0 + 1.0 ppm in the downcore and upcore
sections; both +1o; Supporting Information), the uranium concentra-
tion and isotopic composition display large-amplitude variations in the
lower section (Fig. 2). The top 560 cm has an average uranium con-
centration of ~2 ppm while a U-enriched layer, with a U-content of
~3.5 ppm and an AR(**®U/?%2Th) peaking at 1.48 + 0.01, marks the
~650-720 cm interval of the composite sequence. This U-enriched layer
is over- and underlaid by U-depleted intervals (~ 590-620 cm and
~735-820 cm) marked by a U-content of ~1.6 ppm and an AR
(238U/232Th) < 0.48. The strong peak of Cy values matches the U-
enriched interval (Fig. 2).

Excesses in 22°Th scavenged from the water column were calculated
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Fig. 3. Organic matter properties: A strong terrestrial carbon pulse highlighted
by high Corg/Nio ratios and low 813C0,g -values is observed between ~6.2 and
~7.2 m with a peaking Co value (grey striped layer). Other shifts in Corg
content and C/N ratio (~ 2 m, and near core top) do not show a similar shift of
513Cl,rg towards terrestrial values.

assuming a radioactive equilibrium between 22°Th (i.e., the “supported”
fraction) and 2**U in the detrital fraction (see Supporting Information
for calculation details). 23°Thy-values display a broad exponential decay
trend towards the core bottom (Fig. 2). Over this trend, oscillations in
23OThXS are observed, with notable peaks centered at the surface, ~1 m,
and ~3 m, to be discussed below.

4. Discussion
4.1. Major sedimentological features

Sedimentological features of the study core have been reported and
discussed previously (e.g., Niessen, 1996; Stein et al., 1997, 2001a,
2001b, Stein et al., 2017a, 2017b; Strobl, 1998; Behrends, 1999; Miiller,
1999; Fahl and Nothig, 2007). Here, we will focus on a few features
relating to the U-series isotope behavior in the sedimentary column.
Down to ~560 cm, core PS2757 presents features, not unlike those
described for many other Arctic Ocean sedimentary sequences, with
finer layers of elevated 230y alternating with coarser 230Thxs—depleted
intervals (Fig. 2). These layers are usually interpreted as being deposited
by sea-ice rafts and icebergs, respectively (Fig. 2), although this
simplistic distinction should be used with some caution (e.g., St. John,
2008). With their progressive increase in sand content (Fig. 2), it is likely
that several coarse layers have been deposited by icebergs during glacial
advances, possibly over shelves under lowering sea-level conditions (cf.,
Miiller, 1999).

The layer ranging 6.2-7.2 m downcore presents very distinct fea-
tures. It depicts an elevated organic matter content, mostly from conti-
nental sources, as indicated by the relatively high Corg/Nio ratio (up to
~12), and low 813C0rg -values, peaking below —25%o (Fig. 3; cf. Naidu
et al., 2000). This interval of significantly elevated C,g contents relates
to an increased supply of terrigenous organic compounds identified and
correlated between sites from southern Lomonosov Ridge and the Laptev
Sea continental margin by Stein et al. (2001a, 2017a). These continental
materials could have been deposited during periods of enhanced
riverine fluxes, but more likely reflect the erosion of organic matter-rich
continental deposits during a glacial advance. This hypothesis is sup-
ported by the increase in sand content, peaking slightly above the
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Corg-enriched layer (Fig. 2), and noting that supplies of organic matter by
the Lena River are typically in the form of dissolved compounds (C/N ~
50, Lara et al., 1998; §13Corg ~ —27%0; Kutscher et al., 2017). Particulate
carbon from circum-Arctic peats presents isotopic compositions within
the range or slightly below that of the Co,g in the 6.3-7.3 m layer (Gusev
et al., 2013). Assuming a background 613Corg signal of ~ —23%o for the
“marine-dominated” section of core PS2757 (Fig. 3), the peak at —25%o
in the deep organic-enriched layer would imply mixing with ~50% or
more carbon from terrestrial-source (for more detailed discussion about
the input and characteristics of terrigenous organic carbon we refer to
Fahl and Stein, 1999; Stein et al., 2001a; Stein and Fahl, 2004)

The organic matter properties near the core top are also noteworthy.
Its Corg content and C/N ratios are strongly correlated. Again, these
signals may reflect inputs of terrestrial organic matter. However, while
613C0rg values near the core top show relatively large amplitude varia-
tions, their mean value remains close to —23%o, which is well above that
observed in the Cyg-enriched deep layer. A particular organic matter
source here could be kelp forests (with 613C0rg values ranging —13.6 to
—16.5%0 Naidu et al., 2000) that may contribute significantly to primary
production in coastal waters (Dankworth, 2016). However, while Naidu
et al. (2000) did not observe any significant influence of such a carbon
source in surface sediments from Russian shelves, Goni et al. (2013) did
observe 813C0rg and Corg/Nior values in sediments from the North
American Arctic margin within the range observed in the core top
organic matter analyzed here.

4.2. Diagenetic behavior of uranium

Using 2%°Thy, to set time constraints implies a chemical closure for
the parent U-isotopes since the deposition of the sediment. This condi-
tion is broadly satisfied for most low-Cqy content, and thus oxidized
sedimentary sequences of the central Arctic Ocean cited above. In the
present case, some diagenetic U-mobility is observed below 560 cm
downcore, in relation to the Cog-enriched layer. This process must be
fully addressed in order to differentiate potential residual excesses in
230Th derived from 2°Th fluxes in the water column, i.e., from 23OTth-
marine, vs 22°Th excesses linked to diagenetic U-isotope redistribution.

At least down to 560 cm, any significant early diagenetic U-uptake of
marine uranium (e.g., Gariepy et al., 1994) may be discarded, as 234y
and 2%8U are in secular equilibrium (AR (234U/238U) = 0.99 + 0.03;
+10) within uncertainty). Below 560 cm, the large amplitude variations
in U-concentration, AR(234U/238U), and AR(23°Th/234U) highlight an
important late diagenetic U-mobility linked to redox gradients driven by
the high organic carbon content of the ~650-720 cm interval (Fig. 2).
All redox-sensitive elements show similar fluctuations within this in-
terval. Manganese, Fe, V, P concentrations, and Mn/Fe molar ratios
depict low values, whereas sulfur concentrations show increasing values
peaking at ~0.2 dw% at ~685 cm, relative to a mean concentration of
0.071 £ 0.04 dw% in the over- and underlying sediments (Fig. 4; see
also Schoster, 2005).

At least two distinct processes are recorded in the 650-720 cm in-
terval: 1) specific sedimentary fluxes marked by the presence of terres-
trial organic carbon and minor increases in inorganic carbon (see
Table S2 in Supplementary Information); 2) an early-to-late diagenetic
redistribution of redox-sensitive elements related to the reduced Cog-
enriched layer vs the over and- underlying oxidized sediments (e.g.,
Thomson et al., 1995).

It is noteworthy that the lowering sea level and the emergence of
shelves accompanying the ice advance marked by the sharp increase in
sand content of the 650-720 cm layer, also led to a decrease in the
important manganese oxide fluxes from shelves to the deep Arctic Ocean
(e.g., Lowemark et al., 2014; Macdonald and Gobeil, 2012). These
processes potentially impacted the budget of several related elements,
such as uranium (e.g., Wang et al., 2013).

Similarly, in contrast with the unvarying AR(***U/?%%U) observed
above 560 cm, the U-enriched layer shows a strong excess in 234U, with
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Fig. 4. Behavior of a few redox-sensitive elements in relation with the deep
Corg-enriched layer. Vertical stripes are similar to those indicated in Fig. 2: in
green, U-leaching of detrital minerals; in red: secondary U precipitation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

an AR(Z*U/2%8U) up to 1.366 + 0.014, whereas the immediately under-
and overlaying U-depleted layers are characterized by deficits in 234U,
with an AR(Z*U/2%8U) as low as 0.843 + 0.004 (see Fig. 2). These sig-
nals suggest U-leaching from minerals of the oxidized layers with pref-
erential mobility of 224U over 238U. This relates to the alpha-recoil of
234Th following the disintegration of its parent 238U, leaving the sub-
sequent 24Uina damaged lattice (Ku and Broecker, 1965). In particles
with a size of 0.7 um, 30% of the 23U produced could be ejected in the
pore water of pelagic sediments (Kigoshi, 1971). Accordingly, the 234U-
daughter isotope 230Th depicts a strong excess in the U-depleted layers
and a deficit in the U-enriched layer. This U-transfer process reflects a
slow and long-duration diagenetic evolution, possibly still active today,
that prevents the return to secular equilibrium between 23°Th and 23*U.
Driven by redox gradients, U-leaching of detrital minerals from oxidized
layers and its subsequent precipitation in a low Eh layer have been re-
ported in various settings, including the turbidite sequences of the North
Atlantic for total uranium (Colley et al., 1989) and with preferential
234U mobility (Colley et al., 1984), and between glacial/interglacial
sedimentary deposits from the Labrador Sea (Vallieres, 1997).

In the Labrador Sea sequence, the oxidized glacial layers show def-
icits in 2%*U (vs 238U) increasing with time, from an AR(234U/238U) of
~0.90 in marine isotope stage 2 (MIS 2), to ~0.88 (MIS 4) and ~0.85
(MIS 6) (Vallieres, 1997), and illustrating the long-duration of these
redox-driven diagenetic U-relocation processes. Worthy of mention here
is the fact that the diagenetic behavior of U-series isotopes may have an
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impact on the estimate of the environmental dose rate values used for
Optically Stimulated Luminescence (OSL) dating, in particular of quartz,
in comparison with feldspars (e.g., Zhang and Li, 2020). Adding the
decay of 2*°Th,, through time and the diffusion of radium and radon
through the sedimentary sequence, OSL-ages such as those calculated by
West et al. (2021) for a site nearby PS2757, are open to debate.

4.3. Uranium mobility in the section below 560 cm

Whereas the near-equilibrium AR(*3*U/2381) observed down to 560
cm indicates a negligible, if any, synsedimentary to early diagenetic
marine U uptake in the sediment, its occurrence during or slightly after
the deposition of the high Cog content layer cannot be discarded. First,
the inventory of 233U and 2%2Th activities measured in the 13 samples
analyzed within the 560-840 cm interval yields a cumulative activity
ratio of ~0.72 between these two isotopes, a ratio higher than the ~0.56
value calculated from their inventory in the overlying sedimentary
sequence (Table S3; Fig. 5). Second, the cumulative activities of 234y
and 238U below 560 cm yield an AR(Z*U/2%80) value of ~1.04, i.e., a
value statistically greater than the mean AR(**U/2380) of the 0-560 cm
sequence (0.99 + 0.03). On this ground, one cannot discard an early
diagenetic addition of marine U to the Cyg-enriched layer sediment.
However, assuming an AR(®*U/%%8U) value of ~1.14 (e.g., Chen et al.,
1986) for this uranium, a ~30% contribution of marine U to the total
uranium content of the 560-840 cm layer would be required to reach the
observed value. This amount is well above the ~10% total excess in
uranium of this layer, as estimated from its mean U-concentration (~
2.23 ppm) in comparison with that of the overlying sedimentary column
(~ 2.00 ppm; Supporting Information).

The partitioning of the U from the U-enriched layer suggests a
possible contribution of another source. Let us hypothesize that detrital
minerals of the interval below 560 cm are characterized by a [U/Th]
molar ratio and U-isotope compositions similar to those of the 0 to 560
cm interval. The isotopic composition of the ~0.23 ppm uranium in
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Fig. 5. Inventory of 23°Th, 2%*U, and *®U activities downcore. Insert: In-
ventories in the 560-840 cm section affected by diagenetic U-relocation pro-
cesses. The near radioactive equilibrium between 2*°Th and 2**U in the bottom
560-840 cm section suggests that the initial 2°Th,, has broadly decayed within
uncertainties of its calculated value in this layer, and thus that U-relocation
occurred at very slow rates or back in time during a period beyond 5/6 half-
lives of 2°Th.
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excess (Ugxcgss), as calculated above, compared to that of the 2 ppm
detrital fraction (UpgrriTaL), Would be as follows:

Ukxcess = Upgep-LAYER— [(U/ Th) perrirar “Thoeep—LavER }

Where:

Upggp-LAYER = total 238U-inventory in dpm cm ™2 below 560 cm
Thpggp.LAYER = 232Th—inventory in dpm em ™2 below 560 cm
(U/Th)perriTar, = mean AR(?*8U/232Th) of the 0 to 560 cm interval
Then,

"Uexcess = > Upeep-Laver—[ (P*U/**Th) porpirar* Thoeep-Laver |
=~ 517 dpm cm™>~[ ~ 0.558*779 dpm cm*] =~ 82 dpm cm >
Ugxcess = >*Upsep-vaver—[ (U /22 Th) e Thogep-Laver |

= ~ 552 dpm cm*-[ ~ 0.551*779 dpm cm™*] =~ 122 dpm cm >

This calculation yields an AR(234U/ 238U) of ~1.49 for the uranium in
excess in the deep layer, a value much higher than that of marine ura-
nium (~ 1.14; e.g., Chen et al., 1986). Thus, if some marine U could have
been taken up during sedimentation and the subsequent early diagenetic
phase, another source of 2**U-enriched U must be found.

Given the continental signature of the Cor accumulated in the
650-720 cm section, sediment sources with distinct U-concentrations
and activity ratios should be considered first. As illustrated in Fig. 2, this
Corg-enriched layer matches an increase in the sand fraction that we
linked to ice advance over shelves, with a lowering sea level (cf., Miiller,
1999; Stein et al., 2001a). During this ice margin advance, incorporation
of material from Arctic soils and/or peat-bog both with high U contents
and excesses in 234U above 238U (e.g., Lokas et al., 2019; Frechen et al.,
2007), was likely the process responsible for the high AR(?>*U/?%8U)
inferred for the additional uranium content of the layer. Sediments from
Bolshoy Lyakhovsky Island in Russia, ~ 860 km south of the study sites,
provide an example of such Cyg-enriched sediment sources with a high
U-content and with an AR(®**U/?%8U) value as high as 1.415 (Schirr-
meister et al., 2002; see also Allard et al., 2012).

The deepest sample analyzed in the study core (Supplementary In-
formation) indicated a near secular equilibrium between 230Th and 234y
but still depicts a slight excess in 22*U relative to 2*®U. Diagenetic pro-
cesses or a residual 2>*U-excess inherited from the deposition of 234U-
enriched detrital sediment could be evoked. In the first case, the secular
equilibrium between 23°Th and 234U suggests that any diagenetic U-flux
would have been so slow that it would not result in any measurable
deficit in 2*°Th. In the second case, the depositional age of the sample
should exceed the 230Thxs—time window under such settings (see below)
but would still be within a measurable detrital 2>*U-excess decay range
(<1 Ma).

4.4. Chronological constraints from 2>°Thy distribution and decay

Below 560 cm, the inventory of 23°Th activity matches that of 234U
with an offset of ~ +0.05% (Table S3; Fig. 5). No significant cumulative
230Th,, is thus observed within the deep layer, despite its large ampli-
tude fluctuations linked to the diagenetic processes discussed above.

Regardless of the uncertainty about the initial 2*°Thys-marine of this
deep layer, one may assume an age beyond the “extinction age” of the
230ThXS component (cf. Hillaire-Marcel et al., 2017). This “extinction
age” is reached when the 230ThXS falls within the error bars of the dif-
ference between total 2°°Th and its supported fraction, where **U)is
assumed to represent this supported fraction, i.e., when 20Ty ~
©6(**°Th)? + o(***)?)°5. In the present case, we used the mean 234y
activity and standard deviation in the 0-560 cm section (1.49 + 0.11
dpm g_l; +10; n = 29) as an estimate of the supported fraction and the
uncertainty of its value. Calculating an age for the sedimentary layer
where 230Thy falls within error bars of its calculated value requires
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knowing the initial 22°Thy; of this layer. Under steady-state conditions (i.
e., with constant sedimentary and 230Th,-marine fluxes), the distribu-
tion of 23°Th,, downcore should follow a negative exponential function.
As illustrated in Fig. 6, 230Thxs-values decrease downcore and broadly
follow an exponential decay pattern. However, with the known vari-
ability of SR in the Arctic Ocean and the variability of other processes
governing 2*°Th,, scavenging and sedimentary accumulation (e.g.,
Hillaire-Marcel et al., 2022), one cannot link the residual 2>*Thys of any
specific layer to a given initial 23OThxs—activity. Nevertheless, the overall
trend may be used to estimate the statistical boundaries of the approx-
imate age of this “extinction age” as plotted with a logarithmic y-scale in
Fig. 6. With a 68% probability, an age of 231 + 31/—25 ka is obtained at
a depth of ~5.9 =+ 1.5 m. Given the near 22°Th/2**U-equilibrium below
590 cm, as suggested by their inventories, the most probable depth of
the 239Th,, “extinction” would thus have to be within the ~440-590 cm
interval.

4.5. A 20Th,stratigraphy

The 230Thy, flux on the seafloor of the Arctic Ocean cannot be
interpreted conventionally (e.g., Hillaire-Marcel et al., 2022 vs Costa
et al., 2019). The scavenging of 23°Thy, by particles and compounds
occurs at uneven rates, sporadically, and during very short time in-
tervals. During glacial periods, scavenging rates can be practically
non-existent below multiyear sea ice or ice shelves but may resume
during ice streaming and surging events. Such events may last from a
few hundred years (Kleman and Applegate, 2014) to a couple of thou-
sand years in the case of major surging events (Veiga-Pires and
Hillaire-Marcel, 1999; Ziemen et al., 2019). Moreover, coarse particles
carried by icebergs are not efficient scavengers as most of the 2*Thy, is
scavenged by clays and colloidal compounds (Roy-Barman et al., 2005;
Baskaran et al., 1992). Consequently, there is no effective mechanism
leading to any significant and steady 23°Th,, accumulation during
glacial stages, as illustrated by sedimentary gaps in the central Arctic
Ocean during the last glacial maximum (e.g., Not and Hillaire-Marcel,
2010). During such intervals, 230ThXs is exported towards the Nordic
Seas through intermediate and deep-water circulation (Hoffmann et al.,
2013; Hillaire-Marcel et al., 2017). Some 2301 build-up in the water
column may be hypothesized under sluggish deep-water circulation

In 230Th
2

In(33Th,,) = (1.220.06) - [(0.14£0.02) * depth]
. R?=0.59
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Fig. 6. Plot of In?**Th downcore vs the uncertainty of its estimate from the
mean 2**U-activity assumed to represent the supported fraction of 2°Th,
inherited with detrital minerals. The age of the 230Th,, “extinction” and its
depth are calculated with a &+ 1o probability.
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conditions (Grenier et al., 2019; Kipp et al., 2021). These conditions
could have prevailed during MIS 4, an interval during which very low to
negligible 23°Th,-values were recorded (e.g., Geibert et al., 2021).
During the early MIS 3, on the other hand, sediments are characterized
by peaking values, as discussed below.

During interglacials periods and some interstadials marked by high
sea levels, Arctic shelves were submerged allowing the development of
sea-ice factories (de Vernal et al., 2020). 230Thy scavenging and 2307,
fluxes to the seafloor were then driven by a large array of factors: the
seasonal sea-ice growth and melt, the brine production and sinking, the
development of a strong halocline with possible isopycnal transport of
23OThXS (e.g., Pavia et al., 2020), the enhanced marine production and
turbidity on the shelves, and the sea-ice rafting routes (cf. Hillaire-
Marcel et al., 2017). However, seasonally open sea-ice conditions over
shelves did not encompass the full duration of interglacial and inter-
stadial stages but seem to characterize relatively short time windows, as
illustrated by Holocene records from the Lomonosov Ridge (de Vernal
et al., 2020) and the Eurasian continental margin (e.g., Horner et al.,
20165 Stein et al., 2017b). The consequences are twofold: 1) 230ThXS
accumulation mostly occurs under high detrital and particulate/dis-
solved organic matter fluxes linked to sea-ice rafting and brine sinking;
2) gaps alternating with highly variable fluxes are linked to sporadic
sedimentary pulses. These highly variable 23°Thy fluxes result in a non-
constant proportionality between 2°Th production in the water column,
its scavenging and deposition rates, and time (e.g., Hillaire-Marcel et al.,
2022). Whereas the last glacial maximum sedimentary gap that char-
acterizes many sites from the central Arctic Ocean may illustrate con-
ditions under full glaciation, the peaking 2*°Th,s sedimentary fluxes
during the early MIS 3 illustrates conditions during a short interval of
seasonally open sea ice conditions following the MIS 4-gap (Geibert
et al., 2021). This MIS 3 peak is observed systematically in all Arctic
Ocean cores (Not and Hillaire-Marcel, 2010; Gusev et al., 2013; Hillaire-
Marcel et al., 2017; Geibert et al., 2021). It may be dated at ~55 ka,
combining radiocarbon chronologies, age estimates of a corresponding
high sea level (e.g., Siddall et al., 2008), open conditions in the Bering
Strait (Farmer et al., 2021), and peaking insolation during this time
window (cf. Hillaire-Marcel et al., 2022). These conditions would have
permitted the development of sea-ice factories over shelves.

The above features explain the great variability of 22°Thy,-recordings
in the Arctic Ocean and document the difficulties in using this isotope to
set any reliable “radiometric age”, other than that of the final “extinction
age” documented above. However, 230Thy profiles can be correlated
between sites as documented earlier by Not and Hillaire-Marcel (2010)
and observed later by other authors (Hillaire-Marcel et al., 2017; Geibert
et al., 2021). On this ground, a 23°Thyg-stratigraphy is proposed with
peaking 23°Th,, values during MIS 1, 3, 5e, and 7 (Fig. 7), superimposed
over the broad negative exponential trend illustrated in Fig. 6 for core
PS2757.

Sedimentary fluxes from ice-rafted debris show an inverse relation-
ship with the distance from the sediment sources area, in the Laptev Sea,
along the TPD route (Figs. 8, 1). Such a general decrease in terrigenous
(as well as biogenic) sediment fluxes towards the central Arctic Ocean
has been documented in several other studies (e.g., Polyak et al., 2009;
Stein et al., 2010).

The 23%Thy; fluxes show reduced variability but differ sufficiently,
despite the nearly similar water depths, to further illustrate the partic-
ularity of scavenging processes in the Arctic Ocean. Aside from the
impact of advection and focusing processes relating to current circula-
tion patterns (e.g., Francois et al., 2004), other parameters govern
230Th,, fluxes in this ocean (e.g.: Hillaire-Marcel et al., 2017), in
particular, i) the production rate of organic matter in sea ice, and its
impact on 2*Thy, scavenging, ii) the production rate and sinking pattern
of brines, iii) sea ice rafting routes. These processes and their impact on
the cycling of 2*Thy, at the basin scale still require further investigation.
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Fig. 7. Correlation of 2*°Th, profiles in cores from the Lomonosov Ridge (from the south at left to the north on the right) with their tentative stratigraphic as-
signments (MIS = Marine isotope stages). All cores are within a narrow water depth range. Whereas sedimentation rates vary by nearly one order of magnitude,
230Th, inventories (T) vary by a factor of ~2 between the two extreme sites. Note the peaking 2>°Thy,-value of MIS 3 at all sites, and the “background noise” of
minute 2°Th,, values observed in sections below the “***Th,,-extinction depth”, relating to long-duration late diagenetic processes (see text).
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Fig. 8. The approximate distance between the coring sites shown in Fig. 1,
along the Lomonosov Ridge, from the edge of the Laptev Sea shelf, versus the
extinction depth of 2*°Th,, in the corresponding cores. Situated below the TPD
route, these sites illustrate a decreasing trend in ice-rafting deposition north-
ward from the shelf where sediment uploading takes place.

5. Conclusion

Compared with other sites in the central Arctic Ocean, our study site
on the Southern Lomonosov Ridge, provides an improved resolution for
the documenting of 23°Th, fluctuations during the last couple of cli-
matic cycles (e.g., Geibert et al., 2021). This resolution allowed us to
clearly distinguish the Holocene vs the MIS 3 23°Thx5-peaks, which are
often merged in records from very low sedimentation rate sites.

However, quantifying an effective “?*Th, extinction age” was chal-
lenging in core PS2757, in comparison with lower SR sites. The
enhanced SR of site PS2757 resulted in the mixing of 230Th, within a
larger sediment mass, thus lowering the resolution of its measurement
over the supported fraction. Consequently, the “extinction age” of
230Th,, calculated at the site is much younger than that proposed for
lower sedimentation rate sites and marked by a much larger depth, and
thus time uncertainties.

Site PS2757 also provided a well-documented record of the diage-
netic mobility of uranium in sediments, linked to redox gradients. This
mobility was reduced in the low organic carbon content sediments of the
central Arctic Ocean. Here, we see that a few tens of a percent more Corg
(from terrestrial fluxes linked to a glacial advance) led to a redistribution
of redox-sensitive elements, such as uranium, in the deepest section of
the core. Therefore, the use of the excesses in U-series daughter isotopes,
230Th and 23!Pa, for the documenting of SR must be based on a thorough
geochemical investigation of potential Eh-driven late diagenetic
processes.

Despite some limitations discussed above, 2>*Th-excess records seem
to have a strong potential for shedding light on the ongoing and
controversial debate about the late Pleistocene Arctic Ocean chronolo-
gies. This work should lead to a re-examination of chronostratigraphic
interpretations proposed so far. Moreover, it also highlights the need to
set new multi-proxy records using up to date methodologies analyzing
sedimentological features and measuring physical properties, such as Be
and U-series isotopes, and micropaleontological, sedimentological,
geochemical, and mineralogical properties in cores recovered from
different Arctic regions (i.e., the Amerasian and Eurasian basins and
adjacent continental margins). Such an effort is still required to produce
robust pan-Arctic core correlations to develop a coherent, multi-proxy-
based chronology of Pleistocene Arctic Ocean sediments. Doing so will
enable more precise paleoceanographic reconstructions, yielding an
improved understanding of the role of the Arctic Ocean in the global
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paleoclimate system, which is needed for paleoclimate modeling en-
deavors (e.g., Kageyama et al., 2021).
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