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A B S T R A C T   

Pronounced Quaternary circulation and depositional changes in the Arctic Ocean basins remain poorly under-
stood. We investigate sediment core ARC5-ICE4 (ICE4) in the Eurasian (Amundsen) Basin off the Lomonosov 
Ridge to reconstruct glacial-interglacial variability in sediment sources and circulation. The ICE4 record features 
variable lithologies including distinct glacigenic deposits with Ice Rafted Debris (IRD). The sediment age is 
constrained by a combination of the organic carbon 14C with paleomagnetic data and correlation to earlier 
developed stratigraphies. The derived sedimentation rates constitute several cm/kyr (6.5 cm/kyr average) 
consistent with estimates from regional geophysical data. The developed age model covers the time interval from 
ca. 10 to 75 ka including Late and Middle Weichselian/Wisconsinian glaciations. Respective glacigenic sediments 
were primarily deposited by pulsed iceberg discharge. The Last Glacial Maximum and deglaciation is expressed 
in sharp IRD peaks including mineral proxies of the Laurentide Ice Sheet with an apparent millennial-scale 
variability. The older glacigenic sedimentary unit with abundant IRD of predominantly Siberian provenance 
was deposited during deglaciation of the Middle Weichselian (MIS 4/3) Eurasian Ice Sheet. These sedimentary 
differences indicate diverging impacts of the two glaciations on the Arctic Ocean, including ice-sheet sizes/ge-
ometries and oceanic circulation.   

1. Introduction 

The warming Arctic today suffers dramatic losses in the cryosphere 
including sea ice, glaciers, and permafrost (e.g., Peng et al., 2021; Slater 
et al., 2021; Tepes et al., 2021). Arctic sea ice alone accounts for almost 
30% of the Earth's ice mass loss over the last ~25 years (Slater et al., 
2021). This development induces major changes in physical, chemical, 
and biological processes in the Arctic Ocean (e.g., Polyakov et al., 2020; 
Steinbach et al., 2021; Wilson et al., 2021). Sedimentary records from 

the Arctic Ocean floor may hold clues to the history of many of these 
processes in the geological past. However, comprehension of these re-
cords is complicated by low and uneven sedimentation rates, scarcity of 
preserved paleobiological proxies, and limited hydrographic connection 
of the Arctic Ocean, especially during periods of low sea level. 
Furthermore, the history of glacigenic input from multiple circum-Arctic 
glaciations has considerable temporal and spatial heterogeneity that 
cannot be resolved without adequate age control and provenance 
identification. 
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In this study we test new, multi-proxy approaches to stratigraphy and 
depositional history of the central Arctic Ocean based on sediment core 
ARC5-ICE4 (ICE4) from a site in the Eurasian (Amundsen) Basin adja-
cent to the Lomonosov Ridge (LR) (Fig. 1). The LR is a major regional 
geological structure that traverses the Arctic Ocean from the Siberian to 
Greenland margin and plays an important role in controlling the oceanic 
circulation and glacial development (Björk et al., 2007, 2018; Jakobsson 
et al., 2001, 2016). Therefore, the LR has been the target of multiple 
geophysical and sediment coring operations (e.g., Spielhagen et al., 
1997 Svendsen et al., 2004; Jakobsson et al., 2000, 2001, 2016; O'Regan 
et al., 2008 Jakobsson et al., 2014; Hanslik et al., 2010; Stein, 2019). In 
comparison, little is known about paleoceanographic history in the 
adjacent basins, where sedimentary records are complicated by down- 
slope depositional processes and dissolution of biogenic sediment 
components (e.g., Backman et al., 2004; Svindland and Vorren, 2002; 
Pérez et al., 2020). Despite these challenges, information from sedi-
mentary records in this area is needed for comprehending the central 
Arctic Ocean depositional setting and related paleoclimatic conditions, 
such as circulation and glaciation history. 

In a prior study of core ICE4 focusing on paleomagnetic properties, 
Liu et al. (2019) observed a zone of negative inclination, which was 
interpreted as the Matuyama Chron. This interpretation results in very 
low estimated Quaternary sedimentation rates of ~1 mm/kyr, much 

lower than estimates from geophysical data indicative of an enhanced 
deposition in the Eurasian Arctic basins, including the Amundsen basin, 
during glacial intervals (e.g., Backman et al., 2004; Pérez et al., 2020; 
Weigelt et al., 2020). Our study tests the age model of Liu et al. (2019) 
and provides further insight through regional correlation of new ICE4 
sedimentary proxy data supported by the 14C dating of the organic 
carbon, leading to a reinterpretation of the paleomagnetic data. The 
results suggest that the ICE4 record contains variable lithologies in the 
age interval from ~10 to 75 ka, including distinct glacigenic (iceberg 
rafted) deposits that represent the last two major glaciations constrained 
to Marine Isotope Stages (MIS) 2 and 4/3. In addition to insights into 
depositional and related paleoclimatic environments in this climatically 
and oceanographically sensitive area, our results indicate sedimentation 
rates of several cm/kyr, consistent with geophysical data from the 
Amundsen Basin (e.g., Backman et al., 2004; Pérez et al., 2020; Weigelt 
et al., 2020). This substantial difference from an earlier estimate of Liu 
et al. (2019) highlights the need for a multi-proxy approach to evalu-
ating sedimentary and paleoclimatic records in such a complex region as 
the Arctic Ocean. 

2. Regional settings 

The LR is a ~ 100–200-km-wide sliver of continental crust rifted 

Fig. 1. Index map of the Arctic Ocean with location of ICE4 (red) and referenced sediment samples (orange - paleomagnetic data, yellow - other sites) (Supple-
mentary Table S1). Lomonosov Ridge area (boxed) is shown in the inset. Major surface circulation systems, Transpolar Drift (TPD) and Beaufort Gyre (BG), are shown 
by red and yellow curved arrows, respectively. Solid and dashed arrow lines show climatological and extreme weak/strong-AO circulation modes (Volkov et al., 
2020). White outlines indicate the inferred maximum extent of Pleistocene ice sheets around the Arctic Ocean (Batchelor et al., 2019): Laurentide (LIS), Innuitian 
(IIS), Greenland (GIS), Eurasian (EAIS), and Siberian (SIS, dashed outline for tentative limits). Purple arrows - major ice streams. LR, MR, AR, and NR - Lomonosov, 
Mendeleev, Alpha, and Northwind ridges; AB, MB, and CB - Amundsen, Makarov, and Canada Basins; BS, FS - Bering and Fram Straits. Base map is the International 
Bathymetric Chart of the Arctic Ocean (Jakobsson et al., 2012). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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from the Eurasian to Greenland margin in the early Cenozoic and 
translated northward to water depths close to 1 km sometime in the 
Miocene (e.g., Kristoffersen, 1990; Minakov and Podladchikov, 2012). 
The ridge constitutes a major barrier for the deep and intermediate 
water circulation, except for two narrow depressions (Oden and Belov 
troughs). During glaciations, the LR served as a critical pinning point for 
floating extensions of the circum-Arctic ice sheets that supported the 
inferred pan-Arctic ice shelf (Hughes et al., 1977; Polyak et al., 2001; 
Jakobsson et al., 2008; Jakobsson et al., 2014; Jakobsson et al., 2016; 
Gasson et al., 2018). Grounding of thick ice shelves and deep-keeled 
icebergs on the ridge top had a profound effect on sediment deposi-
tion on the slopes and in the adjacent basins (Polyak et al., 2001; 
Jakobsson et al., 2001, 2008, 2016; Kristoffersen et al., 2004; Pérez 
et al., 2020). 

Sediment transport and deposition in the central Arctic Ocean is 
primarily controlled by two interacting surface circulation systems, the 
Transpolar Drift (TPD) and Beaufort Gyre (BG) (Fig. 1). Under modern 
conditions, the study area at the central LR is typically dominated by the 
TPD that exports sediment-laden ice from the Siberian shelves generally 
along the LR (Nürnberg et al., 1994; Pfirman et al., 1997). However, 
considerable shifts have been observed for the TPD-BG boundary 
depending on interannual to decadal, wind-controlled circulation 
changes known as the Arctic Oscillation (AO) (Rigor et al., 2002; Steele 
et al., 2004; Volkov et al., 2020). Strong/weak AO enhances the BG/TPD 
circulation resulting in strongly variable ice drift pattern (Fig. 1). On 
longer time scales, circulation may also have had a strong variability 
related to long-term glacial-interglacial changes in hydrographic and 
atmospheric conditions (Bischof and Darby, 1997; Dong et al., 2020; 

Wang et al., 2021; Xiao et al., 2021). 
The ICE4 core site is proximal to the Oden Trough that breaches the 

LR approximately halfway between the North Pole and the Siberian 
margin, and serves as a conduit for intermediate water exchange be-
tween the Eurasian and Amerasian basins (Björk et al., 2018). This part 
of the LR displays glacial erosion and seepage mounds at the ridge top, 
sand waves on the slope, and potentially seismic events indicated by 
fractures in the ridge strata (Jakobsson et al., 2016; Pérez et al., 2020). 
Current activity may also be responsible for a local deepening at the 
slope base in front of the Oden Trough (Björk et al., 2018). All these 
features indicate a possibility of down- and off-slope sediment redepo-
sition; however, no sizeable mass transport deposits (MTD) were found 
on the Eurasian side of the Oden Trough (Pérez et al., 2020). 

Several studies addressed the depositional history and paleoenvir-
onments of the central Arctic Ocean based on sediment cores from the 
central LR, primarily from its top (e.g., Spielhagen et al., 1997, 2004; 
Jakobsson et al., 2000, 2001; O'Regan et al., 2008; Jakobsson et al., 
2014). These cores constitute widely used, stratigraphically constrained 
Arctic Ocean sedimentary archives including ACEX, a deep ocean dril-
ling core that provides a long stratigraphic record (Backman et al., 2008; 
O'Regan et al., 2008). One of the major features in the upper part of this 
stratigraphy is a prominent increase in glacigenic sedimentation starting 
from MIS 6, ~190 ka (Fig. 2) (Jakobsson et al., 2001; Spielhagen et al., 
2004; O'Regan et al., 2008; Jakobsson et al., 2014). Massive glacigenic 
deposits were related to major iceberg discharges from calving and 
collapsing marine ice sheets during glacial intervals and/or de-
glaciations. These sediments are characterized by a high content of 
coarse terrigenous grains and scarce to absent bio- and chemogenic 

Fig. 2. Stratigraphic correlation of core ICE4 and PS2185 from the Lomonosov Ridge (Fig. 1; Spielhagen et al., 1997 Svendsen et al., 2004). Proxies shown include 
clay minerals smectite (S) and kaolinite (K) normalized to illite (I), coarse sediment content (>63 μm), paleomagnetic inclination, and detrital carbonate proxies (XRF 
Ca/Al for ICE4, detrital carbonate grains for PS2185). 14C ages measured on TOC and foraminiferal tests are shown by arrows and numbers next to ICE4 and PS2185, 
respectively. Only the youngest ad oldest 14C ages are numbered for PS2185 for presentation purposes. Arrows for ICE4 14C ages from the BAL and PNML are color- 
coded. Marine Isotope Stages (MIS) 4/3 and 6 are shown for major glacigenic units (highlighted in gray) next to PS2185. Correlation lines are shown based on this 
study (solid) and Liu et al. (2019) (dashed). 
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components. These features contrast with brownish, mostly fine-grained 
sediments representing interglacial/interstadial environments. The 
brown color in these layers is associated with high levels of manganese 
(Mn) delivered from continental shelves at higher sea levels and warmer 
climatic conditions (e.g., Jakobsson et al., 2000; März et al., 2011; 
Löwemark et al., 2012). 

Consistently thick units of coarse ice-rafted debris (IRD) were related 
to glacigenic input during glacial/stadial intervals from MIS 6 to 3/4 
(Fig. 2). In comparison, coarse sediment that would correspond to MIS 2 
is not apparent in cores from the LR top, possibly due to strongly 
diminished sedimentation rates in the central Arctic Ocean during the 
Last Glacial Maximum (LGM) (Nørgaard-Pedersen et al., 2003; Polyak 
et al., 2009). A different pattern characterizes a well-dated core 18TC 
from deeper water in an intra-ridge depression (Belov Trough), where a 
hiatus occurs during the late MIS2 but sediments above and below have 
elevated IRD content (Fig. 1) (Hanslik et al., 2010). This difference be-
tween cores from the ridge top and the adjacent depression indicates a 
likelihood of sediment redistribution by currents and/or downslope 
processes. The location of core ICE4 at the foot of the LR slope provides a 
potential for a yet more complete characterization of MIS 2 
sedimentation. 

3. Material and methods 

A 415-cm core ARC5-ICE4 was raised from 2860 mwd at 145◦14.3′ E 
and 85◦00′ N by the 5th Chinese Arctic Research Expedition (CHINARE- 
V) in 2012 (Ma, 2013) (Fig. 1). The split core was macroscopically 
described and logged for color reflectance and X-Ray Fluorescence 
(XRF) elemental composition. Samples for other analyses including 
grain size, mineralogy, and organic carbon were collected every 2 to 10 
cm. Measurements were performed at the First Institute of Oceanog-
raphy (FIO), Ministry of Natural Resources, China, unless indicated 
otherwise. As the core has no biogenic carbonate, the radiocarbon ages 
were determined by 14C dating of the total organic carbon (TOC) in the 
upper 200 cm. We additionally re-evaluate the ICE4 paleomagnetic data 
from Liu et al. (2019) using a comparison to other published Arctic 
Ocean records and new data from core P1-92AR-P7 (P7) (Fig. 1). The 
resulting age framework was correlated to stratigraphic records from the 
LR (Spielhagen et al., 1997; Svendsen et al., 2004; Hanslik et al., 2010; 
Martens et al., 2020; Muschitiello et al., 2020), and more Arctic Ocean 
cores have been used for a broader paleoceanographic context (Fig. 1; 
Supplementary Table S1). 

3.1. Non-destructive core scanning 

Color reflectance was measured at 1-cm intervals using a hand-held 
Minolta CM-2002 spectrophotometer. Indices for lightness (L*) and red- 
blue channel (a*) were used to characterize the general sediment color. 
Relative elemental abundances were measured at 0.2-cm resolution 
using an Itrax XRF core scanner at 20 s count times, 10 kV X-ray voltage, 
and an X-ray current of 20 mA. In this study we use the distribution of 
manganese (Mn) and calcium (Ca) normalized to aluminum (Al), which 
are broadly used in the Arctic Ocean lithostratigraphy (e.g., Polyak 
et al., 2009; Löwemark et al., 2012; Schreck et al., 2018). 

3.2. Grain size 

For grain-size analysis, ~2-g sediment samples spaced at 1-cm in-
tervals were successively treated with 15 mL 15% H2O2, 5 mL 3 M HCl, 
and 20 ml 1 M Na2CO3 for removing organic matter, biogenic carbonate 
and biogenic silica, respectively. Grain size measurements in the range 
of 0.02 to 2000 μm were performed on a Malvern Mastersizer 2000 laser 
particle analyzer. The relative error of repeated measurements was 
<3%. Sediments were classified according to Folk and Ward (1957). 
Grain size sorting was calculated for fine sediment (<63 μm) using the 
moment method (McManus, 1988). 

3.3. Mineralogy 

For bulk sediment mineralogy~5-g samples were taken at 2–5-cm 
and 10-cm spacing intervals above and below 130 cm, respectively. 
Sediment was dried, ground, passed through a 63-μm sieve, and loaded 
into aluminum holders. Samples were X-rayed from 5 to 65◦ 2θ with Cu 
K-alpha radiation (40 kV, 100 mA) using a step size of 0.02◦ 2θ and a 
counting time of 2 s per step on a D/max-2500 diffractometer (XRD) 
equipped with a graphite monochromator with 1◦ slits. Prior to the 
analysis, the instrument was blank corrected, and all samples were 
measured under the same conditions. Peak areas were estimated from 
XRD traces using Jade6.0 software, and semi-quantitative estimates of 
bulk mineral percentages were calculated following Cook et al. (1975). 
In addition to mineralogical analyses, >63-μm fraction from sandy 
samples was examined under the microscope for major petrographic 
components (Supplementary Table S2). 

Samples for clay minerals determination (~5 g spaced at 2-cm in-
tervals) were first treated with H2O2 (10%) and 1 M HCl to oxidize the 
organic matter and remove biogenic carbonates, respectively. Clay 
fractions (<2 μm) were obtained by the Atterberg settling tube method 
according to Stokes' Law. Each sample for the XRD analysis was trans-
ferred to two slides by wet smearing and air-drying. One slide was air 
dried at 60 ◦C for 2 h and analyzed. The second sample was solvated 
with ethylene glycol in a desiccator for at least 24 h at 60 ◦C. Every 
solvated sample was measured twice: the first scanning was done from 
3◦ to 30◦ 2θ with a step size of 0.02◦, and the second scanning from 24◦

to 26◦ 2θ with a 0.01◦ step. The latter was run as a slow scan to 
distinguish the 3.54/3.58 Å kaolinite/chlorite double peak. Proportions 
of clay mineral groups were calculated semi-quantitatively on ethylene 
glycol-saturated samples following Biscaye (1965), based on the peak 
areas of (001) series of basal reflections for smectite (including mixed 
layers, 15–17 Å), illite (10 Å), and kaolinite/chlorite (7 Å). Chlorite 
(004) and kaolinite (002) were identified at 3.54 Å and 3.58 Å, 
respectively. 

Total silica content was measured at the same intervals with clay 
minerals using a combined gravimetric and photometric approach (e.g., 
Sun et al., 2019) at Shandong Provincial No. 4. Institute of Geological 
and Mineral Survey, China. Samples were mixed with sodium carbonate, 
leached with hydrochloric acid, and evaporated to a wet residue. Then, 
after the addition of hydrochloric acid and agglomerated silicic acid 
with animal glue, the mixture was filtered, heated and weighed. The 
residue was subsequently treated with hydrofluoric and sulfuric acids to 
remove silicon in the form of silicon tetrafluoride, and then calcined and 
weighed. The difference in mass before and after this treatment is the 
amount of silica in the precipitate. The final residue was melted with 
potassium pyrosulfate, extracted with water and incorporated into the 
silica filtrate. After depolymerization, the residual silica content in the 
filtrate was determined by the molybdenum blue photometry. The sum 
of the values from the two methods provided the total silica content with 
the relative standard deviation <5%. 

3.4. Organic geochemistry 

Organic geochemistry parameters include TOC and total nitrogen 
(TN), δ13Corg, and several biomarkers (n-alkanes, sterols, and glycerol 
dialkyl glycerol tetraethers (GDGT)). Highly branched alkane IP25 bio-
synthesized by sea-ice algae (e.g., Belt et al., 2007; Müller et al., 2009) 
was not detected, probably because the concentrations were below the 
instrument detection limit. 

TOC and TN were measured at 2-cm intervals at FIO. Briefly, por-
tions of the freeze-dried sediment samples (~1 g) were decalcified using 
2 M hydrochloric acid, and the carbonate-free samples were then 
analyzed in duplicate using a Vario EL–III Elemental Analyzer with a 
standard deviation of 0.02 wt% (n = 6). 

OC stable isotopes (δ13Corg), and biomarkers were analyzed at sparser 
intervals (10-cm average to 250 cm core depth, sparser below) in the 
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Key Laboratory of Marine Chemistry Theory and Technology, Ministry 
of Education, Ocean University of China. δ13Corg was determined on 
carbonate-free sediments, pretreated as described above, using an 
isotope ratio mass spectrometer Thermo Scientific Delta V Advantage. 
The standard deviation was less than ±0.2‰ (n = 6), determined by six 
runs of IAEA-600, an inter-laboratory comparison standard distributed 
by the International Atomic Energy Agency (IAEA), Vienna. δ13Corg 
values are reported in the δ notation relative to international standard V- 
PDB (Vienna Pee Dee Belemnite) in units of parts per mil (‰) and 
calculated as follows: 

δ13Corg (‰) =
[
Rsample

/
Rstandard–1

]
× 1000  

where Rsample and Rstandard are the isotopic 13C/12C ratios of the samples 
and standards, respectively. 

Extraction and purification of biomarkers follow the procedure of 
Zhao et al. (2006). Approximately 5 g of freeze-dried sediment was 
treated with dichloromethane:methanol (DCM/MeOH) (3:1, v/v) using 
sonication, after adding internal standards C19 n-alkanol, n-C24D50 and 
C46 GDGT. The extracts were first hydrolyzed with KOH in MeOH (6%) 
for 12 h and then extracted with hexane. The extracts were subsequently 
separated into fractions using silica gel chromatography. The hydro-
carbon fraction containing n-alkanes was eluted with 8 ml of hexane. 
The polar lipid fraction was eluted with 12 ml dichloromethane/meth-
anol (95:5, v/v), and divided into two aliquots. The aliquot for sterol 
measurements was derivatized using N,O-bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA) at 70 ◦C for 1 h before the instrumental 
analysis. The other aliquot was filtered using a PTFE 0.45 μm filter for 
GDGTs measurement. 

Quantifications of normal alkanes (n-alkanes) and sterols was per-
formed on an Agilent 6890 N GC with a FID detector with a precision of 
within <2% (1 SD, n = 10), using a HP-1 capillary column (50 m × 0.32 
mm i.d., 0.17 μm film thickness, J&W Scientific) and H2 as the carrier 
gas at 1.3 ml/min. For n-alkanes, the oven was kept initially at 80 ◦C for 
1 min and then programmed to 200 ◦C at 25 ◦C/min, followed by 4 ◦C/ 
min to 250 ◦C, 1.7 ◦C/min to 300 ◦C for 5 min, and finally 5 ◦C/min to 
310 ◦C holding for 5 min. For sterols, the oven was kept initially at 80 ◦C 
for 1 min and then programmed to 200 ◦C at 25 ◦C/min, followed by 
4 ◦C/min to 250 ◦C, 1.7 ◦C/min to 300 ◦C for 12 min, and finally 5 ◦C/ 
min to 320 ◦C holding for 5 min. The content of alkanes and sterols was 
calculated from the ratio of their GC peak integrations to those of the n- 
C24D50 and C19 n-alkanol internal standard, reported as ng/g of bulk dry 
weight sediment (Zhao et al., 2006). 

The n-alkane odd carbon number preference index (CPI) and the 
average chain length (ACL), both OC maturity (thermal alteration) 
indices, were determined as. 

CPI = 1/2× [(C25 +C27 +C29 +C31 +C33)/(C24 +C26 +C28 +C30 +C32)
+ (C25 +C27 +C29 +C31 +C33)/(C26 +C28 +C30 +C32 +C34) ]

and 

ACL = (C25 ×C25+27 ×C27+29 ×C29+31 ×C31+33 ×C33)/(C25 +C27 +C29

+C31 +C33) (Zhang et al., 2006).

GDGTs were analyzed with an Agilent 1200 High Performance 
Liquid Chromatograph coupled to a triple quadrupole mass spectrom-
eter (Waters-Quattro Ultima Pt) equipped with an atmospheric pressure 
chemical ionization (APCI) probe. GDGTs were eluted at a flow rate of 
0.2 ml/min with hexane/isopropanol for the first 5 min, then with a 
linear gradient up to 1.8% isopropanol in 45 min in normal phase with a 
Prevail Cyano column (150 × 2.1 mm, 3 μm). 

The HPLC-MS instrument was operated under the conditions of 
nebulizer 60 psi, vaporizer 400 ◦C, cone gas flow (N2) 90 L/h and des-
olvation gas flow 600 L/h, APCI source 95 ◦C, APCI probe 550 ◦C. Single 
ion monitoring (SIM) was used because of its increased reproducibility 
and lower signal/noise ratio (Schouten et al., 2007). SIM was set to scan 

[M + H] + of crenarchaeol (GDGT-V; m/z 1292) and branched GDGTs 
Ia + IIa + IIIa (m/z 1050, 1036 and 1022), with a dwell time of 100 ms 
each. The relative abundances of GDGTs were obtained by comparing 
each respective [M + H] + peak area with that of the internal standard 
(m/z 744) (Huguet et al., 2006). The average relative standard deviation 
was <10%. The GDGT contents were calculated from the ratio of their 
peak integrations to those of the C46 GDGT internal standard, reported as 
ng/g of bulk dry weight sediment. 

The Branched and Iisoprenoid Tetraether (BIT) index is based on the 
ratio of GDGT compounds and has been proposed for estimating the 
contribution of terrestrial organic matter transported from the soil 
(Hopmans et al., 2004): 

BIT = (GDGT I+ GDGT II + GDGT III) / (GDGT I+ GDGT II + GDGT 
III+ Crenarchaeol), where GDGT I, GDGT II and GDGT III are branched 
GDGTs (brGDGTs). 

3.5. Radiocarbon dating 

No biogenic carbonate material was found in core ICE4, therefore 14C 
dating was performed on bulk OC. Sixteen samples were analyzed for the 
AMS 14C at the Beta Analytics Lab (BAL, US) and Pilot National Labo-
ratory for Marine Science and Technology (PNLM, Qingdao, China) 
(Table 1). BAL procedure included δ13Corg measured on-line with 14C for 
fractionation correction. Ages were not calibrated due to the uncertainty 
with the OC sources as discussed below in Sections 4.5 and 5.3.1. 

3.6. Paleomagnetic analyses 

For a comparison with the ICE4 record generated by Liu et al. (2019), 
we present new paleomagnetic data from sediment record P1-92AR-P7/ 
TC7 (combined piston and trigger core, hereafter referred to as P7) from 
the Northwind Ridge (Fig. 1). Lithostratigraphic context for this core 
was published earlier (Polyak et al., 2007). The core was sampled via U- 
channels, which were measured at the Laboratoire des Sciences du Cli-
mat et de l'Enviroment (LSCE) in Gif-sur-Yvette, France, on a 2G model 
755-R cyrogenic magnetometer with in-line AF demagnetization unit. 
The natural remanent magnetization (NRM) was subjected to stepwise 
alternating field (AF) demagnetization, followed by acquisition and AF 
demagnetization of an anhysteretic remanent magnetization (ARM). 
ARM was acquired in a peak alternating field of 100 mT and a steady 
bias field of 0.05 mT at a translation speed of 1.0 cm/s. A relative 
paleointensity proxy was constructed from the average of the NRM/ 
ARM ratio using the 20–40 mT alternating field demagnetization levels. 

4. Results 

4.1. General lithostratigraphy 

Core ICE4 recovered a variety of lithologies that can be classified into 
seven major lithostratigraphic units based on the visual description and 
general lithological characteristics further refined by lithostratigraphic 
proxies (Fig. 3, Supplementary Fig. S1). 

The scanned spectrophotometry data are consistent with the visual 
color characterization (Fig. 3, Supplementary Fig. S1). Darker-colored 
intervals are overall more brownish, as reflected in the lower L* and 
higher a* indices. Brown sediment has an overall slightly higher XRF Mn 
content, with the highest peaks corresponding to dark-brown laminae in 
Unit 4 and upper part of Unit 5, as well as near the core bottom. XRF Ca 
content is more consistent with lighter-colored gray intervals. The two 
highest Ca peaks occur in coarser sediment layers of Unit 2. 

4.2. Grain size 

The majority of ICE4 samples can be classified as silty mud, with a 
considerable amount of sand in Units 5 and 7, as well as isolated peaks in 
Units 1 and 2 (Fig. 3). Silt (2–63 μm) and clay (<2 μm) have an overall 
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distribution close to normal with 76% and 16% mean content, respec-
tively. In comparison, the distribution of coarser grains is much more 
skewed as the content of sand (>63 μm) varies from 0 to 52% with 8% 
mean and 1% median values. Unit 5 has the highest occurrence of sand 
deposited mostly in broad bands 20–30-cm-wide each, where sand 
content ranges between ~10 and 50%. The coarsest grains (>250 μm) 
make up 18% of the assemblage in these intervals. Fine sediments (<63 
μm) are generally well sorted in Units 1–4, except for sand peaks in Units 
1 and 2, while sandy intervals of Units 5 are the least sorted. 

4.3. Mineralogy 

Clay minerals in ICE4 are predominated by illite (52% average), 
which is inversely related to chlorite, kaolinite, and smectite (26%, 17%, 
and 5% average, respectively). This inverse correlation, especially 
strong for chlorite and kaolinite (R = −0.82 and − 0.89, respectively), 
indicates that the illite content may mask variations in the other clay 
minerals. Therefore, we also calculate the abundance of clay minerals 
for an illite-free (IF) composition. The IF chlorite generally co-varies 

Table 1 
Radiocarbon dating results for sediment core ARC04-Ice4.  

Depth (cm) Lab ID C age(years BP) Error (years) Δ14C (‰) σ-Δ14C (‰) IRMS d13C Material Lab 

3.5 QMLMA 190598 8290 70 −646.70 2.8  Bulk PNLM 
10.5 QMLMA 190599 10,340 80 −726.20 2.5  Bulk PNLM 
24.5 QMLMA 190600 12,920 80 −801.40 1.9  Bulk PNLM 
39.5 QMLMA 190601 15,960 70 −863.90 1.1  Bulk PNLM 
101.5 QNLMA 210020 23,100 180 −944.12 1.2  Bulk PNLM 
153.5 QNLMA 210021 29,430 340 −974.57 1.1  Bulk PNLM 
199.5 QNLMA 210022 35,890 740 −988.63 1.1  Bulk PNLM 
72.5 QNLMA 210019 30,570 390 −977.94 1.1  Bulk PNLM 
72.5 QNLMA 210245 29,070 270 −973.40 1.0  Bulk PNLM 
5.5 Beta-531,520 13,390 40 −812.74 0.94 −22.2 Bulk BAL 
16.5 Beta-571,208 13,520 30 −815.76 0.69 −22.2 Bulk BAL 
33.5 Beta-583,435 20,320 70 −920.99 0.69 −22.5 Bulk BAL 
50.5 Beta-571,209 21,080 70 −928.11 0.63 −22.9 Bulk BAL 
78.5 Beta-571,210 31,480 160 −980.30 0.4 −22.4 Bulk BAL 
101.5 Beta-571,211 27,140 120 −966.19 0.51 −23.6 Bulk BAL 
147.5 Beta-571,212 35,240 400 −987.67 0.62 −22.2 Bulk BAL 
200.5 Beta-582,955 33,600 220 −984.87 0.42 −22.8 Bulk BAL 
24–25 Beta-629,004 18,680 60 −902.26 0.73 −25.0 Bulk BAL 
153–154 Beta-629,005 29,130 160 −973.39 0.53 −22.4 Bulk BAL  

Fig. 3. Proxy records for core ICE4. (a) core photo and cumulative grain size; (b) TOC content and 14Coc ages (symbols for PNML and BAL data are color-coded); (c) 
L* and a* color indices; (d)XRF Ca/Al and Mn/Al (5-pt average); (e) grain size sorting and silica content; (f) dolomite and hornblende content; (g) chlorite (illite- 
normalized) and illite clay mineral contents. Lithostratigraphic units 1–7 are highlighted and numbered. Photo width is stretched for readability. 
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with illite (Fig. 3) and inversely correlates with both kaolinite and 
smectite, which are mostly abundant in Unit 5. 

Bulk minerals are dominated by mica, quartz, and feldspars. The 
potassium feldspar to plagioclase ratio reaches the highest values in Unit 
5 and some samples in Unit 1. Dolomite and hornblende are abundant in 
Unit 2 and some intervals in Units 1 and 5–7 (Fig. 3). Evaluation of the 
petrographic composition of sediment in coarse peaks also shows 
elevated presence of detrital carbonates in Unit 2 (Supplementary 
Table S2). 

Total silica values range between 50 and 60% in most of the core, 
with prominent peaks up to ~75% in Unit 5 (Fig. 3). These peaks mostly 
co-vary with the distribution of coarse sediment grains. 

4.4. Organic matter 

TOC content is as high as >1% at the core top and persistently de-
creases to values <0.3% reached in the middle of Unit 2 (Figs. 3–4). In 
the lower part of Unit 4 TOC content increases again and shows 
considerable fluctuations reaching a peak of nearly 1% in Unit 5. Further 
downcore TOC falls to very low levels in Unit 7, with a slight increase at 
the core bottom. Distribution of the OC/N index is mostly consistent 
with TOC except for relatively stable low values in the upper part of the 
core, and some diversions from the TOC pattern in Unit 5. Stable carbon 
isotope δ13Corg values are mostly in the range of −24 and − 22 ‰, rising 
to as high as −17 ‰ in Unit 6. The downcore pattern of δ13Corg values 
typically opposes that of the OC/N ratio, especially in the lower part of 
the core (Units 4–7). 

Distribution of n-alkanes shows a prevalence of long-chain 

homologues 
∑

C27+ C29 + C31 ranging between 500 and 2000 ng/g 
(Fig. 4). OC maturation indices CPI and ACL both decrease downcore 
(higher maturation), but show somewhat different patterns. CPI drops 
considerably from the core top to the middle of Unit 2, and then again in 
Unit 5. ACL stays relatively stable throughout Units 1–4, but drops 
sharply towards Unit 5, exhibiting strong fluctuations in its upper part 
and overall low values below. 

GDGTs are characterized by overall low concentrations with pre-
vailing branched GDGT reaching up to 500 ng/g (Fig. 4). Accordingly, 
the BIT index is high, mostly >0.5, consistent with numbers reported for 
other central Arctic Ocean records (Yamamoto et al., 2008; Yamamoto 
and Polyak, 2009). 

Concentrations of brassica- and dinosterols are generally very low, 
<100 ng/g. The highest numbers occur in the upper part of Unit 2 and in 
the middle of Unit 5 (Fig. 4). 

4.5. Radiocarbon ages 

Sixteen 14C determinations performed on TOC have an overall reg-
ular distribution pattern of uncalibrated 14C ages increasing from ~10 
ka BP at the core top to ~35 ka BP in the lower part of unit 4, with a few 
inversions (Fig. 3; Table 1). On-line BAL δ13Corg measurements range 
mostly between −22 and − 23 ‰ consistent with the background δ13Corg 
data. In comparison with the BAL data, most of the PNML ages are 
younger, by an average of ~15% estimated from BAL-PNML duplicates 
in three samples and interpolation for the rest of the data. The reason for 
this offset remains to be determined. The PNML has recently started 
operating and would benefit from an interlaboratory calibration with 

Fig. 4. Bulk organic matter and biomarkers in core ICE4. (a) TOC content (full core) and detrended TOC for the upper part; (b) δ13Corg and OC/N ratio; (c) 
∑

C27+
C29 + C31 n-alkanes concentration and C31/C27 ratio; (d) ACL and CPI maturation indices; (e) branched GDGT concentration and BIT index; (f) brassica- and 
dinosterols. Interpretation of the observed patterns is shown on the left and top. Lithostratigraphic units 1–7 are highlighted and numbered on top. 
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established laboratories such as the BAL. 

4.6. Paleomagnetic data 

Paleomagnetic results from ICE4 are reported in Liu et al. (2019). 
Sediments in core P7 used for a comparison carry a strong, stable 
remanence. A weak viscous component, possibly related to coring or to 
storage, is removed at the 10 to 20 mT demagnetization level. Inclina-
tion values are bimodal, with zones of steeply-positive and steeply 
negative inclination that fluctuate around the geocentric axial dipole 
(GAD) value of ±82◦. The 20 to 50 mT AF demagnetization levels were 
used to define the characteristic remanence (ChRM). MAD values range 
from <1◦ to approximately 20◦, with high MAD values generally due to 
noisy declination. As there is little power in the declination at this high 
latitude site, only inclination is used for this study. A relative paleo-
intensity (RPI) proxy was constructed by normalizing the NRM with 
anhysteretic remanent magnetization (ARM) and calculating the 
average of the NRM/ARM curves using the 20 to 40 mT AF demagne-
tization levels. 

5. Discussion 

5.1. Sedimentary environments 

5.1.1. Non-glacial sediments 
The modern sedimentation in the central Arctic Ocean is dominated 

by settling from sea ice formed largely in the water column at the broad 
and shallow Siberian shelves (e.g., Nürnberg et al., 1994; Darby et al., 
2009; Polyak et al., 2010). This sediment primarily originates from fine- 
grained material in suspension that is incorporated when ice forms in the 
fall. Some other types of ice, notably anchor ice formed at the sea floor, 
can incorporate coarser material, still dominated by grains not coarser 
than fine silt (Darby et al., 2009; O'Regan et al., 2014). Sea-ice 
controlled depositional environments resulting in mostly fine-grained 
sediments are inferred for interglacial/major interstadial intervals, 
when sea level was high and no ice sheets existed on the margins (e.g., 
Stein et al., 2012; O'Regan et al., 2014; Dong et al., 2017; Wang et al., 
2021). 

The fine-grained, relatively well-sorted sediment predominating 
ICE4, except for Units 5, 7 and coarse peaks in Units 1–2 (Figs. 3, 5), is 
comparable to sediment settling from sea ice. The typical fine-grained 
mode around ~4 μm occurs throughout ICE4 in various combinations 
with coarser fractions in Units 1–2, 5 and 7, and with finer grains in 
Units 3–4 (Fig. 5). This pattern is consistent with sediments with the 
mode at 2–4 μm interpreted as sea-ice entrainment and deposition 
(Darby et al., 2009; Dong et al., 2017; Wang et al., 2021). A relatively 
coarser overall composition of this sediment in units 1–2 may represent 

a combination of suspension freezing and anchor ice. 
The inference of sea ice as a major depositional mechanism is 

consistent with a high content of illite and chlorite clay minerals in Units 
1–4, which is indicative of transportation from the East Siberian conti-
nental margin in modern-type conditions (Wahsner et al., 1999; Viscosi- 
Shirley et al., 2003; Yamamoto et al., 2017; Ye et al., 2020). Chlorite 
content is especially elevated in Units 1 and 3, possibly indicating 
Chukchi Sea/Bering Strait provenance during periods of high sea levels 
(Yamamoto et al., 2017; Ye et al., 2020; Wang et al., 2021). The location 
of the ICE4 site in the pathway of the Transpolar Drift carrying sediment- 
laden ice from the East Siberian shelves (Fig. 1), is consistent with these 
provenance proxies. The exact provenance may have varied with 
changing drift patterns, such as the large swings related to the Arctic 
Oscillation (Rigor et al., 2002; Steele et al., 2004; Volkov et al., 2020). 

In addition to sea ice, sediment from the continental margins can be 
transported into the central Arctic Ocean by lateral water flows. Data 
from sediment trap LOMO-2 at the Siberian LR end (Fig. 1) indicate 
about half of the terrigenous material transported laterally at water 
depths between 150 and 1550 m (Fahl and Nöthig, 2007). Nevertheless, 
provenance of this sediment is similar to sea-ice load. Sediment win-
nowing from sea floor affected by near-bottom currents can also 
contribute to deposition at larger water depths. Condensed stratigraphic 
records from the LR top are consistent with sediment winnowing and 
subsequent deposition on the slope or in local depressions (e.g., Fig. 2) 
(Spielhagen et al., 2004; Chiu et al., 2017). 

Elevated background levels of sedimentary Mn, manifested also as 
high a* and low L* values (Fig. 3), are further indicative of interglacial- 
type conditions with material largely transported from the shelves 
(Jakobsson et al., 2000; O'Regan et al., 2008; Adler et al., 2009). We note 
however that XRF Mn content in ICE4 is overall lower than typical for 
interglacial intervals in Arctic Ocean cores, possibly due to the dilution 
by detrital material. Distinct Mn peaks in Unit 4 to the top of Unit 5, and 
in Unit 7 near the core bottom (Fig. 3) are likely indicative of fast Mn oxi 
(hydr)oxide precipitation in the oxidation fronts formed under pulsed 
fine-grained sediment deposition (Schoster, 2005; März et al., 2011). In 
the Arctic Ocean this type of sedimentation is typically observed 
stratigraphically above glacial intervals in cores from continental slopes 
and adjacent basins (Polyak et al., 1997; Wang et al., 2013). We infer a 
similar pulsed deposition for the upper part of Unit 5 to Unit 4, where 
fine sediment overlies distinct coarse-grained intervals composing the 
majority of Unit 5. The lower part of Unit 7, where Mn peaks occur 
between sandy layers, may represent similar conditions or, alterna-
tively, sediment winnowing and resuspension up-slope from the core 
site. 

5.1.2. Glacigenic sediments 
In comparison with fine-grained interglacial sediment, glacial/ 

Fig. 5. Characteristic grain-size distribution patterns in ICE4 for predominantly fine and coarser sediment samples (left and right panels, respectively).  
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deglacial intervals in Arctic Ocean cores feature a distinct increase in 
coarse grains attributed to iceberg rafting (Stein et al., 2012; O'Regan 
et al., 2014; Dong et al., 2017). Icebergs carry entrained glacial material, 
which may have a wide grain-size distribution, but typically with a high 
content of coarse sediment (sand and larger) (Clark and Hanson, 1983; 
Andrews, 2000). Pronounced peaks of coarse IRD have been attributed 
to iceberg discharge events and tracked to Arctic Eurasian or North 
American ice-sheet margins (Bazhenova et al., 2017; Kaparulina et al., 
2016; Dong et al., 2017, 2020; Wang et al., 2021). Distinct layers 
enriched in coarse IRD related primarily to Eurasian sources charac-
terize glacial intervals in the LR cores starting with MIS6 (Fig. 2; 
Jakobsson et al., 2001; Spielhagen et al., 2004; O'Regan et al., 2008, 
2014). In contrast, glacigenic deposits in cores from the western 
(Amerasian) Arctic Ocean typically have higher amount of North 
American IRD identified by detrital carbonates, mostly dolomites from 
the northwestern Laurentide Ice Sheet (LIS) sector (Bazhenova et al., 
2017; Dong et al., 2017, 2020; Wang et al., 2021). 

Unlike the rest of core ICE4, Unit 5 features poorly sorted sediment 
with coarse grains in various size fractions (e.g., >63 and 250 μm: 
Figs. 3, 5). This pattern is very similar to glacial IRD intervals in the LR 
cores, and closely resembles the interval attributed to the MIS4 glacia-
tion (Fig. 2; Jakobsson et al., 2001; Spielhagen et al., 1997, 2004; 
O'Regan et al., 2008, 2014). The coarse IRD abundance in Unit 5 co- 
varies with the total silica content (Fig. 3), indicating a high contribu-
tion of quartz-rich rocks, which are common for Siberian sources (Vogt, 
1997; Stein, 2008). The clay mineral assemblage in Unit 5 has elevated 
contents of smectite and kaolinite, as observed also in the correlative 
interval on the LR top (Fig. 2; Spielhagen et al., 1997). An increase in 
these minerals in association with coarse sediment in Arctic Ocean cores 
has been attributed to iceberg rafting of glacially eroded material (Vogt 
and Knies, 2009; Krylov et al., 2014: Dong et al., 2017; Ye et al., 2020). 
The likely source of smectite is igneous rocks of the western Siberia, 
where the Siberian Large Igneous Province (SLIP) was overridden by the 
Eurasian Ice Sheet (EAIS) (Vogt, 1997; Vogt and Knies, 2009). Elevated 
kaolinite content in glacial intervals has been related to the LIS prove-
nance (Ye et al., 2020; Wang et al., 2021). More sources may have 
existed along the Arctic margins during non-analogous glacial condi-
tions (Dong et al., 2017). 

Glacigenic origin is also inferred for distinct, sharp coarse-grained 
peaks with a relatively regular occurrence in Units 1–2 (Figs. 2-3). 
These peaks have a grain size distribution that is similar to more massive 
IRD layers in Unit 5 (Fig. 5). The inference of glacigenic sources is 
consistent with the mineral and elemental composition of Units 1–2, 
which have the highest background level of bulk Ca in the core, with two 
pronounced peaks in the middle and lower part of Unit 2 (Figs. 2-3). 
Detrital carbonates are also abundant in Unit 2 (Supplementary 
Table S2), and the bulk minerals have elevated dolomite and hornblende 
content (Fig. 3). While the hornblende sources are not yet well under-
stood, high detrital carbonate content is indicative of glacigenic input 
from the LIS (Bazhenova et al., 2017; Dong et al., 2017, 2020; Wang 
et al., 2021). While much of the correlative deposits in other LR cores 
may be missing due to the LGM hiatus, the adjacent sediments clearly 
show elevated content of detrital carbonate (Fig. 2), and a dolomite peak 
occurs in the correlative interval in the ACEX record (Vogt, 2009). 

In addition to iceberg load, turbid meltwater can also travel to 
distant locations in suspension plumes or hyperpicnal flows (e.g., Ó 
Cofaigh et al., 2003). Large volumes of deglacial sediments were likely 
discharged into the Arctic Ocean with the drainage of proglacial lakes 
such as reconstructed for both the LIS and EAIS (Mangerud et al., 2004; 
Klotsko et al., 2019). We assume that some intervals in Units 2 and 5 
composed of well-sorted fine grains with a mode at ~2–3 μm (Fig. 5) 
could be formed from meltwater suspension. 

Sedimentary environments for Unit 6 show some features similar to 
Units 1–4 along with distinct patterns, such as a poorly sorted but overall 
fine background sediment (Figs. 3, 5). A similar grain-size composition 
has been shown for glacial intervals lacking massive deposition of coarse 

IRD in the LR cores (O'Regan et al., 2014). We therefore infer that Unit 6 
represents a glacial maximum and low sea level, when the Arctic Ocean 
possibly had an extensive sea-ice cover with sluggish surface circulation 
and reduced iceberg discharge. Alternatively, this sediment could be 
formed from dust blown by katabatic winds from the ice sheets. While 
the grain size of Unit 6 is overall finer than common for glacial dust, such 
as Asian loesses (e.g., Prins and Vriend, 2007), its composition depends 
on the source material and wind speed. For example, glacial dust de-
posits from the Southern Ocean feature primary modes at 3–4 μm, 
comparable to Unit 6 (Van der Does et al., 2021). 

5.1.3. Sediment redistribution 
Debris flows on the slopes and ensuing turbidity currents in the ba-

sins provide considerable sediment redistribution in the central Arctic 
Ocean (e.g., Stein, 2008; Pérez et al., 2020; Joe et al., 2020). In partic-
ular, seismic data show that the bottom of the Amundsen Basin is filled 
with thick turbidite sequences (Backman et al., 2004; Pérez et al., 2020; 
Weigelt et al., 2020; Boggild and Mosher, 2021), which have also been 
recognized in sediment cores PS 2176 and 2190 (Fig. 1) (Stein, 2008; 
Svindland and Vorren, 2002). Most of these sediments have been related 
to gravity flows during glacial/deglacial times, when ice sheets 
impacted the shelf margins and submarine ridges (Jakobsson et al., 
2001, 2008, 2016; Kristoffersen et al., 2004; Pérez et al., 2020). 

Core ICE4 is located at the foot of the LR slope with a considerably 
shallower depth than the surface of turbidite deposits in the Amundsen 
Basin at ~4000 m (Pérez et al., 2020; Weigelt et al., 2020; Boggild and 
Mosher, 2021). Furthermore, the slope in this area bears no evidence of 
sizeable mass transport deposits (Pérez et al., 2020). This setting, which 
indicates that accumulation of turbidites at the ICE4 site is unlikely, is 
consistent with the ICE4 lithostratigraphy lacking apparent gradational 
sediment cyclicity (Fig. 3, Supplementary Fig. S1). Potential lamination/ 
banding in the lower part of Unit 2 co-occurs with the interval of highest 
IRD peaks and Ca inputs indicative of iceberg pulses. Distinct, mm- to 
cm-scale laminations in Unit 7 and Unit 4 are formed by dark laminae 
related to Mn peaks (Fig. 3). As discussed above, their deposition is 
likely related to oxidation fronts between sediment pulses. In addition, 
unlike uniformly silty-clayey sediments of Unit 4, Unit 7 shows inter-
lamination with fine sand (Figs. 3, 5). The sand material could be 
coming from sediment winnowing and resuspension up-slope from the 
core site or from pulsed sedimentation following an earlier glacial event. 

5.2. Organic matter 

Multiple studies demonstrate that OC in Arctic Ocean sediments is 
mostly terrigenous matter redeposited from surrounding landmasses 
(Stein and Macdonald, 2004; Goñi et al., 2005; Belicka and Harvey, 
2009; Yunker et al., 2009; Martens et al., 2020). This composition results 
from low primary production in ice-covered waters and a prevalence of 
physical processes eroding terrestrial OC and transporting it to the Arctic 
Ocean. The resultant sedimentary OC content is therefore mostly un-
suitable for investigating marine biogeochemical processes, but its 
composition can provide useful information on depositional conditions 
and sediment provenance (Yamamoto et al., 2008; Yamamoto and Pol-
yak, 2009; Martens et al., 2020). The OC composition is also important 
for interpreting the 14COC data (Subt et al., 2017; Suzuki et al., 2021). 

The TOC content decrease from the core top to ~80 cm depth is 
consistent with other Arctic Ocean records and can be largely attributed 
to the diagenetic loss (Stein et al., 2001; Yamamoto and Polyak, 2009). 
This relatively deep level of the low background TOC content attainment 
in ICE4 might result from elevated sedimentation rates. A detrended 
TOC curve provides a more distinct picture for the upper part of the core 
and displays an increase around 60 cm (Fig. 4). A strong rise in TOC 
occurs in Unit 5 along with coarse IRD, likely related to high terrigenous 
input. Pulses of terrigenous OC have been reported for glacial/deglacial 
intervals in the Arctic Ocean cores including the LR (Yamamoto et al., 
2008; Martens et al., 2020). 
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Investigation of TOC and biomarker characteristics provides further 
insights into organic matter origin and sources. A combination of the 
OC/N ratio and δ13Corg gives clues to identifying marine vs. terrestrial 
OC origin (Fig. 4). A general co-variation of OC/N with TOC values, 
except for the uppermost part of the core (to the middle of Unit 2), 
corroborates the terrestrial OC prevalence. Most of the δ13Corg data, 
including all samples in Units 1–4, range within −22 to −24 ‰. These 
numbers are similar to those in core 31PC located closer to the Eurasian 
margin (Fig. 1), where δ13Corg ratios heavier than ~ − 23.5 ‰ were 
identified as a marine signature (Martens et al., 2020). However, this 
threshold may be higher in the central Arctic Ocean, where very low 
primary production is supported almost entirely by ice algae with 
δ13Corg as heavy as −15 to −8 ‰ (Stein and Macdonald, 2004). We infer 
therefore that sediments in Units 1–3 that have δ13Corg ratios mostly 
between −22 and − 22.5 ‰ may have some amount of marine OC. A 
dual-isotope approach using coupled δ13C and Δ14C data could poten-
tially provide a more definitive OC source apportionment (e.g., Martens 
et al., 2019, 2020). However, the unbiased application of this approach 
requires estimation of pre-depositional 14C activity, which is not feasible 
in the absence of independent age controls, 

Intervals with lighter δ13Corg likely represent increased input of 
terrestrial components, notably at the OC peak in the upper part of Unit 
2 (Fig. 4). This interpretation is consistent with elevated values of long- 
chain n-alkanes (C27-C31) as well as branched GDGT and BIT indicating 
high plants and soil bacteria as major OC sources (e.g., Meyers and 
Takemura, 1997; Hopmans et al., 2004; Weijers et al., 2006). The high 
content of the C31 n-alkane is potentially indicative of non-woody plants 
(grasses and shrubs) (Zech et al., 2009), which are prevalent in the high- 
Arctic environments. The maturation indices (CPI and ACL) confirm a 
relatively fresh, non-petrogenic OC input at these intervals (Bray and 
Evans, 1961; Eglinton and Eglinton, 2008). These OC characteristics 
indicate that the peak in the upper Unit 2, and possibly a smaller one in 
Unit 1, is comparable to pulses of terrestrial fluxes identified in core 
31PC (Martens et al., 2020) and other OC records along the Siberian to 
Alaskan margin (Tesi et al., 2016; Keskitalo et al., 2017; Martens et al., 
2019). These pulses were attributed to melting events of the Late 
Pleistocene permafrost and release of large amounts of well-preserved 
OC from ice complex deposits (ICD). Overall, we conclude that OC in 
Units 1–4 is likely derived from a mixture of redeposited tundra vege-
tation and soils with local marine production. 

In comparison with the upper part of ICE4, OC composition in Units 
5–7 has considerably different characteristics and more variability 
(Fig. 4). Except for two ACL data points near the top of Unit 5, both ACL 
and CPI indices show predominantly low values indicative of mature, 
lithogenic OC (Bray and Evans, 1961; Eglinton and Eglinton, 2008). 
Reworked lithogenic OC is characteristic of intervals related to iceberg 
transport in records from the North Atlantic (Villanueva et al., 1997) 
and glacigenic inputs in the Arctic Ocean including the LR (Yamamoto 
et al., 2004; Winkelmann et al., 2008; Yamamoto and Polyak, 2009; 
Kremer et al., 2018). Both OC/N and δ13Corg values in Units 5–7 have a 
very wide spread, reaching values as high as >20 and >−18 ‰, 
respectively (Fig. 4). High-OC/N and low δ13Corg values consistently 
indicate terrestrial input for the pronounced OC peak in Unit 5, where 
abundant coal particles were identified in the >63 mm fraction (Sup-
plementary Table S2). In combination with high maturation (low CPI 
and ACL values) and long-chain n-alkane signature with a balanced C27- 
C31 composition, these characteristics indicate coal as the most likely 
origin of this OC. 

The opposite, apparently marine but lithogenic origin is represented 
by low OC/N and heavier δ13Corg values combined with high maturation 
in Unit 6 (Fig. 4). However, the marine origin of these samples is 
inconsistent with a distinct long-chain n-alkane signature predominated 
by C27 indicative of high plants, possibly trees (Zech et al., 2009). Such 
contradictory OC composition may represent a mixture of different 
sources. This interpretation is consistent with the inference above that 
Unit 6 sediment may have been affected by dust from katabatic winds, 

which could capture material from land- and shelf-based portions of the 
ice sheet(s). 

In addition to high branched GDGT and BIT values co-occurring with 
elevated TOC content and terrestrial n-alkane signature below the Unit 
1/2 boundary, branched GDGTs prevail in the lower part of the core 
(Units 5–7), with an especially high peak in the lower part of Unit 5 
(Fig. 4). Considering a strong lithogenic signature of these sediments, we 
infer that the GDGT composition here primarily indicates soils rede-
posited together with eroded rocks (Hopmans et al., 2004; Weijers et al., 
2006). 

Heightened numbers of brassica- and dinosterols occurring in Units 2 
and 5 (Fig. 4) might indicate elevated primary production as in some 
other Arctic records (Birgel and Hass, 2004; Müller et al., 2009). How-
ever, their interpretation in ICE4 is not straightforward due to overall 
low concentrations and a complex pattern of other OC biomarkers at 
these stratigraphic levels. In Unit 2, peaks of brassica- and dinosterols 
co-occur with elevated values of terrestrial markers, such as branched 
GDGT and BIT, which indicates possible redeposition. Especially distinct 
brassica- and dinosterol peaks in Unit 5 correspond to a fine-grained 
interval within an overall coarse glacigenic sediment of this unit, and 
could potentially indicate interstadial conditions with stronger marine 
inputs at this interval. More research is needed to comprehend this 
sedimentary environment. 

5.3. Age constraints 

5.3.1. OC radiocarbon 
In most cases, 14COC dating generates ages older than the actual age 

of deposition due to the presence of old allochthonous carbon (Andrews 
et al., 1999; O'Regan et al., 2018). The offset can be especially large, up 
to >10 kyr, in marine depositional systems with high input of terrige-
nous, commonly old OC, such as in the Arctic and subantarctic (Rose-
nheim et al., 2008; Suzuki et al., 2021). Furthermore, the offset can vary 
downcore as the 14COC content in sediment depends on the OC compo-
sition and mechanisms of its transport and deposition. Nevertheless, the 
use of 14COC in carbonate-free sediments is useful at least for con-
straining the maximal age range (Park et al., 2017; O'Regan et al., 2018). 

In some cases, such as in core 31PC (Fig. 1; Martens et al., 2020), 
14COC ages are surprisingly close to the ages independently obtained by 
matching downcore lithostratigraphic variations to the GISP2 paleocli-
matic record (Muschitiello et al., 2020). This correspondence is 
explained by the pre-depositional oxidation and exchange with the at-
mosphere of the OC derived from the melting permafrost (ICD) and 
transport by ice and/or surface currents (Martens et al., 2020). 

The above interpretation of the OC in ICE4 suggests that the upper 
part of the core (Units 1–4) mostly contains terrigenous contributions 
from the Late Pleistocene ICD and fresh tundra vegetation and soil, with 
some admixture of local marine production (Figs. 3-4). Considering the 
similarity of these characteristics to those of 31PC, we assume that the 
old terrestrial OC in ICE4 also experienced some degree of pre- 
depositional oxidation leading to younger 14COC ages. This inference is 
corroborated by a mostly similar provenance from the Siberian margin, 
although the exact sources and transport mechanisms could be some-
what different (e.g., more transport to ICE4 by drifting ice rather than 
currents). The assumption of the terrigenous OC preconditioning makes 
sense in view of an overall gradual downcore increase in 14COC ages 
(Fig. 3). This obviously non-random pattern can be explained by either 
an increase in the marine OC contribution in younger sediments or a 
progression in the age of terrestrial OC delivered to the core site. A lack 
of a comparable trend in the OC parameters (Fig. 4) does not support the 
interpretation of a gradual increase in the marine OC input, which in-
dicates the likelihood of a similar distribution of 14COC and actual 
depositional ages. This pattern can be complicated by deposition of 
unoxidized old OC, such as from icebergs. In particular, a cluster of 
apparent old age outliers at 70–80 cm around one of the largest IRD 
peaks (Fig. 3) results in a ~ 10 kyr inversion from the general trend. A 
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similar inversion in 14COC ages has been found in iceberg deposits of the 
last glaciation on the Chukchi shelf (Park et al., 2017). 

The 14COC distribution in ICE4 can be evaluated through a compar-
ison with the series of 14C ages obtained on biogenic carbonate (fora-
miniferal tests) in cores from the LR (Fig. 6) (Spielhagen et al., 1997, 
2004; Hanslik et al., 2010). All three cores show a consistent downcore 
increase in 14C ages in sediments overlying the coarse IRD unit associ-
ated with the Middle Weichselian glaciation, MIS 4/3. Core 18TC fea-
tures a distinct hiatus at 28–29 cm corresponding to the LGM, between 
26 and 27 and 13–14 cal. ka, depending on the reservoir correction used 
(Hanslik et al., 2010). The LGM hiatus or near-hiatus attributed to heavy 
sea ice cover or an ice shelf, has been identified in multiple Arctic re-
cords especially in the western Arctic Ocean (Darby et al., 1997; Polyak 
et al., 2009), including the central LR (Chiu et al., 2017). In core PS2185 
from the LR top the hiatus is not evident probably due to sediment 
mixing by strong bioturbation or currents. Intensified current impact on 
the LR is consistent with overall much lower sedimentation rates at the 
ridge top. An increase in current activity during glacial/deglacial events 
could be potentially related to massive meltwater discharge and tidal 
pumping at the glacial fronts (Griffiths and Peltier, 2008, 2009). 

Despite considerably higher apparent sedimentation rates in ICE4, 
the LGM hiatus here is not evident either, possibly indicating more 
persistent sediment deposition across the LGM. We note that a more 
accurate identification of the LGM is difficult due to the uncertainties 
with the 14Coc ages further complicated by the inter-laboratory 14C 
offset as discussed above. Some additional constraints may be provided 
by relating an OC peak with a distinct terrestrial composition centered at 
~50–60 cm (Fig. 4) to a pronounced ICD pulse dated to 28 ka in core 
31PC (Martens et al., 2020). However, despite a similar composition, OC 
fluxes for these events in ICE4 and 31PC could have had different source 
areas and thus asynchronous deposition. A smaller OC peak with 
terrestrial characteristics at ~20–30 cm in ICE4 may correspond to the 
deglacial ICD pulse identified in multiple records along the Siberian 
margins (Tesi et al., 2016; Keskitalo et al., 2017; Martens et al., 2019, 
2020; Meyer et al., 2019). In this case, these stratigraphic markers 
bracket a potential LGM hiatus or slowdown in sedimentation rates 
between ~30 and 50 cm. 

Further downcore distribution of the 14COC ages in ICE4 can be 
evaluated against the position of detrital carbonate pulses in Unit 2 
expressed in bulk XRF Ca and XRD dolomite (Fig. 3). Correlative in-
crease in detrital carbonate occurs in cores from the LR top (Figs. 2, 6), 
although part of this interval may be missing due to the LGM hiatus. A 
distinct Ca peak at ~30 ka in ICE4 is probably correlative to the whitish 
dolomitic layer W3 consistently found in cores from the western Arctic 
Ocean and constrained by multiple 14C dates to the late MIS3, ~30–35 
ka (Adler et al., 2009; Polyak et al., 2009; Wang et al., 2013; Zhang et al., 
2019). These ages appear to increase in cores located closer to the LIS 
margin (Schreck et al., 2018; Zhang et al., 2019), possibly due to the old 
carbon from deglacial waters associated with the erosion of carbonates, 
as suggested by Polyak et al. (2009). Glacigenic inputs from the LIS 
margin starting in the late MIS3 are corroborated by terrestrial data 
indicating that glacial build-up leading to the LGM started after ~40 ka 
in the northwestern (Keewatin) LIS sector (Dalton et al., 2019). 
Continuing LIS input in the upper part of ICE4 Unit 2/Unit 1 encom-
passed by 14COC ages of ~15–30 ka likely corresponds to the LGM and 
deglaciation, while the Holocene appears to be largely missing (Fig. 3). 

While 14COC samples in Units 3–4 are more scarce, they clearly relate 
this interval to MIS3, with ages roughly between ca. 30 and 40 ka 
(Figs. 3, 6). Middle MIS3 conditions provide a reasonable background 
for Unit 3 characterized by the absence of coarse IRD, somewhat 
elevated, even level of Mn, and elevated content of chlorite relative to 
illite (Fig. 3). The latter may indicate an open Bering Strait (Yamamoto 
et al., 2017), which was not impossible in the middle MIS3 (around 
40–45 ka), when the global sea level may have risen to ~ − 40 m (Pico 
et al., 2016). The lowermost pair of 14COC ages of ~35 ka at the bottom 
of Unit 4 is somewhat younger than expected from the overall age-depth 
distribution (Figs. 3, 6). 

5.3.2. Paleomagnetic record 
Liu et al. (2019) interpret a 90-cm thick zone of negative inclination 

in ICE4 (204–115 cm; Figs. 2, 6, 7) as the Matuyama Chron, bounded by 
geomagnetic reversals at 2.58 and 0.78 Ma. To account for the absence 
of the Reunion, Olduvai, Cobb Mountain, and Jaramillo normal polarity 
sub-chrons, Liu et al. (2019) invoked a very low sedimentation rate, 

Fig. 6. Stratigraphic correlation of the upper parts of core ICE4, HLY0503-18TC, and PS2185 characterized by multiple 14C ages (Fig. 1; Hanslik et al., 2010; 
Spielhagen et al., 1997 Svendsen et al., 2004). Other proxies include coarse sediment content (>63 μm), paleomagnetic inclination, and detrital carbonate proxies 
(XRF Ca/Al for ICE4, detrital carbonate grains for PS2185). See Fig. 2 for a longer stratigraphic context. Distinct glacigenic unit corresponding to MIS 4/3 is 
highlighted. Horizontal line marks the LGM hiatus apparent in HLY0503-18TC and its correlated position in ICE4 and PS2185. 
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large lock-in depths, post-depositional smoothing of the remanent 
magnetization, and/or intervals of non-deposition and erosion. This age 
model results in sedimentation rates of 0.5–1.5 mm/kyr. 

The geomagnetic polarity interpretation of Liu et al. (2019) has 
several inconsistencies. The Brunhes-Matuyma reversal (0.78 Ma) in 
both northern and southern hemisphere records falls within interglacial 
MIS 19 (e.g. Channell et al., 2016; Reilly et al., 2021). Conversely, in 
ICE4, the inclination transition at 115 cm is above the base of an IRD- 
rich Unit 2, indicating a glacial environment. Based on North Atlantic 
data, the Gauss-Matuyama reversal (2.58 Ma) falls within glacial MIS 
104 (Channell et al., 2016). In comparison, the ICE4 inclination tran-
sition at 204 cm occurs near the bottom of a well-sorted, fine-grained 
interval indicative of an interglacial-type deposition. If the large lock-in 
depth hypothesis of Liu et al. (2019) is accepted, then both reversals 
have been displaced substantially downward from their true positions 
(Roberts and Winklhofer, 2004), and thus should be even more firmly 
ensconced within the “wrong” stage. Furthermore, the hypothesis of a 
large lock-in depth requires a thick zone of bioturbation, which is not 
observed in the ICE4 negative polarity zone and is generally weak in the 
central Arctic Ocean due to low biological production (Löwemark et al., 
2012). 

The short-duration Reunion and Cobb Mountain events within the 
Matuyama chron would not be preserved at very low sedimentation 
rates of 0.5–1.5 mm/kyr assumed by Liu et al. (2019). However, the 

Olduvai sub-chron with a ~ 180-kyr duration should form a 9–27-cm 
thick horizon that should be captured both in the u-channel data 
generated with a 5-cm resolution magnetometer and in the discrete 
samples at the ~2-cm sampling interval reported by Liu et al. (2019). In 
addition, the negative polarity zone in ICE4 has no visually apparent 
erosional surfaces needed to explain the removal of this interval. 

An alternative interpretation for the zone of negative inclination in 
ICE4 is an expanded record of a geomagnetic excursion within the 
Bruhnes chron, provided sedimentation rates were sufficiently high. 
Considering the age framework based on the 14COC data discussed 
above, this zone may represent a geomagnetic excursion in MIS3 such as 
the Laschamp Event at 41–42 ka (e.g., Cooper et al., 2021) or a younger 
Mono Lake Event. The latter “event” may have been a series of 
geomagnetic fluctuations spanning 30–36 ka (Korte et al., 2019). If the 
zone of negative inclination in ICE4 represents a merger of the Mono 
Lake and the Laschamp events, it may have an age of ~30–42 ka, 
generally consistent with the 14COC age constraints and the interglacial/ 
interstadial lithology of the encompassing sedimentary sediment. This 
timing yields a sedimentation rate of ~7.5 cm/kyr for the negative 
inclination zone. 

Lithology and redox conditions also affect paleomagnetic records via 
diagenetic overprints, as demonstrated by several Arctic Ocean studies 
(Channell and Xuan, 2009; Xuan and Channell, 2010; Xuan et al., 2012). 
These studies present evidence for the formation of oxidation rims on 

Fig. 7. Comparison of the Arctic Ocean paleomagnetic records of the last ~50 ka with the pronounced MIS 3 negative inclination interval (highlighted) ((a-e): 
Nowaczyk and Baumann, 1992; Nowaczyk et al., 1994; Liu et al., 2019; West et al., 2021; and this study). See also Polyak et al. (2007) for core 92AR-P7 (P7) 
stratigraphy. All data sets show the ChRM inclination (black) and NRM intensity (orange). Inclination and NRM intensity shown for cores ICE4 and P7 represent the 
20 mT AF demagnetization level. Relative Paleointensity (RPI) is shown for core P7 (NRM/ARM averaged using the 20 to 40 mT AF demagnetization levels). 
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titanomagnetite grains, resulting in oxidative titanomaghemite coatings 
on titanomagnetite grains that carry a self-reversed CRM. Liu et al. 
(2019) conducted transmission electron microscopy and qualitative x- 
ray microanalysis of six magnetic extracts from ICE4 samples to inves-
tigate the potential presence of this phenomenon. These analyses indi-
cated titanium-free or low-Ti spectra with the exception of the sample 
from 123 to 125 cm, within the zone of negative inclination, which 
shows a strong Ti peak. High-resolution imaging and quantitative 
analysis on a flat, polished specimen is needed to determine if these 
grains have titanomaghemite rims of the appropriate composition to 
carry a self-reversed magnetization. 

Manganese cycling may contribute to complex diagenetic processes 
that affect iron oxides, including partial or full removal of titanoma-
ghemite coatings believed to carry self-reversed magnetization (Wiers 
et al., 2019, 2020). The negative inclination intervals in cores from the 
Yermak Plateau, including core PS5133 (Figs. 1, 7), and core 29-GC1 
from the LR Siberian end were interpreted as post-depositional diagen-
esis related to Mn cycling (Wiers et al., 2019; West et al., 2022). The 
ICE4 negative inclination feature may have a similar origin. This zone 
occurs within fine-grained, mostly hemipelagic interstadial sediment 
with relatively elevated Mn content, bound by glacigenic deposits above 
and below this interval. The close correspondence of the inclination 
transitions with lithologic units suggests this feature may have a 
diagenetic origin and represent a secondary CRM. Due to these com-
plications affecting the paleomagnetic signal, zones of negative incli-
nation in the Arctic Ocean records should not be used for a direct age 
control without an accompanying investigation of sediment stratigraphy 
and geochemical properties as well as consideration of the paleoclimatic 
environments. 

Our multiproxy dataset and age controls for ICE4 allow for this type 
of a holistic stratigraphic and depositional interpretation. Litho- and 
chronostratigraphic correlation of ICE4 with the LR core PS2185 
(Figs. 2, 6) demonstrates stratigraphic discrepancies of the inclination- 
based age model of Liu et al. (2019). The negative inclination zone in 
ICE4 corresponds to an interglacial-type sediment between the last two 
glaciations, MIS 2 and 4. A diminutive expression of this zone in the 
correlative interval in PS2185 can be explained by much lower sedi-
mentation rates on the ridge top. Instead, in the absence of litho/chro-
nostratigraphic data, Liu et al. (2019) correlated the ICE4 negative 
inclination zone to a similar looking feature in PS2185 at a much lower 
stratigraphic interval below 350 cm (Fig. 2). However, this interval is 
still considerably younger than the Matuyama Chron as indicated by the 
age framework for PS2185 and other cores from the LR top (Spielhagen 
et al., 2004; O'Regan et al., 2008), even considering a recent revision to 
this stratigraphy based on updated coccolith data (Vermassen et al., 
2021). 

Negative inclination intervals up to 65 cm thick have been identified 
in several Arctic Ocean paleomagnetic records with a cm-scale age res-
olution (Fig. 7) (Nowaczyk and Baumann, 1992; Nowaczyk et al., 1994, 
2001; Nowaczyk and Knies, 2000; West et al., 2022). The stratigraphic 
position of these features constrained to MIS3 is correlative to the 
negative inclination zone in ICE4. In core P7 from the Northwind Ridge 
reported here (Fig. 7) the corresponding feature is also confined to the 
fine-grained, non-glacial sedimentary interval related to MIS3 (Polyak 
et al., 2007). The occurrence of this negative inclination zone across the 
Arctic Ocean in cores with relatively elevated sedimentation rates in-
dicates its Arctic-wide nature, although the causes of this event require 
more investigation. Overall, considering ICE4 sedimentology and inde-
pendent age constraints, the most internally consistent explanation for 
the negative inclination zone appears to be either a merger of the Mono 
Lake and Laschamp geomagnetic excursions or a diagenetic overprint, or 
possibly a combination of both. Additional insight could be obtained 
from the construction of a relative paleointensity (RPI) record, which is 
not presented in Liu et al. (2019). Arctic RPI records are being 
increasingly used for regional and global Late Quaternary correlations 
(Caricchi et al., 2019; Scheidt et al., 2022). Anhysteretic remanent 

magnetization (ARM) measurements from ICE4 are needed to normalize 
the NRM data for this purpose, as shown in Fig. 7 for core P7. 

5.3.3. Longer stratigraphy 
Below the ICE4 stratigraphy reasonably constrained by 14C ages and 

the re-interpreted paleomagnetic record, we rely on a cyclo/climatos-
tratigraphic approach and correlation to earlier developed stratigra-
phies (e.g., Fig. 2). The most conspicuous lithostratigraphic marker is a 
massive, coarse IRD unit identified in all LR cores (Unit 5 in ICE4). This 
is the youngest explicit IRD unit in a series of similar stratigraphic fea-
tures related to glacial/stadial intervals from MIS6 to 4 (Jakobsson et al., 
2000, 2001; Spielhagen et al., 2004; O'Regan et al., 2008; Jakobsson 
et al., 2014; Hanslik et al., 2010). Correlative and older IRD layers are 
found in cores from other areas of the Arctic Ocean such as the Men-
deleev and Alpha ridges and the Makarov, Chukchi, and Canada basins 
(Polyak et al., 2009; Stein et al., 2010; Wang et al., 2013, 2018; Dong 
et al., 2017; Xiao et al., 2020, 2021). 

Within the general, MIS-scale stratigraphic framework developed for 
Arctic Ocean records, the age of the specific intervals is difficult to 
constrain more accurately. Massive IRD layers likely correspond to 
major deglaciations or ice-sheet instability events, which occur typically 
at the end of glaciations or stadials (Stokes et al., 2005; Darby and 
Zimmerman, 2008). In the absence of accurate chronostratigraphic tools 
for Arctic Ocean sediments, more reliable age constraints come from the 
terrestrial data. The end of the main Middle Weichselian (MIS 3/4) 
glaciation in Western Siberia (Barents-Kara or Eurasian Ice Sheet, EAIS) 
has been constrained to ca. 50 ka, with the deglaciation probably lasting 
several kyr longer (Svendsen et al., 2004; Moller et al., 2011). The 
beginning of glacial retreat is more tentatively estimated as ~55–60 ka, 
and was likely diachronous. Accordingly, most of ICE4 Unit 5 and 
correlative IRD intervals in Arctic Ocean cores was likely deposited in 
the early MIS3. 

Constraining the ages for Units 6–7 is more difficult as we do not 
have any information on the underlying sediments (Fig. 3). The attri-
bution of Unit 6 is aided by features indicative of a glacial stage with 
restricted circulation/iceberg discharge and possibly accumulation of 
glacigenic dust. These conditions make sense for the time of ice-sheet 
growth and culmination preceding deglacial events, that is for the in-
terval between ca. 65 and 55 ka (Svendsen et al., 2004; Moller et al., 
2011). Unit 7 with a considerably higher content of Mn likely corre-
sponds to upper MIS5a. The lower part of Unit 7 has a pronounced 
lamination formed by sandy and fine-grained, Mn-enriched layers 
indicative of a pulsed, possibly post-glacial deposition. MIS5a in the 
Arctic appears to be a complex interstadial including a distinct glaci-
genic interval in Arctic Ocean cores (Knies and Vogt, 2003; Adler et al., 
2009; Polyak et al., 2009; Schreck et al., 2018). In a core from the 
northern slope of the Barents Sea this interval was attributed to a 
discharge of a proglacial lake in west Siberia at estimated ca. 77 ka 
(Knies and Vogt, 2003). Assuming that this event preceded the deposi-
tion of Unit 7, we tentatively constrain its bottom age to ca. 75 ka. 

The combination of 14COC data with the negative inclination zone 
and regional paleoclimatic context provides internally coherent ICE4 
age framework (Fig. 8). A linear trend with R2 = 0.95 reasonably ap-
proximates the majority of 14COC ages and other tie points discussed 
above. The resulting age model constrains average sedimentation rates 
to ~6.5 cm/kyr. This relatively high number for an Arctic Ocean record 
makes sense for the foot of the slope towards the Eurasian Basin that 
holds vast accumulation of the Late Cenozoic deposits including exten-
sive glacigenic input (Backman et al., 2004; Pérez et al., 2020; Weigelt 
et al., 2020). Even on the LR top, average Quaternary sedimentation 
rates exceed 1 cm/kyr as demonstrated by the ACEX data (Backman 
et al., 2008; O'Regan et al., 2008). We note, however, that sedimentation 
rates may have been uneven due to variable depositional environments. 
Intervals with massive iceberg discharge could be deposited more 
rapidly, while deposition rates during some other periods were possibly 
lower, such as expected for the LGM hiatus/slowdown. 
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5.4. Implications for the history of glacial inputs and circulation 

The developed age constraints enable the interpretation of the ICE4 
and correlative Arctic Ocean records in a broad paleoclimatic context. 
While the available dating approaches are insufficient for a detailed age 
control, they provide a coherent age model on the MIS scale that ac-
counts for the Late Pleistocene glacial-interglacial history of the Arctic 
Ocean reconstructed from multiple marine and terrestrial records (e.g., 
Spielhagen et al., 2004; Svendsen et al., 2004). The time interval under 
study features high climatic variability including large Middle and Late 
Weichselian/Wisconsinian glaciations related to sea-level lowstands 
during MIS 2 and 4, respectively (Fig. 8) (Batchelor et al., 2019; Gowan 
et al., 2021). The LGM is relatively well constrained by terrestrial data 
and modeling studies, especially in the North America (Margold et al., 
2018; Gowan et al., 2021), but the Middle Weichselian glaciation is 
much less understood. Nevertheless, this period featured a voluminous 
ice sheet in Northern Eurasia, only coarsely constrained by chro-
nostratigraphic data (Svendsen et al., 2004; Larsen et al., 2006; Moller 

et al., 2011). This ice sheet, similar to its smaller LGM counterpart, 
contained an expansive marine-based component (known as the 
Barents-Kara Ice Sheet) accounting for almost half of the glaciated area. 
Furthermore, seafloor data indicate a correlative glaciation in eastern 
Siberia (East Siberian Ice Sheet, ESIS), which may have been primarily 
marine-based (Jang et al., 2013; Niessen et al., 2013; Joe et al., 2020). 
As both age and spatial constraints for this ice sheet are very tentative, 
its relationship with the EAIS is not well understood. 

Stratigraphic distribution of the ICE4 glacial input proxies such as 
the coarse IRD can be compared with recent models of global sea level 
(Fig. 8). The proposed age of the IRD unit corresponds to the sea level 
rise from the MIS 4 minimum to −50-40 m in MIS 3 around ~45 ka 
(Fig. 9). If the shelf edge at that time was not strongly affected by gla-
cioisostasy, this depth was a likely threshold for flooding much of the 
Siberian shelves (Jakobsson, 2002), and thus for an extensive detach-
ment of the marine-based ice masses from the ground and destabiliza-
tion of the entire ice-sheet system. Another factor could be the opening 
of the Bering Strait with the sill depth ~ 50 m. An open Bering Strait 
enhances the inflow of the North Atlantic water and thus heat content in 
the Arctic Ocean (Hu et al., 2015), which is likely to speed up the 
melting of marine-based ice sheets (e.g., Depoorter et al., 2013). 

Similar to the LR cores (e.g., Fig. 2), coarse IRD deposits of Unit 5 
contain two thin fine-grained intervals around ca. 50 ka. In core PS2185 
a similar interval at ~60 cm depth features a small peak in beryllium 
isotope 10Be indicating interstadial environments with reduced ice cover 
and/or increased bioproduction (Spielhagen et al., 2004). A comparable 
environment can be inferred for this interval in ICE4 from a peak in 
brassica- and dinosterols (Fig. 4). Overall, this pattern suggests that 
glacigenic IRD-rich sediments of Unit 5 were deposited in pulses, similar 
to a stepwise deglaciation in west Siberia (Svendsen et al., 2004). 

In contrast to the Middle Weichselian glaciation, the LGM is not 
expressed in ICE4 in a distinct glacial unit with massive IRD deposition. 
Instead, it features discrete IRD peaks in Units 1 and 2 constrained to the 
time interval from the latest MIS 3 to early MIS 1, ca. 30 to 10–15 ka 
(Fig. 8). This timing is consistent with the terrestrial records of the LGM, 
especially from North America (e.g., Clark et al., 2009; Gowan et al., 
2021). A relatively regular occurrence of Unit 1–2 IRD peaks resembles 
millennial-scale variability in high-resolution North Atlantic records, 
such as MD95 cores from the Labrador Sea (Fig. 8) (Weber et al., 2001). 
While correlating individual peaks requires a more detailed age model, 
the general similarity of iceberg discharge pattern on the Arctic and 
Atlantic LIS sides makes sense and has been inferred in several studies 
(Stokes et al., 2005; Wang et al., 2021). 

While a detailed provenance tracking is beyond the scope of this 
study, the generated mineralogical data indicate considerable differ-
ences between the composition of Middle and Late Weichselian/Wis-
consinian glacial intervals, as discussed in Section 5.1.2. Elevated 
content of bulk Ca along with dolomite in Unit 1 and especially Unit 2 
reveals LGM contributions from the LIS as shown in multiple cores from 
the western Arctic Ocean (Clark et al., 1980; Polyak et al., 2009; Stein 
et al., 2010; Bazhenova et al., 2017; Schreck et al., 2018). Much lower 
values of these proxies, along with high quartz content and the clay 
mineral composition featuring high smectite values in Unit 5 (Figs. 2, 3), 
indicate a predominance of Eurasian over North American glacial input 
during the Middle Weichselian. In addition to mineral proxies, OC 
characteristics can provide further insight. The lithogenic composition 
of the OC peak in Unit 5 likely indicates a coal-bearing source such as 
coal deposits of the northern West Siberia (Taymyr Peninsula), while a 
branched GDGT peak in the lower part of this unit signifies redeposition 
of soils. More detailed provenance attribution for the complex Unit 5 
interval requires a more specialized investigation. It is possible that 
variable segments of the glaciated Siberian margin served as primary 
sediment sources during MIS 4 to early MIS 3. 

A predominance of a particular glacigenic source may depend on the 
volume and timing of glacial discharge, transportation mechanisms, and 
circulation patterns. The mostly Eurasian/LIS sources in the Middle/ 

Fig. 8. ICE4 age model and comparison with global and regional glaciation 
history. (a) ICE4 age-depth plot. Diamonds - 14COC ages (gray - BAL, orange - 
PNLM); crosses - inclination ties; circles - glaciation ties; dashed line - linear fit. 
(b) Total (>63-μm, black) and coarse (>250-μm, orange) sand content vs. age. 
(c) Density in NW Atlantic core MD95–2024 (Weber et al., 2001). (d) Sea level 
(blue/green lines: Pico et al. (2016), Gowan et al. (2021)) and Siberian glaci-
ation extent (black, relative scale; Svendsen et al., 2004). Marine Isotope Stages 
(MIS) are shown below. Yellow and green bars - LIS and EAIS glacial inputs. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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Late Weichselian (Wisconsinian) intervals are consistent with the 
reconstructed size of these glaciations in the Arctic (Batchelor et al., 
2019; Gowan et al., 2021). While the LIS reached its largest extent and 
volume in the LGM, the EAIS at this time was smaller than in the Middle 
Weichselian. A less understood ESIS was also likely larger during MIS4/ 
3, with glacigenic seafloor bedforms attributed to the LGM found only 
on the Chukchi but not the Eastern Siberian margin (Polyak et al., 2007; 
Joe et al., 2020; Kim et al., 2021). 

Reconstruction of circulation required to deliver Eurasian material to 
the ICE4 site depends on the specific source locations. Considering the 
high content of smectite in Unit 5, we assume that a large part if not all of 
this sediment originated from west Siberia (Wahsner et al., 1999; Vogt 
and Knies, 2009). This inference is consistent with findings of the EAIS- 
sourced Middle Weichselian deposits in cores from the western Arctic 
Ocean including the Canada and Makarov basins and the Northwind 
Ridge (Dong et al., 2020; Wang et al., 2021; Xiao et al., 2021). A strong 
cyclonic circulation required for the delivery of this material appears 
very different from the cimatologically observed TPD (Fig. 1). Never-
theless, this pattern is not dissimilar from the extreme TPD expansion 
under a strong cyclonic circulation related to the negative Arctic 
Oscillation (AO) mode (Volkov et al., 2020; Wilson et al., 2021). 
Deposition on the central LR in this case will have west Siberian prov-
enance. If any material in Unit 5 originated also from the ESIS, it would 
indicate episodes of delivery by TPD in its typical configuration. In 
comparison, LIS inputs during the LGM align with the extreme positive 
AO mode characterized by a strong anticyclonic circulation with an 
expanded BG (Volkov et al., 2020; Wilson et al., 2021) (Fig. 1). This 
pattern is consistent with the modeled LGM circulation favorable for an 
enhanced transport of the LIS material across the central Arctic Ocean 
(Stärz et al., 2012). It has been suggested that the AO-type circulation 
modes in the past could have been locked for extended periods of time 
(Yurco et al., 2010; Darby et al., 2012), but this hypothesis yet needs to 
be tested. Despite the apparent parallels between the modern, AO- 
controlled and glacial times circulations, they could have had forcings 
other than the atmospheric conditions, such as meltwater discharge and 
sea level that affected the existence of the Bering Strait throughflow and 
the overall dimensions of the Arctic Ocean. In particular, the Middle 
Weichselian period featured a strong discharge from the EAIS (Man-
gerud et al., 2004; Svendsen et al., 2004) combined with intermediate 
sea levels, possibly with a partially open Bering Strait (Pico et al., 2016). 
In contrast, the LGM in the Arctic Ocean was predominated by the LIS 
discharge at very low sea levels that cut off shallow continental shelves 
including the Bering Strait (Tarasov and Peltier, 2006; Jakobsson et al., 
2017). 

6. Summary and conclusions 

Sediment core ARC5-ICE4 (ICE4) collected by the 5th Chinese Arctic 
Research Expedition is used for investigating the depositional history in 
the Eurasian (Amundsen) Basin at the Lomonosov Ridge (LR) foot of 
slope. ICE4 provides an apparently continuous sedimentary record, not 
disrupted by erosional processes, such as on the ridge top, or massive 
deposition of mass-transport deposits in the deeper basin. The ICE4 re-
cord is comprised of variable lithologies including distinct glacigenic, 
mostly iceberg rafted deposits. The age model for ICE4 was developed 
using a combination of 14COC, reevaluated paleomagnetic data of Liu 
et al. (2019), and correlation to earlier developed stratigraphies. The OC 
composition indicates its mostly terrigenous origin from glacial erosion 
or thawing permafrost (ice complex deposits). Nevertheless, the 14COC 
ages make an orderly succession with depth in the upper part of the core, 
consistent with other age constraints. 

Based on the developed age model, the ICE4 record covers the esti-
mated time interval from ca. 10 to 75 ka (lower MIS 1 to upper MIS 5) 
including major Late and Middle Weichselian/Wisconsinian glaciations. 
Respective glacigenic sediments were primarily deposited by pulsed 
iceberg discharge, possibly with contributions from glacial overflow 

suspension. The Middle Weichselian interval (MIS 4/3) features a 
distinct coarse-IRD sedimentary unit with Eurasian provenance. More 
specific sources of this material are yet to be investigated. The Late 
Weichselian/Wisconsinian glacial inputs are revealed by sharper IRD 
peaks featuring mineral proxies of the Laurentide Ice Sheet (bulk Ca, 
dolomite). These peaks appear to have a millennial-scale periodicity 
similar to LIS iceberg discharge pulses to the North Atlantic. The dif-
ferences in sediment composition indicate diverging impacts of the two 
glaciations on the Arctic Ocean, including ice-sheet sizes/geometries 
and oceanic circulation. The characteristic Middle/Late Weichselian 
circulation pathways resemble the extreme positive/negative Arctic 
Oscillation patterns known from recent observations. The forcings for 
these glacial-times circulations yet need to be comprehended. 

Overall, the study results provide a stratigraphically resolved 
continuous record of depositional conditions in the central Arctic Ocean 
encompassing the last two major glacial events. The derived sedimen-
tation rates of several cm/kyr (6.5 cm/kyr average) are consistent with 
estimates from geophysical data from the Amundsen Basin. This age 
framework provides a much more coherent stratigraphic and paleocli-
matic interpretation than the earlier proposed stratigraphy based on the 
apparent correlation of geomagnetic reversals (Liu et al., 2019). This 
comparison highlights the importance of the broad depositional and 
paleoclimatic context for comprehending sediment records from the 
Arctic Ocean impacted by profound changes related to glacial- 
interglacial variability. A widespread presence of a pronounced nega-
tive inclination zone in MIS3 sediments indicates that the controls on 
paleomagnetic record in the Arctic Ocean are not fully understood. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gloplacha.2022.103993. 
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