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A B S T R A C T

Organic carbon (OC) burial plays a crucial role in regulating the Arctic Ocean’s capacity to uptake atmospheric 
CO₂. In this study, we demonstrate the transport, deposition, and degradation patterns of different sources of OC 
to reveal burial dynamics at the Chukchi Shelf margin, a region with the highest primary production in the Arctic 
Ocean currently affected by dramatic sea ice retreat. Observations of suspended particulate material show a 
pronounced separation of terrestrial and marine OC in the water column, which subsequently influences OC 
lateral transport and differential deposition. Easily suspendable terrestrial OC is concentrated in the upper 10 m 
of water or sea ice and transported to the Canada Basin, where it undergoes severe degradation of fresh carbon in 
the water column and uppermost sediments. In contrast, faster-settling marine OC is more likely to be buried in 
the canyons and at the Chukchi Shelf margin, with ice algae contributing about 14 % and 55 % of OC burial in 
areas south and north of 73◦N, respectively, leading to higher initial burial efficiency. Increasing Arctic marine 
primary production could thus enhance the region’s role as a carbon sink over millennial timescales, although 
the burial efficiency of terrestrial OC will eventually exceed that of marine OC with prolonged burial time. Our 
findings highlight the importance of lateral transport, differential deposition, and selective degradation in Arctic 
carbon burial, providing a basis for objectively assessing the future capacity of the Arctic carbon sink and its 
feedback to climate change.

1. Introduction

Organic carbon (OC) burial in marine sediments represents a domi
nant mechanism for long-term carbon sequestration and can efficiently 
regulate the atmospheric CO₂ budget (Cartapanis et al., 2016; Faust 
et al., 2021; Li et al., 2023). With global warming, the broad shelves and 
even the entire Arctic Ocean may no longer have perennial sea ice within 
several decades, potentially becoming the world’s most significant new 
carbon sink due to increased primary production and subsequent OC 
burial (Bates, 2006; Jahn et al., 2024; Harada, 2016; Peng et al., 2020; 
O’Daly et al., 2020). However, the long-term carbon sequestration is not 
always driven by primary production, as most marine OC is extensively 
degraded in the water column or sediments and is subsequently released 
back into the ocean-atmosphere carbon pool (Cartapanis et al., 2016; 
Stein and Macdonald, 2004; Yamamoto et al., 2008). Furthermore, the 

burial of terrestrial OC, while significant, does not enhance the Arctic 
Ocean’s capacity to absorb atmospheric CO₂ (Martens et al., 2019). 
Instead, this process highlights the remobilization and degradation of 
permafrost carbon, which undermines the potential for the Arctic Ocean 
to act as an effective carbon sink when it enters the marine environment 
(Semiletov et al., 2016). Continuous feedback from the degradation of 
marine and terrestrial OC during and after burial increases the uncer
tainty of the Arctic Ocean as an effective carbon sink. The extent and 
duration of organic carbon burial driving Arctic Ocean carbon sinks, as 
well as future trends in organic carbon burial, remain poorly 
understood.

The most robust Arctic marine response to global warming has 
occurred in and around the Chukchi Sea (Fig. 1: Peng et al., 2020). This 
response signals what might happen throughout the Arctic shelves 
within several decades. The Chukchi Sea is characterized by high 
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primary production, with export rates averaging 82 %, but most of the 
OC produced and introduced is not buried in situ (Astakhov et al., 2013; 
Bates, 2006; Hill et al., 2018; O’Daly et al., 2020). The lateral transport 
of particulate OC from the Chukchi Shelf to the basin appears to be the 
primary control on the subsequent deposition and burial of marine and 
terrestrial OC (Liu et al., 2023; Xiang and Lam, 2020). Theoretically, 
significant lateral transport is detrimental to OC burial because degra
dation begins in the water column, and the amount of OC reaching the 
seafloor decreases exponentially with water depth (Burdige, 2007; 
Darby et al., 2009; Heip et al., 1995). Although up to 95 % of the buried 
OC still tends to degrade, it can persist for thousands of years or more, 
showing better sustainability than in the water column (Coffin et al., 
2017; Faust et al., 2021). If marine OC and permafrost carbon can be 
preferentially deposited before entering the deep basin, this would 
positively feedback to the Arctic carbon sink. Higher-resolution obser
vations are needed to characterize the lateral transport and deposition of 
particulate OC in the broad Bering-Chukchi shelf, as approximately 60 % 
of the sediments on the Chukchi Shelf are imported by the Bering Strait 
inflow (Astakhov et al., 2019; Liu et al., 2023; Viscosi-Shirley et al., 
2003).

Receding perennial sea ice at the Chukchi Shelf margin has caused 
measurable changes in phytoplankton communities, increases in pri
mary production, and potentially affects OC deposition and burial 
(Boetius et al., 2013; Hill et al., 2018; Watanabe et al., 2014). As 
documented at the northern Chukchi Shelf margin, ice algae mainly 

bloom under sea ice and then sink to the seafloor with sea ice retreat 
from May 15th to June 15th, preceding the large-scale input of terres
trial OC and other phytoplankton (Arrigo et al., 2014; Stabeno et al., 
2020). Over the northern Chukchi Sea, it is estimated that ice algae 
contribute more than 50 % of primary production, and the export rate of 
ice algae may exceed 85 % (Boetius et al., 2013; Clement Kinney et al., 
2020). The thinning sea ice and increasing melt-pond cover may 
continue to enhance under-ice production and ice algae export in the 
future (Arrigo et al., 2012).Whether in the deposition process or the ice 
algae production, these new findings will change the original under
standing of OC burial and need to be verified from the sedimentary re
cords. The problem is that accurately identifying ice algae and other 
sources of OC in sediments has always been challenging in studying OC 
burial. If the marine δ13C end member (EM) in the mixing model can be 
defined more precisely, the big data of δ13Corg accumulated over the past 
decades in the study area will fully play its advantages. The processes 
related to the OC source, transport, deposition, and degradation could 
be widely explored under the current conditions.

In this study, we first aim to elucidate the OC transport and depo
sition through modern observations. Furthermore, we re-evaluate ma
rine δ13Corg data to enhance the accuracy of the EM mixing model, 
reconstruct the degradation and burial patterns of marine and terrestrial 
OC separately, and then demonstrate the dynamics of OC burial since 
the Holocene. The analyzed proxies, including SPM concentration, OC 
content, and isotopic composition (δ13Corg and Δ14Corg), are based on an 

Fig. 1. Geographic setting and sampling locations. Yellow triangles represent sampling sites for SPM, black dots for surface sediments, and stars for core sediments. 
White dashed lines indicate the sea ice extent minimum (15 % ice concentration) for the 30-year (1981–2010)，the 2012, and the 2014 (Arguez et al., 2012; 
Melsheimer and Spreen, 2019). Black dashed line highlights 73◦N. Brown dashed lines with AC and ACC represent the Anadyr Current and Alaska Coastal Current, 
respectively (Corlett and Pickart, 2017). Dashed white line X-X’ indicates water depth profile shown in Fig. 2. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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extensive new data set and previous studies (Jakobsson et al., 2017; 
Martens et al., 2019; McKay et al., 2008; Swärd et al., 2018; Yu et al., 
2023). The SPM, surface sediments, and core sediment samples were 
collected from the northern Bering Sea, Chukchi Sea, and adjacent 
Canada Basin, regions where the response to ongoing global warming 
provides insights into the future state of the Arctic Ocean.

2. Regional background

2.1. Geographic setting

Between the Bering Shelf and the Chukchi Shelf, the Bering Strait 
opens and closes periodically with sea level changes during glacial- 
interglacial cycles. The last opening occurred around 11,000 years ago 
(Jakobsson et al., 2017). Since then, the Bering Strait inflow has become 
an essential part of the global thermohaline circulation and impacts 
regional primary production (Hu et al., 2010; Liu et al., 2023; Stein and 
Macdonald, 2004). Under the combined influence of tectonics, ocean 
currents, sea level, and glaciers, the Chukchi Shelf developed a topog
raphy of alternating canyons and shoals. From west to east, these include 
the Herald Canyon, the Herald Shoal, the Central Channel, the Hannah 
Shoal, and the Barrow Canyon (Fig. 1). The Alaska Coastal Current and 
the Anadyr Current enter the Chukchi Sea through the Bering Strait, 
differing in salinity, nutrient content, oxygen levels, and depth, and then 
divide into three branches (Fig. 1; Pickart et al., 2010). One branch flows 
north along the Herald Canyon, mainly from the Anadyr Current, 
another flows along the Central Channel, and the most significant flow 
from the Alaska Coastal Current enters the Barrow Canyon (Fig. 1). 
These currents eventually turn east and enter the Beaufort Sea and the 
Canada Basin, forming the upper halocline above the Atlantic water 
layer.

2.2. Hydrodynamics and sea ice

A large amount of sediment on the Chukchi Shelf is imported by the 
Bering Strait inflow due to its strong hydrodynamics (Fig. 1; Astakhov 
et al., 2019; Liu et al., 2023; Viscosi-Shirley et al., 2003). The sediment- 
laden Bering Strait inflow occurs in winter but is more intense in sum
mer (Woodgate, 2018). Its velocity typically ranges between 20 and 50 
cm/s, with a maximum of 100 cm/s, gradually decreasing towards the 
north (Abe et al., 2019; Woodgate, 2018). At the junction of the Chukchi 
and Beaufort shelves, the bottom current velocity is about 5–20 cm/s, 
which can intermittently suspend coarse silt (45–63 μm) (Coachman and 
Aagaard, 1966; Darby et al., 2009). The Bering Strait inflow reached its 
peak in the mid-Holocene (between approximately 6 and 4 ka) (Ortiz 
et al., 2009; Polyak et al., 2016). High inflow volumes favor the west
ward diversion of more Pacific water at the expense of diminished 
Alaska Coastal Current contributions (Winsor and Chapman, 2004).

A visible response to the increasing volume of inflow is the retreat of 
sea ice (Abe et al., 2019; Melsheimer, 2019). Near the Chukchi Plateau, 
year-round sea ice may have begun forming around 100 ka (Lazar and 
Polyak, 2016). After entering the Holocene, the front of perennial sea ice 
fluctuated roughly along the Chukchi Sea margin (Polyak et al., 2016). 
Sea ice coverage in the northern Bering Sea reaches its maximum at the 
end of March each year and then gradually recedes northward, reaching 
its low point in early September (Walt et al., 2020). Recently, the area of 
ice-free water has continued to expand further north of the Chukchi Sea, 
with a strengthening inflow (Abe et al., 2019; Walt et al., 2020).

2.3. Organic sources and δ13Corg

Around the Chukchi Sea, diatoms and dinoflagellates are the main 
phytoplankton species, influenced by sea ice and nutrient availability 
(Astakhov et al., 2020; Obrezkova and Pospelova, 2019; Stein et al., 
2017). The Chukchi Sea supports primary production of up to 166 gC/ 
m2/yr, significantly higher than the 7–28 gC/m2/yr recorded in the 

central Arctic Ocean (Boetius et al., 2013; Moran et al., 1997; Watanabe 
et al., 2014). Since 2003, the retreat of sea ice has led to an Arctic-wide 
increase in primary production, estimated at 27.5 TgC/yr, predomi
nantly in the Chukchi and Siberian Seas (Arrigo et al., 2008; Hill et al., 
2018). The peak primary production period in the Hannah Shoal spans 
from July to October, while on the Northwind Ridge, it is slightly 
shorter, from August to October (Lalande et al., 2020; Ren et al., 2020; 
Watanabe et al., 2014). Recent observations and simulations indicate 
that the contribution of under-ice production is much more significant 
than initially thought (Arrigo et al., 2014; Boetius et al., 2013; Clement 
Kinney et al., 2020; Stabeno et al., 2020). The marine δ13Corg at high 
latitudes typically ranges between − 30.4 ‰ and − 16.7 ‰ (Stein and 
Macdonald, 2004). The average value of phytoplankton δ13Corg in the 
open waters of the East Siberian Sea is about − 21 ‰, which is defined as 
the marine δ13Corg EM in the study area (Martens et al., 2019). Ice algae 
have a heavier δ13Corg ranging from − 15 to − 8 ‰ (Stein and Macdonald, 
2004). The δ13Corg in bulk sediments is often > − 21 ‰ and is thought to 
be influenced by ice algae, contributing about 5–10 % (Goñi et al., 2005; 
Naidu et al., 2000). Considering the effects of ice algae, the marine 
δ13Corg EM was redefined as − 17.5 ‰ (Belicka and Harvey, 2009). 
Another source of δ13Corg is bacteria, such as green sulfur bacteria, 
which range from − 15 to − 10 ‰ (Pearson et al., 2001). In the Chukchi 
Sea, the ratio of bacterioplankton to phytoplankton production varies 
with an average of 0.34, insufficient to shift the δ13Corg by more than 1 
‰ (Cooper et al., 2015).

No large rivers discharge directly into the Chukchi Sea. The terres
trial OC entering the Chukchi Sea primarily comes from the Yukon and 
Anadyr rivers, runoff, and coastal erosion (Guo and Macdonald, 2006; 
Stein and Macdonald, 2004). OC from the Siberian rivers and the 
Mackenzie River is also partially imported via ocean currents and sea ice 
(Naidu et al., 2000; Semiletov et al., 2016). Based on fatty acid analysis, 
the terrestrial OC in the Chukchi Shelf, continental slope, and northern 
basin sediments account for 62 %, 96 %, and 44 % of the total buried OC, 
respectively. However, δ13Corg and lipid biomarkers result in much 
lower estimates, between 11 % and 44 % (Belicka and Harvey, 2009; 
Belicka et al., 2004a, 2004b). The δ13C of land plants utilizing the C3 
photosynthetic pathway ranges from − 28 ‰ to − 26 ‰, but the degra
dation of labile components can enrich the 13C signal (Drenzek et al., 
2007; Søreide et al., 2006; Naidu et al., 2000; Soong et al., 2021). The 
terrestrial δ13Corg in ice-complex deposits in Eastern Siberia is − 32.1 ‰, 
in topsoil permafrost is − 26.3 ‰, and the mixed δ13Corg is − 27.5 ‰ 
(Semiletov et al., 2016; Vonk et al., 2010). The terrestrial δ13Corg in 
Alaska’s northern river delta is about − 27.8 ‰ (Belicka and Harvey, 
2009). Multiple sources mixed to an average δ13Corg of about − 27.1 ‰, 
defined as the terrestrial δ13Corg EM in the study area (Martens et al., 
2019).

3. Materials and methods

3.1. Suspended particulate material

SPM samples were collected during the 6th Chinese National Arctic 
Research Expedition (CHINARE) 2014 field season, from July 21st to 
August 24th, aboard the RV Xuelong (Yu et al., 2023). Four McLane 
large volume water transfer systems (model WTS 6–1-142LV) were 
deployed at 47 sites at water depths of 20 (one site at 30), 50, 100, and 
150 m, totaling 141 samples. The SPM was collected simultaneously 
from all sampling layers at each site, with a sampling duration of 30 min. 
The sampler was placed almost vertically with the inlet on the side, 
which may have resulted in larger quantities and coarser composition of 
the collected SPM in areas with strong horizontal transport, such as the 
Bering Strait, while coarse particles could be underestimated in areas 
dominated by vertical deposition. Surface water SPM was collected 
using a bucket from the ship’s starboard side (the drain is on the port 
side).

The study area extended from the northern Bering Sea across the 
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Chukchi Sea and Borderland into the Canada Basin (Fig. 1). Most sam
ples were collected in open water, except for sites north of 77◦N, where 
SPM was collected after breaking the sea ice. Long-term observations 
were conducted at six sites north of 80◦N (LIC1–LIC6), where the RV 
Xuelong drifted with the sea ice from August 18th to 24th, collecting 
SPM once a day. After removing the sampler from the water, it was 
transferred to the onboard laboratory, where deionized water was used 
to wash away salt from the filter membrane (Whatman GF/F with a pore 
size of 0.7 μm). The filter membrane was then removed, wrapped in tin 
foil, and stored in a refrigerator at − 20 ◦C.

Our samples were augmented by the data of Bates et al. (2005), Goñi 
et al. (2021), and Xiang and Lam (2020), which were based on 
compatible SPM sampling in the same region, including near-seabed 
samples in the Bering Strait area.

3.2. Sediments

Fifty-six surface-sediment samples were collected from the seabed 
(0–5 cm) during the 6th and 7th CHINARE expeditions in 2014 and 
2016. The sampling sites closely correspond to the SPM collection sites 
(Fig. 1). Samples were stored at − 20 ◦C in a refrigerator until analysis. 
For data re-analysis, we also utilized 503 surface-sediment samples from 
previous studies (Astakhov et al., 2019; Grebmeier and Cooper, 2019; 
Martens et al., 2021; Naidu et al., 2000).

A gravity sediment core, LV77–3, was recovered in 2016 by the 
“Arctic Silk Way” Russian-Chinese Expedition from the inner Chukchi 
Shelf (Fig. 1). Multiple sedimentary proxies have been reported for core 
LV77–3 by Astakhov et al. (2020). In this study, LV77–3 samples taken 
at 4-cm increments were used for measuring TOC and δ13Corg. Addi
tionally, we used sedimentary proxy data from several prior studies, 
including gravity sediment core ARA2B-01 A (hereafter 01 A) and piston 
core SWERUS-L2–4-PC1 (hereafter PC1) from the outer Chukchi Shelf 
(Stein et al., 2017; Martens et al., 2019), and piston core HLY0501- 
05JPC (hereafter 05JPC) from the Chukchi Slope (Fig. 1; McKay et al., 
2008).

3.3. Analytical methods

The membrane samples were freeze-dried and weighed. Based on 
seven blank filter membranes, the weight of SPM was calibrated and 
then divided by the volume of the filtered water to obtain the SPM 
concentration (mg/L). About 1/16 of the filter membrane was used to 
analyze the total organic carbon (TOC) and stable carbon isotope 
(δ13Corg) following the method by Hilton et al. (2010). Carbonate-free 
samples were converted to gas by combustion in an elemental 
analyzer (Thermo NE1112) connected to a Thermo Finnegan Delta plus 
AD mass spectrometer by a ConFlo III interface. Reference materials 
USGS-24, GBW4408, and IAEA-N1 were used to calibrate the pure CO2 
from the laboratory tank. As a result, the particulate organic carbon 
(POC) concentration was calculated from the SPM concentration and 
TOC. The reproducibility of TOC (at the 1σ level) was 0.04 %, and the 
analytical precision of δ13Corg (at the 1σ level) was about 0.2 ‰.

All surface-sediment samples were freeze-dried and pre-treated with 
1 N HCl to remove carbonates. The TOC and δ13Corg in surface sediments 
were analyzed using the same method and equipment as the membrane 
samples, performed at the Key Laboratory of Submarine Geosciences 
(KLSG), Ministry of Natural Resources, Hangzhou, China. The repro
ducibility of TOC (at the 1σ level) was 0.04 %. The analytical precision 
of the δ13Corg (at the 1σ level) was about 0.2 ‰. Sediment samples from 
core LV77–3 of known TOC content (Astakhov et al., 2020) were 
analyzed for δ13Corg using Picarro G2121 carbon isotopic analyzer. In 
the process of sample measurement, in order to ensure the stability of 
the instrument and the accuracy of the δ13C value, the standard IAEA- 
CH3 (δ13C = − 24.724 ‰) was inserted every 10 samples for single 
point correction. The analytical precision of the δ13Corg (at the 1σ level) 
was about 0.3 ‰.

A total of six SPM samples from five sites with different water depths 
were performed for microstructure analysis using Zeiss Ultra 55 field- 
emission scanning electron microscope (SEM) equipped with an X-Max 
20 EDS system (Oxford Instruments) at the KLSG, with an accelerating 
voltage of 20 kV. In addition, 16 surface-sediment samples were freeze- 
dried and sent to the Beta Analytic Laboratory, US, for the Δ14Corg 
analysis.

4. Results

4.1. Particle concentration and composition in the water column

4.1.1. Suspended particulate matter
The SPM concentrations are mostly less than 2.0 mg/L in the surface 

water (Fig. 2a; Yu et al., 2023). The high concentrations distribute at the 
northern Bering slope and in the Canada Basin, reaching 6.6 and 9.9 mg/ 
L, respectively. At the Bering Strait entrance and waters north of Alaska, 
the SPM also comes with the highs of >2.0 mg/L. In comparison, the 
Chukchi Sea has distinctly low SPM concentrations ranging from 0.1 to 
1.9 mg/L.

On both the Bering and Chukchi shelf the SPM concentrations of 
>4.0 mg/L mainly occur in waters deeper than 10 m (Fig. 2a; Yu et al., 
2023). The highest value of 10.3 mg/L occurs at a water depth of 50 m at 
the Bering Strait entrance. Along with the Bering Strait inflow, high SPM 
concentrations (> 4.0 mg/L) in the Chukchi Sea are confined to the 
bottom waters. In contrast, low concentrations (mostly <2.0 mg/L) 
characterize waters deeper than 10 m in the Canada Basin. Still, the 
average concentrations in the Canada Basin are an order of magnitude 
higher than in the Bering Sea.

4.1.2. Particulate OC
Regional concentrations of POC in the surface water show consid

erable variability (Fig. 2b; Yu et al., 2023). The Chukchi Sea has 
generally low POC concentrations of <0.1 mg/L. Higher concentrations 
of >0.1 mg/L mainly occur in the Canada Basin and the Beaufort Sea, 
with a maximum of 0.4 mg/L. Medium values, from 0.1 to 0.2 mg/L, 
characterize the northern Bering Sea between St. Lawrence Island and 
the Bering Strait.

The POC appears to be enriched mainly in the upper 10 m of the 
water column, with an average concentrations here at least five times 
higher than in deeper waters (Fig. 2b; Yu et al., 2023). In the central 
Canada Basin and near the Beaufort Shelf, high concentrations (> 0.1 
mg/L) occur only in the surface water. The Bering Strait is different as 
the POC here is distributed more evenly through the entire water col
umn, with highs of >0.1 mg/L.

4.1.3. δ13Corg
The highest δ13Corg values in the surface water (> − 25.0 ‰) char

acterize the area around the Bering Strait (Fig. 2c; Yu et al., 2023). In 
most of the northern Bering Sea δ13Corg is less than − 27.0 ‰. Distinctly 
low values also occur in the Canada Basin, with the lowest value of 
− 28.7 ‰.

The δ13Corg composition in the Bering and Chukchi seas shows a 
trend similar to the SPM concentration, increasing with water depth 
(Fig. 2c; Yu et al., 2023). The values of > − 24.0 ‰ are mainly 
concentrated in the bottom water, with a maximum of − 19.6 ‰ at a 
depth of 20 m in the Bering Strait. However, at stations covered by sea 
ice north of 77◦N, the δ13Corg reaches the lowest value of − 33.4 ‰ in the 
upper halocline, at a water depth of ~50 m. Another 16 samples in the 
Canada Basin with the δ13Corg ranging from − 30.2 to − 32.9 ‰ are 
recovered from depths between 20 and 50 m.

4.1.4. Electron microscopy
Diatoms dominate biogenic particles in the SPM, accompanied by 

abundant terrestrial debris (Fig. 3). Planktonic foraminifer Globigerinita 
sp. with a diameter of ~100 μm occasionally appears at a water depth of 
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Fig. 2. SPM in the water depth profile from the Bering Sea to the Canada Basin. a) SPM concentration, b) POC concentration, c) PC-δ13Corg, and d) Upper water 
structure. White dots represent SPM sampling layers at different water depths. Cyan-blue letters with circles indicate sampling sites for scanning electron microscopy 
(Fig. 3). The translucent green shadow in the first profile on the left indicates the distribution of chlorophyα in the Chukchi Sea and the deep basin (Li et al., 2017). 
Salinity data is from (Zweng et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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50 m in the Bering Sea. Bivalves with a diameter of ~150 μm are 
frequent in a sample from water depth of 20 m in the Bering Strait. 
Quartz particles with a diameter of ~200 μm were found in the same 
sample.

Diatom Thalassiosira sp. dominates biogenic particles from the 
Bering Sea surface water (Fig. 3). The organic part of the frustules is well 
preserved, with a visible chain structure. In the Chukchi Sea, the diatom 

Fragilariopsis sp. prevails in the surface water and continues to dominate 
at a larger water depth of 20 m, where diatom abundance is higher. 
From the morphology perspective, there is no significant difference 
between the diatoms from the surface water and the 20-m depth.

Fig. 3. Electron microscopy of bio/lithogenic SPM typical for different sites. a) Foraminifer Globigerinita sp. at the water depth of 50 m for site B12. b) Bivalve shell at 
the water depth of 20 m for site R01. c) Quartz grain at the water depth of 20 m for site R02. d) Diatom Thalassiosira sp. with a visible chain structure at the water 
depth of 0 m for site BS04. e) and f) Diatom Fragilariopsis sp. with a visible chain structure at the water depth of 0 m and 20 m for site R07.
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4.2. Organic carbon composition in sediments

4.2.1. Marine δ13Corg
The marine δ13Corg contribution in surface sediments was derived 

from correlation between the Δ14Corg and δ13Corg values (Fig. 4a). For 
the 22 surface samples, Δ14Corg varies from − 921 to − 171 ‰ (Table 1). 
The fraction modern (FM), that is the ratio between measured Δ14Corg 
and the 1950 atmospheric Δ14C, ranges from 8 % to 83 % (Table 1). The 
patterns of linear relationship between the FM and δ13Corg are different 
for samples from the southern and northern parts of the Chukchi Sea 
margin (south and north of 73◦N) (Fig. 4a). If we assume that all OM is 
derived from modern marine primary production (i.e., FM = 100 %), the 
corresponding δ13Corg values for these two groups of − 19.8 ± 0.3 ‰ and 
− 16.0 ± 0.4 ‰, respectively, would represent marine δ13Corg in bulk 
sediment (Fig. 4a; Blattmann et al., 2018). We hereby use these values as 
new marine δ13Corg EMs for the study areas south and north of 73◦N, 
respectively.

4.2.2. Net δ13Corg
In a simple two-EM mixing model with terrestrial and marine δ13Corg 

EMs, the slope of a plot for TOC versus TOC × δ13Corg reflects the net 
isotopic value of the OC added or removed as terrestrial and marine 
contributions to TOC changes (Fig. 5b; Aller and Blair, 2006; Aller et al., 
2008; Coffin et al., 2017). Strong linear regressions with different slopes 
were obtained for samples from several sediment cores south of 73◦ N, 
surface sediments north of 73◦ N, and the SPM (Fig. 4b). Samples from 
cores LV77–3, 05JPC, and PC1 show the slopes of − 19.2 ‰, − 20.0 ‰, 
and − 20.2 ‰, respectively, close to the surface sediments (− 21.4 ‰) 
but much heavier than in the SPM (− 26.8 ‰). Based on the new marine 
δ13Corg EM described above, the marine contribution to TOC changes 
can be estimated up to nearly 100 %, 97 %, and 94 % through vertical 
sediment cores LV77–3, 05JPC, and PC1, respectively. In comparison, 
the average marine contribution is near zero in the SPM, and becomes 
~50 % in surface sediments north of 73◦ N.

4.2.3. Riverine new carbon
The riverine new carbon values estimated in a three-EM mixing 

model for surface sediment samples from the southern Chukchi shelf 
(south of 73◦ N) comprise 1–17 % of the TOC (Table 1; Fig. 5a). After 
excluding the proportion of marine OC, the riverine new carbon 
accounted for ~25 % of the terrestrial OC. In contrast, the negative 
solution of the mass balance equation in the mixing model indicates that 
riverine new carbon is no longer present in surface sediment from the 
northern Chukchi Sea margin (Table 1).

4.2.4. Terrestrial OC
Since the riverine new carbon survives neither sediment burial nor 

distant transport (surface sediments north of 73◦N), we simplified the 
three-EM mixing model to just two EMs: marine and terrestrial. The 
model comparison is provided by thirteen surface-sediment samples 
south of 73◦N. The marine fraction estimates by the two- and three-EM 
mixing model are very similar, with an average standard deviation of 
2.7 %, and the terrestrial fraction is equivalent to the sum of riverine and 
coastal erosion contributions (Table 1).

The terrestrial fraction dominates the Canada Basin and the coastal 
zone, where it exceeds 60 % (Fig. 5a). This fraction is usually less than 
40 % on the shelf, and the low numbers of <20 % characterize the area 
around the Bering Strait. In terms of TOC, the terrestrial-OC content in 
bulk sediment has a more complex distribution. Except for sediments in 
the Canada Basin and on the Beaufort Shelf, generally enriched in 
terrestrial OC, high values of >0.6 % also occur within and in front of the 
Herald and Barrow canyons (Fig. 5b). The low values of <0.4 % are 
widely distributed on the Bering and Chukchi shelves in water depths of 
<50 m.

In Core LV77–3 from the Herald Canyon head, the terrestrial-OC 
content shows a general increase with burial time, rising from 0.5 % 
in the late Holocene to 1.1 % by the middle Holocene, around 5 ka. 
Superimposed on this trend are lower-amplitude, higher-frequency 
fluctuations (Fig. 6). An even longer-term increase from 0.5 % to 0.9 % is 
observed in Core 05JPC from the Barrow Canyon mouth, although there 
is an apparent decrease in terrestrial-OC content during the early 

Fig. 4. Linear relationships for δ13Corg vs. Fraction Modern (FM) and TOC vs. TOC × δ13Corg with 95 % confidence intervals shown by dashed lines. a) Relationships 
between δ13Corg and FM in sediments south of 73◦N (black) and north of 73◦N (blue) with solutions of − 19.8 ± 0.3 % and − 16.0 ± 0.4 %, respectively, given an FM 
of 100 %. Red dots indicate data from Circum-Arctic Sediment Carbon DatabasE (CASCADE) (Martens et al., 2021). b) Relationships between TOC and TOC ×
δ13Corg in the SPM (green), surface sediments north of 73◦N (black), core PC1 (magenta), core 05JPC (blue), and core LV77–3 (khaki), with slopes of − 26.8 ‰, 
− 21.4 ‰, − 20.2 ‰, − 20.0 ‰, and − 19.2 ‰, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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Holocene, around 8–9.5 ka (Fig. 6). In the late Holocene sediments of 
Core PC1 from the Herald Canyon mouth, the terrestrial-OC content 
ranges from 0.5 % to 0.8 %, with a slight increase downcore. However, a 
clear long-term trend cannot be identified due to a large hiatus in the 
middle Holocene, below approximately 3.5 ka (Fig. 6).

4.2.5. Marine OC
The two-EM mixing model shows that the marine OC dominates the 

shelves, with the marine fraction generally exceeding 60 % (Fig. 5c). The 
highest values of >90 % mainly occur in the northern Bering Sea be
tween the St. Lawrence Island and the Bering Strait. In the Canada Basin 
and the coastal zone, the marine fraction is significantly reduced to <40 
%. The distribution of marine-OC content in bulk sediment is somewhat 
different. A large amount of marine OC is concentrated in the canyons 
with the contents of >1 % (Fig. 5d). Like terrestrial OC, the marine-OC 
content is also low (< 0.5 %) on the Bering and Chukchi shelves in water 
depths of <50 m. Notably, in the northern Bering Sea, where the marine 
fraction exceeds 90 %, the marine-OC content is less than 0.5 %. A very 
low content of <0.25 % is typical for the central Canada Basin.

In core LV77–3, the marine-OC content generally decreases from 1.6 
% in the late Holocene to 0.6 % in the middle Holocene, while 
terrestrial-OC content increases by 0.6 % (Fig. 6). Furthermore, the 
marine OC curve has prominent second-order peaks apparently in op
position to those of the terrestrial OC. A long-term decreasing trend in 
marine OC from 1 % to 0.2 % appears in core 05JPC, but without pro
nounced second-order peaks (Fig. 6). In core PC1, the marine OC also 
decreases from 1.4 % in the late Holocene to 0.8 % in the middle Ho
locene above the hiatus.

5. Discussion

5.1. Separation of marine and terrestrial particles

Our observations, augmented by the data from Bates et al. (2005), 
Goñi et al. (2021), and Xiang and Lam (2020), allow us to evaluate the 
relationship between particle distribution and hydrodynamics (Fig. 2). 
The most abundant SPM on the shelf is found between St. Lawrence 
Island and the Bering Strait, which is consistent with the intense 

hydrodynamics in shallow areas (Fig. 2a; Abe et al., 2019; Xiang and 
Lam, 2020). In open waters, particles undergo mechanical separation 
due to the competing forces of buoyancy and gravity (Yan and Koplik, 
2009). Fine particles (finer than ~50 μm) are easily suspended and 
constitute the main SPM component, whereas coarser particles are 
sparsely scattered in the water column (Fig. 3; Xiang and Lam, 2020). 
After Pacific water enters the Chukchi Sea, the weakening hydrody
namics lead to the release and deposition of particles, both fine and 
coarse, resulting in a paucity of SPM in the surface waters (Fig. 2a; Abe 
et al., 2019; Kolesnik et al., 2017; Woodgate, 2018). Based on samples 
collected in open waters (south of 77◦ N), a small number of fine par
ticles enter the deep basin within the upper 10 m of water, primarily 
along cross-shelf canyons such as the Barrow Canyon (Fig. 2a; Bates 
et al., 2005; Goñi et al., 2021; Xiang and Lam, 2020). Another, possibly 
more significant transportation factor is the sea ice formed on the 
shallow shelf. Although the Laptev and East Siberian seas are considered 
the primary sources of modern Arctic sea ice (e.g., Nürnberg et al., 
1994), the Chukchi and Beaufort seas also contribute large volumes of 
sediment-laden sea ice, potentially increasing in the warming climate 
(Darby et al., 2009; Eicken et al., 2005).

The POC distribution confirms that most of the SPM concentrated in 
the shelf bottom water is inorganic debris, while the SPM in the upper 
10 m of water contains at least five times more OC than the underlying 
waters (Fig. 2b). This high POC level can be attributed to both terrestrial 
input and relatively high marine primary production in the Chukchi Sea 
(Li et al., 2017; Stabeno et al., 2020; Yunker et al., 2011). The distri
bution of δ13Corg provides further insight into the OC source (Fig. 2c). 
According to the previously reported average δ13Corg for regional marine 
and terrestrial OC in open waters (Martens et al., 2019), terrestrial OC 
should dominate the POC in the upper 10 m of water (Fig. 3c). Terres
trial OC is mainly adsorbed by clay minerals or associated with fine 
particles, making it easily suspended, entrained in ice, and transported 
(Belicka et al., 2004b; Nürnberg et al., 1994; Ransom et al., 1998). In 
contrast, marine OC dominates waters deeper than 10 m on the Bering 
and Chukchi shelves. Biogenic particles in shallow, high-latitude envi
ronments sink as chains or aggregates that do not fully degrade before 
reaching the seafloor, thereby supporting high export rates (Belicka 
et al., 2004b; O’Daly et al., 2020). Electron microscopy images of SPM 

Table 1 
Organic carbon composition in surface sediments estimated using the two- and three-EM mixing model (details in Supplementary Tex. S1). The dashed-line separates 
samples south and north of 73◦N (asterisks mark the southern sites). Data for surface sediment stations UTN7, CEN1A, HC-2, HC-26, BC6, and PC1–1 (4-PC1) are from 
CASCADE (Martens et al., 2021), respectively.

No. Station Lon. 
(◦W)

Lat. 
(◦N)

δ13Corg 

(‰)
Δ14Corg 

(‰)
FM 
(%)

2-EMs model (%,±σ) 3-EMs model 
(%,±σ)

Marine Terrestrial Marine Riverine Coastal erosion

1 *R02 169.022 67.681 − 21.9 − 306 69 71 ± 3 29 ± 3 68 ± 2 4 ± 3 27 ± 2
2 *UTN7 168.933 68.000 − 21.1 − 171 83 82 ± 2 18 ± 2 81 ± 2 7 ± 3 12 ± 1
3 *R04 168.879 68.201 − 22.6 − 343 66 62 ± 3 38 ± 3 58 ± 2 11 ± 3 31 ± 2
4 *C01 168.161 69.227 − 22.9 − 398 60 58 ± 4 42 ± 4 53 ± 3 10 ± 3 37 ± 2
5 *CEN1A 178.299 70.709 − 23.4 − 389 61 51 ± 4 49 ± 4 47 ± 3 17 ± 4 36 ± 3
6 *C05 164.742 70.769 − 23.0 − 438 56 56 ± 4 44 ± 4 51 ± 3 7 ± 4 42 ± 2
7 *HC-2 175.013 70.900 − 22.1 − 246 75 68 ± 3 32 ± 3 66 ± 2 14 ± 3 20 ± 2
8 *R08 168.858 71.177 − 23.4 − 475 52 51 ± 4 49 ± 4 46 ± 3 9 ± 4 45 ± 2
9 *HC-26 174.395 71.788 − 22.1 − 287 71 68 ± 3 32 ± 3 65 ± 2 10 ± 3 25 ± 2
10 *BC6 154.037 72.233 − 25.1 − 659 34 27 ± 6 73 ± 6 20 ± 4 15 ± 5 65 ± 3
11 *S11 161.486 72.438 − 23.0 − 443 56 56 ± 4 44 ± 4 52 ± 3 6 ± 4 42 ± 2
12 *R10 168.796 72.836 − 22.7 − 388 61 60 ± 3 40 ± 3 56 ± 2 8 ± 3 36 ± 2
13 *PC1–1 175.727 72.839 − 22.4 − 259 74 64 ± 3 36 ± 3 62 ± 2 17 ± 3 21 ± 2
14 E21 179.755 75.154 − 21.0 − 509 49 55 ± 3 45 ± 3 51 ± 2 − 2 ± 3 51 ± 2
15 16R13 169.099 75.445 − 22.8 − 657 34 39 ± 3 61 ± 3 34 ± 3 − 0.5 ± 4 67 ± 3
16 P23 161.228 76.323 − 22.7 − 666 33 40 ± 3 60 ± 3 35 ± 3 − 3 ± 4 68 ± 3
17 R16 168.964 77.079 − 22.9 − 756 24 38 ± 3 62 ± 3 32 ± 3 − 11 ± 5 79 ± 4
18 E24 179.836 77.876 − 22.2 − 724 28 44 ± 3 56 ± 3 39 ± 3 − 15 ± 5 76 ± 4
19 R17 169.143 78.028 − 21.9 − 668 33 47 ± 3 53 ± 3 42 ± 3 − 11 ± 5 69 ± 4
20 P11 165.932 78.485 − 23.4 − 750 25 33 ± 4 67 ± 4 28 ± 3 − 5 ± 5 77 ± 4
21 R20 168.543 80.639 − 24.3 − 921 8 25 ± 4 75 ± 4 18 ± 4 − 16 ± 6 98 ± 5
22 R13–1 162.223 77.800 − 22.9 − 771 23 38 ± 3 62 ± 3 32 ± 3 − 13 ± 5 81 ± 4
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demonstrate the visible microalgal chain structures with well-preserved 
organic parts of the biogenic particles bound to the skeleton (Fig. 3). 
This morphology may accelerate the settling rates of biogenic particles, 
leading to their deposition mainly on the shelf (Fig. 2; Buesseler, 1998).

Unlike the δ13Corg distribution in shelf waters, the extremely 
depleted δ13Corg values of < − 31.0 ‰ characterize the subsurface water 
(upper halocline) in the Canada Basin (Fig. 2). Such depleted δ13Corg 
values have also been observed in previous studies (Xiang and Lam, 
2020). Although some terrestrial compounds, such as alkanes, have 
similar isotopic compositions, riverine or coastal POC has been excluded 
as a direct influence on the extremely depleted δ13Corg due to the lack of 
significant correlation between POC-δ13Corg and the fraction of meteoric 
water/sea ice melt (Drenzek et al., 2007; Brown et al., 2014; Xiang and 
Lam, 2020). Our data show that extremely depleted δ13Corg values only 
appear in areas covered by perennial sea ice and with strong halocline 
and nutricline (Fig. 1; Fig. 2). Nutrient supply and photosynthetically 
active radiation in subsurface waters are greatly limited, thus restricting 

phytoplankton growth rates (Laney et al., 2017; Li et al., 2017). 
Simultaneously, the solubility pump (physical and chemical processes 
that govern the dissolution and transport of CO2 in the ocean) is very 
efficient in the Arctic’s low-temperature water, quickly increasing the 
partial pressure of CO2 in the mixed layer to approximately 400 μatm 
(Cai et al., 2010). Aqueous CO2 has a lighter δ13C (approximately − 12.0 
‰ to − 8.0 ‰) than bicarbonate (approximately 0.0 ‰ to 2.0 ‰) (Zeebe 
and Wolf-Gladrow, 2001; Close, 2019). Assuming a classic isotope 
fractionation of − 24.0 ‰ between aqueous CO2 and phytoplankton, and 
without an efficient biogenic pump (biological processes that transport 
carbon from the surface ocean to the deep ocean), as in the subsurface 
water in the Canada Basin, high partial pressure of CO2 will result in 
extremely depleted δ13Corg of phytoplankton (Alling et al., 2012; Stein 
and Macdonald, 2004; Xiang and Lam, 2020). Therefore, the highly 
depleted δ13Corg indicates that marine and terrestrial OC are enriched in 
different water layers in the Canada Basin, and importantly, the marine 
OC on the Chukchi Shelf has not been transported laterally into the deep 

Fig. 5. Organic carbon composition in surface sediments estimated using the 2-EM mixing model. a) Terrestrial organic carbon fraction; overlaid white triangles with 
yellow numbers indicate the riverine new carbon fraction. b) Terrestrial organic carbon content in bulk sediment. c) Marine organic carbon fraction. d) Marine 
organic carbon content in bulk sediment. Red thin lines represent 50-m isobaths. Black dots represent 56 samples analyzed in this study. White dots represent 503 
data points from Astakhov et al. (2019), Grebmeier and Cooper (2019), Martens et al. (2021), and Naidu et al. (2000). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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basin in large quantities.
Overall, the SPM data show different transport patterns for marine 

and terrestrial OC. This difference indicates the separation of marine and 
terrestrial particles in the surface/subsurface waters, resulting from 
differential hydrodynamics, transportation agents, phytoplankton 
communities, and particle morphology. As a result of differential 
transport, the OC was preferentially buried in marine or terrestrial 
components in different areas (Fig. 7).

5.2. Organic carbon deposition and degradation

5.2.1. Ice algae OC contribution
A linear regression between the TOC and TOC × δ13Corg in surface 

sediments north of 73◦N has a slope of − 21.4 ‰ (Fig. 4b), representing 
the net δ13Corg of the deposited OC (Aller and Blair, 2006; Coffin et al., 

2017). Since the measured net δ13Corg of the SPM in the study area is 
− 26.8 ‰ (Fig. 4b), it is evident that the suspended OC collected in 
July–August does not fully represent the deposited OC. Given a − 21.0 
‰ δ13Corg value of the marine EM in the mixing model of Martens et al. 
(2019), nearly 93 % of the OC in sediments north of 73◦N must be 
derived from marine primary production. However, based on bio
markers, the fraction of marine OC off the Chukchi Shelf is less than 54 
% (Belicka and Harvey, 2009). Simultaneously, δ13Corg values of >
− 21.0 ‰ frequently occur in the surface sediments of the Bering Shelf 
and the Canada Basin (Naidu et al., 2000). Therefore, there must be a 
substantial amount of unaccounted 13C-rich organic components 
deposited on both the shelf and basin seafloor, not in July–August.

Hydrolysis and bacterial production in sediments can lead to 13C 
enrichment, but the fractionation effect is usually less than 1.0 ‰ (Close, 
2019; Cooper et al., 2015). Another common mechanism is organic 

Fig. 6. Downcore records of OC content and marine production proxies. Top to down: ice algae proxy PIP25 in core 01 A (Stein et al., 2017) (a); Bio‑silicon fluxes 
(cores 01 A and PC1) (Stein et al., 2017; Swärd et al., 2018) (b); diatom and dinocyst abundances (cores LV77–3 and 5JPC) (Astakhov et al., 2020; McKay et al., 
2008) (c); detrended marine OM in core LV77–3 (d); marine and terrestrial OM content (cores LV77–3, PC1 and 5JPC) (e and f). Sediment cores are colour-coded. 
Intervals with higher production are shaded.
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carbon degradation, whether microbial or photo degradation, which 
preferentially breaks 12C chemical bonds, resulting in residual organic 
carbon being enriched in 13C (Sarkar et al., 2024; Søreide et al., 2006). 
Unfortunately, the extent of 13C enrichment due to degradation pro
cesses in the study area remains unknown. Based on modern observa
tions (Clement Kinney et al., 2020; Stabeno et al., 2020), we believe that 
a more likely explanation for heavier δ13Corg values is related to the 
input of ice algae. By limiting the exchange of CO2 between the atmo
sphere and seawater, sea ice can cause ice algae to thrive in melt ponds 
and beneath sea ice, resulting in extremely enriched δ13Corg (Close, 
2019; Schubert and Calvert, 2001; Stabeno et al., 2020). Modern ob
servations show that primary production can be significantly high not 
only in ice-free conditions but also under thinning sea ice (Boetius et al., 
2013). The percentage of under-ice production was found to be highest 
in the Northern Chukchi Sea, with 63 % occurring in waters covered by 
≥50 % sea ice and 52.3 % in waters covered by ≥75 % sea ice, peaking in 
June, before the major terrestrial OC inputs (Clement Kinney et al., 
2020; Stabeno et al., 2020). The contribution of ice algae to sedimentary 
Arctic Ocean OC with δ13Corg values as heavy as − 15 ‰ to − 8 ‰ can 
thus be considerably more significant than initially thought (Arrigo 
et al., 2014; Stein and Macdonald, 2004). The marine δ13Corg values of 
− 19.8 ‰ and − 16.0 ‰ derived from the paired Δ14Corg and δ13Corg 
measurements for the study areas south and north of 73◦N, respectively 
(Fig. 4a), not only provide more accurate marine δ13Corg EM for the 
mixed model but also help quantify the contribution of ice algae to 
sedimentary OC. The average δ13Corg of ice algae and open-marine 
phytoplankton is approximately − 11.5 ‰ (median between − 15.0 ‰ 
and − 8.0 ‰) and − 21.0 ‰, respectively (Martens et al., 2019; Stein and 
Macdonald, 2004). Assuming no influence of degradation processes on 
the δ13Corg in sediments, the fraction of ice algae in the marine OC can be 
calculated using our mixing model as about 14 % and 55 % in the areas 
south and north of 73◦N, respectively. The latter number is close to the 
52.3 % of the observed under-ice production in total primary production 
(Clement Kinney et al., 2020).

5.2.2. Destination of riverine new carbon
Except for minor contributions from secondary production, such as 

bacteria, the buried OC is gradually removed from the sediment (Aller 
et al., 2008; Pearson et al., 2001). Apart from the impact of burrowing 
organisms in near-surface sediments, the primary cause for OC removal 
is degradation (Aller et al., 2008; Pirtle-Levy et al., 2009). The degra
dation of terrestrial OC can cause significant seawater acidification, as 
observed in the Laptev and East Siberian seas, which receive large inputs 
of riverine new carbon (POC and DOC) (Semiletov et al., 2016). 
Compared to OC from coastal erosion, the OC carried by modern Arctic 
rivers contains more fresh/labile components derived from modern 
plants and the active soil layer, making it more easily degraded in 
seawater (Martens et al., 2019; Semiletov et al., 2016). The primary 
source of the riverine new carbon buried in the Chukchi Shelf is POC 
from the Yukon River, which has an average age of ~3700 years and 
Δ14Corg values between − 467 ‰ and − 253 ‰ (Guo and Macdonald, 
2006). Given that the Δ14Corg of riverine new carbon at the northern 
Chukchi Shelf margin is − 173 ± 163 ‰ (Martens et al., 2019), it may 
constitute at least 60 % of the Yukon River POC. According to the three- 
EM mixing model, the riverine new carbon in our data accounts for ~25 
% of the terrestrial OC in surface-sediment samples south of 73◦N, which 
is much lower than in the Yukon River (Table 1; Fig. 5a). Considering 
potential inputs from the East Siberian Sea via the Siberian Coastal 
Current (Semiletov et al., 2016), the contribution from the Yukon River 
may be even lower. This comparison suggests that a considerable 
portion of the riverine new carbon undergoes degradation, dilution, or 
burial during long-distance transportation.

The mixing model also shows that no detectable riverine new carbon 
is present in all surface sediments north of 73◦N (Table 1; Fig. 5a) 
despite a high total input of terrestrial OC (Fig. 2; Stein and Macdonald, 
2004; Yunker et al., 2011). Two major reasons may explain the absence 
of riverine new carbon in sediments north of 73◦N. First, the new carbon 
in the Mackenzie River, a primary OC source for the Canadian Basin, 
accounts for only about 30 % of the POC, which is less than in the Yukon 
River and thus easier to degrade, dilute, or bury during long-distance 
transportation (Goñi et al., 2005). Second, the fast settling of ballast 

Fig. 7. Chukchi Shelf margin organic carbon burial model. SPM and black curve lines indicate organic carbon lateral transport and differential deposition. DIC 
(Dissolved Inorganic Carbon) and white curve lines indicate inorganic carbon release due to early-stage diagenesis. August and June represent phytoplankton blooms 
in different months (Clement Kinney et al., 2020). White translucent area represents perennial sea ice for the 30-year average (1981–2010) (Melsheimer and 
Spreen, 2019).
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sediment material (inorganic mineral components that are often asso
ciated with the organic matter) in the Canada Basin is much less prev
alent than on the shelf, where weakening hydrodynamics north of the 
Bering Strait cause massive SPM deposition that aids better preservation 
of the riverine new carbon. A similar pattern is observed in the Laptev 
and East Siberian seas, where riverine new carbon is not strongly 
degraded in the coastal zone but only on the outer shelf (Semiletov et al., 
2016). Consequently, easily suspendable riverine new carbon cannot 
settle quickly in the Canada Basin but undergoes longer degradation 
time in the water column (Fig. 7; Belicka et al., 2004a).

5.2.3. Preferential degradation of marine OC in sediments
Degradation of the marine OC is illustrated by a gradual decrease in 

its content with sediment depth in all three cores analyzed for δ13Corg 
(Fig. 6). Based on the net δ13Corg values, the marine contribution to 
totally removed OC is up to 93 %, 96 %, and nearly 100 % in cores 
05JPC, PC1, and LV77–3, respectively. Thus, the degradation of buried 
OC in the shelf sediments appears to be dominated by marine OC, except 
for the relatively fast degradation of the riverine new carbon in the 
southern part of the shelf (Table 1). We note a potential error in the OC 
fraction estimation caused by shifts in the perennial sea ice front with 
different marine δ13Corg EM (Fig. 4a). While at present this front 
generally corresponds to 73◦N, it could have shifted south- or north
wards with changing paleoclimatic conditions, such as in the relatively 
warm early-middle Holocene (Polyak et al., 2016; Stein et al., 2017). In 
such cases, more depleted δ13Corg values like − 21.0 ‰, characteristic of 
phytoplankton in open waters (Martens et al., 2019), would expand into 
more northern areas, including the sites of the sediment cores under 
study. For example, a − 21 ‰ δ13Corg marine EM for the 4–9 ka record in 
core 05JPC would result in the estimated marine-OC content being 0.12 
% higher than in the current setting (where the marine δ13Corg EM is 
− 19.8 ‰). Still, the offset value would not be high enough to change the 
overall decreasing trend in the downcore marine OC distribution 
(Fig. 6).

The distinct downcore decrease in the marine OC content is not re
flected in other biogeochemical proxies for primary production, 
including phytoplankton microfossils and ice-algae biomarkers (Fig. 6). 
This difference indicates that the marine-OC decrease is primarily 
controlled by degradation rather than depositional factors such as 
sediment dilution and burial. After 3–4 kyr, the time interval well 
characterized in all three cores, about 30 % of the marine OC is degraded 
in cores PC1 and LV77–3, with a lesser amount in the more northerly 
core 05JPC. The remaining marine OC will likely degrade over a more 
extended period as degradation rates generally decrease exponentially 
(Arndt et al., 2013). Considerable variations in the abundances of 
dinocysts and diatoms in cores 05JPC and LV77–3, respectively, and in 
the ice algae biomarker PIP25 in core 01 A have been interpreted in 
relation to changes in sea ice conditions (Fig. 6; Astakhov et al., 2020; 
McKay et al., 2008; Stein et al., 2017). Generally consistent larger-scale 
variations in these proxies indicate millennial variability in the Holo
cene, with several periods of reduced ice cover lasting 1–2 kyr. Super
imposed smaller-scale fluctuations presumably correspond to higher- 
frequency variability. The detrended marine-OC record in core 
LV77–3 is partially consistent with the diatom variations, at least in the 
upper part, ~2.5 ka (Fig. 6). This pattern corroborates the control of sea 
ice extent and conditions on the input of marine OC to the sea floor. 
Nevertheless, these variations do not have a long-term effect on the 
marine-OC degradation in sediments.

Compared to the OC content in sediments, fluxes of the OC compo
nents, as well as related proxies such as biogenic silica (a proxy for 
marine production), exhibit a different pattern overwhelmingly 
controlled by the rates of sediment deposition (Fig. 6). At the northern/ 
eastern margin (cores 01 A and 05JPC), the highest linear sedimentation 
rates (LSR) of up to 250 cm/kyr characterize the middle Holocene, 
~6.5–4.5 ka, whereas in the Herald Canyon, comparable rates were 
attained only in the last millennium. Both LSR maxima generally 

correspond to intervals of reduced sea ice, but their asynchronicity and 
low rates in other similar intervals indicate that sea ice extent was not 
the only depositional factor. Enhanced sedimentation in the middle 
Holocene was likely influenced by the intensified Bering Strait inflow 
(Liu et al., 2023; Polyak et al., 2016; Yamamoto et al., 2017), while 
deposition in the Herald Canyon could be related to a change in the 
current system. Notably, the middle Holocene is absent in core PC1, 
probably due to winnowing by bottom currents (Swärd et al., 2018). 
These changes in sedimentation rates clearly impacted OC deposition, as 
illustrated by fluxes of proxies for both marine production and terrestrial 
OC in sediment records (Fig. 6). However, the long-term effect of these 
enhanced depositional events on OC burial and degradation is not 
apparent.

5.3. Potential future changes

Arctic climate change is subject to considerable uncertainty. While 
the Arctic is warming at more than triple the global rate due to ampli
fication, the Atlantic meridional overturning circulation and the pole
ward freshwater transport have the potential to lead to Arctic cooling 
and sea ice expansion (Caesar et al., 2021; Sohail et al., 2022; Taylor 
et al., 2021). Assuming that the current warming continues, the thinning 
sea ice and increasing melt-pond cover may enhance under-ice pro
duction and ice algae export, as suggested by a hypothesis and supported 
by field observations in 2012 when perennial sea ice shrunk to a record 
minimum extent (Arrigo et al., 2012; Boetius et al., 2013). At the 
Chukchi Sea margin, the sea ice extent minimum (15 % ice concentra
tion) for the 30-year period (1981–2010) is close to 73◦N (Fig. 1; Fig. 7; 
Melsheimer and Spreen, 2019). In the area south of 73◦N, an ice-free 
period of at least three months each year provides a time window for 
the bloom of non-ice algae phytoplankton (Lalande et al., 2020). Ice 
algae account for about 14 % of the buried marine OC, but their flux in 
the Chukchi Sea can reach 19 gC/m2/yr, estimated from a primary 
production of 166 gC/m2/yr and an export rate of 82 % (Moran et al., 
1997; O’Daly et al., 2020). In contrast, the area north of 73◦N is usually 
covered by sea ice for most of the year, with concentrations ranging from 
15 % to 100 %, and overall primary production is an order of magnitude 
lower than that of the Chukchi Sea, ranging from 7 to 28 gC/m2/yr 
(Boetius et al., 2013; Watanabe et al., 2014). The export rate of ice algae 
can exceed 85 % at a water depth of about 4300 m in the central Arctic 
Ocean, while the export rate of phytoplankton-derived OC at a water 
depth of about 1300 m in the Northwind pelagic basin is about 23 % 
(Boetius et al., 2013; Watanabe et al., 2014). Although the average 
contribution of ice algae to marine OC burial in surface sediments north 
of 73◦N is as high as 55 %, the buried ice algae flux is only 5.2 gC/m2/yr, 
estimated from a median primary production of 17.5 gC/m2/yr and a 
median export rate of 54 %. Since the sea ice conditions north of 73◦N 
will inevitably approach those of the Chukchi Sea with global warming, 
the relative proportion of ice algae in growing primary production is 
bound to decrease, and the export rate of marine OC will be significantly 
lower in deep waters north of 73◦N. In other words, more marine OC will 
be degraded in the water column, and the initial burial efficiency of 
marine OC will surely decrease with increasing burial rate in the future.

Another negative factor that may strengthen in the future is the 
increased input of riverine new carbon. As recorded in surface sediments 
on the Chukchi Shelf, riverine new carbon accounts for approximately 
25 % of the buried terrestrial OC (Table 1). Due to robust lateral 
transport of terrestrial OC, it is likely that more riverine new carbon was 
imported towards the deep basin north of 73◦N and degraded in the 
water column. With global warming, the burial rate of terrestrial OC at 
the Chukchi Shelf margin could increase, analogous to the Mid-Holocene 
when summer temperatures were about 1.5 ◦C higher than today (Fig. 6; 
Kurek et al., 2009; Stein et al., 2017). However, the proportion of 
riverine new carbon in terrestrial OC will rise if permafrost thawing 
continues (Bröder et al., 2020). Increasing ocean currents and seasonal 
sea ice will facilitate more robust lateral transport of terrestrial OC (Abe 
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et al., 2019; Eicken et al., 2005), and terrestrial OC that may deposit in 
floodplains and thermokarst lakes as ice jams will extend to the outer 
shelf (Overeem et al., 2022). Furthermore, lability is not inherent but a 
function of the microbial community, organic carbon chemistry, and 
environmental conditions (Nguyen et al., 2022). The proportion of 
riverine new carbon, representing the easily degradable components of 
terrestrial OC, may further increase with microbial populations in a 
warmer environment. As more riverine new carbon degrades in the 
water column, the initial burial efficiency is expected to decrease.

6. Conclusions

The high-resolution observations provide detailed insights into the 
transport and deposition of particulate OC in the northern Bering Sea, 
Chukchi Sea, and Canada Basin during July–August. Terrestrial and 
marine OC exhibit pronounced separation in the water column. Easily 
suspendable terrestrial OC is concentrated in the upper 10 m of water or 
sea ice and transported laterally into the Canada Basin. In contrast, 
faster-settling marine OC is less affected by lateral transport, extending 
up to the shelf margin in bottom waters and rarely entering the deep 
basin. This differential deposition directly determines that marine OC 
experiences less degradation in the water column before burial, result
ing in a higher initial burial efficiency than terrestrial OC. Another factor 
favoring the initial burial efficiency of marine OC is the high export rate 
of under-ice production. Based on the new marine δ13Corg EM (− 19.8 ‰ 
and − 16.0 ‰) for the mixing model, ice algae are identified as 
contributing about 14 % and 55 % of the OC burial in the areas south and 
north of 73◦N, respectively, verifying the significant impact of under-ice 
production on OC burial and carbon sink in the Arctic Ocean.

A potential threat to the CO2 sink in the Arctic Ocean is the 
decreasing initial burial efficiency of marine OC. As the proportion of ice 
algae in primary production decreases and the OC burial site extends 
from the shelf margin to the deep basin, more marine OC will be 
degraded in the water column and released back into the ocean- 
atmosphere carbon pool. A similar and potentially more severe nega
tive feedback may arise from riverine new carbon in terrestrial OC, 
which accounts for approximately 25 % of the buried terrestrial OC in 
surface sediments on the Chukchi Shelf. Since terrestrial OC is more 
strongly affected by lateral transport than marine OC, more riverine new 
carbon is expected to be injected into the deep basin and degraded in the 
water column. The burial dynamics of terrestrial and marine OC in cores 
at the Chukchi Shelf margin further indicate that the burial efficiency of 
terrestrial OC will eventually exceed that of marine OC over time. 
However, at least since the late Holocene, the negative feedback of 
marine OC degradation on the carbon sink has not been critical, as only 
about 10 % of buried marine OC has degraded every millennium. 
Despite these findings, this study was unable to precisely quantify the 
carbon sink equivalent generated by primary productivity or to assess 
the temporal trends of this change. Furthermore, the uncertainty in 
evaluating carbon burial efficiency, particularly due to the extreme 13C 
enrichment in ice algae and the significant 13C depletion in subsurface 
phytoplankton, was not adequately estimated. Addressing these un
certainties and gaps will be crucial in future research.
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Andersson, P., Humborg, C., 2012. Degradation of terrestrial organic carbon, 
primary production and out-gassing of CO2 in the Laptev and East Siberian Seas as 
inferred from δ13C values of DIC. Geochim. Cosmochim. Acta 95, 143–159.

Arguez, A., Durre, I., Applequist, S., Vose, R.S., Squires, M.F., Yin, X., Heim Jr., R.R., 
Owen, T.W., 2012. NOAA’s 1981–2010 US climate normals: an overview. Bull. Am. 
Meteorol. Soc. 93, 1687–1697.

Arndt, S., Jørgensen, B.B., LaRowe, D.E., Middelburg, J., Pancost, R., Regnier, P., 2013. 
Quantifying the degradation of organic matter in marine sediments: a review and 
synthesis. Earth Sci. Rev. 123, 53–86.

Arrigo, K.R., van Dijken, G., Pabi, S., 2008. Impact of a shrinking Arctic ice cover on 
marine primary production. Geophys. Res. Lett. 35.

Arrigo, K.R., Perovich, D.K., Pickart, R.S., Brown, Z.W., Van Dijken, G.L., Lowry, K.E., 
Mills, M.M., Palmer, M.A., Balch, W.M., Bahr, F., 2012. Massive phytoplankton 
blooms under Arctic Sea ice. Science 336, 1408.

Arrigo, K.R., Perovich, D.K., Pickart, R.S., Brown, Z.W., van Dijken, G.L., Lowry, K.E., 
Mills, M.M., Palmer, M.A., Balch, W.M., Bates, N.R., 2014. Phytoplankton blooms 

L. Ye et al.                                                                                                                                                                                                                                       Palaeogeography, Palaeoclimatology, Palaeoecology 655 (2024) 112534 

13 

https://doi.org/10.6084/m9.figshare.25902757
https://doi.org/10.1016/j.palaeo.2024.112534
https://doi.org/10.1016/j.palaeo.2024.112534
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0005
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0005
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0005
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0010
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0010
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0015
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0015
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0015
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0020
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0020
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0020
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0020
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0030
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0030
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0030
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0035
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0035
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0035
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0040
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0040
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0045
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0045
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0045
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0050
http://refhub.elsevier.com/S0031-0182(24)00523-6/rf0050


beneath the sea ice in the Chukchi Sea. Deep-Sea Res. II Top. Stud. Oceanogr. 105, 
1–16.

Astakhov, A., Gusev, E., Kolesnik, A., Shakirov, R., 2013. Conditions of the accumulation 
of organic matter and metals in the bottom sediments of the Chukchi Sea. Russ. Geol. 
Geophys. 54, 1056–1070.

Astakhov, A., Sattarova, V., Xuefa, S., Limin, H., Aksentov, K., Alatortsev, A., 
Kolesnik, O., Mariash, A., 2019. Distribution and sources of rare earth elements in 
sediments of the Chukchi and East Siberian Seas. Polar Sci. 20, 148–159.

Astakhov, A., Shi, X., Darin, A., Kalugin, I., Hu, L., Tsoy, I., Kolesnik, A., Obrezkova, M., 
Alatortsev, A., Babich, V., 2020. Reconstructing ice conditions in the southern 
Chukchi Sea during the last millennium based on chemical composition of sediments 
and diatom assemblages. Mar. Geol. 427, 106220.

Bates, N.R., 2006. Air-sea CO2 fluxes and the continental shelf pump of carbon in the 
Chukchi Sea adjacent to the Arctic Ocean. J. Geophys. Res. Oceans 111.

Bates, N.R., Hansell, D.A., Moran, S.B., Codispoti, L.A., 2005. Seasonal and spatial 
distribution of particulate organic matter (POM) in the Chukchi and Beaufort Seas. 
Deep-Sea Res. II Top. Stud. Oceanogr. 52, 3324–3343.

Belicka, L.L., Harvey, H.R., 2009. The sequestration of terrestrial organic carbon in Arctic 
Ocean sediments: a comparison of methods and implications for regional carbon 
budgets. Geochim. Cosmochim. Acta 73, 6231–6248.

Belicka, L.L., Macdonald, R.W., Yunker, M.B., Harvey, H.R., 2004a. The role of 
depositional regime on carbon transport and preservation in Arctic Ocean sediments. 
Mar. Chem. 86, 65–88.

Belicka, L.L., Macdonald, R.W., Yunker, M.B., Harvey, H.R., 2004b. The role of 
depositional regime on carbon transport and preservation in Arctic Ocean sediments. 
Mar. Chem. 86, 65–88.

Blattmann, T.M., Zhang, Y., Zhao, Y., Wen, K., Lin, S., Li, J., Wacker, L., Haghipour, N., 
Plötze, M., Liu, Z., 2018. Contrasting fates of petrogenic and biospheric carbon in the 
South China Sea. Geophys. Res. Lett. 45, 9077–9086.

Boetius, A., Albrecht, S., Bakker, K., Bienhold, C., Felden, J., Fernández-Méndez, M., 
Hendricks, S., Katlein, C., Lalande, C., Krumpen, T., 2013. Export of algal biomass 
from the melting Arctic Sea ice. Science 339, 1430–1432.

Bröder, L., Davydova, A., Davydov, S., Zimov, N., Haghipour, N., Eglinton, T.I., Vonk, J. 
E., 2020. Particulate organic matter dynamics in a permafrost headwater stream and 
the Kolyma River mainstem. J. Geophys. Res. Biogeosci. 125, e2019JG005511.

Brown, K.A., McLaughlin, F., Tortell, P.D., Varela, D.E., Yamamoto-Kawai, M., Hunt, B., 
Francois, R., 2014. Determination of particulate organic carbon sources to the 
surface mixed layer of the Canada Basin, Arctic Ocean. J. Geophys. Res. Oceans 119, 
1084–1102.

Buesseler, K.O., 1998. The decoupling of production and particulate export in the surface 
ocean. Glob. Biogeochem. Cycles 12, 297–310.

Burdige, D.J., 2007. Preservation of organic matter in marine sediments: controls, 
mechanisms, and an imbalance in sediment organic carbon budgets? Chem. Rev. 
107, 467–485.

Caesar, L., McCarthy, G., Thornalley, D., Cahill, N., Rahmstorf, S., 2021. Current Atlantic 
meridional overturning circulation weakest in last millennium. Nat. Geosci. 14, 
118–120.

Cai, W.-J., Chen, L., Chen, B., Gao, Z., Lee, S.H., Chen, J., Pierrot, D., Sullivan, K., 
Wang, Y., Hu, X., 2010. Decrease in the CO2 uptake capacity in an ice-free Arctic 
Ocean basin. Science 329, 556–559.

Cartapanis, O., Bianchi, D., Jaccard, S.L., Galbraith, E.D., 2016. Global pulses of organic 
carbon burial in deep-sea sediments during glacial maxima. Nat. Commun. 7, 1–7.

Clement Kinney, J., Maslowski, W., Osinski, R., Jin, M., Frants, M., Jeffery, N., Lee, Y.J., 
2020. Hidden production: on the importance of pelagic phytoplankton blooms 
beneath Arctic Sea ice. J. Geophys. Res. Oceans 125, e2020JC016211.

Close, H.G., 2019. Compound-specific isotope geochemistry in the ocean. Annu. Rev. 
Mar. Sci. 11, 27–56.

Coachman, L.K., Aagaard, K., 1966. On the water exchange through Bering Strait 1. 
Limnol. Oceanogr. 11, 44–59.

Coffin, R.B., Smith, J.P., Yoza, B., Boyd, T.J., Montgomery, M.T., 2017. Spatial variation 
in sediment organic carbon distribution across the Alaskan Beaufort Sea Shelf. 
Energies 10, 1265.

Cooper, L.W., Savvichev, A.S., Grebmeier, J.M., 2015. Abundance and production rates 
of heterotrophic bacterioplankton in the context of sediment and water column 
processes in the Chukchi Sea. Oceanography 28, 84–99.

Corlett, W.B., Pickart, R.S., 2017. The Chukchi slope current. Prog. Oceanogr. 153, 
50–65.

Darby, D.A., Ortiz, J.D., Polyak, L., Lund, S.P., Jakobsson, M., Woodgate, R.A., 2009. The 
role of currents and sea ice in both slowly deposited Central Arctic and rapidly 
deposited Chukchi–Alaskan margin sediments. Glob. Planet. Chang. 68, 58–72.

Drenzek, N.J., Montluçon, D.B., Yunker, M.B., Macdonald, R.W., Eglinton, T.I., 2007. 
Constraints on the origin of sedimentary organic carbon in the Beaufort Sea from 
coupled molecular 13C and 14C measurements. Mar. Chem. 103, 146–162.

Eicken, H., Gradinger, R., Gaylord, A., Mahoney, A., Rigor, I., Melling, H., 2005. 
Sediment transport by sea ice in the Chukchi and Beaufort Seas: increasing 
importance due to changing ice conditions? Deep-Sea Res. II Top. Stud. Oceanogr. 
52, 3281–3302.

Faust, J.C., Tessin, A., Fisher, B.J., Zindorf, M., Papadaki, S., Hendry, K.R., Doyle, K.A., 
März, C., 2021. Millennial scale persistence of organic carbon bound to iron in Arctic 
marine sediments. Nat. Commun. 12, 1–9.
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