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Abstract  Understanding the sediment record during the Little Ice Age (LIA) can help elucidate natural sea ice fluctuation and 

carbon cycle variability. This study analyzed the grain size composition (including ice-rafted debris), total organic carbon 

(TOC), total nitrogen (TN) content, and stable isotopic composition (δ13C and δ15N) of the sediment record (approximately 

490 a) of core ARC7-R11 in the northern part of the Chukchi Shelf. The sediment grains comprise mostly (>90%) silt and clay 

components. The grain size composition suggests generally low-energy hydrodynamic conditions across the region, yet reveals a 

trend of enhancement in hydrodynamics from the bottom to top layers of the sediment core, particularly after the 1940s. It also 

shows occurrences of seasonal sea ice and retreat of the perennial sea ice margin during warmer periods of the LIA and the 

post-LIA period. The organic matter content is high throughout the core, with heavier δ13C values and moderate TOC/TN ratios 

indicating primarily marine origin; the terrestrial input is <37.5% according to the endmember model. The variation trend of 

marine-derived organic carbon (OC) content is similar to that of summer temperature anomalies; while variation trend of 

terrestrially derived OC shows significant correlation with that of the number of ice-free days in the southern shelf region, except 

for the period from approximately 1700s to the 1870s. During the LIA, the TOC content fluctuated and decreased, and the 

relative contribution of terrestrial OC was higher than during the modern warm period. The amount of OC buried in the sediment 

has increased with climate warming, especially after the 1940s, reflecting the enhanced ability of sediment to sequester carbon 

during warmer periods. 
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1  Introduction 

The Chukchi Shelf of the western Arctic Ocean (Figure 
1) is known to be highly sensitive to climate variability 
(Bader et al., 2011; Danielson et al., 2014; Woodgate et al., 
2010). In response to global warming, sea ice in the area 
                                                        
 Corresponding authors. E-mail: yuxiaoguo@sio.org.cn (YU 
Xiaoguo). E-mail: zwy885@163.com (ZHANG Weiyan). 

has diminished radically in terms of its concentration, 
volume, and persistence, while regional coastal erosion, 
permafrost thaw, fluvial sediment discharge, and terrestrial 
organic carbon (OC) input have increased (Abe et al., 2019; 
Martens et al., 2022; Meredith et al., 2019; Miller et al., 
2010). Additionally, primary production has increased 
substantially owing to the extended growing season and 
expanded area of open water. These phenomena are 
particularly evident in the northern part of the Chukchi 
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Shelf (Ardyna and Arrigo, 2020; Arrigo and van Dijken, 
2015; Giesbrecht et al., 2019; Grebmeier et al., 2006; Hill et 
al., 2018; Lewis et al., 2020). Meanwhile, the volume and 
velocity of the sediment-laden Pacific inflow have 
increased obviously (from 0.7×106 to 1.2×106 m3·s−1) in 
recent years (Woodgate, 2018). These changes have 
profound impacts on the carbon cycle that directly affects 
the air–sea exchange of CO2 and the organic matter (OM) 
buried in the sediments. Owing to its high sensitivity to 
climate change, the Chukchi Shelf is a key region for 
understanding abrupt climate change based on its past 
climatic variations. 

The Chukchi Sea is characterized by high primary 
productivity, with export rates averaging 82% (O’Daly et al., 
2020). However, a substantial portion of the OC produced 
or delivered to the region is not buried locally (Astakhov et 
al., 2013; Bates, 2006; Hill et al., 2018). Based on fatty acid 
analysis, terrestrial OC (Terr-OC) accounts for 62%, 96%, 
and 44% of the total buried OC in the sediments of the 
northern Chukchi Shelf, continental slope, and deep basin, 
respectively (Belicka and Harvey, 2009; Belicka et al., 
2004). These spatial patterns in OC burial underscore 
source-specific transport dynamics. Moreover, burial 
dynamics on the northern Chukchi Shelf indicate that 
marine OC (Mar-OC) undergoes less degradation in the 
water column prior to burial, resulting in a higher initial 
burial efficiency than that of Terr-OC (Ye et al., 2024). 

The Little Ice Age (LIA), which was a period of 
widespread cooling that persisted from the early 14th 
century (end of the Medieval Warm Period) to the mid–late 
19th century (onset of the present-day warming trend), was 
likely the coldest period of the past 8000 a. The beginning 
and end times of the LIA vary across different regions. The 
onset of the cooling period in the Arctic Ocean and Europe 
occurred earlier than in North America, with the coldest 
period in the Arctic Ocean extending from the 1580s to the 
mid–late 19th century (Kaufman et al., 2009; Opel et al., 
2013; PAGES 2k Consortium, 2013). 

Matthes (1939) was the first to refer to the LIA when 
describing the mountain glacial expansion and retreat in the 
Sierra Nevada (California, USA) that occurred during the 
most recent 4000 a. Numerous studies (considering 
different data sources such as tree rings, fossil soils, and 
documents with different temporal resolution) have found 
that the impact of the LIA was regional and that it was not 
consistently cold throughout the period, i.e., long warm 
summer periods are known to have occurred (Holzhauser, 
2010; Holzhauser et al., 2005; Kaufman et al., 2009; 
Wanner et al., 2022). As the most recent cold period, 
internal climatic fluctuation during the LIA has drawn 
widespread research attention. 

Over the past two decades, with the rapid changes in 
the marine environment, significant progress has been 
made in reconstructing the Holocene environmental 
conditions, sea ice fluctuation and OC burial in the northern 

Chukchi Shelf, particularly north of 73°N (Astakhov et al., 
2020; Cooper and Grebmeier, 2018; Polyak et al., 2016; 
Song et al., 2022; Stein et al., 2017; Yamamoto et al., 2017; 
Ye et al., 2024). However, the last centuries in these works 
remain limited. 

The objectives of this study were to explore the 
fluctuation in sea ice during the LIA through investigation 
of changes in the ice-rafted debris (IRD) content of 
sediments, and to elucidate the evolution of the content and 
composition of OM in the sediments under the climate 
anomaly condition. As the most reliably documented, 
relatively large climate anomaly of the last millennium 
(prior to the industrial revolution), understanding the burial 
of OM in sediment during the LIA is important for 
comprehension of the natural carbon cycle variability. 

2  Samples and methods 

2.1  Samples and environmental setting 

Sediment core ARC7-R11 (hereafter, R11) was 
collected from the Chukchi Shelf (73.802°N, 168.968°W; 
water depth: 155 m) by multicores during the 7th Chinese 
National Arctic Research Expedition (CHINARE) in 
summer 2016 (Figure 1). Core R11 (length: 34 cm) was 
subsampled into 1-cm intervals onboard the Research 
Vessel Xuelong and stored in a freezer at −20  prior to ℃
analysis. 

 

 
Figure 1  Core R11 (red star) location and surface currents. PI 
indicates Pacific inflow (Corlett and Pickart, 2017), BG indicates 
Beaufort Gyre and TPD indicates transpolar drift (Timmermans 
and Toole, 2023). Red and white dashed lines indicate the sea ice 
extent minimum (15% ice concentration) for the 30-year period 
(1981–2010) and for 2016 (Melsheimer and Spreen, 2019), 
respectively. 
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The core was obtained in the northern part of the 
Chukchi Shelf, where the Pacific inflow and bottom flow 
have low velocity (Coachman and Aagaard, 1966; Darby et 
al., 2009; Woodgate, 2018), in a region far from the coastal 
zone and where there is no large riverine input. The 
sediment grain size is finer in comparison with that in the 
southern part of the Chukchi Shelf (Gao et al., 2023; Zhang 
W Y et al., 2018), and both the regional primary 
productivity and the export of particulate OC to the seabed 
are higher (Giesbrecht et al., 2019; Hill et al., 2018). 
Additionally, the permanent sea ice margin is located in this 
area, meaning that the impact of sea ice retreat resulting 
from the higher temperatures in recent times can be 
determined (Tschudi et al., 2019). 

2.2  Methods 

2.2.1  210Pb 

The 210Pb concentrations were measured to determine 
the chronology of Core R11 using ORTEC HPGe detectors 
(GEM, Lo-Ax and GMX) at the Nanjing Institute of 
Geography and Limnology, China. Approximately 10 g of 
ground dry sediment was passed through a 100-mesh sieve. 
The resultant material was placed into a tube, which was 
then sealed and set aside for 20 d before testing. 

2.2.2  Grain size and IRD 

Grain size and IRD analysis were performed using a 
Malvern 2000 laser particle size analyzer at the State Key 
Laboratory of Submarine Geosciences (Hangzhou, China), 
following the “Specifications for oceanographic survey—
Part 8: Marine geology and geophysics survey: GB/T 
12763.8—2007” guidelines (National Technical Committe 
for Marine Standardization, 2007). The range of particle 
size measurements was 0.02–2000 μm, with a relative error 
of repeated measurements of <3%. Grain size parameters 
were calculated according to the moment method 
(McManus, 1988). 

2.2.3  Bulk carbon, nitrogen, and stable isotopes 

Freeze-dried samples were homogeneously ground 
using a mortar and pestle and pretreated with 1 mol·L−1 HCl 
to remove carbonate before isotopic analysis. 

The total OC (TOC) and total nitrogen (TN) content 
and their stable isotopic compositions were measured using 
a Thermo Finnigan Delta plus AD mass spectrometer 
connected to a Conflo III interfaced with an elemental 
analyzer (EA112). Reference materials USGS-24, 
GBW4408, and IAEA-N1 were used to calibrate the pure 
CO2 and N2 from the lab tank. Analytical precision for 
carbon and nitrogen was within ±0.2% and reproducibility 
was 20%. 

2.2.4  Endmember model 

Previous studies have shown that the branched and 
isoprenoid tetraether index based on glycerol dialkyl 
glycerol tetraethers in sediments is less than 0.1, indicating 

a low proportion of soil-derived OM in the study area (Yu 
et al., 2015; Park et al., 2014). The dual-isotope 
three-endmember mixing model also suggested the lower 
proportion of topsoil-OC in the northern part of the 
Chukchi Shelf (Ren et al., 2025). Therefore, a simplified 
two-endmember isotopic model was used to estimate the 
relative percentages of Mar-OC and Terr-OC in the R11 
sediment. The fractions of marine- and terrestrially derived 
OC in the sediments of Core R11 were estimated using the 
endmember model according to Equations (1)–(3). 
Considering the δ13C values of OM from the East Siberian 
ice-complex deposits (−32.1‰), topsoil permafrost 
(−27.5‰) (Semiletov et al., 2016; Vonk et al., 2010), and 
riverine (−27.8‰) (Belicka and Harvey, 2009), the 
end-member value for Terr-OC was selected as −27.1‰ 
(Martens et al., 2019; Ye et al., 2024). The marine δ13C 
end-member depends on the correlation between the Δ14C 
and δ13C values of sediments in the Chukchi Shelf. The 
modern fraction (FM) of OM is the ratio between measured 
Δ14C and the 1950 atmospheric Δ14C. Then, assuming that 
all OM is derived from modern marine primary production 
(i.e., FM=100%), the δ13C value for the marine-end member 
was set as −19.8‰ (Martens et al., 2019; Ye et al., 2024). 
Then, the Mar-OC and Terr-OC contents were derived using 
Equations (4) and (5), respectively: 

Cδ13C_sample=fmarine×Cδ13C_marine+ 
(1−fmarine)×Cδ13C_terrestrial           (1) 

fmarine=100×(Cδ13C_sample+Cδ13C_terrestrial)× 
(Cδ13C_marine+Cδ13C_terrestrial)

−1
                (2) 

fterrestrial=100−fmarine                  (3) 
CMar-OC=fmarine×CTOC                 (4) 
CTerr-OC=fterrestrial×CTOC               (5) 

where fmarine is the fraction of marine-derived OC (%), 
fterrestrial is the fraction of terrestrially derived OC (%), 
endmember Cδ13C_marine=−19.8‰ Pee Dee Belemnite (PDB), 
and endmember Cδ13C_terrestrial=−27.1‰ PDB (Martens et al., 
2022; Ye et al., 2024). 

3  Results 

3.1  Sedimentation rate and dating 

A sedimentation rate of 0.069 cm·a−1 (n=6, R2=0.7533; 
Figure 2) for the upper 7 cm of Core R11 was calculated 
using the constant initial concentration model (Oldfield et 
al., 1978): 

S=λH/ln(A0×Ai
−1)              (6) 

where S is the sedimentation rate (cm·a−1); λ is the decay 
constant of 210Pb, i.e., 0.03116 a−1; H is the depth of the 
sample; and A0 and Ai represent the 210Pb excess at the 
surface and at depth H, respectively.  

This model assumes that the deposition of 
non-equilibrium 210Pb in the sediments has occurred 
continuously and uniformly over time, with a constant 
sedimentation rate (Appleby, 2002). 
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Figure 2  Log of 210Pb excess regression relative to sediment 
depth. 

Similar sedimentation rates have been reported for 
three adjacent stations: H30-11 (72.7411°N, 163.6727°W), 
0.1 cm·a−1; HC49-180 (73.3563°N, 175.6230°W), 210Pbex 
0.06 cm·a−1 and 137Cs 0.08 cm·a−1 (Cooper and Grebmeier, 
2018); ARC6-14R08 (74.0078°N, 168.9750°W), 
0.091 cm·a−1 (Astakhov et al., 2019). ASM14C dating of  

mollusk shell fragments from adjacent gravity core 
sediments (ARC4-R09, 71.96°N, 168.94°W) indicates that 
the sedimentation rate in the region has been stable from 
approximately 2800 BP to 2010 (i.e., BC 830–2010) (Song 
et al., 2022). 

Therefore, the uppermost part (1–7 cm) of Core R11 
represents sediments accumulated over the past century, 
while deeper sections were dated using a constant 
sedimentation rate assumption. The 210Pb results indicate 
that Core R11 comprises approximately a 493-year 
sediment record (i.e., from 1523 to 2016), covering the LIA 
and the subsequent period. 

3.2  Grain composition and IRD content 

The Core R11 sediment is characterized by fine, poorly 
sorted material comprising mostly silt (43.48%–65.12%. 
mean: 49.82%) and clay (31.63%–53.92%. mean: 
48.78%). Sand components with >2% content occurred at 
depths of 30–33 cm, 19–22 cm, and 0–5 cm. From the 
bottom to the top, the silt content increased slightly 
(Figure 3, Table 1). 

Generally, IRD, which is defined as the coarse 
sediment fraction (>63 μm, or sometimes even coarser), is 
used as an indicator of deposition from ice (Polyak et al., 
2010). In this study, we defined debris sediment with grain 
size of >125 μm as IRD. Thus, it was determined that the 
IRD content is in the range of 0%–3.47% (mean: 0.54%).  

 
Figure 3  Grain proportion profile of Core R11 (GS, grain size; XMz, mean grain size; σ, sorting; Sk, skewness; Ku, kurtosis; >125 μm, IRD; 

green box, clay; yellow box, silt; orange box, sand). 
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Table 1  Grain size composition and parameters of moments 

Depth/cm 
Gravel/% 
>2 mm 

Sand/% 
0.063–2 mm 

Silt/% 
0.004–0.063 mm 

Clay/% 
<0.004 mm 

XMz/Φ σ/Φ Sk/Φ Ku/Φ 

0–6 0 1.73 56.46 41.81 7.72 1.58 −0.90 2.20 

6–11 0 0.68  49.94  49.38  8.02 1.48 −0.29 1.99 

11–22 0 1.36 49.93 48.71 7.99 1.52 −0.39 2.06 

22–30 0 0.80 46.69 52.51 8.10 1.52 −0.75 2.01 

30–34 0 3.30 45.65 51.05 7.95 1.73 −1.51 2.50 

Notes: XMz indicates mean size; σ indicates sorting index; Sk indicates skewness; Ku indicates kurtosis. Grain size here is reported in the Phi (Φ) scale, where Φ 
is −log2 (diameter in mm). 

 
IRD content values >0.5% are found only at depths of 
30–33 cm, 20–22 cm, 9–10 cm, and 0–4 cm. In those 
intervals, the sediments have a higher sorting index (σ) 
(more poorly sorted) and greater negative skewness values 
(lower sedimentation energy condition, except for the 
0–6-cm interval) compared with the findings in other 
intervals (Figure 3). 

3.3  TOC and TN contents and their isotopic 
composition  

The TOC and TN contents of the sediments are 
notably higher throughout Core R11 compared with those 
of the sediments in the southern part of the Chukchi Shelf 
and other cores collected from adjacent areas (Ren et al., 
2025; Zhang W Y et al., 2018). 

The TOC content, TN content, and TOC/TN ratio 
(wt./wt.) are in the range of 1.80%–2.64% (mean: 2.16%), 
0.21%–0.33% (mean: 0.24%), and 7.3–11.2 (mean: 9.28), 
respectively. The δ13C and δ15N values are in the range of 
−22.59‰ to −21.81‰ (mean: −22.15‰) and 7.99‰– 
9.42‰ (mean: 8.43‰), respectively.  

According to the changes in the TOC content, TN 
content, δ13C value, δ15N value, and TOC/TN ratio from the 
bottom to the top, Core R11 was divided into two stages: 
Stage I (34–12 cm) and Stage II (11–0 cm). Stage I was 
divided further into two sub-stages: Ia (34–22 cm), with 
TOC content, TOC/TN ratio, and δ13C values in the range 
of 2.28%–2.51% (mean: 2.37%), 9.8–11.2 (mean: 10.5), 
and −22.16‰ to −22.53‰ (mean: −22.29‰), respectively; 
and Ib (22–12 cm), with TOC content and TOC/TN ratio 
values showing fluctuating trends of reduction in the range 
of 1.80%–2.32% (mean: 2.03%), and 8.5–10.1 (mean: 9.4), 
respectively. Throughout Stage I, the TN content and δ15N 
values diminished with slight variation in a narrow range, 
i.e., 0.21%–0.23% (mean: 0.22%) and 7.99‰–8.46‰ 
(mean: 8.28‰), respectively. 

Stage II (11–0 cm) was also divided into two 
sub-stages: IIa (11–6 cm), with all parameters exhibiting 
less variation, with TOC and TN contents, the TOC/TN 
ratio, and δ13C and δ15N values in the range of 
1.84%–2.10% (mean: 1.91%), 0.22%–0.23% (mean: 
0.23%), 8.0–8.7 (mean: 8.3), −21.93‰ to −22.19‰ (mean: 
−22.06‰), and 8.38‰–8.51‰ (mean: 8.44‰), respectively; 
and IIb (6–0 cm), in which the TOC, TN content, and δ15N 

values increase markedly in the range of 1.91%–2.64% 
(mean: 2.25%), 0.24%–0.33% (mean: 0.29%), and 
8.67‰–9.42‰ (mean: 8.98‰), respectively. The δ13C and 
TOC/TN ratio values are in the range of −21.81‰ to 
−22.11‰ (mean: −21.99‰) and 7.3–8.4 (mean: 7.8), 
respectively (Figure 4, Table 2). 

3.4  Percentage contents of Terr-OC and Mar-OC 

The relative percentage contents of Terr-OC and 
Mar-OC in the sediments of Core R11 were estimated using 
the endmember model. The fractions of Terr-OC and 
Mar-OC are in the range of 27.5%–37.4% (mean: 32.2%) 
and 62.6%–72.5% (mean: 67.8%), respectively. The 
fraction of Terr-OC is higher at depths of >22 cm (Stage Ia), 
ranging from 32.3% to 37.4% with a mean value of 34.0%, 
and it exhibits fluctuating decline toward the top of the core, 
with the lowest value of 27.5% occurring at the depth of 
3 cm. Conversely, Mar-OC exhibits the opposite trend, 
with the highest fraction in the top 6-cm interval (Stage 
IIb), ranging from 68.4% to 72.5% with a mean value of 
70.1% (Figure 4, Table 2). 

4  Discussion 

4.1  IRD content reflects sea ice fluctuation  

Generally, IRD comprises terrestrial/coastal material 
transported within a matrix of ice that is deposited in marine 
sediments when the ice matrix melts (Dowdeswell, 2009). 
Numerous studies have used IRD as a proxy of glacial/sea 
ice variability to reconstruct past climate change (Alley and 
Clark, 1999; Andresen et al., 2012; Darby, 2003, 2008; 
Darby et al., 2006; Polyak et al., 2016). The presence of 
IRD in sediments is evidence of the existence of regional 
seasonal sea ice (sea ice melting in the warmer season). The 
absence of IRD in sediments can be attributed to two 
scenarios: either the lack of sea ice development, or the 
existence of permanent and stable sea ice, preventing 
debris from being deposited. The former situation is clearly 
inconsistent with the sea ice conditions of the northern 
Chukchi Shelf. Therefore, the absence of IRD in the Core 
R11 sediments implies that perennial sea ice occurred, 
meaning that the weather was cold. 
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Figure 4  Profiles of TOC content, TN content, δ13C, δ15N, the TOC/TN ratio, and the relative fractions of Mar-OC and Terr-OC. 

Table 2  TOC and TN contents and their isotopic composition, and the TOC/TN ratio 

Relative fractions 
Depth/cm TOC content/% δ13C/‰ TN content/% δ15N/‰ 

TOC content (wt.)/ 
TN content (wt.) Mar-OC content/% Terr-OC content/%

0–6 2.25 −21.99 0.29 8.98 7.8 70.1 29.9 

6–11 1.91 −22.06 0.23 8.44 8.3 68.8 31.2 

11–22 2.03 −22.14 0.22 8.36 9.3 68.0 32.0 

22–34 2.35 −22.29 0.23 8.22 10.5 66.0 34.0 

 
The distribution of the IRD content in Core R11 shows 

that there were four warmer intervals, indicating that 
seasonal sea ice occurred during the 1530s–1580s, 
1710s–1730s, 1890s–1900s, and 1980s–2016. The first two 
intervals suggest that sea ice melting occurred in sub-cold 
periods during the LIA. The third interval indicates that the 
sea surface temperature was warmer after the end of the 
LIA. The final interval is in accord with Modern Warm 
Period. The IRD content of near zero in the other intervals 
implies that the area of Core R11 was within the perennial 
sea ice zone during the 1620s–1700s, 1750s–1880s, and 
1900s–1980s. The fluctuation of the sea ice margin of the 
northern Chukchi Shelf tallies with the retreat and extension 
of Alpine glaciers which were reconstructed based on 
historical documents (primarily drawings and paintings) 
and field discoveries (Wanner et al., 2022; Figure 5), the 
land-terminating glaciers along the southern coast of Alaska 
(Barclay et al., 2009a, 2009b, 2013; Solomina et al., 2015), 
and reconstructions of Alpine and Arctic summer 
temperature anomalies (Kaufman et al., 2009; Opel et al., 

2013; PAGES 2k Consortium et al., 2013; Wanner et al., 
2022), and generalized sea-ice histories from Chukchi 
Sea/Bering Sea based on dinocyst, IP25 and other proxy/ 
records (de Vernal et al., 2008; Leclerc and Halfar, 2024). 

The front of perennial sea ice during the Holocene 
fluctuated approximately along the northern Chukchi Sea 
(Polyak et al., 2016). The mechanisms behind the rapid 
northward retreat of sea ice highlight the potential 
influence of both atmospheric and oceanic processes. 
Numerous hypotheses have been proposed to explain 
significant changes, primarily based on: 

a) The strength and position of the Aleutian Low are 
closely related to the expansion and reduction of sea ice in 
the Chukchi Sea. A strong, westerly Aleutian Low 
enhances Pacific inflow, leading to reduced sea ice in the 
northern of Chukchi Sea (Danielson et al., 2014). 

b) The enhanced positive Arctic Oscillation facilitates 
northward atmospheric heat transfer from the Bering Sea 
region, resulting in increased annual melt duration within 
the Chukchi Sea (Belchansky et al., 2004). 
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Figure 5  Downcore records of OC content and environmental factors. a, Alpine summer temperature anomalies and Alpine Lower 
Grindelwald Glacier extension (Wanner et al., 2022); b, Arctic summer temperature anomalies and ice-free period of the southern Chukchi 
Shelf (Astakhov et al., 2020; Kaufman et al., 2009); c, Terr-OC and Mar-OC contents in sediments; d, TOC content in sediments; e, IRD 
content in sediments. IFP indicates ice-free period. 

The distribution of IRD in the Core R11 indicated the 
prevailing role of climate change (manifested by warmer 
summers) in the variability of ice conditions in the 
Alaskan–Chukchi sector of the Arctic. 

However, the fluctuation of the perennial sea ice 
margin does not agree with the sea ice extent in the sector 
of the Barents–Kara seas (Zhang Q et al., 2018), possibly 
because of the opposing sea ice conditions in eastern and 
western parts of the Arctic Ocean, that is, ice conditions 
change differently in different parts of the Eurasian Arctic 
(Bobylev and Miles, 2020). 

4.2  Grain composition and hydrodynamic changes 

Hydrodynamic factors play a very important role in the 
transport and deposition of sediments, directly controlling 
the type, sorting, distribution, erosion, and deposition of 
sediments and thereby affecting their spatial distribution. 
The sediments of Core R11, comprising mainly silt and clay, 
are finer compared with those of cores obtained in southern 
parts of the Chukchi Shelf (Zhang W Y et al., 2018). The 
textural composition and skewness index of the sediments 
indicate low-energy hydrodynamic conditions during 

sedimentation. The sediments on the Chukchi Shelf are 
compositionally homogeneous, with over 60% of the 
surface sediment components originating from the 
Okhotsk-Chukotsk volcanic belt and advected from the 
Bering Sea (Liu et al., 2023; Viscosi-Shirley et al., 2003). 
Good correspondence between Chukchi-shelf sediment 
accumulation patterns and Pacific inflows, which are fairly 
coherent at all water depths, indicates water circulation is an 
important sediment transport mechanism in this marginal 
sea (Viscosi-Shirley et al., 2003). Additionally, the seasonal 
melting of sea ice releasing the trained sediment, which is 
also an important source of sediments on the Chukchi Shelf 
(Darby et al., 2009; Viscosi-Shirley et al., 2003). 

Pejrup (1988) established a triangular diagram based 
on sand, silt, and clay contents to interpret hydrodynamic 
conditions and to classify the textural composition of the 
mud fraction (<4 Φ) in a recent estuarine environment. The 
grain composition exhibited a trend of becoming coarser 
from the bottom to the top, and the content of silt (clay) 
increased (decreased) gradually. Enhanced hydrodynamics 
start in the 1830s (depth: 17 cm). After a period of 
fluctuation from the 1830s to the 1910s (depth: 17 to 8 cm), 
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it has continued to intensify, especially after the 1940s (top 
6 cm) (Figures 3 and 6). This finding is in accord with field 
observation and the results of previous studies (Myers and 
Darby, 2022; Woodgate, 2018; Zhang W Y et al., 2018). 

Additionally, under cold environmental conditions, the 
low-energy hydrodynamic condition (Figure 6), poor 
sorting, and negative skewness parameters also imply that 
the sand fraction in the intervals with higher sand content 
(30–34 cm, 20–22 cm and 9–10 cm) originated mainly from 
sea ice melting. 

 

 
Figure 6  Triangular diagram for hydrodynamic conditions of the 
depositional environment. Sections I to IV reflect increasingly 
strong hydrodynamic conditions. The sediments are classified 
according to their sand content into four sections, A to D (Pejrup, 
1988). 

4.3  Burial of OM in sediment under climate 
change 

The burial of OM in the sediments is controlled by 
primary production, transformation processes, and 
preservation conditions, all of which are sensitive to sea ice 
fluctuation, sea surface temperature change, and flow 
hydrodynamics. 

To identify the source of the OC in the sediments, the 
TOC/TN ratios and δ13C values were used as proxies (Bates 
et al., 2005; Frigstad et al., 2014; Goñi et al., 2019; Meyers 
et al., 1997; Schubert and Calvert, 2001; Yu et al., 2023; 
Zhang et al., 2012). Both proxies are sensitive to organism 
source and are affected by nutrient availability. The 
composition of OM in the northern part of the Chukchi 
Shelf is complex, and it includes terrestrial material sourced 
from coastal erosion, sea ice entrainment, and riverine input, 
together with material derived from ice algae and plankton 
(phytoplankton and zooplankton). The content of new 
riverine carbon is low (<10%) in the sediments of the study 
area (Ye et al., 2024). 

The heavier δ13C PDB values (−22.53‰ to −21.81‰) 
and medium TOC/TN ratios (7.27–11.18) indicate that the 

OM in the sediments is mostly of marine origin. The 
fractions of Terr-OC and Mar-OC calculated using the 
endmember model are in the range 27.5%–37.4% (mean: 
32.25%) and 62.6%–72.5% (mean: 67.8%), respectively. 
The values of Terr-OM content and fraction are high 
between the 1530s and the 1700s, whereas Mar-OC content 
and fraction exhibit high values starting from the 1940s. 
High TOC, Terr-OC, and IRD contents reflect sea ice 
melting and the release of the carried Terr-OC; meanwhile, 
the marine productivity also increased during the 1530s 
and the 1700s. 

During the LIA and subsequent periods, the content of 
Mar-OC shows a trend similar to that of the variation in 
summer temperature anomalies in the Arctic Ocean. In the 
warmer periods, i.e., the 1520s–1580s and 1940s–2016, 
temperatures increased and the Mar-OC content also 
increased; in the cooler period, i.e., 1700s–1860s, 
temperatures declined and the Mar-OC content also 
diminished. Meanwhile, Terr-OC correlates with the 
number of ice-free days in the southern part of the Chukchi 
Shelf, except for the period 1700s–1880s, during which the 
Terr-OC content declined continuously despite the number 
of ice-free days remaining at a high level (Figure 5). This 
also confirms the contribution of sea ice melting to the 
Terr-OC component, especially during warmer periods. 

High-resolution observations have provided detailed 
insights into the transport and deposition of particulate OC 
in the northern Chukchi Sea (Yu et al., 2023). Terr-OC and 
Mar-OC show pronounced separation within the water 
column. In particular, lateral transport plays a dominant role 
in controlling the eventual burial of both Terr-OC and 
Mar-OC (Xiang and Lam, 2020). Easily resuspendable 
Terr-OC tends to concentrate within the upper 10 m of the 
water column or within sea ice and is laterally transported 
into the deep basin. In contrast, the faster-settling Mar-OC 
is less influenced by lateral transport and is deposited more 
directly, extending to the northern Chukchi Shelf margin 
(Yu et al., 2023). 

There has been noticeable change in the 
characteristics of OM since the 1940s. The contents of 
TOC and TN, as well as the δ15N value, have increased 
continuously, while the fraction of terrestrial OM has 
shown minor fluctuations around the value of 30% (range: 
27.5%–31.6%. mean: 29.9%) (Figures 4–5). This reflects 
the continuous increase in marine productivity and 
terrestrial input against the backdrop of global warming. 

Concomitantly, the carbon and nitrogen isotope 
composition of OM in marine plankton is closely related to 
the utilization of nutrients in water column. Plankton 
generally preferentially absorb 12C and 14N. Under 
conditions of nutrient limitation, isotopic fractionation 
during biological metabolic processes increases leading to 
higher contents of 13C and 15N in plankton. Increasing δ15N 
values suggest nutrient limitation of phytoplankton growth 
due to enhanced stratification induced by surface freshening 
(Bai et al., 2022; Li et al., 2008; Tremblay et al., 2006; 
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Schubert and Calvert, 2001). 
These phenomena are highly comparable to field 

observations and the findings of recent studies (Ardyna and 
Arrigo, 2020; Giesbrecht et al., 2019; Hill et al., 2018; 
Lewis et al., 2020). Under the influence of increased 
temperature, sea ice retreat increased open water areas and 
duration of growing season, and promoted productivity 
(Arrigo and van Dijken, 2015; Kahru et al., 2011). 
Meanwhile, increased advection of Pacific inflows supplied 
enough additional nutrients to sustain the higher biomass on 
the Chukchi Shelf (Lewis et al., 2020). Moreover, they also 
indicate that the amount of OC buried in sediments is 
increasing in association with climate warming. 

It is interesting that the changes in OM-OC content 
occur 2–3 decades earlier than those found in IRD and 
Terr-OC in the downcore records, as exemplified by the 
marked increase in OM content in the 1680s and 1940s and 
the subsequent peaks in IRD content in the 1710s and 1970s. 
The reason for this might reflect the fact that living 
organisms can quickly react to changes in their 
environment, whereas the processes of sea ice formation 
and melting are slower because they depend on the buildup 
of energy (such as cooling to form ice or warming to melt 
it) and the achievement of a balance of materials (such as 
water and salt). 

5  Conclusions 

Grain size composition (including IRD), OM content, 
and the isotopic composition of Core R11 (obtained in the 
northern part of the Chukchi Shelf) record the variation in 
OC burial and the sedimentation conditions during the LIA 
and the subsequent period. 

The sediment of Core R11 is characterized by 
fine-grained material (silt and clay components >90%), 
poor sorting, and high OM content. The deposition 
conditions were generally characterized by low-energy 
hydrodynamics, with a trend of enhancement from the 
bottom upward. The OM originated primarily from marine 
sources, with terrestrial input of <37.5%. The variation 
trend of Mar-OC content is similar to that of summer 
temperature anomalies; as temperature increases, the 
Mar-OC content also increases, and vice versa. The 
Terr-OC content correlates with the number of ice-free 
days in the southern shelf region, except for the period of 
approximately 1700s to the 1930s. 

During warmer periods, seasonal sea ice occurred and 
the perennial sea ice margin retreated, and the amount of 
OC buried in the sediments increased. The ability of the 
sediments to sequester carbon became enhanced, especially 
after the 1940s. 

It is notable that the dating of sediments deeper than 
7 cm was based on the assumption of a stable 
sedimentation rate, which may have limitations. 
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