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Introduction
The Bering Strait is a shallow (about 50 m deep) and narrow 
(about 80 km wide) passage between Siberia and Alaska (Figure 
1a). During the Quaternary, the Bering Strait played an important 
role in shaping the physiographic configuration of the shallow 
continental shelf areas occupying the Bering Sea and the Chukchi 
Sea (e.g. Hopkins, 1967, 1973). When the sea level was high, 
similar to the present-day conditions, during the interglacial peri-
ods, the shelf areas including the Bering Strait were submerged, 
linking the Bering Sea to the Chukchi Sea and forming a seawater 
gateway. In contrast, when the sea level was lower than the sill 
depth during the glacial periods, the Bering Sea was separated 
from the Chukchi Sea through the subaerial exposure of the shelf 
areas including the Bering Strait, resulting in the formation of the 
Bering Land Bridge (i.e. Beringia).

The sea-level change in the Bering Strait region is important 
for understanding the terrestrial and oceanographic conditions of 
Beringia (Hopkins, 1967, 1973). The continental shelf below the 
−120 m isobaths in the Bering Sea remained submerged through-
out the last 25,000 years (Knebel, 1972). McManus and Creager 
(1984) reported that the Bering Strait was inundated by 14,400 
14C yr BP since the Last Glacial Maximum. However, their sea-
level chronology is problematic because the bulk sediments used 

for radiocarbon age dating contained coal-like impurities. Based 
on AMS 14C dates, Elias et al. (1996) suggested that a large por-
tion of the Bering Strait region remained exposed above sea level 
until 11,000 14C yr BP, allowing human and animal migration 
between Asia and North America (e.g. Elias, 2001). Keigwin 
et al. (2006) argued that the Bering Strait may have been flooded 
between ca. 11,000 and 12,000 cal. yr BP, by providing the first 
marine evidence that Hope Valley (53 m deep) in the southern 
Chukchi Sea was invaded as early as 12,000 cal. yr BP based on 

Surface water productivity and sediment 
transport by Bering Strait throughflow  
in the Chukchi Shelf (the western  
Arctic Ocean) during the Holocene

Boo-Keun Khim,1 Mi Jung Lee,2 Hyen Goo Cho3 
and Kwangkyu Park1,4 

Abstract
Diverse paleoceanographic proxies from three sediment cores (GC12ex, JPC35, and JPC30) collected from the Chukchi Shelf north of the Bering Strait 
elucidate the Holocene paleoceanographic changes (surface water productivity and sediment transport) caused by the Bering Strait throughflow from the 
Bering Sea into the Chukchi Sea. Lithology of three sediment cores identified the same three units. Based on comparison and correlation to adjacent age-
dated cores as well as AMS 14C dates of core GC12ex, the boundary between Unit 1 and Unit 2a is dated about 8500 cal. yr BP, and the boundary between 
Unit 2a and Unit 2b is also dated about 4500 cal. yr BP. Consistent down-core profiles of the geochemical and isotopic properties among the three cores 
differentiate the paleoceanographic conditions corresponding to lithologic units. Based on the biogenic opal, total organic carbon, and δ13C values, Unit 1 
is characterized by low surface water marine productivity under relatively shallow water with weak transport of Bering Strait throughflow. Unit 2a shows 
a mixture of terrestrial and marine contributions, indicating the onset of increased marine surface water productivity after the main flooding (~11,500 cal. 
yr BP) of the Bering Strait by the Holocene sea-level rise. Unit 2b exhibits stable and enhanced marine biogenic opal production similar to the present-
day oceanographic conditions. Such paleoceanographic changes were confirmed by the clay minerals (smectite, illite, kaolinite, and chlorite) and detrital 
isotopes (εNd and 87Sr/86Sr). Thus, the Bering Strait throughflow played an important role on surface water productivity and sediment deposition in the 
Chukchi Shelf in response to Holocene sea-level rise after the opening of the Bering Strait.

Keywords
Bering Strait, geochemistry, Holocene, isotope, paleoceanography, sea-level change, sediment source

Received 26 April 2017; revised manuscript accepted 12 October 2017

1�Department of Oceanography, Pusan National University, Korea
2�Division of Polar Earth-System Sciences, Korea Polar Research 
Institute, Korea

3�Department of Earth and Environmental Sciences, Gyeongsang 
National University, Korea

4�Division of Polar Paleoenvironment, Korea Polar Research Institute, 
Korea

Corresponding author:
Boo-Keun Khim, Department of Oceanography, Pusan National 
University, Busan 46241, Korea. 
Email: bkkhim@pusan.ac.kr

744265 HOL0010.1177/0959683617744265The HoloceneKhim et al.
research-article2017

Research paper

https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/hol
mailto:bkkhim@pusan.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0959683617744265&domain=pdf&date_stamp=2017-12-07


Khim et al.	 815

AMS 14C dates of foraminifera (Elphidium excavatum). Polyak 
et al. (2007) regarded Fe-oxide grains from cores sampled at the 
southern end of the Northwind Ridge in the western Arctic Ocean 
as a proxy for the Bering Strait source, suggesting that the most 
recent opening of the Bering Strait occurred during sea-level rise 
at around 12,000 cal. yr BP. Later, England and Furze (2008) con-
firmed that the Bering Strait was submerged by 11,500 14C yr BP 
by the presence of Cyrtodaria kurriana on northern Bank Island 
of the western Canadian Arctic Archipelago.

The North Pacific communicates with the Arctic Ocean 
through the Bering Strait which links the Bering Sea in the North 
Pacific to the Chukchi Sea in the Arctic Ocean. A steric height 
difference of about 0.5 m (equivalent to a sea-level slope of 
approximately 10−6) between the Bering and Chukchi Seas was 
driven by a salinity difference between the fresher North Pacific 
Ocean and the saltier Arctic Ocean (Coachman et al., 1975; Stige-
brandt, 1987), resulting in the northward mean flow. Thus, the 
Bering Strait throughflow is thought to transport a significant 
amount of fresh (i.e. less saline) North Pacific Water to the Arctic 
Ocean and then onto the North Atlantic (Woodgate and Aagaard, 
2005). At present, the annual mean transport is estimated in the 
range of 0.6–0.9 Sv (106 m3), with an average of 0.8 ± 0.1 Sv 
(Aagaard et al., 1985; Roach et al., 1995; Woodgate and Aagaard, 
2005). The transport variation is generally seasonal, smaller dur-
ing winter because of more frequent storms, and larger during 
summer because of overall weaker winds (Aksenov et al., 2016; 

Danielson et al., 2014). In addition, the reversed transport some-
times occurs during the particularly strong northerly winds for 
short days to week period (Woodgate et al., 2005).

The gateway position of the Bering Strait has played a signifi-
cant role in controlling climate change by changing the volume of 
the Bering Strait throughflow. Several coupled global climate 
models have tested the importance of an open or closed Bering 
Strait to climatic variability in the North Atlantic (De Boer and 
Nof, 2004; Hu et al., 2010, 2012; Keigwin and Cook, 2007; Ortiz 
et al., 2012). For example, Keigwin and Cook (2007) suggested 
that when the Bering Strait is open, variability in the transport of 
relatively freshwater from the North Pacific to the North Atlantic 
through the Bering Strait may stabilize climatic variability in the 
North Atlantic. In contrast, when the Bering Strait was closed dur-
ing the glacial periods, the absence of Bering Strait throughflow 
led to the occurrence of abrupt climate transition (e.g. Dansgaard-
Oeschger and Heinrich events) (Hu et  al., 2012). Recently, the 
model study by Ortiz et al. (2012) demonstrated a strong relation-
ship between the Southern Ocean winds and the Bering Strait 
throughflow by showing that weak southern winds, followed by 
the cease of freshwater fluxes from the melting Laurentide Ice 
Sheet during the middle-Holocene, strengthened the Bering Strait 
throughflow.

Despite the potential significance of the Bering Strait, little is 
known about the paleoceanographic history in terms of surface 
water productivity and sediment transport before and after the 

Figure 1.  (a) Schematic pattern of the Bering Strait throughflow flowing out of the Bering Strait (BS) in the Chukchi Sea from the Bering Sea. 
(b) Collection sites of cores GC12ex, JPC35, JPC30, JPC24, and HLY05. Cores of blue dots are used in this study, and cores of red rectangles 
were adopted from Lundeen (2005) (for JPC24) and McKay et al. (2008) (for HLY05).
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Holocene opening of the Bering Strait. Particularly, the Bering 
Strait throughflow has played an important role in delivering sea-
water and sediments from the Bering Sea onto the Chukchi Shelf 
in response to the Holocene sea-level rise. The main objective of 
this study is to reveal the Holocene paleoceanographic changes in 
the Bering Strait area as indicated by geochemical/isotopic prop-
erties (surface water productivity) and clay minerals/detrital Nd/
Sr isotopes (sediment transport) using three sediment cores recov-
ered from the Chukchi Shelf (western Arctic Ocean).

Materials and methods
Information on three sediment cores (MR06-04 GC12ex: 
GC12ex, HLY02-04 JPC30: JPC30, and HLY02-04 JPC35: 
JPC35) used in the present study and two published cores 
(HLY02-05 JPC24: hereafter JPC24; and HLY0501-05: hereafter 
HLY05) is summarized in Table 1. Two piston cores, JPC35 and 
JPC30, were obtained during cruise USCGC Healy 02-05 in 
2002. A gravity core GC12ex was collected during cruise MR06-
04 conducted by JAMSTEC in 2006. All cores were taken from 
the shallow Chukchi Shelf north of the Bering Strait (Figure 1b). 
Two cores, JPC24 (Lundeen, 2005) and HLY05 (McKay et al., 
2008), taken in the study area were used to aid the age determina-
tion of our cores.

All cores were split onboard for lithologic description. In par-
ticular, preliminary sediment properties such as sediment color 
(b*) and magnetic susceptibility (MS; κ) were measured onboard 
for core GC12ex. Sediment color was measured using a Minolta 
CM-2002 reflectance photospectrometer. MS was measured using 
a Bartington MS2C system with a loop sensor as part of the multi-
sensor core logger. More information on core GC12ex can be 
found in the MR06-04 Leg. 2 Cruise Report (http://www.godac.
jamstec.go.jp/cruisedata/mirai/e/MR06-04_leg2.html). Subsam-
pling for the laboratory experiments was carried out at JAMSTEC 
(for core GC12ex) and WHOI (for cores JPC35 and JPC30).

Geochemical properties of all three core sediments were mea-
sured at Pusan National University. Total carbon (TC) contents 
were measured using a Carlo Erba NA-1500 Elemental Analyzer. 
The analytical precision as a relative standard deviation (±1σ) is 
1%. Total inorganic carbon (TIC) content was measured using an 
UIC CO2 coulometer (Model CM5014). Assuming that all TIC is 
in the form of calcium carbonate, TIC content is converted to 
CaCO3 content as a weight percentage using the multiplication 
factor 8.333 (a ratio of molecular weight between CaCO3 and C). 
The analytical precision of TIC as a relative standard deviation 
(±1σ) is 2%. Total organic carbon (TOC) content was calculated 
by determining the difference between TC and TIC. Biogenic 
silica content was analyzed using a wet alkaline extraction method 
(DeMaster, 1981). The analytical precision as a relative standard 
deviation (±1σ) is 1%. Biogenic opal content was calculated by 
multiplying biogenic silica content by 2.4 (Mortlock and Froe-
lich, 1989). Carbon isotopes (δ13C) of sediment organic matter 
were measured using EA−IRMS (Europa Scientific 20−20 mass 
spectrometer) at Iso-Analytical Ltd., UK, after the acid-treatment 
of bulk sediments. δ13C values are expressed in conventional 
delta notation, which is the per mil deviation from the V-PDB. 
Precision for δ13C is about ±0.1%.

The <2 µm clay minerals in cores JPC35 and JPC30 were ana-
lyzed at Gyeongsang National University using a SIEMENS/
BRUKER D5005 diffractometer with CuKα Ni-filtered radiations 
by X-ray diffraction on air-dried and ethylene-glycolated oriented 
mounts prepared by the ‘smear-on-glass slide’ method described 
by Stokke and Carson (1973). Clay minerals were identified fol-
lowing the classification of Brown and Brindley (1980) and 
Moore and Reynolds (1989). Semi-quantitative estimates 
(weighted peak area %) of major clay minerals (illite, smectite, 
kaolinite, and chlorite) were based on the method described by 
Biscaye (1965).

Nd and Sr isotope analyses of cores JPC35 and JPC30 were 
performed at Korea Polar Research Institute following standard 
techniques (Lee et  al., 2011; Pin and Santos Zalduegui, 1997). 
Sequential extraction was performed to extract the detrital frac-
tion from the sediment according to methods outlined by Bayon 
et al. (2002). Nd and Sr isotope measurements were conducted 
using a Thermo Finnigan TRITON thermal ionization mass spec-
trometer equipped with nine adjustable Faraday cups. Analytical 
precisions of the Sr and Nd isotope data are given as ±2σ standard 
errors (±0.000004). Mass fractionation correction was applied to 
the data by normalizing to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 
0.7219 using an exponential law. Replicate analyses of standard 
NBS 987 and JNdi-1 Nd reference material gave 87Sr/86Sr = 
0.710260 ± 4 (n = 30) and 143Nd/144Nd = 0.510215 ± 5 (n = 30). 
Procedural blanks were typically <70 pg for Sr and 30 pg for Nd. 
The Nd isotopic composition was finally expressed as:

εNd
143 144

Sample

143 144

CHUR

4 Nd Nd Nd Nd 1 1= ( ) ( ) −{ }×/ / / 0

where CHUR stands for ‘chondritic uniform reservoir’; that is, 
(143Nd/144Nd)CHUR is the value of the ratio in chondrites.

Because planktonic foraminiferal tests were rare and inade-
quate, AMS 14C ages of the acid-insoluble organic matter fraction 
of the five bulk sediments of core GC12ex were measured at the 
Rafter Radiocarbon Laboratory, Institute of Geological and 
Nuclear Sciences (New Zealand). A bivalve shell fragment at a 
depth of 300 cm was dated to provide additional dating informa-
tion. We give AMS 14C ages as conventional (i.e. uncorrected) 14C 
yr BP (Table 2). These AMS 14C ages were calibrated to convert 
calendar year (cal. yr BP) with a reservoir effect of 400 years (e.g. 
McKay et al., 2008) using the CALIB Radiocarbon Calibration 
Program version 7.04 (Stuiver et al., 2017).

Age estimate of core sediments
Based on onboard observation of sediment lithology and prelimi-
nary measurement of sediment properties (sediment color and 
MS), core GC12ex was divided into two major lithologic units at 
approximately 305 cm (an upper part as Unit 2 and a lower part as 
Unit 1) (Figure 2a and b). Unit 1 is characterized by low b* and 
low MS values and is composed of slightly to moderately biotur-
bated dark lithic clayey silt with shell fragments. In contrast, Unit 
2 is characterized by high b* and high MS values and is composed 
of homogeneous to slightly bioturbated olive-gray diatom-bear-
ing silty clay. Based on the variation in b* and MS values, Unit 2 

Table 1.  Information of cores used in this study.

Core Latitude (°N) Longitude (°W) Water depth (m) Source

GC12ex 72°36.0′ 166°00′ 53 This study
JPC35 72°22.4′ 168°04.2′ 60 This study
JPC30 73°05.9′ 168°25.3′ 75 This study
JPC24 73°08.3′ 167°31.7′ 80 Lundeen (2005)
HLY05 72°41.4′ 157°31.2′ 415 McKay et al. (2008)

http://www.godac.jamstec.go.jp/cruisedata/mirai/e/MR06-04_leg2.html
http://www.godac.jamstec.go.jp/cruisedata/mirai/e/MR06-04_leg2.html
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can be further subdivided at about 130 cm into the upper Unit 2b 
and the lower Unit 2a (Figure 2a and b). Unit 2b shows higher b* 
and MS values with more variation than Unit 2a.

A prerequisite for paleoceanographic reconstruction based 
on core sediments is the establishment of a reliable age model. 
For example, multiple down-core AMS 14C measurements have 
commonly constrained the age of late Pleistocene sediment 
cores in the western Arctic Ocean (e.g. Darby et al., 1997). Five 
AMS 14C ages of the bulk sediments in core GC12ex are listed 
in Table 2. No age reversal was observed, resulting in a reason-
able stratigraphic order corresponding to the lithologic units. 
The AMS 14C measurements were performed on acid-insoluble 
organic matter of the bulk sediments. Because fresh (autochtho-
nous) organic matter is likely to dissolve in HCl and HNO3, the 
acid-insoluble organic matter seems to contain old allochtho-
nous (continental) organic matter. Thus, radiocarbon dating of 
this organic matter is likely to reflect a maximum (i.e. oldest) 
age for the bulk sediments.

It is not surprising, then, that the age of the core top is 3336 14C 
yr BP by AMS 14C dating of bulk sediments. Local contamination 
by fossil organic matter from sediments containing older carbon 
is a commonly observable problem in radiocarbon age dating 
(e.g. Nelson et al., 1988). We refer to this age difference as ‘local 
contamination offset’ (LCO), as treated similarly in the Antarctic 
Ocean (e.g. Hillenbrand et al., 2009). After calibration of AMS 
14C ages, we corrected LCO under assumption that δ13C values 
may indicate the degree of LCO. Compared with the core top 

(δ13C = −22.2% and LCO = 2500), LCO of each dating horizon 
was calculated by Δδ13C relative to the core-top value which may 
be proportional to the degree of LCO. These LCO-corrected AMS 
14C ages were shown in Figure 2a. This correction seems manipu-
lated and unacceptable to decide the precise and real age. At this 
situation, thus, the sediment age estimated straightforward by 
direct AMS 14C dating is difficult or almost impossible in con-
straining the precise age of the sediment core. Nonetheless, an 
orderly succession of five AMS 14C ages guarantees the context of 
age range to determine the probable age of the lithologic units. 
Another assumption is that a part of the core top may be lost dur-
ing the retrieval of gravity core, which is usually observed during 
the execution. In general, the core-top sediments were missing 
when the piston or gravity corer was retrieved. In this study, 
because we did not take multiple cores, we cannot judge whether 
our gravity core preserves the complete core top. Thus, core-top 
missing may be another reason for the old age at the core top.

For the purpose of validating the reasonably probable age esti-
mates of the lithologic boundaries, we adopted the indirect 
approach. The δ13C profiles of the sediment organic matter from 
our studied cores were compared precisely with those of well-
dated sediment cores (JPC24 and HLY05) from the study area 
(Figure 3). δ13C values of all cores range between −25.3% and 
−22.0%. The δ13C profiles show similar upward increasing pat-
terns toward the core top. Unit 1 shows consistently low δ13C val-
ues (−25.3% to −24.6%) in all cores (Figure 3). Unit 2a is 
characterized by a rapid increase (from −24.6% to −22.9%) in 

Table 2.  Radiocarbon data for core GC12ex.

Depth (cm) Sample type Conventional 14C age 
(14C yr BP)

δ13C (%) Calibrated 14C 
age (cal. yr BP)

Calibrated 14C 
agea (cal. yr BP)

Lab code

0 Bulk sediment 3336 ± 20 −22.2 3189 ± 20 689 ± 20 NZA35735
17 Bulk sediment 5054 ± 20 −22.1 5404 ± 20 3104 ± 20 NZA35736
87 bulk sediment 7089 ± 25 −22.7 7568 ± 25 4068 ± 25 NZA35737
202 Bulk sediment 10,539 ± 35 −23.6 11,785 ± 35 7285 ± 35 NZA35723
286 Bulk sediment 13,511 ± 45 −25.1 15,731 ± 45 8231 ± 45 NZA35724
300 Bivalve 8463 ± 25 0.2 9048 ± 25 9048 ± 25 NZA35703

aWith local contamination offset (LCO) correction.

Figure 2.  (a) Down-core profile of sediment color (b*) of core GC12ex. (b) Down-core profile of magnetic susceptibility (MS) of core 
GC12ex. Lithologic units (Unit 1, Unit 2a, and Unit 2b) are defined by these sediment properties. AMS 14C dates (calibrated calendar year with 
LCO correction) are also denoted. (c) New sea-level curve in the Chukchi Sea (Keigwin et al., 2006).
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δ13C values, whereas Unit 2b is characterized by stable and high 
δ13C values with a little gradual increase between −22.9% and 
−22.0% (Figure 3). Based on the correlation of δ13C values among 
these cores, the lithologic boundary between Unit 1 and Unit 2a is 
judged at approximately 8500 cal. yr BP from cores JPC24 and 
HLY05 (Lundeen, 2005; McKay et al., 2008). This age seems to 
correspond to the LCO-corrected AMS 14C age (>8241 cal. yr BP) 
(Figure 2b). The age difference may be attributed to slight error of 
LCO correction. An age of bivalve shell fragment measured at 
300 cm just above the lithologic boundary (305 cm) of core 
GC12ex is 9048 cal. yr BP (Table 2). A little older age is a result 
that this shell fragment is reworked. In addition, Kim et al. (2017) 
divided three palynological zones from a core (ARA02B-01A) 
collected in the northern margin of Chukchi Shelf and, conclu-
sively, their lower lithologic boundary (~8400 cal. yr BP) is 
matched thoroughly with the age estimate between Unit 1 and 
Unit 2a.

Hill and Driscoll (2010) reported two AMS 14C dates (11,900 
14C yr BP for 680 cm and 11,000 14C yr BP for 720 cm) for the 
bottom part of core JPC30, which is the same core in this study 
(Figure 4c). Although these ages are reversed because of the vital 
effect difference in radiocarbon fractionation between foramin-
ifera and mollusks (Hill and Driscoll, 2010), these AMS 14C dates 
were older than the estimated age of unit boundary (approxi-
mately 8500 cal. yr BP), which confirms that the age of Unit 1 in 
our cores is appropriate. Gusev et  al. (2009) investigated new 
boreholes and seismic reflection data from the upper Holocene 
sediments clearly related to the postglacial transgression in the 
southwestern Chukchi Sea between the mainland and Wrangel 
Island, and reported a decrease (from ~m/kyr to ~cm/kyr) in the 
sedimentation rate during the early stages of flooding (ca. 9000 
14C yr BP). Additionally, Bauch et  al. (2001) observed fluvial-
type deposition prior to 8900 cal. yr BP on the Siberian margin 
(about 31 m deep) of the Laptev Sea, which is a little shallower 
than the water depth of cores in the Chukchi Shelf. This transition 
is coincident with the increase in the δ13C values of organic matter 
by the sudden decrease in the input of terrestrial organic matter 
from rivers and coastal erosion (Bauch et al., 2001). These previ-
ous results (Bauch et  al., 2001; Gusev et  al., 2009; Hill and 
Driscoll, 2010; Keigwin et al., 2006) in the western Arctic Ocean 
corroborate the age boundary between Unit 1 and Unit 2a of our 
cores (Figure 3).

Using the same approach with δ13C data from cores JPC24 and 
HLY05 (Lundeen, 2005; McKay et  al., 2008), the lithologic 
boundary between Unit 2a and Unit 2b was correlated at about 
4500 cal. yr BP (Figure 3), which coincides with the LCO-cor-
rected AMS 14C age (< 4068 cal. yr BP (Figure 2). The upper 
palynological zone of a core (ARA02B-01A) in the northern mar-
gin of Chukchi Shelf was dated at about 4000 cal. yr BP (Kim 
et  al., 2017). Lisé-Pronovost et  al. (2009) reported a major 
decrease (from ~3.5 m/kyr to ~1.2 m/kyr) in the sedimentation 
rate on the Arctic Alaskan margin at approximately 5000 cal. yr 
BP. The average sedimentation rate of shelf sediments on the 
Laptev Sea margin also began to decrease at about 5000 cal. yr BP 
when the modern sea level was established in Arctic Siberia 
(Bauch et al., 2001). This timing is also consistent with sea-level 
records from Beringia (Elias et  al., 1996; Mason and Jordan, 
2002). The coincidence between our age expectation and the 
well-dated cores by previous studies (Bauch et  al., 2001; Kim 
et al., 2017; Lisé-Pronovost et al., 2009) guarantees a plausible 
and acceptable age estimate for the lithologic boundary between 
Unit 2a and Unit 2b, which is indicative of depositional environ-
ment changes, although this age postdates a little the timing when 
the sea level reached the present condition (Figure 2c).

Results
Biogenic opal and TOC contents of the three sediment cores 
(GC12ex, JPC35, and JPC30) from the Chukchi Shelf, as shown 
in Figure 4, represent the level of primary productivity in the sur-
face water. Biogenic opal content of all cores varies from 1% to 
18%, and TOC content ranges from 0.2% to 1.8% (Figure 4). It is 
particularly noteworthy that all down-core profiles of biogenic 
opal and TOC contents are remarkably consistent (i.e. an upward 
increasing trend). Unit 1 (>ca. 8500 cal. yr BP) is characterized by 
consistently low biogenic opal (1~7%) and TOC (0.2~1.2%) con-
tents along with low δ13C values (Figure 3). Biogenic opal and 
TOC contents show the upward gradual increase in Unit 2a (from 
ca. 8500 to ca. 4500 cal. yr BP), ranging from 5% to 12% and 
from 1.0% to 1.6%, respectively, in all cores, a trend also observ-
able clearly in the δ13C profiles (Figure 3). Unit 2b (from ca. 4500 
cal. yr BP to the present) is characterized by high biogenic opal 
(10–18%) and TOC (1.1~1.8%) contents along with high δ13C 
values (−22.9%~−22.0%; Figure 3). The down-core variation in 

Figure 3. Age estimates of lithologic boundaries for the studied cores (GC12ex, JPC35, and JPC30) based on the correlation of the δ13C 
values of the sediment organic matter with those of the well-dated core (JPC24 and HLY05) chronology. The δ13C chronology was adopted 
from Lundeen (2005) for core JPC24 and McKay et al. (2008) for core HLY05, respectively. Five AMS 14C dates (calibrated calendar year with 
LCO correction) of core GC12ex and two AMS 14C dates (measured 14C yr*) at the bottom of core JPC30 (Hill and Driscoll, 2010) are shown: 
(a) JPC24, (b) HLY05, (c) GC12ex, (d) JPC35 and (e) JPC30.
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biogenic opal and TOC contents is highlighted in Figure 7, which 
exhibits that the clusters of biogenic opal and TOC contents are 
separated distinctly in terms of individual lithologic unit.

As shown in Figure 5, the fine-grained fraction of core sedi-
ments consists of four major clay minerals (smectite, illite, 
kaolinite, and chlorite). Two cores (JPC35 and JPC30) show simi-
lar proportion of clay minerals (illite: 60% vs 58%, chlorite: 20% 
vs 23%, kaolinite: 11% vs 11%, and smectite: 9% vs 9%) and that 
their variation is not clear throughout the depth. The order of 
dominant clay minerals in both cores is same as reported by the 
previous studies (Naidu and Mowatt, 1983; Naidu et al., 1982). In 
contrast to the down-core variation of each clay mineral amount, 
smectite/illite (S/I) ratio and chlorite/kaolinite (C/K) ratio reflect 
that down-core variation is different with lithologic unit. Similar 
to the division by the geochemical properties (biogenic opal and 
TOC), S/I and C/K ratios of core JPC35 and S/I ratio of core 
JPC30 are low for Unit 1, increasing for Unit 2a, and high for Unit 
2b, although C/K ratio of core JPC30 is likely dissimilar (Figure 
5b and d).

εNd values and Sr isotopic compositions of detrital fraction in 
cores JPC35 and JPC30 show a similar pattern to those of the S/I 
and C/K ratios, although some discrepancy was observed (Figure 
6a and b). εNd values for cores JPC35 and JPC30 vary between 
−10.6 and −8.8 and between −9.9 and −9.1, respectively, and 
87Sr/86Sr ratios for both cores are in the ranges between 0.7118 
and 0.7161 and between 07115 and 0.7149, respectively. εNd val-
ues for core JPC35 are overall low (~−10.0) in Unit 1 and Unit 2a, 
with minimum record around 200 cm, and higher (~−9.0) in Unit 
2b. εNd values for core JPC30 show an increasing trend through-
out the core and no distinct variation pattern different from those 
observed in core JPC35. 87Sr/86Sr ratios for core JPC35 show an 
opposite trend to the εNd values, with high values (0.713–0.716) 

for Unit 1, low values (~0.712) for Unit 2b, and a gradual decrease 
(from 0.716 to 0.712) for Unit 2a. Although general trend of 
87Sr/86Sr ratios for core JPC30 follows core JPC35, showing the 
upward decreasing trend (from 0.714 to 0.711), 87Sr/86Sr ratios of 
Unit 1 are a little higher than those of core JPC35.

Discussion
Holocene paleoceanographic changes in the Chukchi 
Shelf
Keigwin et al. (2006) revealed that the flooding of the Chukchi 
Shelf (approximately 50 m) and the Bering Strait by glacio-
eustatic sea-level rise may have occurred between ca. 11,000 and 
12,000 cal. yr BP. The marine geophysical CHIRP sub-bottom 
data by Hill and Driscoll (2008) suggested that regional transgres-
sion across the interfluves on the middle Chukchi Shelf probably 
postdated approximately 11,500 14C yr BP, which corresponds to 
Meltwater Pulse 1B. It also coincides with a second smaller nega-
tive δ18O excursion (about 12,000–13,000 cal. yr BP) of plank-
tonic foraminifera observed in cores from the Chukchi Borderland 
(Polyak et al., 2007). After the main flooding of the Bering Strait 
at approximately 11,500 14C yr BP, the onset of seawater and sedi-
ment transport from the Bering Sea onto the Chukchi Shelf may 
have occurred by the Bering Strait throughflow. Such an influx of 
relatively fresh North Pacific water through the Bering Strait by 
the Bering Strait throughflow may also have played an important 
role in affecting the strength of the halocline in the western Arctic 
Ocean, as it does today (Danielson et al., 2014).

Although the age estimates in the present study are relatively 
circumstantial, the lithology of the three sediment cores can be 
divided into three units (Units 1, 2a, and 2b; Figure 2). Unit 1 

Figure 4.  Down-core profiles of biogenic opal and TOC (total organic carbon) contents in (a) core GC12ex, (b) core JPC35, and (c) core 
JPC30. Unit boundaries (dash lines) and their age estimates are indicated based on Figures 2 and 3. Five AMS 14C dates (calibrated calendar year 
with LCO correction) of core GC12ex and two AMS 14C dates (measured 14C yr) at the bottom of core JPC30 (Hill and Driscoll, 2010) are 
shown.
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Figure 5.  Down-core profiles of (a) proportion of each clay mineral (S: smectite, I: illite, K: kaolinite, C: chlorite) and (b) S/I and C/K ratios 
of core JPC35; and (c) proportion of each clay mineral and (d) S/I and C/K ratios of core JPC30. Unit boundaries (dash lines) and their age 
estimates refer to Figures 2 and 3. Two AMS 14C dates (measured 14C yr) at the bottom of core JPC30 (Hill and Driscoll, 2010) are shown.

Figure 6.  Down-core profiles of (a) εNd values and 87Sr/86Sr ratios of core JPC35 and (b) εNd values and 87Sr/86Sr ratios of core JPC30. High 
εNd values and low 87Sr/86Sr ratios are originated from the Bering Sea source, whereas low εNd values and high 87Sr/86Sr ratios are derived from 
the Chukchi Sea source (Asahara et al., 2012). Unit boundaries (dash lines) and their age estimates are indicated based on Figures 2 and 3. Two 
AMS 14C dates (measured 14C yr) at the bottom of core JPC30 (Hill and Driscoll, 2010) are shown. (c) The relationship between εNd values and 
87Sr/86Sr ratios of cores JPC35 and JPC30. All other isotope data of the Bering Sea and the Chukchi Sea with the end-members (Yukon River, 
Aleutian Islands, MacKenzie River) are adopted from Asahara et al. (2012).
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(before approximately 8500 cal. yr BP) shows low δ13C values 
(Figure 3) as well as low biogenic opal and TOC contents (Figure 
4), suggesting that the terrestrial contribution of organic matter 
overwhelmed marine production, even though sea level had 
increased to flood the Bering Strait (Keigwin et al., 2006). The 
major sediment sources for the Arctic Alaskan margin including 
the Chukchi Shelf have been diverse since the marine transgres-
sion of the Chukchi Shelf associated with the last deglaciation. In 
addition to sediment transport from the Bering Sea, these include 
river discharge, coastal erosion, and the redistribution of sedi-
ment by ice drift. In particular, Hill and Driscoll (2008) empha-
sized that smaller rivers in northwest Alaska served as a network 
of submarine paleochannels, playing an important role in deliv-
ering sediments to the northeast Chukchi Sea during the last 
deglaciation.

A flooding surface of post-transgressive marine sediment 
identified from the CHIRP sub-bottom profiles (Hill and Driscoll, 
2008, 2010) lies in the lower part of Unit 2a and above Unit 1 in 
cores JPC35 and JPC30. The flooding surface was formed during 
a rapid sea-level rise, recording the transition to more open marine 
conditions. Hill and Driscoll (2010) also found abundant Elphid-
ium excavatum below the flooding surface, which are indicative 
of brackish/estuarine environments, coincident with the preserva-
tion of blueschist metamorphic minerals (e.g. glaucophane, epi-
dote). This unit includes a large amount of terrigenous components 
likely transported from the nearby Brooks Range of northern 
Alaska, which is characterized by widespread blueschist bedrocks 
(Dusel-Bacon et  al., 1989). According to borehole and seismic 
reflection study in the southwestern Chukchi Sea (Gusev et al., 
2009), the early Holocene sediments reveal fairly high sedimenta-
tion rates (~m/kyr) because of the early stage of Arctic shelf 
flooding (e.g. Stein et al., 2004) that resulted in the rapid sediment 
filling of local seafloor depressions by the reworking of deposits. 
This indicates that Unit 1 was formed under relatively very shal-
low water conditions characterized by greater terrestrial input 
from the nearby Alaskan continent.

Unit 2 is subdivided into the upper Unit 2b and the lower Unit 
2a on the basis of the variation pattern of b* and MS values (Figure 
2). Unit 2a (from ca. 8500 to ca. 4500 cal. yr BP) is characterized 
by the noticeable increase of biogenic opal, TOC, and δ13C values 
(Figures 3 and 4). The increasing trend of all these geochemical 
and isotope values indicates the shift of organic matter flux from 
decreasing terrestrial supply to increasing marine surface water 
production in association with the rising sea level during the Holo-
cene. McKay et al. (2008) reported an increase in the δ13C values 
of core HLY05 (Figure 1b) on the Alaskan margin in the eastern 
Chukchi Sea from the early to late-Holocene at about 8500 cal. yr 
BP (Figure 3b), which is consistent with the decrease in C/N ratios 
and pollen concentrations. The mean δ13C values for organic mat-
ters of marine origin are −20%, while those of terrestrial origin are 
−27% (Hedges and Parker, 1976). Bauch et al. (2001) also found 
the similar increase in δ13C values toward more marine conditions 
on the Siberian margin of the Laptev Sea at around 7200 cal. yr BP, 
which is coincident with the main shift from a freshwater-domi-
nated diatom assemblage to a marine-dominated diatom imprint at 
a break in average sedimentation rate. The delayed timing (7200 
cal. yr BP) on the Siberian margin may be because of the shallow 
depth (about 31 m deep) of the studied cores, which are therefore 
likely influenced by greater terrestrial sediment contribution 
(Bauch et al., 2001). The increasing pattern of TOC content in Unit 
2a is likely different from that of the biogenic opal content (Figure 
4), which may be attributed to the additional increased contribu-
tion of terrestrial organic carbon reworked from the coastal areas 
of Alaska. The clusters of the biogenic opal and TOC contents are 
distinctly separated, representing each unit (Figure 7). Unit 2a, 
which is clearly transitional between Unit 1 (low biogenic opal and 
TOC) and Unit 2b (high biogenic opal and TOC), supports mixing 
between terrestrial input and the marine contribution to biogenic 

production during the middle-Holocene when sea level is still ris-
ing (Figure 7).

In the Chukchi Sea, Keigwin et al. (2006) showed that brown-
ish to olive-gray, strongly bioturbated mud (i.e. postglacial sedi-
ments corresponding to Unit 1) overlies stiffer grayish, sometimes 
laminated mud containing ice rafted debris (i.e. glacial/deglacial 
sediments corresponding to Unit 2). The lithologic change associ-
ated with the transition from deglacial to marine Holocene envi-
ronments has been related to Holocene paleoceanographic 
changes on the Arctic continental margins (e.g. Darby et al., 1997; 
Lisé-Pronovost et  al., 2009; Polyak et  al., 2007). Bauch et  al. 
(2001) reported a major change in hydrology and depositional 
environment at around 9000 cal. yr BP for the modern 30-m iso-
bath in the Siberian margin of the Laptev Sea. It highlights the 
strong decline in sediment transfer to the outermost shelf and 
slope because of a further decrease of the shelf gradient and the 

Figure 7.  Relationship between biogenic opal content and 
total organic carbon (TOC) in the lithologic units (Unit 2b: red 
circle; Unit 2a: green rectangle; Unit 1: blue diamond) of (a) core 
GC12ex, (b) core JPC35, and (c) core JPC30. Note that each unit 
is distinguished clearly by the relationship of these geochemical 
properties.
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long distance from the coast. The Holocene sediments of core 
HLY05 from the Arctic Alaskan margin also recorded a drop in 
the amount of terrestrial organic material reworked from the peat-
lands of the Bering Land Bridge, including the Chukchi Shelf and 
the Alaska coastline that were inundated during the postglacial 
period (McKay et al., 2008).

During the early to middle-Holocene, several pieces of evi-
dence for the oceanographic and environmental change were 
reported in the Chukchi Sea. The maximum reversed gradient 
between δ18O values and planktonic foraminifera size observed in 
the Chukchi Sea occurred between ca. 9000 and 7000 cal. yr BP 
(Hillaire-Marcel et al., 2004). They interpreted that this indicates 
significantly enhanced inflow of the warm Atlantic Water to the 
Arctic Ocean, resulting in a strong stratification of the surface 
water layer. de Vernal et al. (2005) revealed the Holocene vari-
ability of sea ice cover in the Chukchi Sea (western Arctic Ocean), 
showing that a slight warming of surface waters was indicated by 
the maximum dinoflagellate cyst concentrations and the change 
in the coarse silt–sand fraction. This coincides with the maximum 
inflow of the Atlantic Water at around 8000 cal. yr BP, prior to the 
stabilization of sea level close to its present limit on the Chukchi 
Shelf (Hillaire-Marcel et al., 2004). This is also closely related to 
relatively less saline seawater into the Chukchi Sea of the western 
Arctic Ocean delivered by Bering Strait throughflow (Keigwin 
et al., 2006). Thus, Unit 2a seems to correspond to the interval of 
rapid sea-level rise during the early to middle-Holocene (Bard 
et al., 1998; Mason and Jordan, 2002; Mueller-Lupp et al., 2000).

The sediments of Unit 2b (from ca. 4500 cal. yr BP to the pres-
ent day) contain higher biogenic opal and TOC contents (Figure 4) 
and higher δ13C values than do those of Units 2a and 1 (Figure 3). 
This indicates a high level of marine production, similar to pres-
ent-day conditions. Thus, the geochemical properties of Unit 2b 
signify that the Bering Strait throughflow under warm climatic 
conditions sustained high marine production in surface water of 
the Chukchi Sea (Codispoti et al., 2005; Grebmeier et al., 2006). 
Hill and Driscoll (2008) found that the late-Holocene deposits 
were acoustically laminated, with low reflectivity because the 
sediments are composed of silty clay. During the late-Holocene, 
sea level likely reached the present-day level before 5000 cal. yr 
BP to complete the modern physiographic configuration in the 
Bering Sea and Chukchi Sea (Keigwin et al., 2006). A decrease in 
the average sedimentation rate occurred, and the late-Holocene 
constant sedimentation rate was stabilized on the Siberian margin 
of the Laptev Sea at about 5100–5300 cal. yr BP, close to the Holo-
cene sea-level highstand (Bauch et al., 2001). Lisé-Pronovost et al. 
(2009) also reported that a major decrease in the sediment supply 
on the continental shelf near Barrow Canyon began at around 5000 
cal. yr BP. Age estimate of about 5000 cal. yr BP is consistent with 
sea-level records from farther east in Beringia (Elias et al., 1996; 
Mason and Jordan, 2002). Net flow through the Bering Strait has 
transported water and sediment continuously to the Chukchi Sea. 
Nelson and Creager (1977) reported that an increased amount of 
sediment from the Yukon River was deposited in the Bering Sea 
after approximately 5000 cal. yr BP, but argued that about a third 
of the sediment load from the Yukon River may have been trans-
ported into the Chukchi Sea. Therefore, the sediments from the 
Bering Sea were deposited continuously onto the Chukchi Shelf 
during the last 4500 years after the Holocene sea-level highstand 
was nearly established, as evidenced by the geochemical proper-
ties of Unit 2b (Figures 4 and 7).

Sediment transport by the Bering Strait throughflow 
from the Bering Sea onto the Chukchi Shelf
In the Bering and Chukchi Seas, clay mineral distribution of the 
surface sediments has been well studied (e.g. Naidu and Mowatt, 
1983; Naidu et al., 1982). Clay mineral compositions of surface 

sediments in the Bering Sea are governed by their sources and 
surface current patterns. The major provenances of smectite in the 
Bering Sea are the volcanic mafics of the Aleutian Island Arc, the 
Kamchatka Peninsula, and the Alaska Peninsula, along with a 
relatively minor source represented by the Yukon River drainage 
basin (Naidu et al., 1982). The known major provenances of illite 
are the Koryak Mountains, east Siberia (Chukotsk), and western 
Alaska (Hathon and Underwood, 1991). In the Bering Sea, chlo-
rite-bearing sediments were supplied by the physical weathering 
of metasedimentary and plutonic rocks in Alaska, and kaolinite 
rich sediments were supplied from the kaolinite-bearing paleosols 
and shales of northern Alaska (Naidu et  al., 1982). Given the 
potential sources and prevailing current systems, smectite-rich 
clays are transported northward to the Bering Strait from the 
Aleutian Island Arc (Naidu et al., 1982). Although most smectite 
from the Yukon River is deposited near the river mouth, the 
remainder is also dispersed northward along the coast by the Alas-
kan Coastal Current, and eventually conveyed through the Bering 
Strait to the Chukchi Sea (McManus et al., 1974).

The clay mineral smectite serves as an indicator for sediment 
source areas on the circum-Arctic continental shelves, including 
the Chukchi Sea (Dethleff et al., 2000; Kalinenko, 2001; Khim, 
2003; Nurnberg et al., 1995; Nwaodua et al., 2014; Viscosi-Shirley 
et al., 2003; Wahsner et al., 1999). For example, the eastern Kara 
Sea and the western Laptev Sea are dominated by high amounts of 
smectite, whereas the continental shelves from the eastern Laptev 
Sea over the Siberian and Chukchi Seas to the Canadian Beaufort 
Sea in the western Arctic Ocean are characterized by relatively 
low smectite concentrations (Darby, 1975; Darby et  al., 2011; 
Wahsner et al., 1999). Khim (2003) reported that smectite content 
increases significantly toward the western Chukchi Sea far from 
the Long Strait in the East Siberian Sea, and suggested that this 
peculiar pattern can only be explained by an input of smectite from 
the Bering Strait. Based on diffuse spectral reflectance of Quater-
nary sediments from the Northwind Ridge (western Arctic Ocean), 
Yurco et al. (2010) proposed that the smectite and chlorite in the 
Chukchi Sea were derived from the Bering Sea. Nwaodua et al. 
(2014) also reported that the high amount of smectite and chlorite 
were distributed north of the Bering Strait. The central Chukchi 
Sea is apparently a major depositional repository of smectite 
derived from the Bering Sea, compared with other sources in the 
western Arctic Ocean. This implies that the closing of the Bering 
Strait during periods of low sea level restricted the deposition of 
smectite and chlorite, compared with other clay minerals, from the 
Bering Sea in the Chukchi Sea.

Smectite/illite (S/I) and chlorite/kaolinite (C/K) ratios for cores 
JPC35 and JPC30 show the depositional history in accordance 
with the opening of the Bering Sea in response to Holocene sea-
level rise (Figure 5). Low S/I and C/K ratios for Unit 1 before 
approximately 8500 cal. yr BP can be explained by a lower supply 
of sediments including smectite and chlorite from the Bering Sea 
because of the shallow water depth of Bering Strait, although the 
Bering Strait was open to flood. The steady deposition of smectite 
and chlorite, resulting in the gradual increase of S/I and C/K ratios, 
began after the main flooding of the Bering Strait which predated 
the lithologic boundary between Unit 1 and Unit 2 by 3 kyr. Geo-
chemical properties of these cores also confirm the increased 
influx from the Bering Sea, which causes enhanced marine pro-
duction in the surface waters (Figure 4). High S/I and C/K ratios 
for Unit 2b indicate more delivery of smectite-rich and chlorite-
rich clays since ~4500 cal. yr BP, which may be attributed to more 
influx of Bering Strait throughflow. This coincides with the high 
biogenic opal and TOC contents, which reflect greater marine pro-
duction similar to present-day conditions. The reason for the dif-
ferent pattern of S/I and C/K ratios between cores JPC35 and 
JPC30 is not clear (Figure 5), but it may be attributed partly to the 
different water depth between two cores sites, which results in the 
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local effect of different depositional process. Otherwise, the 
hydrographic flow patterns to transport the sediment particles may 
not be identical between two core sites.

Ortiz et al. (2009) reported high amounts of chlorite and mus-
covite on the Chukchi–Alaskan margin near Barrow Canyon dur-
ing the middle-Holocene (approximately 6000–3600 cal. yr BP). 
Ortiz et  al. (2009) followed the geographic distribution of clay 
minerals reported by Kalinenko (2001), suggesting that chlorite 
and muscovite are effective tracers of North Pacific water from 
the Bering Sea. Ortiz et al. (2009) measured the diffuse spectral 
reflectance of sediments and quantified the clay minerals from 
raw XRD data using the RockJock computer program (Eberl, 
2003). Their XRD analysis was actually conducted for the size 
fraction <4 mm, including silt-sized particles. In addition, accord-
ing to this XRD analytical method, abundance of smectite is 
underestimated. This is the primary reason that smectite was not 
discussed in Ortiz et  al. (2009). Large amounts of chlorite and 
muscovite were observed between approximately 6000 and 3600 
cal. yr BP (Ortiz et al., 2009). This corresponds to Unit 2a of the 
studied cores, which, based on geochemical properties, is charac-
terized by increased marine influence (Figure 4). However, chlo-
rite content of our cores is not as high as Ortiz et  al. (2009), 
despite the gradual increase (Figure 5). Considering the location 
(72°30.7′N, 157°2.1′W) and water depth (673 m) of core 
HLY0501-JPC6 analyzed by Ortiz et  al. (2009), an increase in 
chlorite and muscovite during the middle-Holocene may be an 
increased supply from northwest Alaska (Naidu and Mowatt, 
1983; Naidu et al., 1982) in addition to an increase in the inflow 
of North Pacific water through the Bering Strait. Otherwise, the 
different analytical method of clay mineral quantification is an 
alternative reason. Ortiz et al. (2009) measured the diffuse spec-
tral reflectance of sediments and quantified the clay minerals 
from raw XRD data using the RockJock computer program 
(Eberl, 2003). Their XRD analysis was actually conducted for the 
size fraction <4 mm, including silt-sized particles. However, 
small abundance (less than 1−2%) of smectite can be identified 
using this XRD analytical method. This is the primary reason that 
smectite was not explained in Ortiz et al. (2009). More research is 
required to clarify the differences of the observations and conclu-
sions between Ortiz et al. (2009) and the present study.

Like clay minerals, Sr and Nd isotopes of the detrital fractions 
have been used as tracers to identify the provenance of marine 
sediments (e.g. Asahara et  al., 1999; Fagel et  al., 2014; Nakai 
et al., 1993; Winter et al., 1997). Asahara et al. (2012) reported 
that Sr isotope (87Sr/86Sr) ratios of the surface sediments in the 
Chukchi Sea (0.711–0.715) are higher than those in the Bering 
Sea (0.705–0.711), whereas εNd values in the Chukchi Sea (−10.1 
to −8.3) are lower than those in the Bering Sea (−8.6 to 3.0). This 
may indicate either that the sediments in the Bering Sea and 
Chukchi Sea were transported from distinctly different sources or 
that the source signatures have altered through a change in 
weathering.

The detrital particles in the Chukchi Sea are potentially trans-
ported from the North American continent through the Mackenzie 
River, from eastern Siberia by the Siberian Coastal Current, and 
from the Bering Sea by the Bering Strait inflow (Darby, 1975; 
Darby et al., 2009; Hill and Driscoll, 2010; Khim, 2003; McManus 
et al., 1974; Naidu et al., 1982; Nelson and Creager, 1977; Polyak 
et  al., 2007; Viscosi-Shirley et  al., 2003; Wahsner et  al., 1999; 
Yurco et al., 2010). The Mackenzie River basin in North America 
preserves the Proterozoic and Archean crusts of the Canadian 
Shield, and thus, 87Sr/86Sr ratios of these old continental crusts are 
relatively high (0.732–0.734) and εNd values are relatively low 
(−14.7 to −13.7) (Millot et  al., 2003). Bedrock 87Sr/86Sr ratios 
(0.711) are lower and εNd values (−9.0) are higher in northeastern 
Siberia off the western Chukchi Sea than those of the Canadian 
Shield because the Cretaceous igneous and metamorphic rocks in 

northeastern Siberia are younger than the Canadian Shield (e.g. 
Amato et  al., 2003). Because the Transport Drift in the Arctic 
Ocean delivers most sediments from the Siberia to the central Arc-
tic region and ultimately North Atlantic, Beaufort Gyre is the dom-
inant agent transporting the sediment from the Canadian areas 
including Alaska to the Chukchi Sea. Therefore, the detrital parti-
cles from the circum-Arctic Ocean to the Chukchi Sea are charac-
terized by high 87Sr/86Sr ratios and low εNd values.

Figure 6c shows that the detrital particles delivered by the Ber-
ing Strait throughflow from the Bering Sea are differentiated into 
two different components: the continental component from the 
Yukon River and the Aleutian Arc volcanic component (Asahara 
et al., 2012; Hathon and Underwood, 1991; Naidu and Mowatt, 
1983; Naidu et al., 1982; Sancetta et al., 1985). The Yukon River 
basin in Alaska consists mainly of Mesozoic and Paleozoic sedi-
mentary rocks, characterized by fairly low 87Sr/86Sr ratios (0.708–
0.709) and high εNd values (−7.5 to −6.7) (GEOROC, 2003). The 
isotopic compositions of the Aleutian volcanic arc are distinct, 
showing very low 87Sr/86Sr ratios (0.703–0.704) and very high εNd 
values (−8 to −6) (GEOROC, 2003). Therefore, the detrital sedi-
ments transported by the Bering Strait inflow from the Bering Sea 
to the Chukchi Sea are characterized by low 87Sr/86Sr ratios and 
high εNd values.

The εNd values and 87Sr/86Sr ratios of cores JPC35 and JPC30 
show that a depositional history is consistent with the clay miner-
als (Figure 6), although the εNd values of core JPC30 show the 
dissimilar pattern. Same as C/K ratio of core JPC30, such differ-
ence may be because of the local different depositional condi-
tions between two core sites. Higher 87Sr/86Sr ratios and lower 
εNd values within Unit 1 are primarily attributed to the greater 
contribution of sediments from the Chukchi–Alaskan margin just 
after the opening of the Bering Strait. The decrease in the 
87Sr/86Sr ratios and the increase in the εNd values within Unit 2a 
can be explained by the gradual increase in sediments delivered 
from the Bering Sea by the Bering Strait throughflow after the 
main flooding of the Bering Strait. The consistently low 87Sr/86Sr 
ratios and high εNd values within Unit 2b indicate an equilibrium 
of sediment contributions from the Bering Sea during the last 
4500 years, since the Holocene sea level reached present-day 
conditions (Keigwin et al., 2006). This isotopic signature of the 
depositional history coincides with the Holocene paleoceano-
graphic changes in surface water conditions evidenced by the 
geochemical properties.

Conclusion
Three sediment cores (GC12ex, JPC35, and JPC30) collected 
from the Chukchi Shelf north of the Bering Strait record the Holo-
cene paleoceanographic changes caused by the transport of seawa-
ter and sediments from the Bering Sea into the Chukchi Sea by the 
Bering Strait throughflow in response to the opening of the Bering 
Strait. The lithologic boundary was estimated by the correlation of 
the δ13C profiles of the sedimentary organic matter with those of 
adjacent age-dated cores as well as AMS 14C dates: approximately 
8500 cal. yr BP between Unit 1 and Unit 2a and about 4500 cal. yr 
BP between Unit 2a and Unit 2b. Based on biogenic opal and TOC 
contents and δ13C values of sediment organic matter of the three 
cores, Unit 1 (until approximately 8500 cal. yr BP) is characterized 
by a greater terrestrial contribution with weaker marine produc-
tion, indicating low sea-level conditions. Unit 2a (approximately 
8500–4500 cal. yr BP) is characterized by a mixture of terrestrial 
and marine contributions, with increased marine productivity, 
reflecting rising sea-level conditions. In contrast, Unit 2b (approx-
imately 4500 cal. yr BP to the present) indicates stable marine con-
ditions with high biogenic opal production and TOC preservation, 
similar to present-day high sea-level conditions. Smectite/illite 
(S/I) and chlorite/kaolinite (C/K) ratios, εNd values, and 87Sr/86Sr 
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ratios of detrital particles from cores JPC35 and JPC30 also con-
firm the paleoceanographic changes, showing the sediment depo-
sition from more Chukchi Sea-derived particles through the 
mixture of particles from the Chukchi Sea and Bering Sea toward 
more Bering Sea-derived particles onto the Chukchi Shelf before 
and after the Holocene opening of the Bering Strait. Finally, the 
Bering Strait throughflow has played an important role in deliver-
ing the seawater and sediment particles from the Bering Sea to the 
Chukchi Shelf to control the depositional history and paleoceano-
graphic changes in response to Holocene sea-level rise.
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