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Abstract  In general, sediments in nature comprise populations of various diameters. Accurate information regarding the 
sources and depositional mechanisms of the populations can be obtained through their temporal and spatial comparisons. In this 
study, the grain size distribution of surface sediments from the Bering Sea and western Arctic Ocean were fitted and partitioned 
into populations using a log-normal distribution function. The spatial variations in the populations indicate differences in their 
sources and deposition mechanisms. The sediments on most of the Bering Sea Shelf originated from the Yukon River, and were 
transported westward by waves and currents. However, the presence of a coarser population outside Anadyr Bay was the result 
of Anadyr River transport. Additionally, a northward transport trend of fine suspended particles was observed on the west side of 
the Bering Sea Shelf. The sediments in Hope Valley in the south Chukchi Sea also originated from the Yukon River. The coarser 
population on the central Chukchi Sea Shelf originated from coast of Alaska to the east, not the Yukon River, and was 
transported by sea ice and bottom brine water. The populations of sediments from the Chukchi Basin and the base of the 
Chukchi Sea Slope are the result of sea ice and eddy action. Surface sediments from the western high Arctic Ocean 
predominantly comprised five populations, and two unique populations with mode diameters of 50–90 µm and 200–400 µm, 
respectively, were ubiquitous in the glacial and interglacial sediments. It was difficult to distinguish whether these two 
populations originated from sea ice or icebergs. Therefore, caution should be exercised when using either the > 63 µm or > 250 µm 
fractions in sediments as a proxy index for iceberg and ice sheet variation in the high Arctic Ocean. 
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1  Introduction 

Grain size provides information on the provenance, 
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transportation, and depositional environments of sediments. 
In recent decades, sedimentologists have been mining 
sedimentary information using grain size distribution (GSD). 
The grain size parameters, such as mean, sorting, skewness, 
and kurtosis, obtained from the GSDs of bulk samples have 
been widely applied in distinguishing depositional 
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environments and sediment trend analysis (Folk and Ward, 
1957; McManus, 1988; Gao and Collins, 1992; Le Roux 
and Rojas, 2007; Poizot et al., 2008). However, most GSDs 
of hydraulic sediments are bi-modal or polymodal, which 
are formed from various combinations of unimodal 
populations. Each unimodal population in a polymodal 
GSD follows a type of natural distribution, representing 
different transport or depositional processes (Middleton, 
1976; Ashley, 1978). Therefore, these aforementioned grain 
size parameters of bulk samples used as proxy indexes of 
sedimentary environments may not accurately reflect the 
sedimentary dynamics or sources (Sun et al., 2002; Weltje 
and Prins, 2003).  

To extract genesis information, partitioning GSDs into 
populations in bulk samples and spatial comparisons of 
such populations makes sense. To extract sedimentary 
information from a polymodal GSD, the methods that are 
commonly adopted include end-member modeling analysis 
(Prins et al., 2000; Weltje and Prins, 2007), sensitive 
grain-size component extraction based on the standard 
deviation (Fan et al., 2011; Zhou et al., 2014), and Weibull 
or log-normal distribution function fitting (Sun et al., 2002; 
Qin et al., 2005). These methods have been applied in 
studies of eolian, lake, and marine sediments (Sun et al., 
2002; Nagashima et al., 2012; Xiao et al., 2012; Park et al., 
2014a). 

The sediments in the Bering Sea and western Arctic 
Ocean have various sources and complex depositional 
processes (Naidu et al., 1982; Darby, 2003; Viscosi-Shirley 
et al., 2003; Asahara et al., 2012; Nagashima et al., 2012; 
Nwaodua et al., 2014; Park et al., 2014b; Watanabe et al., 
2014). The results regarding the sediment sources in this 
region obtained by previous researchers using different 
methods are controversial. This may be because the studies 
used different sediment grain-size fractions, such as clay, 
silty, or sandy fractions, or even bulk samples, as material 
for mineral, ice-rafted debris (IRD), and geochemical study. 
Determining the sources and transport trends of various 
populations of sediments in the study area is of great 
importance for reconstructing the paleoceanographic 
evolution of the Arctic Ocean as well as for predicting the 
fate of pollutants. 

The most defining feature of sediments in the high 
Arctic Ocean that sets them apart from those in other oceans 
is that they contain IRD, which can be transported both by 
icebergs (derived from land-based ice) and by sea ice. It is 
critical to differentiate sea ice from glacial (land-based) ice 
as climate feedback mechanisms and global impacts differ 
between these systems (Stickley et al., 2009). Previous 
studies advise the > 250 µm fraction in high-Arctic 
sediments as iceberg IRD (Darby et al., 2006), and > 63 µm 
fraction as sea ice IRD (Spielhagen et al., 2004). However, 
others note that whether IRD is iceberg IRD or sea ice IRD 
can only be determined based on the content of the > 63-µm 
fraction (Polyak et al., 2010). Studying the grain size of 
modern surface sediments in the study area and their 

genesis can provide insight into distinguishing the causes of 
IRD and reconstructing the paleoceanographic environment 
recorded by IRD.  

In the past decades, surface sediments in the Bering Sea 
and western Arctic Ocean have been studied. The content of 
grain size class (gravel, sand, silt, and clay), mean diameter, 
and sorting coefficient of the surface sediments from the 
Bering Sea and Chukchi Sea Shelf have been reported 
(Grebmeier et al., 1989; Feder et al., 1994). The GSDs of the 
Bering Sea and Arctic Ocean sediments are polymodal in 
nature (Nagashima et al., 2012; Dong et al., 2017), and 
exhibit regional characteristics (Darby et al., 2009; Park et al., 
2014a). Additionally, the diameters of the particles in surface 
sediments are consistent with those of the particles in sea ice 
(Darby et al., 2009). However, these studies fail to 
systematically compare the spatial distribution patterns of 
different grain-size populations of sediments in the Bering 
Sea and western Arctic Ocean, as well as the sources and 
transport paths reflected by these patterns.  

In this study, the GSDs of surface sediments obtained 
from the Bering Sea and the western Arctic Ocean were 
partitioned into populations with log-normal distribution 
function. Additionally, the spatial variations in the 
populations were compared, and their sources and transport 
trends were analyzed. Moreover, the driven forces of IRD in 
high-Arctic sediments was analyzed and its application to 
paleoceanography study was discussed. 

2  Regional setting 

The study areas are located in the Bering Sea and western 
Arctic Ocean, including the Bering Sea Shelf, Chukchi Sea 
Shelf, Canadian Basin, Chukchi Borderlands, Alpha Ridge, 
and Makarov Basin (Figure 1a). The northeastern region of 
the Bering Sea is a continental shelf where the water depth 
increases to the west and southwest. The Chukchi Sea has 
an average depth of 77 m, which is connected to the Bering 
Sea in the south via Bering Strait. The Herald Shoal and 
Hanna Shoal in the middle of and the northeast of Chukchi 
Sea, respectively, create three northward-trending channels: 
the Herald Valley and Hope Valley, the Central Channel, 
and the Barrow Canyon, respectively from west to east. In 
the high north of the Chukchi Sea, the ridges and plateaus 
are interlaced with basins. 

The northern Bering Sea and western Arctic Ocean are 
affected by several oceanic currents. There are three 
branches of northward and northwestward currents over the 
Bering Sea Shelf, which are the Alaskan Coastal Water on 
the east side, the Bering Shelf Water in the middle, and the 
Anadyr Water on the west side (Figure 1a). These three 
currents are not fully mixed after flowing through the 
Bering Strait (Woodgate et al., 2015). The Alaskan Coastal 
Water continues to flow northward along the coast of 
Alaska and enters Arctic Basin through Barrow Canyon. 
After the Anadyr Water and Bering Shelf Water enter the 
Chukchi Sea, steered by terrain, one branch turns 
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northwestward first in the Hope Valley, and then flows 
northward through Herald Valley, and another branch flows 
northward through the Central Channel (Grebmeier et al., 
2006). A portion of those two branches turn eastward after 
flowing through the valleys in the north Chukchi Sea, and 
converges with the Alaskan Coastal Current, and the 
remainder continues northward and into the Arctic Basin 

(Weingartner et al., 2005) (Figure 1b). In the Canadian 
Basin, the surface layer consists of the Beaufort Gyre, and 
the subsurface layer consists of the Atlantic Water. The flow 
directions of these two oceanic currents are opposite to each 
other. Eddies occur at the margin of the Chukchi Shelf, 
which laterally transports sediments into the Canadian 
Basin (O’Brien et al., 2013; Watanabe et al., 2014). 

 

Figure 1  Oceanographic setting and location map of samples. Topography map (Jakobsson et al., 2012), major surface currents (red and 
green arrows) and intermediate water circulation (yellow arrows) in the Arctic Ocean (a). Topography, currents and locations of surface 
sediment samples in the Chukchi Sea (b). Locations of surface sediment samples (c). Black solid lines indicate the locations of the transects 
for grain size population comparison in Figure 5 to Figure 8 and Figure 10. Abbreviations in maps: ACW, Alaskan Coastal Water; AR, 
Alpha Ridge; AW, Anadyr Water; BS, Bering Strait; BSW, Bering Shelf Water; CB, Chukchi Basin; CC, Central Channel; CP, Chukchi 
Peninsula; CS, Chukchi Sea; ESS, East Siberian Sea; FS, Fram Strait; LR, Lomonosov Ridge; LS, Laptev Sea; MR, Mendeleev Ridge; NR, 
Northwind Ridge; SL, St. Lawrence Island. 

The Yukon River delivers 55 × 106 T of sediments to 
Bering Sea per year, followed by Anadyr River which 
transport 8 × 106 T of sediments per year (VanLaningham et 
al., 2009). Sediment is delivered to the Chukchi Sea by 
local river discharge, coastal erosion, and the Bering Sea 
inflow, and is redistributed on the shelf by bottom erosion 
and redeposition (Viscosi-Shirley et al., 2003; Darby et al., 
2009; Park et al., 2014a). Approximately one-third of the 
sediments from the Yukon River are transported by the 
northward oceanic current to the Chukchi Sea (Asahara et 
al., 2012). In addition, several moderate and small rivers in 
northwestern Alaska transport sediments to the Chukchi Sea, 
but the quantity of such sediments is not clear. 

The sea ice in the study areas waxes and wanes with 

the change in seasons. In winter, sea ice expands close to 
the edge of the Bering Sea Shelf; in summer, it shrinks back 
close to the margin of the Chukchi Sea Shelf. Affected by 
barometric and sea level pressure, the sea ice in Bering and 
Chukchi seas drift westward, which form broad polynyas 
between the drift ice and fast ice adjacent to coast 
(Weingartner et al., 1998; Eicken et al., 2005; Serreze et al., 
2016). The sea ice in Canadian Basin rotates clockwise 
pushed by the Beaufort Gyre and the wind field, and a 
portion of it enters the Nordic Sea through the Fram Strait 
with the Transpolar Drift (Stein, 2008). Particles in the 
“dirty ice” become an important sedimentary source and 
sedimentary mechanism in the western Arctic Ocean along 
with the drifting and melting of sea ice (Eicken et al., 2005). 
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3  Materials and methods 

In this study, surface sediments were collected using 
box-cores at 59 locations in the Bering Sea and western 
Arctic Ocean during the 4th Chinese National Arctic 
Research Expedition in 2010 (Figure 1). Samples were 
successively treated with 10–30 mL of 30% H2O2, 30 mL of 
10% HCl, 20 mL of 1 mol·L−1 Na2CO3 for removing 
organic matter, biogenic carbonates, and biogenic silica, 
respectively. De-ionized water (2000 mL) was added and 
kept for 24 h to rinse acidic ions. The sample residue was 
dispersed with 10 mL of 0.05 mol·L−1 (NaPO3)6 on an 
ultrasonic vibrator for 10 min before grain-size 
measurement. The GSDs of all samples were determined 
with a Malvern MasterSizer 2000 laser particle analyzer at 
the Third Institute of Oceanography, Ministry of Natural 
Resources. The MasterSizer 2000 has a measurement range 
of 0.02–2000 μm in diameter and a grain-size resolution of 
0.166φ in interval (φ = −log2(D), where D is grain diameter 

in mm), and therefore yields 100 grain-size fractions for 
every sample. The relative error of repeat test is < 3%.  

A log-normal distribution function was applied to fit 
and partition the GSDs using the GrainAnalysis software. 
The software yields the optimum fitting of the measured 
GSD. A low value of fitting residual indicates better fitting 
results (Qin et al., 2005; Xiao et al., 2012). 

4  Results 

4.1  Spatial variability of sediments 

The grain-size measurement results showed that sediments 
on the northeastern Bering Sea Shelf are the coarsest, with 
the highest sand content, and became finer westward. 
Sediments on the southern Chukchi Sea and near the coast 
of Alaska were also relatively coarser and became finer 
towards the west. The sediments from the high Arctic were 
relatively fine with the highest clay content (Figure 2). 

 

Figure 2  Spatial variability in percent content of clay, silt, and sand fractions (a–c) and mean grain size of surface sediments (d). 

Based on Folk’s classification (Folk, 1954), the surface 
sediments in the study area can be classified into six 
textural types, namely, mud, sandy mud, silt, sandy silt, 
silty sand, and sand (Figure 3). Mud was found at four 
stations, located in the Chukchi Basin (stations M02 and 
M05) and at the base of the Chukchi Sea Slope (stations 
MS03 and MS26). This type of sediment was dominated by 
silt (> 50%), followed by clay (> 30%), and the sand 
content was < 10%. Sandy mud was mainly found in the 
high Arctic at stations with names preceded by BN (such as 
BN03 and BN04), as well as at stations at the base of the 
Chukchi Sea Slope (such as MS02 and MOR2). This type 
of sediments consisted mainly of silt (36%–53%) and clay 
(27%–42%), and the sand content ranged from 10%–23%. 
Sandy silt was found mainly on the western Bering Sea 
Shelf (B11 and BB05) as well as the Chukchi Sea Shelf far 
from the Alaska coast (C09 and R09). This type of sediment 
consisted of silt (60%–81%), sand (10%–48%), and clay 
(3%–18%). Silt was found mainly on the central-northern 

Chukchi Sea Shelf (C07 and SR10), in the Chukchi Basin 

 

Figure 3  Folk’s ternary diagram of textural types of surface 
sediments. 
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(M03 and M07), and at the base of the Chukchi Sea Slope 
(MS01 and S24). This type of sediment was dominated by 
silt (67%–84%), followed by clay (9%–31%), and the sand 
content was less than 10%. Silty sand and sand were found 
on the northeastern Bering Sea Shelf, Bering Strait, and 
near the coast of Alaska (NB06, BS08, and CC8). The sand 
content in these two types of sediments were > 50% with 
almost no clay (< 5%) in sediments. 

4.2  Characteristics of GSD and its populations  

Based on the GSD fitting results, sediments of the 59 
stations in the study area are composed of 2–5 populations. 

The majority of these sediments consist of 3–4 populations, 
and a few samples consist of 2 or 5 populations. For the 
convenience of discussion, the populations in GSDs are 
named as C1, C2, C3, C4, and C5 according to their mode 
diameters (MD) from fine to coarse. The MD is the most 
frequently occurring particle size in a population of grains. 
Figure 4 shows the representative GSD and their populations 
of sediments from the study areas. Based on the number of 
populations in GSD, the GSDs of sediments from the study 
area are categorized into four basic types, namely, GSD II, 
GSD III, GSD IV, and GSD V. The characteristics of each 
GSD type and its populations are described below. 

 

Figure 4  Representative GSDs and their populations. II (a), III-1 (b), III-2 (c), III-3 (d), III-4 (e, f), IV (g, h), and V (i) are GSD types; 
C1, C2, C3, C4, and C5 are populations from fine to coarse in GSD. FR is fitting residual. 

Sediments with GSD II consist of two populations 
(Figure 4a), in which the content of C1 (MD: 1 μm) is < 
12% and C2 (MD: 3–7 μm) is over 87%. The textural type 
of the sediments is mud or silt. Only four samples (C07, 
SR11, S24, and MS03) exhibit GSD II, which were located 
in the central-northern Chukchi Sea and at the base of the 
Chukchi Slope. 

Sediments with GSD III are composed of three 
populations, and the MD of its C1 and C2 is similar to those 
of GSD II. Based on the relative content of the C2 and C3 
as well as the MD of the C3, GSD III can be further 
categorized into four subtypes, namely III-1, III-2, III-3, 
and III-4. For GSD III-1, the content of C2 was much 
higher than that of C1 and C3, and the MD of C3 was 

approximately 40 μm (Figure 4b). Sediments with GSD 
III-1 are located on the southwestern Bering Sea Shelf 
(B14), in the Chukchi Basin (M02, M05, M06, and M07), 
and the base of the Chukchi Sea Slope (MS01, S25, and 
S26), and the textural type of the sediments is mud, silt, or 
sandy silt.  

The shape of GSD III-2 is similar to that of GSD III-1. 
However, the MD of C3 in GSD III-2 ranges from 
80–120 µm, coarser than that of GSD III-1 (Figure 4c). 
Sediments with GSD III-2 are located at western Bering Sea 
Shelf (B11 and NB01), the Chukchi Sea Shelf near Barrow 
Canyon (Co-10 and Co-5), and the northern Chukchi Sea 
Shelf (SR12), and the sedimentary textural type is silt or 
sandy silt. 



Grain-size population of surface sediments from northern Bering Sea and western Arctic Ocean             197 

 

If the content of C3 in GSD III-1 and GSD III-2 
increased dramatically, the GSD would transform into GSD 
III-3 and GSD III-4, respectively. The GSD III-3 is notably 
coarse-skewed or bi-modal due to the dramatic increase in 
C3 (Figure 4d). Sediments with GSD III-3 were obtained 
from the base of the Chukchi Sea Slope (MS02 and MOR2) 
and the sedimentary textural type is sandy mud. Two 
samples, collected at NB02 and SR04, exhibited the 
characteristics of GSD III-3; however, the MD of their C3 is 
approximately 18 µm, finer than that of the GSD III-3 
previously mentioned, whose MD of C3 is approximately 
40 µm (see Figure 5). The GSDs of sediments from those 
two stations can be treated as special cases of GSD III-3. 

The C3 of GSD III-4 has an MD of 40–160 µm, wider 
range, and is coarser than that of GSD III-3 (Figure 4e). 
Additionally, the C3 content of GSD III-4 is > 60%, and the 
maximum is up to 95%. Sediments with GSD III-4 are 
located at the northeastern Bering Sea (NB06, NB08, and 
NB-A), Bering Strait (BS02, BS05, BS08, and SR01), and 
near the Alaskan coast (C05 and C06), and its sedimentary 
textural type is silty sand or sand. The sediments at station 
CC4 near the Alaskan coast exhibited a bi-modal GSD 
pattern similar to that of GSD III-3 (see Figure 4f). 
However, its MD of C3 is > 100 µm; thus, the GSD curve 
of this sediment sample can be treated as a special case of 
GSD III-4. 

Sediments with GSD IV contained four grain-size 
populations. The GSD IV is a result of mixing of sediments 
with GSD III-1 and GSD III-2. The MDs of C1, C2, C3, 
and C4 of the GSD IV sediments are approximately 1 μm, 
10 μm, 40 μm, and > 100 μm, respectively. Due to the shift 
in the relative content of the C2, C3, and C4, GSD IV 
represents fine-skewed, coarse-skewed, or bi-modal 
distributions, as shown in Figures 4g and 4h. Sediments 
with GSD IV are the most common in the samples obtained 
from the study area and have the most diverse textural types, 
including mud, sandy mud, silt, sandy silt, and silty sand, 
which is obtained from Bering Sea Shelf or Chukchi Sea 
Shelf. 

Sediments with GSD V are composed of five 
grain-size populations, and the MDs of C1 to C5 are < 1 µm, 
2–4 µm, 8–15 µm, 50–80 µm and > 200 µm, respectively, 
as shown in Figure 4i. Sediments with GSD V are located in 
the high Arctic, and its sedimentary textural type is sandy 
mud.  

5  Discussion 

5.1  Deposition mechanisms on the Bering Sea 
Shelf  

Sediments from the northeastern Bering Sea Shelf and the 
Bering Strait exhibit a GSD III-4 pattern, which is a typical 
characteristic of river origins, and its dominant population 
(C3) is the result of bedload transport (Sun et al., 2002; 
Xiao et al., 2012). Therefore, it is inferred that sediments 

with GSD III-4 from the northeastern Bering Sea Shelf 
originated from the Yukon River. Figure 5 shows the GSDs 
and its populations on a near east-west transect on the 
Bering Sea Shelf (see Figure 1 for the location). The surface 
sediments at NB06 outside the Yukon River estuary consist 
mostly of C3 with a content up to 95% and an MD of 
approximately 63 µm. Toward the west-southwest direction, 
the MD of C3 in sediments decreased gradually. At NB02 
on the central-western Bering Sea Shelf, the MD of C3 
decreased to 52 µm and its content decreased to 64%. 
Further westward to NB01, owing to C3, it further 
decreased in size and the C2 content increased; the C2 and 
C3 from the Yukon River merged into a new population that 
was coarser than the C2 and finer than the C3 of other 
samples on the transect. Moreover, the content of the fine 
grain-size populations (C1 + C2) representing particles 
transported by suspended loads on thetransect increased 
from < 5% outside of Yukon River estuary to 98% on the 
central-western Bering Sea Shelf. 

Westward along the transect in Figure 5, the sediments 
exhibit a trend of being finer, more poorly sorted, and more 
negatively skewed. Although this type of trend was not a 
case used in sediment trend analysis (Gao and Collins, 1992; 
Le Roux and Rojas, 2007; Poizot and Méar, 2008), when 
sediments become finer, the skewness tends to become 
more negative and they can become more poorly sorted 
(Poizot et al., 2008). The variations in content and the MD 
of C2 and C3 in the transect and the distribution of grain 
size parameters (see in Figure 3) indicate that the sediments 
originating from the Yukon River disperse westward.  

 

Figure 5  Variations in GSDs and its populations of sediments in 
the southern Bering Sea Shelf on an east-west transect (see line a 
in Figure 1c for the location of the transect and sample names), the 
red dashed line represents the spatial variation trend in the C3. 



198 Wang W G, et al. Adv Polar Sci September (2020) Vol. 31 No. 3 

 

The GSD patterns of sediments at the south and north 
sides of St. Lawrence Island (NB-A, BS02, BS05 and BS08) 
are similar to those of the sediments outside the Yukon 
River estuary, indicating that the sediments there also 
originated from the Yukon River. However, due to a shallow 
water depth and an increased velocity of ocean currents, the 
fine fractions in the sediments were re-suspended or 
winnowed by the waves and currents (Nagashima et al., 
2012), which resulted in the sediments with GSD III-4 in 
these regions that have an extremely low C1 and C2 content 
and consist mainly of C3. 

The GSD and populations of the sediments outside of 
Anadyr Bay differed from those of the sediments 
originating from the Yukon River. Sediments from this 
region exhibited GSD III-1, III-3, or V patterns. C2 
dominated in the sediments followed by C3 (Figure 6). As 
shown in Figure 6, C2 became finer from south to north. 
Combined with the variation trend of C2 in Figure 5, it can 
be inferred that this population dispersed westward from the 
Yukon River first and was then transported northward from 
the edge of the continental shelf. The content of C3 was the 
highest and the grain-size was the coarsest outside of 
Anadyr Bay (BB05) and decreased northward and 
southward. It is unlikely that the C3 in sediments outside 
Anadyr Bay originated from the Yukon River. As shown in 
Figure 5, the C3 on the central Bering Sea Shelf was 
already finer than that of the sediments at BB05. Therefore, 
it can be inferred that the C3 in sediments on the western  

 

Figure 6  Variations in GSDs and populations in sediments on 
the western Bering Sea Shelf on a south-north transect (see line b 
in Figure 1c for the location of transect and sample names). The 
blue and red dashed lines indicate the spatial variation trends of C2 
and C3, respectively. 

Bering Sea Shelf originated from the Anadyr River. Some 
sediments from the west side of the Bering Sea Shelf (BB01, 
BB05, and BB06) exhibited an extremely low content of C4 
with MD > 100 µm (Figure 6), which were possibly formed 
from IRD. 

The sediments contributions of the Yukon River and 
Anadyr River on the Bering Sea shelf implied by GSDs and 
its populations are mutually corroborated with evidence 
from previous research, such as results of geochemistry and 
minerals. The isotopes of Sr and Nd, and the spin resonance 
intensities and crystallinity indices of quartz indicate that 
the sediments on most of the northern Bering Sea Shelf 
originated from the Yukon River, and that the silty sand and 
sandy grain-size fractions in sediments outside Anadyr Bay 
originated from the Chukotka Peninsula (Asahara et al., 
2012; Nagashima et al., 2012). Clay mineral assemblages 
and distribution patterns have shown that the clay from the 
Yukon River disperses westward and northward (Nwaodua 
et al., 2014). Furthermore, magnetic mineral data have 
demonstrated a difference in the material source between 
the east and west sides of the northern Bering Sea Shelf 
(Wang et al., 2014). It is not difficult to understand the 
south-to-north sediment transport trend in this case, because 
all three ocean currents on the shelf flow northward or 
northwestward on the Bering Sea Shelf.  

5.2  Deposition mechanisms on the Chukchi Sea 
Shelf  

Figure 7 shows the variation in GSDs and its population of 
surface sediments on the Chukchi Sea Shelf approximately 
along the 169°W meridian. Different variation trends can be 
found for the C2 and C3 of sediments on the transect 
divided by station SR04. South of SR04, the C3 became 
notably finer towards the north and the C2 also became 
slightly finer northward. However, north of SR04, there was 
no significant change in the MD of C2, but the MD of the 
C3 increased towards the north. 

Like the sediments on the northern Bering Sea Shelf 
that originated from the Yukon River, sediments on the 
southern Chukchi Sea adjacent to the Bering Strait (SR01 
and SR02) also exhibited a GSD III-4 pattern, implying that 
the sediments in the southern Chukchi Sea also originated 
from the Yukon River. The northward finer trend of C2 and 
C3 in sediments on the southern Chukchi Sea was a result 
of sedimentary differentiation due to the velocity decrease 
in sediment load currents after entering the Chukchi Sea. 

Approximately one-third of the sediments input by the 
Yukon River enters the Chukchi Sea (Asahara et al., 2012). 
According to the variation trends of populations on the 
transect shown in Figure 7 and Figure 8, it is inferred that 
coarse particles (C3) in sediments originating from the 
Yukon River were deposited in the Hope Valley, in the 
southern Chukchi Sea due to sedimentary differentiation. 
The ocean color satellite images shows a portion of 
sediments originating from the Yukon River flows into the  



Grain-size population of surface sediments from northern Bering Sea and western Arctic Ocean             199 

 

 

Figure 7  Variations in GSDs and its populations in sediments on 
a south-north transect approximately along the 169°W meridian 
(see line c in Figure 1c for the location of transect and samples). 
The blue dashed line shows the spatial variations in C2. The red 
dashed line shows the spatial variations in C3. 

Hope Valley (Woodgate et al., 2015) (Figure 9); however, 
the finer particles could be transported further north by 
currents. Clay mineral data have shown that sediments 
originating from the Yukon River enter the Arctic basins 
(Asahara et al., 2012). After the two currents flow through 
the Herald Valley and the Central Channel, a portion of 
those two currents turn eastward, and converge with the 
Alaskan coastal current, which also flows into the high 
Arctic. Thus, the fine particles originating from the Yukon 
River, including C1 and C2 in sediments, enter the 
central-northern Chukchi Sea Shelf. The variation in C2 
shown in Figures 7 and 8 indicates that the C2 in sediments 
on the central-northern Chukchi Sea Shelf are both from the 

 

Figure 8  Variations in GSDs and its populations in surface 
sediments from the Chukchi Sea Shelf on an east-west transect 
(see line d in Figure 1c for the location of transect and samples). 
The blue and red dashed lines show the spatial variation in C2 and 
C3, respectively. 

Yukon River and Alaska. This is corroborated by clay 
mineral evidence, which demonstrates that the Chukchi Sea 
Shelf contains matter originating from both the Bering Sea 
and terrigenous Alaska (Naidu et al., 1982; Viscosi-Shirley 
et al., 2003).  

The coarsening of the C3 north of SR04 on the transect 
shown in Figure 7 indicates that C3 does not originate from 
the Yukon River. A comparison of the GSDs of sediments 
on the Chukchi Sea Shelf in the east-west direction (Figure 
8) shows that both C2 and C3 become coarser from the 
central shelf to the coast of Alaska. Previous results with 
high-density surveys have demonstrated that sediments 
become finer from coast to sea (Feder et al., 1994), which is 
consistent with the results in this study. It is therefore 
inferred, that the C3 in sediments on the central Chukchi 
Sea Shelf, north of SR04 originated from Alaska to the east 
or from the Beaufort Sea Shelf instead of the Yukon River.  

It has been found that sediment-loaded sea ice drifts 
northwestward from the coast of Alaska to the central 
continental shelf and that sediments in the sea ice consist of 
fine silt and clay fractions, and occasionally fine sand and 
coarse silt fractions (Tucker et al., 1999; Eicken et al., 2005; 
Serreze et al., 2016). A zone of surface sediments with 
coarse coal fragments extends northwestward from the 
coast of Alaska. Those coal fragments were from the 
Mesozoic strata in Alaska (Zhang et al., 2019). Mineral 
assemblages in IRD, Sr, and Nd isotopes in sediments have 
shown that sediments on the central-northern Chukchi Sea 
Shelf contain particles originating from the land to its east 
(Darby, 2003; Asahara et al., 2012). Local rivers and coastal 
cliff dumping in northwestern Alaska can ensure the sources 
of material transported by sea ice to the central continental 
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shelf. These sediments are selectively entrained and 
released to the continental shelf by sea ice (Reimnitz et al., 
1998). In winter, driven by north-easterly wind, westward 
currents from the coast to the continental shelf result in an 
expansion of the polynyas along the coast of Alaska 
(Weingartner et al., 1998), which is favorable for the 
entrainment of resuspended clay-silty particles by sea ice 
(Eicken et al., 2005). Sediments in frazil ice formed in the 
polynyas are finer than bottom sediments under the 
polynyas. As a result of these selective entrainments, seabed 
sediments under the polynyas become coarser. Due to the 
melting of sea ice and relatively fine sediments released 
with the sea ice melting, sediments on the central-northern 
Chukchi Sea Shelf grow finer from the coast to the sea.  

 

Figure 9  Ocean color image of Bering Sea and Chukchi Sea 
(http://oceancolor.gsfc.noaa.gov). The sediment plume of Yukon 
River moves northward, and the plume transported by Alaskan 
Coastal Current (ACC) turns westward and into Hope Valley after 
through the Bering Strait. 

Anchor ice could freeze seabed sediments inside it; 
however, it mostly melts in the source regions, and 
consequently, its role in the sediment transport is relatively 
unimportant (Nürnberg et al., 1994; Reimnitz et al., 1998; 
Eicken et al., 2005). Additionally, the formation of coastal 
fast ice and frazil ice results in an increase in seawater 
salinity (brine water), which subsequently flows down 
along the seabed to the east of the Herald Shoal on the 
central Chukchi Sea Shelf (Weingartner et al., 1998). The 
flow of brine water near the seabed can also transport fine 

sediments westward. 
A portion of the surface sediments on the central 

Chukchi Sea Shelf also contained a C4 with an MD of > 
100 µm, but the content was extremely low. This population 
is likely coarse IRD related to sea ice. 

5.3  Deposition mechanisms at the Chukchi Sea 
margin  

Most sediments collected from the Chukchi Basin and the 
base of the Chukchi Sea Slope (M02, M05, M06, M07, 
MS01, S25, and S26) exhibit the GSD III-1 pattern, a few 
samples (MS02, MS03, and S24) exhibit the GSD II or 
GSD III-3 pattern, and sediments from some stations (M03, 
S21, and S23) exhibit the GSD IV pattern due to the 
presence of C4 with an MD of > 100 µm. The C2 content of 
sediments in this region is significantly higher than the 
content of any other populations. In addition, this C2 has an 
MD of 3–8 μm (mostly ~5 μm), which is notably finer than 
the MD of C2 in sediments on the Chukchi Sea Shelf, 
where it was mostly > 8 µm. The MDs of C3 and C4 (if any) 
of sediments in Chukchi Basin and at the base of the 
Chukchi Sea Slope were close to those of C3 and C4 of 
sediments on the central Chukchi Sea Shelf, which ranged 
from 30–50 μm and 100–200 μm, respectively. 

Fine particles in sea ice split into three fractions, 
namely, < 0.5, 2, and 5 µm. The < 0.5 µm and 2 µm 
fractions resulted from suspension freezing and anchor ice 
formation, respectively, and the 5 µm fraction was entrained 
both by suspension freezing and anchor ice (Darby et al., 
2009). The MD of the C2 in sediments from the Chukchi 
Basin and the base of the Chukchi Sea Slope was close to 
that of the 5 µm fraction in sea ice, indicating that at least 
some portion of particles in the sediments there, was 
deposited from melting ice. Sediments from the Chukchi 
Basin and the base of the Chukchi Sea Slope did not contain 
the < 0.5 µm and 2 µm fractions found in sea ice, but only a 
C1 with an MD of 0.7–1.1 µm, which was found between 
0.5 and 2 µm, suggesting that the finest C1 in sediments 
from this region was mixed with particles from other 
sources. The fine clay fraction may be suspended by weak 
currents or may act as colloidal material maintained in 
suspension for long distances and over long periods of time 
(Darby et al., 2009). Additionally, the contents of < 0.5 µm 
and 2 µm fractions in sea ice were also relatively low. 
During the process in which sea ice melted and the particles 
in the sea ice settled to the seabed, the < 0.5 µm and 2 µm 
fractions might be mixed with the suspended clay that 
originally existed in the water column to form a merged 
population with an MD of 0.5–2 µm. 

The C3, with an MD of 30–50 µm in surface sediments 
from the Chukchi Basin and the base of the Chukchi Sea 
Slope, also exists in the core sediment from the margin of 
the Chukchi Sea Shelf (Darby et al., 2009). This population 
represents down-slope and along-slope sediment transports 
in response to local bottom currents (Darby et al., 2009). 
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Ice-tethered and mooring sediment trap data have 
demonstrated the existence of lateral transport of suspended 
particles in the Chukchi Borderland. Shelf-break eddies 
propagating north of the Chukchi shelf break can transport 
re-suspended sediments to the high Arctic Ocean (O’Brien 
et al., 2013; Watanabe et al., 2014). Additionally, lateral 
transport by density flows and by the benthic nepheloid 
layer flowing along the seafloor cannot be excluded 
(O’Brien et al., 2006; Hwang et al., 2008; Darby et al., 2009; 
Honjo et al., 2010). Lithogenic particles found in sediment 
traps are clay and silt and rarely contain coarse-grained IRD. 
However, due to a lack of grain-size analysis data for 
sediments in traps, it is impossible to compare the grain 
sizes of particles laterally transported by local currents and 
particles of sediments in their affected regions. 

The contribution of sea ice cannot be excluded as the 
cause of C3 in sediments from the Chukchi Sea Basin and 
the base of the Chukchi Sea Slope. This is because IRD 
with a diameter similar to that of C3 has also been found in 
anchor ice (Darby et al., 2011). However, the contribution 
of anchor ice to Arctic sediments currently remains 
unknown. Therefore, the origin of the C3 in sediments from 
the Chukchi Basin and at the base of the Chukchi Sea Slope 
requires further investigation. 

Surface sediments from the Chukchi Basin and the 
base of the Chukchi Sea Slope contains an extremely low 
content of the C4 with an MD of > 100 µm, which was IRD 
originated (Eicken et al., 2005; Darby et al., 2011). 

5.4  Characteristics of coarse-grained IRD in the 
high Arctic Ocean 

Sediments collected from the eight stations in the high 
Arctic Ocean exhibit a polymodal GSD pattern and 
consisted of five populations except for the BN04 sample 
(Figure 10). Clay and silt accounted for a major portion of 
these sediments. The MD of C1 and C2 is < 1 µm and 
2.4–4 µm, respectively. The C3 had an MD of 7–15 µm and 
was mostly < 10 µm. The high Arctic Ocean is beyond the 
region affected by eddies. Some samples in this study were 
collected from ocean ridges, where the near-bottom 
nepheloid layers and turbidities do not reach. The GSDs of 
surface sediments in the high Arctic Ocean are similar to 
those of sea ice-deposited sediments in the central Arctic 
Ocean (Clark and Hanson, 1983). Additionally, the MD of 
the fine population is comparable to that of fine IRD in sea 
ice (Darby et al., 2009). Considering the differences 
between the different analytical methods and instruments, 
the MD of C2 in sediments from the high Arctic Ocean in 
this study is on the same order of sea ice-deposited 
sediments with a peak diameter of 8 φ–9 φ (1.95–3.9 μm) 
(Clark and Hanson, 1983) and sea ice IRD with an MD of 
5 µm (Darby et al., 2009). The C3 in sediments from high 
Arctic Ocean likely corresponds to the grain-size fraction 
with a peak diameter of 7 φ–8 φ (3.9–7.8 μm) in IRD 
sediments from the Beaufort Sea and the central Arctic 

Ocean (Reimnitz et al., 1998). 
The sandy C4 and C5 in surface sediments from the 

high Arctic Ocean is the most distinguishing feature that 
sets them apart from those obtained from other parts of the 
study area. The C4 and C5 have MDs of 50–90 µm and 
200–400 µm, respectively. Particles of 50–90 µm diameter 
are common in dirty ice and are considered the cause of 
anchor ice formation (Darby et al., 2011), and particles with 
diameters of 100 and 250 µm have been discovered in sea 
ice in the Beaufort and Chukchi Sea Shelf margins and the 
central Arctic Ocean (Reimnitz et al., 1998; Eicken et al., 
2005). 

 

Figure 10  Variations in GSDs in the population of sediments 
from the high Arctic Ocean on the near south-north transect (see 
line e in Figure 1c for the location of transect and samples). To the 
right of the black dashed line are two coarse populations with 
diameters > 63 µm and > 250 µm.  

Particles > 250 µm have been treated as iceberg IRD in 
paleoceanography research. In some cases, particles > 
63 µm in sediments were similarly treated, whereas in other 
cases, they were treated as sea ice IRD. However, it is 
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difficult to distinguish the sea-ice IRD from the iceberg IRD 
because the particles in modern sea ice exhibit a similar 
GSD pattern to that in icebergs (Nürnberg et al., 1994). 
While it is difficult to accurately evaluate the contributions 
of iceberg IRD to modern sediments in the high Arctic 
Ocean, it can at least be confirmed that the contribution of 
iceberg IRD to surface sediments in the study area is 
unimportant because ice sheets surrounding the Arctic 
Ocean have shrunk sharply or disappeared since the 
Holocene. It is undeniable that sporadic icebergs from 
Greenland and the Canadian Arctic Archipelago can drift to 
the west Arctic Ocean if anomalous wind fields occur. 
Considering that the western Arctic Ocean in this study is 
currently covered by sea ice, sea ice should be the main 
contributor to C4 and C5 in sediments from the high Arctic 
Ocean. 

The existence of C4 and C5 in surface sediments from 
the high Arctic Ocean is a common phenomenon 
throughout the glacial-interglacial cycles. The grain-size 
data from a core collected at station BN05 show that the 
sediments consisted of populations with diameters of 
approximately 4 µm, 7–7.5 µm, 85–95 µm and > 250 µm, 
and the two coarsest populations similar to C4 and C5 
change in phase (Dong et al., 2017). This suggests that 
sediments in the central Arctic Ocean during the 
glacial-interglacial cycles have the same populations. 

In view of the ubiquitous populations with a diameter 
of > 63 µm and > 250 µm, respectively, in surface and core 
sediments in the central Arctic Ocean, and the difficulty in 
distinguishing whether sea ice or icebergs are the sources, it 
is inadequate to use the grain-size fraction of > 63 µm or > 
250 µm in sediments in the central Arctic Ocean as proxy 
indexes for the evolution of sea ice or ice sheets 
surrounding the Arctic Ocean. Other supplemental methods 
need to be used.  

6  Conclusions 

Based on the spatial variation in the GSDs and the 
populations, surface sediments on the northeast Bering Sea 
Shelf originated from the Yukon River and dispersed 
westward. The coarse population with an MD of 24–46 µm 
in sediments outside of the Anadyr Bay originated from the 
Anadyr River. The population with a diameter of 
approximately 10 µm in sediments on the west side of the 
Bering Sea Shelf was transported from south to north by 
currents and become finer northward. 

The Yukon River sediments were transported into the 
Chukchi Sea and deposited mainly in Hope Valley, in the south 
Chukchi Sea. The sediment populations with MD > 10 µm 
and MD < 10 µm on the central Chukchi Sea Shelf 
originated from Alaska to its east, and the Bering Sea 
respectively. 

The populations of sediments obtained from the 
Chukchi Basin and the base of the Chukchi Sea Slope 
differed from those of sediments from the Chukchi Sea 

Shelf and the high Arctic Ocean. Sediments there originated 
from sea ice IRD and particles laterally transported by 
eddies. 

Most surface sediments collected from the high Arctic 
consisted of five populations. Apart from the fine populations 
that formed as a result of sea ice, two coarse populations with 
an MD of 50–90 µm and 200–400 µm, respectively, were 
ubiquitous in the Quaternary sediments in the high Arctic 
Ocean. It is impossible to distinguish sea ice IRD from 
iceberg IRD based on grain size alone. Therefore, caution 
should be exercised when reconstructing the evolution of ice 
sheets based on fractions > 63 µm or > 250 µm in sediments 
in the high Arctic Ocean; other supplemental methods must 
be used. 
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