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ABSTRACT: In this study, we present new detailed biomarker-based sea ice records from two sediment cores
recovered in the Chukchi Sea and the East Siberian Sea. These new biomarker data may provide new insights on
processes controlling recent and past sea ice changes. The biomarker proxy records show (i) minimum sea ice
extent during the Early Holocene, (ii) a prominent Mid-Holocene short-term high-amplitude variability in sea ice,
primary production and Pacific-Water inflow, and (iii) significantly increased sea ice extent during the last ca.
4.5k cal a BP. This Late Holocene trend in sea ice change in the Chukchi and East Siberian Seas seems to be
contemporaneous with similar changes in sea ice extent recorded from other Arctic marginal seas. The main factors
controlling the millennial variability in sea ice (and surface-water productivity) are probably changes in surface
water and heat flow from the Pacific into the Arctic Ocean as well as the long-term decrease in summer insolation.
The short-term centennial variability observed in the high-resolution Middle Holocene record is probably related to
solar forcing. Our new data on Holocene sea ice variability may contribute to synoptic reconstructions of regional
to global Holocene climate change based on terrestrial and marine archives.
Copyright # 2017 John Wiley & Sons, Ltd.
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Introduction

Arctic sea ice, with its strong seasonal variability (Fig. 1), is a
critical component in the global climate system, contributing
to changes in the Earth’s albedo, primary productivity and
deep-water formation. Over the last few decades, this sea ice
has decreased dramatically, and the causes of these recent
changes, i.e. natural vs. anthropogenic forcings, are poorly
understood (Johannessen et al., 2004; Serreze et al., 2007;
Stroeve et al., 2007, 2012; Markus et al., 2009; Screen and
Simmonds, 2010; Maslanik et al., 2011; Serreze and Stroeve,
2015). In this context, records of past climate and sea ice
conditions going beyond instrumental records and represent-
ing times of different boundary conditions may help to
decipher the processes controlling Arctic climate and sea ice
variability (cf. Sundqvist et al., 2014; Briner et al., 2016;
Kaufman et al., 2016). By this, such records contribute to
a better understanding of the complex Arctic Ocean–
atmosphere–ice system and its role in the past, modern and
future global climate. They also help to further improve
climate models for a better prediction of future climate change
on Earth. Despite its significance, however, this type of record
giving detailed information about past Arctic sea ice condi-
tions remains very rare, especially due to the lack of precise
proxies for sea-ice reconstructions (cf. De Vernal et al., 2013).
In a pioneering study by Belt et al. (2007), the ability to

(semi-)quantitatively reconstruct paleo-sea ice distributions

has been significantly improved by a biomarker approach
based on determination of a highly branched isoprenoid
(HBI) with 25 carbons (C25 HBI monoene¼ IP25). This
biomarker is only biosynthesized by specific diatoms living
within the Arctic sea ice (Brown et al., 2014) and appears to
be a specific, sensitive and stable proxy for Arctic sea ice in
sedimentary sections representing Late Miocene to Recent
times (Stein et al., 2012, 2016; Belt and M€uller, 2013; Stein
and Fahl, 2013; Knies et al., 2014). The presence of IP25 in
the studied sediments is direct evidence for the presence of
sea ice. When using this proxy for paleo-sea ice reconstruc-
tions, however, one known ambiguity in the interpretation of
IP25 data (cf. Belt et al., 2007; M€uller et al., 2009) has to
be considered when IP25 is absent. On the one hand, the
absence of IP25 applies to totally ice-free conditions. On the
other hand, IP25 is also absent under permanent sea ice cover
limiting light penetration and, in consequence, sea ice algal
growth (i.e. IP25¼0). The latter has been convincingly
demonstrated in a 1-year IP25 record from a sediment trap
deployed on the seasonally ice-covered southern Lomonosov
Ridge (Fahl and Stein, 2012; for location see Fig. 2). By
combining the environmental information carried by IP25 and
specific phytoplankton biomarkers, both extremes can be
distinguished and more detailed estimates of present and past
sea-ice distribution can be obtained (M€uller et al., 2011;
Smik et al., 2016; see Methods for further details).
In recent years, the IP25 biomarker approach has

become better established and used for reconstruction of
the modern and past sea ice variability in different Arctic
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and sub-Arctic regions: the Canadian Arctic Archipelago (Vare
et al., 2009; Belt et al., 2010), the Labrador Sea (Weckstr€om
et al., 2013), the Norwegian–Greenland Sea and northern
Fram Strait (Mass�e et al., 2008; M€uller et al., 2011, 2012;
Cabedo-Sanz et al., 2013; Hoff et al., 2016), the Barents
Sea (Vare et al., 2010; Berben et al., 2014), the Kara-Laptev
Sea (Xiao et al., 2013; H€orner et al., 2016), the Bering Sea
(M�eheust et al., 2013, 2015), as well as the central Arctic
Ocean (Fahl and Stein, 2012; Xiao et al., 2015). For the
Chukchi and East Siberian seas, however, this type of semi-
quantitative sea ice biomarker record was not available until
recently. Here, we display new, so far unpublished high-
resolution IP25 records from the Chukchi Sea and the East
Siberian Sea, for the first time presented and discussed at the
AGU 2013 Fall Meeting and the EGU 2014 General Assembly
(Stein et al., 2013, 2014). These data, in combination with
other geochemical and mineralogical data, have been inter-
preted in terms of Holocene changes in sea ice cover, primary
production and Pacific-Water (PW) inflow. Most recently,
Polyak et al. (2016) and Yamamoto et al. (2016) followed up
this approach and published further important biomarker-
based Holocene sea ice records and mineralogical data
indicative for PW inflow, obtained from the Chukchi Sea
margin area (see Fig. 1 for study sites 5 and 8).
Especially in the Chukchi Sea and adjacent Chukchi

Borderland, the retreat of sea ice over recent decades seems
to be most dramatic in comparison with other marginal Arctic
seas (Figs 2 and 3). The causes for this extreme retreat,

however, have been variously discussed (see below for more
details). In this context, the new biomarker, geochemical and
mineralogical data may provide new insights into this debate
about the processes controlling recent sea ice changes.
Furthermore, these semi-quantitative data on Holocene sea ice
variability may also contribute significantly to synoptic recon-
structions of regional to global Holocene climate change
based on terrestrial and marine archives (e.g. Nesje et al.,
2005; Wanner et al., 2008; Sundqvist et al., 2014; Solomina
et al., 2015; Kaufman et al., 2016; Briner et al., 2016).

Regional setting of the study area

Bathymetry and physiography

The Chukchi Sea, one of the largest shelf seas in the world,
extends from 66˚N in the south to the edge of the Arctic Basin
in the north (Fig. 1A), covering an area of 620000 km2

(Jakobsson, 2002). The major part of the southern Chukchi Sea
is characterized by an almost flat seafloor generally <50m
deep, which declines gently towards the north where it
reaches depths of >100m. The sea floor is marked by shallow
gullies running approximately from north to south, with the
Herald Canyon in the west and the Barrow Canyon in the
north-east being the deepest ones (Fig. 1A; Hunt et al., 2013).

Oceanic circulation patterns

The modern oceanic circulation patterns in the Chukchi Sea
(and eastern East Siberian Sea) are strongly influenced by

Figure 1. (A) Bathymetry map showing the schematic pathways of Pacific Water inflow, i.e. the Bering Sea Water (BSW; green) and the Alaskan
Coastal Water (ACW) entrained by the Alaskan Coastal Current (ACC; red), and the Siberian Coastal Current (SCC; blue). The BSW can be further
subdivided into three branches (1–3) (Grebmeier et al., 2006; Hunt et al., 2013). CC, Central Channel; HC, Herald Canyon; BC, Barrow Canyon.
Locations of cores discussed in this study are shown by red circles. (B) Three stages of the post-glacial sea level rise at 20k cal a BP (�117m),
10k cal a BP (�36m) and today (0m) (according to Manley, 2002), demonstrating flooding of the Beringia Land Bridge between Siberia and Alaska
and re-opening of the Bering Strait, leading to a first inflow of Pacific Water near 10k cal a BP.
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fresh PW entering through the Bering Strait with an annual
average volume transport of 0.8 Sv (Sv¼ Sverdrup; 1 SV¼
106m3 s�1) and primarily driven by a pressure-head difference
between the Pacific and the Arctic Oceans (e.g. Coachman
et al., 1975; Woodgate et al., 2005; Hunt et al., 2013).
The two major water masses dominating the Chukchi Sea

circulation are Bering Sea Water (BSW) and Alaskan Coastal
Water (ACW) (Fig. 1A). The BSW, which constitutes more
than 80% (�0.7 Sv) of the inflow, is a mixture of the more
saline (>32.5) and nutrient-rich (NO3 �20mM) Bering Shelf
Anadyr Water (BSAW), originating from the western Bering
Sea, with the less saline (31.8–32.5) and lower-nutrient (NO3

�1mM) Bering Shelf Water (BSW) (e.g. Coachman et al.,
1975; Grebmeier et al., 1988; Weingartner et al., 2005).
North of the Bering Strait, the BSW is divided into three
branches by the so-called Herald Shoal and Hanna Shoal
(Fig. 1A; e.g. Weingartner et al., 2005). One branch, which
contains the highest amounts of nutrients due to a greater
portion of BSAW, turns westward around the Herald
Shoal and exits the region via the Herald Canyon. The
second branch is diverted through the Central Channel
situated between the two topographic shoals, and the third
and smallest branch flows east of Hanna Shoal into the
Barrow Canyon (Weingartner et al., 2005).
The ACW is entrained into the Chukchi Sea by the

Alaskan Costal Current (ACC) originating to the south of the
Aleutian Islands. The ACC flows northward along the Alaskan
coast and finally enters the Barrow Canyon (Fig. 1A). With a
transport volume of �0.1 Sv the relatively warm, low-salinity
(<31.8) and nutrient-poor ACW makes up the smaller portion
of the inflow (Woodgate and Aagaard, 2005; Grebmeier
et al., 2006; Hunt et al., 2013).
In addition to the PW, the seasonal southward-flowing

Siberian Coastal Current (Fig. 1A) deflects small amounts
(�0.1 Sv) of fresh and cold waters into the central Chukchi
Sea (Weingartner et al., 1999).

During the Last Glacial, the lowered sea level, which
reached its minimum during the Last Glacial Maximum
(LGM; �21k cal a BP), prevented the inflow of fresh and
nutrient-rich PW into the Arctic Ocean (Fig. 1B; Manley,
2002; Hu et al., 2012). The limited or absent influx of
freshwater has certainly affected the hydrography, primary
productivity and sea-ice formation in the Chukchi Sea.
During the post-glacial sea-level rise, the land bridge between
Alaska and Siberia became flooded, and the Bering Strait
re-opened during the Early Holocene near 10k cal a BP,
leading again to an inflow of fresh PW during almost the
entire Holocene (Fig. 1B; Manley, 2002).

Sea ice

One of the main characteristics of the Arctic Ocean is the sea
ice cover with its strong seasonal variability (Johannessen
et al., 2004; Maurer, 2007). Whereas the central Arctic
Ocean remains ice-covered throughout the year, the marginal
seas are only ice-covered during winter (with maximum
extent during March), but mostly ice-free during summer. The
minimum sea-ice extent is reached in September (Fig. 2). In
the last four decades, the extent and thickness of Arctic sea
ice has decreased dramatically (e.g. Johannessen et al., 2004;
Serreze et al., 2007; Stroeve et al., 2007; Cavalieri and
Parkinson, 2012; Laxon et al., 2013; Lindsay and Schweiger,
2015), and this decrease seems to be by far more rapid than
predicted by any climate model (Stroeve et al., 2007, 2012).
The Chukchi Sea has become completely ice-free during the
summer of the last few years (Figs 2 and 3).
The causes that are controlling the decrease in sea ice are

still under discussion. In several studies changes in extent,
thickness and drift of Arctic sea ice are related to changes in
the overall atmospheric circulation patterns as reflected in the
North Atlantic Oscillation (NAO) and Arctic Oscillation (AO).
The NAO and AO are influencing changes of the relative

Figure 2. (a) Maximum and (b) minimum sea-ice distribution in the Arctic Ocean in March 2015 and September 2015, respectively (data source:
www.meereisportal.de). Locations of cores discussed in this study are shown by red circles. The sediment trap LOMO2 (cf. Fahl and Stein, 2012)
is marked as a red star.

Copyright # 2017 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 32(3) 362–379 (2017)

364 JOURNAL OF QUATERNARY SCIENCE

http://www.meereisportal.de


position and strength of the two major surface-current systems
(Fig. 3a; Beaufort Gyre versus Transpolar Drift) of the Arctic
Ocean (e.g. Rigor et al., 2002; Stroeve et al., 2014). For the
Pacific Sector of the Arctic Ocean, Shimada et al. (2006)
proposed that the position of the seasonal ice edge in this
region directly responds to warming from inflowing PW via
the Bering Strait (Fig. 3b).

To test this hypothesis, Woodgate et al. (2010) used
observational mooring and satellite data to estimate oceanic
fluxes of volume and heat from the Pacific to the Arctic
through the Bering Strait between 1991 and 2007, the year of
minimum sea ice extent. They found that between 2001 and
2007 the heat flux of the PW doubled to a maximum value of
5–6� 1020 J a�1 in 2007. They proposed that this PW inflow

Figure 3. Arctic sea ice concentration in 2007 (a–c) and 2008 (d). Black circles indicate cores discussed in this study. (a) Distribution of sea-ice
cover in the Arctic Ocean on 19 September 2007 (data source: iup.physik.uni-bremen.de:8084/amsr/amsre.html). The general circulation of the
Beaufort Gyre (BG) and the Transpolar Drift (TPD) are shown by orange arrows. Open white rectangle marks area shown in Fig. 3b. (b) Chukchi
Sea AMSR-E sea-ice concentration on 24 June 2007, with schematic topography. White arrows mark the three main water pathways via Herald
Valley (HV), Central Channel (CC) and Barrow Canyon (BC) (from Woodgate et al., 2010, supplemented). (c) September 2007 and (d)
September 2008 sea surface temperature anomalies from the Advanced Very High Resolution Radiometer (AVHRR) satellite (Reynolds et al.,
2002), both relative to the September 1982–2006 average. Contours are added for 3 and 4 ˚C. Mean September sea ice extent taken from the
National Centers for Environmental Prediction (ftp://polar.ncep.noaa.gov/pub/cdas/). A temperature of �1.8 ˚C is assumed under sea ice. Open
black rectangle marks area shown in Fig. 3b. (c,d) From Steele et al. (2010, supplemented).
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is the initial trigger for the onset of solar-driven seasonal melt
of ice. During May/June 2007, the sea-ice retreat displayed
patterns consistent with known inflow pathways via Herald
Valley, the Central Channel and Barrow Canyon (Weingartner
et al., 1999; Woodgate et al., 2005). This is clearly reflected
in the sea-ice distribution map of 24 June (Fig. 3b; Woodgate
et al., 2010). With an early formation of open water in spring,
increased solar input may further intensify the sea-ice retreat
as water may absorbe up to eight times more shortwave
energy than ice (e.g. Serreze and Barry, 2011), resulting in
warming of the surface water and thus melting of more ice
(‘ice-albedo feedback’). The extreme warming of surface
waters in the Chukchi Sea, East Siberian Sea and adjacent
Arctic Ocean basin is clearly shown in satellite-derived
September 2007 mean sea surface temperature anomalies
(Fig. 3c,d; Steele et al., 2008, 2010). According to Woodgate
et al. (2010), increased PW inflow may also cause a year-
round modest thinning of the western Arctic ice, as it feeds a
subsurface temperature maximum under the ice pack in
winter.

Primary production

Due to the inflow and advection of fresh and nutrient-rich PW,
the Chukchi continental shelf is one of the world’s most
productive regions (e.g. Grebmeier et al., 2006). The highest
rates of water column primary production with an average of
470gCm�2 a�1 (e.g. Sakshaug, 2004; Hill and Cota, 2005)
occur in the southern Chukchi Sea, west of the hydrographic
front, where the amounts of nutrients are highest. In the eastern
part of the southern Chukchi Sea, which is dominated by the
low nutrient ACW, productivity is significantly lower with
values ranging from �50 to 80gCm�2 a�1 (Walsh et al., 1989).
In the northern outer shelf and slope, primary production rates

reach average values of 80–90gCm�2 a�1 (e.g. Springer and
McRoy, 1993; Sakshaug, 2004; Hill and Cota, 2005).
In general, water column productivity over the Arctic

shelves is mainly regulated by the duration, thickness and
extent of seasonal sea ice, which in turn control light
availability, the ultimate driving force of primary production
(Wassmann et al., 2004; Grebmeier et al., 2006). Other
important factors are the water mass structure and seawater
temperature (Grebmeier et al., 2006).
Along the seasonal ice zone of the Chukchi Sea, the

episodic spring bloom generally begins in May, when the sea
ice thins and snow cover vanishes (Wassmann, 2011). It starts
with an ice algae bloom followed by an intense but brief
phytoplankton bloom during June, leading to high vertical
flux rates of fresh material (e.g. phytoplankton cells). In
comparison with the phytoplankton production in the
water column, the ice algal production represents only 3%
(5–10 gCm�2 a�1) of the total productivity (Sakshaug, 2004).
In the period from June to August biological activity reaches
its maximum. During this period the export production
(e.g. of organic carbon), especially in nutrient-rich waters, is
high due to intensive primary productivity and relatively low
grazing pressure leading to an enhanced pelagic–benthic
coupling (Grebmeier et al., 2006).

Material and methods

The main focus of this study is sea ice reconstruction based
on biomarkers. For this, two cores (ARA2B-1A and
PS72/350-2) were selected and studied in detail. In addition,
we also included in the discussion some mineralogical data
from an independent master project carried out on samples
from core ARA2B-1B (Wassmuth, 2014).

Figure 4. Parasound profiles across coring locations ARA2B-1A and ARA2B-1B (a) and PS72-350-2 (b). Note that acoustic reflection patterns
from below and above reflectors CBL-1 and ESS-1 are somewhat similar in (a) and (b), respectively. The green correlation line between cores
ARA2B-1A and ARA2B-1B in (a) underlines the different sedimentation rates at these two coring locations.
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Sediment cores and age control

All coring positions have been collected carefully using
detailed bathymetric mapping and sub-bottom (Parasound)
profiling systems to avoid areas of sediment redeposition/
erosion and to identify the most suitable sites with high
sediment accumulation (Fig. 4).
Cores ARA2B-1A and ARA2B-1B were recovered during

the 2009 RV Araon Expedition ARA2B in the Chukchi Sea.
Both cores are located at a water depth of 111m, and the
recovered cores were 547 and 450 cm, respectively (Table 1).
At both cores, sediments are mainly composed of olive, gray,
dark olive gray, dark gray and black silty clay.
Core PS72/350-2 was recovered during the 2008 Polarstern

Expedition PS72 (Jokat, 2009) in the eastern East Siberian Sea

at a water depth of 61m (Table 1). Dominant sediment facies
of the 216-cm-long section are dark olive gray, dark gray and
black silty clay, with more sandy intervals at 23, 27, 32–33,
81–83 and 120–123 cm core depth. The part of the core
extending below reflector ESS-2 at about 140 cm is stiffer in
places and appears to be over-consolidated by grounded ice
(Fig. 4).
All three sediment cores are composed of Holocene

sediments. Our age model is based on 20 accelerator mass
spectrometry (AMS) radiocarbon analyses on mollusks, as
summarized in Table 1. The determined ages were first
corrected by subtracting a reservoir age of 440 years and then
converted into calendar years (DR¼ 30) using the Fairbanks
01070 calibration curve. The principles of the calculation
steps are described in detail in Fairbanks et al. (2005).

Table 1. AMS 14C dates of samples from cores ARA2B-1A, ARA2B-1B and PS72/350-2.

Lab. no. Depth
(cm)

14C age 1
SD

Res.
corr.

Corr.
age

cal a
BP

1
SD

Depth
difference

Age
difference

Sedimentation rate
(cmka�1)

(a) ARA2B-1A (73˚37.890N, 166˚30.980W; water depth 111m; recovery 547 cm)

0 0
107 3520 30.4

UGAMS-11825 107–108 3740 30 440 3300 3520 44
52 871 59.7

UGAMS-11826 159–160 4370 30 440 3930 4391 41
45 614 73.3

UGAMS-11827 204–205 4860 30 440 4420 5005 77
37 483 76.6

UGAMS-11828 241–242 5180 30 440 4740 5488 67
106 955 111.0

UGAMS-11829 347–348 6110 30 440 5670 6443 32
109 1609 67.7

UGAMS-11830 456–457 7680 30 440 7250 8052 45
53 1142 46.4

UGAMS-11831 509–510 8670 30 440 8230 9194 59

(b) ARA2B-1B (73˚38.060N, 166˚30.400W; water depth 111m; recovery 450 cm)

0 0 0
85 2338 36.4

UGAMS-16250 85–88 2760 20 440 2320 2338 7
96 987 97.3

UGAMS-16251 181–182 3530 20 440 3090 3325 27
31 306 101.3

UGAMS-16252 212–213 3830 25 440 3390 3631 31
102 866 117.8

UGAMS-16253 314–315 4480 25 440 4040 4497 39
36 347 103.7

UGAMS-16254 350–351 4720 25 440 4280 4844 9
19 54 351.9

UGAMS-16255 369–370 4800 25 440 4360 4898 41
26 479 54.3

UGAMS-16256 395 5080 25 440 4640 5377 52
40 245 163.3

UGAMS-16257 435 5340 25 440 4900 5622 19

(c) PS72/350-2 (74˚40.200N, 169˚50.260 E; water depth 61m; recovery 216 cm)

KIA 47636 0 >1954
AD

Modern 0

KIA 47637 0 >1954
AD

Modern 0

109 8745 12.5
KIA 45526 109 8745 50 440 8305 9319

54 177 305.1
KIA 45527 163 8930 50 440 8490 9496

45 818 55.1
KIA 47638 208 9620 50 440 9180 10314

UGAMS, University of Georgia, USA; KIA, Leibniz Institute Kiel University, Germany.
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For cores ARA2B-1A and ARA2B-1B, the calendar age of
each sample was obtained by assuming (i) a linear sedimenta-
tion rate between the age-fixed points (Table 1) and (ii) an
age of 0 years at the surface (0 cm). For core ARA2B-1A,
high sedimentation rates of 60–100 cm ka�1 were determined
in the lower part of the section, whereas towards the top,
i.e. during the last ca. 3.5k cal a BP, the rates decrease to
ca. 30 cmka�1 (Table 1; Supplementary Information, Figs S1
and S2). For core ARA2B-1B, mean sedimentation rates of ca.
107 cmka�1 occur in the lower part, whereas during the last
2k cal a BP, a mean value of ca. 36 cmka�1 was determined
(Table 1; Figs S1 and S2).
For core PS72/350-2, the depth scale of the main bio-

marker records was not transferred into an age scale due
to the very limited number of only three AMS 14C dates of
the Holocene part of the record. In the lowermost part
(10.3–9.3k cal a BP), the mean sedimentation rate is very high
(about 100 cmka�1), whereas for the time interval 9.3k cal a
BP to Recent, the mean sedimentation rate decreases to
ca. 12 cmka�1 (Table 1; Fig. S1).

Organic-geochemical bulk parameters and
biogenic opal

The amounts of total organic carbon (TOC) as well as total
carbon (TC) and total nitrogen (TN) were measured in
samples from all three cores by means of an ELTRA CS-20004
and a LECO CNS-20005 elemental analyzer, respectively.
Rock-Eval pyrolysis was conducted on bulk sediment

samples of core PS72/350-2 to determine the hydrogen
index (HI), which corresponds to the quantity of pyrolyzable
hydrocarbons per gram OC (mgHCgTOC�1). In immature
sediments, HI values of «100mgHCgTOC�1 are typical of
terrigenous organic matter, whereas high HI values »100mgHC
gTOC�1 may point to the presence of increased amounts of
marine organic matter (e.g. Tissot and Welte, 1984; for studies
of Arctic Ocean sediments see Stein and MacDonald, 2004).
In sediment samples from cores ARA2B-1A and ARA2B-1B,

biogenic opal was determined by applying the wet-chemical
leaching method first developed by DeMaster (1981) and
improved by M€uller and Schneider (1993).

Biomarker analysis and evaluation

Here, biomarker analyses � the key approach of this paper �
are restricted to sediment samples from cores ARA2B-1A and
PS72/350-2. Extraction of 5–10 g of freeze-dried sediments
was carried out using an accelerated solvent extractor (Dionex,
ASE200; 100 ˚C, 5min, 1000 psi) with dichloromethane/
methanol (2 : 1, v/v) as solvent. For quantification of internal
standards, 7-hexylnonadecane (7-HND, 0.076mg per sample
for IP25 quantification), squalane (2.4mg per sample) and
cholesterol-d6 (cholest-5-en-3b-ol-D6, 10mg per sample for
sterol quantification) were added before analytical treatment.
Separation of the hydrocarbon and sterol fractions was carried
out via open column chromatography [hydrocarbon fraction
with 5mL n-hexane, the sterol fraction with 6mL n-hexane/
ethyl acetate (5 : 1, v/v)]. The latter fraction was silylated with
0.5mL BSTFA (bis-trimethylsilyl-trifluoroacet-amide) (60 ˚C,
2 h). IP25 and sterols (see below) were analyzed by gas
chromatography (GC)/mass spectrometry. Component assign-
ment was based on comparison of GC retention times with
those of reference compounds and published mass spectra (for
IP25 see Belt et al., 2007; for sterols see Boon et al., 1979;
Volkman, 1986). The Kovats Index calculated for IP25 is 2086.
The detection limit for quantification of IP25 (Agilent 7890B
GC, Agilent 5977A Extractor MSD with Performance Turbo

Pump) is 0.005ngmL�1 in SIM (selected ion monitoring)
mode. To obtain mass spectra in TIC (total ion current) the
limit is 0.05ngmL�1. The retention indices for brassicasterol
[as 24-methylcholesta-5,22E-dien-3b-O-Si(CH3)3], campe-
sterol [as 24-methylcholest-5-en-3b-O-Si(CH3)3], b-sitosterol
[as 24-ethylcholest-5-en-3b-O-Si(CH3)3] and dinosterol [as
4a,23,24-trimethyl-5a-cholest-22E-en-3b-ol] were calculated
to be 1.018, 1.042, 1.077 and 1.091 (normalized to cholest-5-
en-3b-ol-D6 set to be 1.000), respectively.
For the quantification of IP25, its molecular ion (m/z 350)

in relation to the abundant fragment ion m/z 266 of the
internal standard (7-HND) was used (SIM mode). The differ-
ent responses of these ions were balanced by an external
calibration (see Fahl and Stein, 2012). Brassicasterol, campes-
terol, b-sitosterol and dinosterol were quantified as trimethyl-
silyl ethers using the molecular ions m/z 470, m/z 472, m/z
486 and m/z 500, respectively, in relation to the molecular
ion m/z 464 of cholesterol-D6.
More details about the identification and quantification of

IP25 as well as the sterols are described elsewhere (Fahl and
Stein, 1999, 2012; Belt et al., 2012, 2014).
For more semi-quantitative estimates of present and past

sea ice coverage, M€uller et al. (2011) combined the sea-ice
proxy IP25 and phytoplankton biomarkers in a phytoplankton-
IP25 index, the so-called ‘PIP25 index’:

PIP25 ¼ ½IP25�=
�
½IP25� þ ð½phytoplanktonmarker� � cÞ

�

with c is the mean IP25 concentration/mean phytoplankton
biomarker concentration for a specific data set or core. As
phytoplankton biomarkers, we have used brassicasterol and
dinosterol (for further discussion of advantages and limitations
of the PIP25 approach see Stein et al., 2012; Belt and M€uller,
2013; Xiao et al., 2015; Smik et al., 2016). Following M€uller
et al.’s (2011) classification scheme, PIP25 values between 0.3
and 0.5, 0.5 and 0.7, and »0.7 point to a reduced sea ice
cover, a seasonal sea ice cover including an ice edge situation,
and an extended to perennial sea ice cover, respectively.
As a biomarker proxy for the input of land-derived vascular

plant material, b-sitosterol and campesterol were used
(cf. Huang and Meinschein, 1976; Volkman, 1986; Fahl and
Stein, 2012).

X-ray diffraction (XRD) analysis

Within an independent master thesis project (Wassmuth,
2014), XRD analysis was carried out on samples from core
ARA2B-1B. Randomly oriented samples of the ground bulk
sediment were prepared for XRD analysis. For this, 1 g of
each sample was mixed together with 0.25 g of the internal
standard corundum Al2O3 and pestled until visual homogene-
ity. The powder samples were then tapped into a sample
holder and further into a 45-sample carousel attached to a
PANalytical Empyrean S2 XRD instrument, equipped with
PIXcel 3D detector and automatic anti-scatter slit. Samples
were X-rayed from 5 to 65˚ 2ø with Cu K-alpha radiation
(40 kV, 40mA) using a step size of 0.013˚ 2ø and a counting
time of 24 s per step. X-ray intensities were converted into a
text file by using MacDiff Vers. 4.2.6 and processed with the
Excel macro program RockJock 11 (Eberl, 2003; Andrews and
Eberl, 2007) into mineral weight per cents. In this study, only
the chlorite and muscovite data, indicative for PW inflow
(cf. Ortiz et al., 2009), are presented and discussed.
All data (i.e. TOC and biogenic opal contents, hydrogen

indices, biomarker concentrations as well as XRD data) are
available online on www.pangaea.de.
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Results

In Figs 5–8, the organic–geochemical data of our two key
cores ARA2B-1A and PS72/350-2 are shown. In these figures,
the biomarker data are expressed in ‘mg gTOC�1’. In the data
summary Tables S1–S5 as well as Fig. S3 of the Supplementary
Information, the data are also presented in ‘mg gSediment�1’
and as accumulation rates, respectively.

Organic–geochemical data from core ARA2B-1A

Except for the lowermost 60 cm of the record, all TOC values
are >1%, i.e. vary between 1 and 1.5% (Fig. 5). Biogenic
opal contents are also low in the lowermost part of
the section (<5%), continuously increasing to about 10%
between 450 and 250 cm below sea floor (cmbsf), i.e.
between ca. 8.1 and 5.5k cal a BP. The upper 250 cm is
characterized by high biogenic opal values of 10–15%, with
peak values of 14–15% at ca. 105 and 30 cmbsf (Fig. 5).
The concentrations of brassicasterol and dinosterol, here

used as open-water phytoplankton indicators, display a distinct
short-term variability throughout the sedimentary section
(Fig. 5). The dinosterol concentrations vary between about 8
and 30mg gTOC�1 with a single peak of 53mg gTOC�1 at 520

cmbsf; the brassicasterol concentrations vary between about
25 and 80mg gTOC�1. In the brassicasterol record, two
intervals characterized by a high-amplitude variability with
maximum biomarker concentrations between 485 and 360
cmbsf (8.7 and 6.6k cal a BP) and between 305 and 170 cmbsf
(6.1 and 4.5k cal a BP) are clear (Figs 5 and 6). b-Sitosterol and
campesterol, both used as proxies for terrigenous higher-plant
input, vary between 30 and 200mg gTOC�1 and 20 and
80mg gTOC�1, respectively (Fig. 5). The maxima of b-sitos-
terol with peak values of >100mg gTOC�1 coincide with
maxima in brassicasterol (Fig. 5).
Minimum IP25 concentrations of <1mg gTOC�1 only occur

in the lowermost part between 10 and 8.8k cal a BP (Fig. 6).
Between 8.8 and 1.3k cal a BP, IP25 values vary between 1.0
and 2.5mg gTOC�1, with higher values of >2mg gTOC�1

between 7.5 and 3.5k cal a BP. The uppermost part of the
record, i.e. the last about 1.3k cal a BP, are characterized by
high IP25 values of about 2.5 to >5mg gTOC�1 (Fig. 6). The
absolute maximum of 5.2mg gTOC�1 was determined in the
surface sediment sample.
PIP25 values vary between about 0.3 and 0.7 (Fig. 6).

Following M€uller et al. (2011), these values correspond to
changes between a reduced sea ice cover and a seasonal sea

Figure 5. Records of total organic carbon (TOC, %), biogenic opal (%) and concentrations of brassicasterol, dinosterol, campesterol and
b-sitosterol (mg gTOC�1) of core ARA2B-1A, plotted versus depth. Depths and ages of AMS 14C dates are indicated by black triangles (k cal a BP).
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ice cover including an ice edge situation. The general
trends of the PIP25 values are quite similar, independently
of whether brassicasterol or dinosterol are used as the
phytoplankton biomarker proxy (Fig. 6). Between 10 and
7.5k cal a BP and between 6 and 4.5k cal a BP a more
reduced sea ice cover was predominant. Between 7.5 and
6k cal a BP as well as during the last 4.5k cal a BP, an
extended sea ice cover (i.e. seasonal sea ice with ice-edge
situation) was more typical, especially during the last 1k cal
a BP (Fig. 6). The amplitude of variability, however, seems
to be somewhat higher for the dinosterol-based PIP25
values. Furthermore, in the time interval between about 4
and 3k cal a BP, the dinosterol-based PIP25 values point to a
more reduced sea ice cover (Fig. 6).

Organic–geochemical data from core PS72/350-2

Based on the organic–geochemical bulk parameters (i.e. TOC
and HI values) as well as the biomarker records, the
sedimentary section of core PS72/350-2 can be divided into
two parts (Fig. 7). The lower part between 213 and ca. 65
cmbsf is characterized by low TOC contents of 0.5–0.65%
and low HI values of <60mgHCgTOC�1. The absolute TOC
minima of 0.3–0.4% near 120 cmbsf correlate with more
sandy sediments. Furthermore, concentrations of the terrige-
nous biomarkers b-sitosterol and campesterol are generally
high in the lower part, ranging between 80 and 180mg
gTOC�1 and between 20 and 50mg gTOC�1, respectively
(Fig. 7). These data point to a predominance of terrigenous

Figure 6. Concentrations of brassicasterol (in gray: single measurements; in green: three-point moving average) and IP25 (both in mg gTOC�1),
and PIP25 records (solid line: based on brassicasterol; stippled line: based on dinosterol) of core ARA2B-1A, plotted versus age. Black triangles
mark AMS 14C dates, and gray arrows mark peak values in brassicasterol between ca. 8.5 and 4.5k cal a BP. In addition, a 6–0k cal a BP record of
solar activity based on 10Be and 14C production rates is shown. Black curve: 10Be record derived from 10Be concentrations measured in the GRIP
ice core (Vonmoos et al., 2006); red curve: 14C calculated with the Bern3D dynamic ocean carbon cycle model (M€uller et al., 2006) by
prescribing tree-ring records from both hemispheres (McCormack et al., 2004; Reimer et al., 2004). Both records were band-pass filtered with a
window from 300 to 3000 years (from Wanner et al., 2008).

Copyright # 2017 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 32(3) 362–379 (2017)

370 JOURNAL OF QUATERNARY SCIENCE



organic matter, as highlighted in the low ratio of the marine
brassicasterol vs. the sum of the studied marine and terrige-
nous sterols (i.e. a low ‘Marine Index’; Fig. 7). In contrast, the
upper ca. 65 cm of the sedimentary record is characterized
by increased TOC contents (0.7–0.9%), increased HI
values of up to almost 100mgHCgTOC�1 and significantly
decreased terrigenous biomarkers of <20mg gTOC�1, resulting
in an increase in the Marine Index to values of >30 (Fig. 7).
The record of the sea ice proxy IP25 can also be divided into

two parts. Below about 60 cmbsf, IP25 values vary between 1
and 2mggTOC�1, whereas the upper 60 cm is characterized by
IP25 values ranging between 1 and 4.5mg gTOC�1 (Fig. 8). The
absolute maximum concentration of 6mg gTOC�1 was mea-
sured in the surface sediment sample. Combining IP25 and
brassicasterol concentrations resulted in PIP25 values suggesting
a reduced sea ice concentration predominant during the lower
part of the sequence (>60 cmbsf) representing the early to mid-
Holocene (Fig. 8; for tentative age model see also Material
and methods and Fig. S1). In the upper part of the sequence
(60–0 cmbsf) probably representing the late Holocene, the sea
ice cover extended and may have varied between a seasonal
sea ice cover and even a perennial sea ice cover.

Discussion

Depositional environment, glacial erosion and
post-glacial sea-level rise

The Deglacial to early Holocene sedimentation in the
shallow-water Chukchi Sea as well East Siberian Sea were

strongly influenced by glacigenic processes and the post-
glacial sea-level rise, as reflected in the Parasound records
and the sedimentary sections of all three cores.

Chukchi Sea

The site locations of cores ARA2B-1A and ARA2B-1B were
selected near the upper end of a zone formerly intensively
ploughed by icebergs (Fig. 4a) ranging from about 350 to
100m present water depth along the continental margin of
the East Siberian and Chukchi seas from at least 167˚E to
166˚W. According to Hill and Driscoll (2010), these iceberg
scours were probably formed by a sudden iceberg discharge
event from a source on the American continent during the
Younger Dryas (between �10.6 and �11.9k cal a BP), leav-
ing behind furrows and side berms with a relief of 	5m
(Reflector CBL-1 in Fig. 4a). More recently, Dove et al.
(2014) and Jakobsson et al. (2014) proposed that iceberg
scouring on the Chukchi shelf was probably much more
widespread and may have had multiple sources. Since the
beginning of the Holocene the depressions were probably
acting as natural sediment traps for marine deposits
(Fig. 4a). Hence, these cores may contain sedimentary
records with a high temporal resolution, suitable for
detailed paleoenvironmental reconstructions including
the final stage of post-glacial sea-level rise and the related
re-opening of the Bering Strait.
Information on re-opening of the Bering Strait and the

resulting PW inflow into the Arctic Ocean can be obtained
from mineralogical tracers (e.g. Stein, 2008; Ortiz et al.,

Figure 7. Records of total organic carbon (TOC), hydrogen index (HI), ratio of brassicasterol/(brassicasterolþb-sitosterolþ campesterol)
(¼ ‘Marine Index’) and concentrations of b-sitosterol, campesterol and brassicasterol (mg gTOC�1) of core PS72/350-2, plotted versus depth.
Blue-shaded bar highlights interval of increased amount of marine organic matter. In addition, the shear strength record (SS, kPa), measured
on single samples onboard Polarstern during Expedition PS72 (Naafs et al., 2009), is shown, with gray-shaded areas indicating intervals of
over-consolidation. Dark gray stippled line at ca. 145 cmbsf marks depth of ESS-1 reflectors (cf. Fig. 4b). Black triangles and green numbers
indicate depth and age (k cal a BP) from AMS 14C datings, respectively.
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2009; Yamamoto et al., 2016). As the Arctic Ocean is
surrounded by very different geologic terrains (Fagel et al.,
2014, and references therein) which are characterized by
very different rock lithologies and compositions, spatial trends
in the lithology, mineralogy (i.e. bulk, heavy and clay
mineralogy) and element chemistry of terrigenous surface
sediments of the Arctic shelves may reflect variability in the
composition of the sediment’s source rocks (Fig. S4; for a
review see Stein, 2008). Following this approach, specific
minerals can be used as an indicator for transport processes
and pathways and their spatial and temporal variability. In
the Chukchi Sea, our study area, especially the clay minerals
smectite and chlorite as well as muscovite (illites) are
important tracers for sediment sources and transport processes
(Fig. S4; Naidu et al., 1975, 1982; Naidu and Mowatt, 1983;
Stein, 2008; Ortiz et al., 2009; Nwaodua et al., 2014;
Kobayashi et al., 2016; Yamamoto et al., 2016). Here, large

amounts of smectite and chlorite of up to about 30% were
determined (Naidu et al., 1982; Naidu and Mowatt, 1983;
Wahsner et al., 1999; Viscosi-Shirley et al., 2003). Based
on smectite concentrations in surface sediments of rivers
flowing into the Chukchi, East Siberian and Bering seas,
and shelf sediments as well as regional trends in geology
and ocean currents, the high smectite contents in Chukchi
Sea surface sediments are probably derived from Siberian
and Alaskan volcanic rocks (Naidu et al., 1975, 1982;
Naidu and Mowatt, 1983). Suspended matter from these
source regions may have been discharged to the Bering Sea
and transported northward through the Bering Strait into the
Chukchi Sea (Fig. S4). Furthermore, the (chloriteþkaolinite)/
illite and chlorite/illite ratios are high in Bering Sea surface
sediments but decrease northwards into the Chukchi Sea
(Kobayashi et al., 2016). Thus, an increase in these specific
minerals determined in sediment cores from the Chukchi

Figure 8. Concentrations of brassicasterol and IP25 (mg gTOC�1), and PIP25 (based on brassicasterol) of PS72/350-2, plotted versus depth. Black
triangles and red numbers indicate depth and age (k cal a BP) from AMS 14C analyses, respectively. The ages listed in the PIP25 record are based on
correlation with the ARA2B-1A PIP25 record.
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Sea can be used as signal for the re-establishment of PW
inflow during early Holocene times (cf. Ortiz et al., 2009;
Nwaodua et al., 2014; Kobayashi et al., 2016; Yamamoto
et al., 2016).
By analyzing the clay mineral distribution in a high-

resolution core retrieved on the Chukchi Sea slope north of
Alaska (core HLY0501-6 representing a spliced record of
cores TC6 and JPC6; see Fig. 1 for location), Ortiz et al.
(2009) examined PW inflow during the Holocene. Based on
their chloriteþmuscovite principal components analysis
(PCA) factor record, the authors suggest a strong but highly
variable PW inflow during the mid-Holocene between �6.0
and 3.6k cal a BP, followed by a more reduced and stable
but still significant PW inflow between 3.6 and 2k cal a BP
(Fig. 9). For the last 2k cal a BP, the chloriteþmuscovite PCA
factor values decrease, suggesting a general decrease in PW
inflow. A similar chloriteþmuscovite record as described

for core HLY0501-6, but restricted to the last about 5.5k cal a
BP, has been obtained for core ARA2B-1B (Fig. 9; Table S6).
The general trend in PW inflow with its maximum around
6kcal aBP and the decrease towards the late Holocene may
also have controlled the input of fine-grained sediments, as
reflected in the accumulation rates of terrigenous (siliciclastic)
material at core ARA2B-1A (Fig. S3). Furthermore, the (chlor-
iteþkaolinite)/illite ratios determined in the same core also
support strong but highly variable PW inflow between �6.0
and 4kcal aBP but do not show the general decrease towards
the late Holocene (Yamamoto et al., 2016). The re-establish-
ment of PW inflow and its short-term, high-amplitude variabil-
ity � as reflected in the chloriteþmuscovite of both cores
HLY0501-6 and ARA2B-1B (Fig. 9) as well as accumulation
rates of core ARA2B-1A (Fig. S3) � probably had a significant
influence on changes in sea ice cover and primary production
as discussed below.

Figure 9. Accumulation rates of biogenic opal and brassicasterol (mg cm�2 ka�1) and PIP25 ratio (based on brassicasterol) of core ARA2B-1A,
record of chlorite plus muscovite percentages at core ARA2B-1B (all this study), and varimax factor 3 chloriteþmuscovite record (obtained by
principal-component analysis) for spliced core TC6/JPC6 (Ortiz et al., 2009; for core location see Fig. 1). Orange stippled curve indicates
insolation record (Laskar et al., 2004), plotted into all the records (in the right-hand record with scale, and in the PIP25 record in a reverse
manner). Black triangles mark positions of AMS 14C datings. 1, 2 (2a–2d) and 3 are climatic intervals as discussed in the text. BF, occurrence of
benthic foraminifers in the sedimentary record of core 19GGC (Keigwin et al., 2006; for core location see Fig. 1); EHTM, Early Holocene Thermal
Maximum.
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East Siberian Sea

The Parasound profile across the coring location of East
Siberian Sea core PS72/350-2 (Fig. 4b) exhibits an upper
sediment unit above reflector ESS-1 interpreted as undis-
turbed Holocene. This unit is overlying sediments between
reflectors ESS-1 and ESS-2 of mostly chaotic acoustic charac-
ter probably formed by reworking of grounded ice (small
icebergs and/or sea ice) shortly after the transgression during
Termination 1 and Early Holocene. Grounded ice may also
have caused the increased shear strength values below
about 140 cm core depth (Fig. 7), indicative for some over-
consolidation of the sediments. These over-consolidated
sediments coincide with prominent maxima in terrigenous
biomarkers (Fig. 7) that may point to a different sediment
source (e.g. more input of reworked terrestrial sediments?).
Reflector ESS-2 is underlain by acoustically transparent,

massive or stratified sediments. We interpret this unit as a
partly frozen (transparent) and unfrozen (stratified) relict of
offshore permafrost of the East Siberian Shelf with reflector
ESS-2 being an exposed LGM shelf-surface unconformity. The
depression above reflector ESS-2 under (and near) station
PS72/350-2 probably represents a channel eroded into the
exposed LGM shelf surface, which became filled during and/
or shortly after the post-LGM transgression.
Since there is no evidence that an ice sheet has covered

the East Siberian Sea during the LGM (e.g. Niessen et al.,
2013), it is reasonable to assume that the local paleo-
sea-level has been controlled by the global sea-level rise
during Termination 1 and thereafter. Thus, the transgression
reached the PS72/350 station site around the time of the end
of the Younger Dryas (11.6k cal a BP at �58m global sea
level; Stanford et al., 2011), which is about the earliest onset
of sedimentation in very shallow water above reflector ESS-2
(Fig. 4b). According to the Parasound record (Fig. 4b), already
about 10 and 2.2m of sediments have accumulated in the
channel and on the flat shelf on top of ESS-2, respectively,
when at 10.3k cal aBP a water depth of 22m was reached
(�40m). Thus, the sedimentation rate before 10.3k cal aBP
is even higher than between the two lowermost AMS
14C dates, indicating the proximal position of the coring site to
the shoreline during the early phase of transgression. After
9.3k cal a BP the water depth at site PS72/350-2 has reached
about 34m (�27m, Stanford et al., 2011), probably leading to
a gradual decrease in sedimentation rate until the water depth
reached 50m (�10m) towards the end of the fast Holocene
transgression at around 8k cal a BP (Stanford et al., 2011).

Holocene variability in sea ice cover and
surface-water productivity in the Chukchi Sea and
controlling mechanisms

Core ARA2B-1A is located in the central northern Chukchi
Sea within the pathway of BSW inflow (Fig. 1) and the area
of modern seasonal sea ice cover, i.e. the core location is
ice-free during summer but ice-covered during winter
(Figs 2 and 3). Furthermore, the core is characterized by
high sedimentation rates, reaching values of 30 to >110 cm
ka�1 (Table 1; Fig. S1). These are optimum preconditions
for a detailed reconstruction of the interactions between
changes in sea ice cover, primary production and PW
inflow during Holocene times. Most recently, similar proxy
records have also been produced from nearby sites from
the Chukchi margin (Polyak et al., 2016; Yamamoto et al.,
2016; for location see Fig. 1).
Based on the Holocene PIP25 record, a more reduced sea

ice cover was predominant between 10 and 7.5k cal a BP and
between 6 and 4.5k cal a BP, whereas between 7.5 and

6k cal a BP and during the last 4.5k cal a BP the sea ice cover
probably increased significantly, especially during the last
1k cal a BP (Fig. 9). During the same time interval, our proxies
for primary production, i.e. the accumulation rates of
biogenic opal and the phytoplankton biomarker brassicas-
terol, display low values between 10 and 8k cal a BP and
during the last 3.5k cal a BP, and increased values in the
interval between, with the absolute maximum between 6.5
and 5.5k cal a BP (Fig. 9).
How are these two records related to each other? What are

the main processes controlling the Holocene trend and the
short-term variability in sea ice cover and primary produc-
tion? What is the influence of changes in PW inflow? Does
the long-term trend follow the Holocene decrease in solar
radiation? Is there a short cyclic variability driven by solar
forcing? These are key questions the answers of which may
help to understand driving forces of past, present and future
climate change. In trying to answer these questions our proxy
records of core ARA2B-1A are divided and discussed in time
intervals corresponding to (i) the Early Holocene (Thermal
Maximum), (ii) the Mid- to Late Holocene further subdivided
into four intervals based on changes in PW inflow (2a–2d)
and (iii) the last about 2k cal a BP (‘Late Holocene Neo-
Glaciation’) (Fig. 9).

(i) Early Holocene (Thermal Maximum) (10–8k cal a BP)

This interval of maximum summer insolation is character-
ized by a minimum sea ice cover, also observed in other
Arctic Ocean areas (Fig. 10; e.g. Vare et al., 2009; M€uller
et al., 2012; H€orner et al., 2016; Polyak et al., 2016). This
minimum in sea ice correlates with the Early Holocene
Thermal Maximum characterized by overall warmer sub-
arctic and arctic climatic conditions (e.g. Wanner et al.,
2008; Sundqvist et al., 2014). Primary productivity in the
study area, however, was also very low at that time as
indicated by minimum accumulation rates of biogenic opal
and brassicasterol (Fig. 9). This low surface-water produc-
tivity may be explained by a still very restricted inflow of
the nutrient-rich PW.

(ii) Mid- to Late Holocene (8–2k cal a BP)

Near 8k cal a BP, the first indication for a significant inflow
of nutrient-rich PW to the Chukchi margin was indicated by a
positive chlorite–muscovite PCA factor (Fig. 9; Ortiz et al.,
2009). This nutrient-rich PW may have caused the first
increase in primary production indicated by increases in
biogenic opal and brassicasterol accumulation rates. At the
same time, an increase in sea ice cover occurred based on
the PIP25 record, probably triggered by a cooling due to a
decrease in insolation (Fig. 9).
The time interval between 6.2 and 4.5k cal a BP, charac-

terized by the overall highest sedimentation rates, features
maximum and highly variable inflow of nutrient-rich PW as
reflected in the elevated, but highly variable chlori-
teþmuscovite PCA factor values (Fig. 9; Ortiz et al., 2009)
and (chloriteþkaolinite)/illite ratios (Fig. 9; Yamamoto et
al., 2016). This maximum PW inflow may have also caused
an increase in heat flux into the Chukchi Sea, triggering the
contemporaneous decrease in sea ice, a mechanism similar
to that described for the modern decrease in Chukchi Sea
sea ice cover (Fig. 3; Woodgate et al., 2010). Both the
elevated nutrient supply and the reduced sea ice cover
explain the maximum surface-water productivity reflected
in maximum accumulation rates of biogenic opal and
brassicasterol (Fig. 9). Abundant benthic foraminifera from a
site west of Barrow Canyon (core 19GGC; see Fig. 1 for
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location) also indicate that surface waters were more
productive between 6 and 4k cal a BP (Keigwin et al.,
2006). Furthermore, these authors showed that foraminiferal
numbers varied on centennial time scales. Such a short-
term high-amplitude variability in productivity is also
documented in the brassicasterol concentrations, showing a
200-year cyclicity similar to that of the ‘de Vries solar
cycle’ (Fig. 6; Raspopov et al., 2008; Wanner et al., 2008;
Seidenglanz et al., 2012; Wirth et al., 2013). This similarity
suggests that solar forcing may have been the main trigger
for this short-term variability in oceanic surface-water
conditions.
The high and variable inflow of PW probably continued

until 3.7k cal a BP based on the mineralogical data, whereas
contemporaneously primary production decreased and sea-ice

cover increased, possibly triggered by a further decrease in
insolation (Fig. 9). At 3.7k cal a BP, the inflow of nutrient-rich
PW started to decrease, coinciding with a decreased primary
production and increased sea-ice cover.

(iii) ‘Late Holocene Neo-Glaciation’ (2–0k cal a BP)

During the last 2k cal a BP, the sea ice extent increased,
coinciding with reduced but variable inflow of nutrient-rich
PW (indicated by dominantly very low chloriteþmuscovite
values), and primary production remained low (Fig. 9). The
increase in sea ice may have resulted from the continuing
cooling trend due to decreased solar insolation and reduced
heat flow from the Pacific (cf. Fig. 3). In the uppermost part of
the records, i.e. during the last ca. 1k cal a BP, also some

Figure 10. PIP25 records from core MSM5/5-712-2 (Fram Strait; M€uller et al., 2012), core PS51/159 (Laptev Sea; H€orner et al., 2016) and cores
PS72/350-2 and ARA2B-1A (this study). Orange stippled curve indicates insolation record (Laskar et al., 2004). Note: the age model of core PS72/
350-2 is very preliminary and based on the few AMS 14C dates (cf. Table 1) and the assumption that the prominent PIP25 minimum at 80 cmbsf
and the strong increase in PIP25 values at 60 cmbsf have ages of 8 and 4.5k cal a BP, respectively.
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elevated values in the chloriteþmuscovite record at core
ARA2B-1B (Fig. 9) and the (chloriteþkaolinite)/illite record at
core ARA2B-1A (Yamamoto et al., 2016) are observed that
may point to short-term pulses of increased PW inflow. For
interpretation of such short-term changes, however, a much
higher time resolution of the proxy records is needed
(cf. Polyak et al., 2016).
The increase in sea ice extent during the late Holocene

seems to be a circum-Arctic phenomenon as PIP25-based sea
ice records from the Fram Strait (M€uller et al., 2012; M€uller
and Stein, 2014), Laptev Sea (Fahl and Stein, 2012; H€orner
et al., 2016), East Siberian Sea (this paper) and Chukchi Sea
(this paper) display a generally quite similar evolution, all
coinciding with the decrease in solar radiation (Fig. 10).
Increased IP25 fluxes in the Canadian Arctic (Vare et al.,
2009; Belt et al., 2010), increased IRD input in the northern
North Atlantic (Moros et al., 2004), and extended sea ice in
Baffin Bay based on dinocyst and diatom data (Levac et al.,
2001; Moros et al., 2016) support this trend of increasing sea
ice cover as well. Furthermore, this increase in circum-Arctic
sea ice is paralleled by major glacier advances such as on
Franz Josef Land, Spitsbergen and Scandinavia (Nesje et al.,
2005; Wanner et al., 2008, and references therein).
Based on our new biomarker data, the late Holocene sea

ice was more extended in the East Siberian Sea than in the
Chukchi Sea (Fig. 10), and may have occasionally even
reached a permanent sea ice cover situation (Fig. 8). This
observation is in line with similar differences under modern
conditions (Fig. 2). Interestingly, the late Holocene increase
in sea ice extent in the Chukchi Sea as proposed from
biomarker data is not reflected in sea ice reconstruction based
on dinocyst assemblages in sediment cores HLY05 and
CGC19 located close to our studied cores (de Vernal et al.,
2013; for core location see Fig. 1). This may suggest that
factors other than sea ice may have also influenced the
dinocyst assemblages. Furthermore, the IP25-based sea ice
record obtained from the eastern Chukchi margin (Polyak et
al., 2016) also shows some differences in comparison with
our record. Resolving this discrepancy requires more high-
resolution sea-ice proxy records from this area and, espe-
cially, biomarker-based and dinocyst-based sea ice records
from the same cores.

Conclusions

In two sediment cores recovered from the Chukchi Sea and
the East Siberian Sea, a detailed study has been carried out
on specific biomarkers. These new biomarker data are
interpreted in terms of Holocene changes in sea-ice cover,
primary production and PW inflow. Key findings include:

1. IP25 and PIP25 records indicate that a more reduced sea
ice cover was predominant in the Chukchi Sea between
10 and 7.5k cal a BP, coinciding with low primary produc-
tivity probably caused by the still very restricted inflow of
the nutrient-rich PW.

2. Near 8kcal aBP, nutrient-rich PW inflow may have caused
the first increase in primary production indicated by
increases in biogenic opal and brassicasterol accumulation
rates. A simultaneous increase in sea ice cover was probably
triggered by a cooling due to decreased insolation.

3. Between 6.2 and 4.5k cal a BP, maximum PW inflow may
have caused an increase in heat flux into the Chukchi Sea,
triggering the contemporaneous decrease in sea ice and
maximum surface-water productivity as reflected in low
PIP25 values and maximum accumulation rates of biogenic
opal and brassicasterol, respectively.

4. During the last 2k cal a BP, sea ice extent increased,
coinciding with decreased inflow of nutrient-rich PW and
decreased primary production.

5. The increase in sea ice extent during the late Holocene
seems to be a circum-Arctic phenomenon, coinciding with
major glacier advances on Franz Josef Land, Spitsbergen
and Scandinavia.

6. The main factors controlling the millennial variability in
sea ice and surface-water productivity are probably
changes in surface water and heat flow from the Pacific
into the Arctic Ocean as well as the long-term decrease in
summer insolation, whereas short-term centennial variabil-
ity observed in the high-resolution middle Holocene
record was possibly triggered by solar forcing.
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