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Abstract—The benthic and planktonic foraminiferal assemblages and the distribution of coarse grainsize
factions were studied in the upper 4.5 m of the Core SO201285KL (57°30.30′ N, 170°24.79′ E, water depth
968 m) retrieved from the Shirshov Ridge. This part of the core covers 7.5 to 50 kyr BP. The glacial period is
established to be characterized by low surface water productivity, the wide distribution of sea ice and/or ice
bergs in this area, and a high oxygen concentration in the bottom layer. Enhanced productivity is inferred
from the maximum abundance of planktonic foraminifers at the very beginning of the deglaciation. The late
Bølling–Allerød interstadial and the early Holocene were marked by the further twophase increase in the
surface productivity and the weakened ventilation of the bottom water.
DOI: 10.1134/S0001437013020136

INTRODUCTION
The significant role of the Bering Sea in the heat
and water exchange between the Pacific and Arctic
Oceans and its proximity to the poorly known North
ern Pacific terminus of the global oceanic conveyor
stimulated enhanced efforts of international scientific
teams in investigating this region during the 21st cen
tury. The Bering Sea is one of the most productive
basins in the World Ocean with maximal primary pro
duction values ranging from 250–500 gC/cm2 per year
above the continental slope to 50–100 gC/cm2 per
year above the Shirshov Ridge [37] despite of the defi
ciency of Fe in the euphotic layer [27].
It was established that the biological productivity of
the surface water layer in the Bering Sea was low dur
ing the glacial marine isotopic stages (MIS) 3–2 [7, 8,
17, 18, 25, 26]. According to the geochemical and
micropaleontological (benthic foraminiferal) data,
the Bølling–Allerød interstadial and the early
Holocene were marked by a twostep increase of the
sea surface productivity in the southern and northern
parts of the basin [17, 18, 26]. A similar inference was
derived from the geochemical data and diatom analy
sis for its western part as well [12, 16]. It was also
shown that the same periods were characterized by
weakened ventilation of the bottom water in the north
ern and western parts of the sea at intermediate depths
[12, 26]. In the southern part of the basin at a depth of
3060 m, calcareous microfossils appeared to be com
pletely dissolved in the sediments deposited during the
last ~3 kyr [7, 8]. The lysocline and CCD over the
continental slope of the Bering Sea are documented at

depths of 2000 and 3800 m, respectively [11]. Infor
mation on the ecology, biogeography, and quantitative
distribution of the benthic foraminifers (BF) is avail
able from [3, 6]. The data on the distribution of the
planktonic foraminifers (PF) in the recent sediments
of the northwestern (subarctic) Pacific Ocean and
Bering Sea are scarce.
The Core SO201285KL (57°30.30′ N, 170°24.79′
E, water depth 968 m, Fig. 1) was retrieved from the
Shirshov Ridge during the cruise 2012 of the
R/V Sonne carried out in the framework of the Rus
sian–German KALMAR Project in 2009. The age
model of the upper part of the core is based on visual
correlation between the color reflectance b* curve and
the oxygen isotope curve of the Greenland NGRIP ice
core and supported by seven AMS 14C dates [31, 34],
five of which were obtained for the Core SO2012
85KL. Two dates (10.3 and 11.2 kyr BP) correspond to
the average age values for two Ca intensity peaks in the
Xray fluorescence spectra obtained for this and sev
eral other cores from the northwestern Pacific. All the
radiocarbon dates are recalculated into calendar years
using the reservoir age of 700 years (Fig. 2), which is
accepted to be constant for the last 25 kyr [31]. The
following stratigraphic units, which are generally used
in the paleoceanographic and paleogeographic corre
lations, are defined in accordance with this chronos
tratigraphic framework (Fig. 2): the interstadial of the
last glaciation (50.0–28.6 kyr BP; 446–226 cm); the
stadial (including the Last Glacial Maximum
(LGM)), 28.6–20.0 kyr BP, 226–136 cm); the early
deglaciation (20.0–14.8 kyr BP, 136–80 cm); the
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Fig. 1. Surface circulation in the Bering Sea (after [38]) and core location on the Shirshov Ridge. The dotted line shows the max
imum of sea ice extent in January–March of 2008 [42].

Bølling–Allerød (14.8–12.9 kyr BP, 80–59 cm); the
Younger Dryas (12.9–11.7 kyr BP, 59–52 cm); and
the early Holocene (11.7–9.2 kyr BP, 52–16 cm).
This work is aimed at reconstructing the sea surface
bioproductivity and bottomwater ventilation at inter
mediate depths in the western Bering Sea from the
interstadial of the last glaciation (MIS 3) to the mid
Holocene (MIS 1) based on the study of the millen
niumscale variability of the benthic and planktonic
foraminiferal assemblages. The variations in content
and composition of coarse fractions allow us to recon
struct sea ice conditions in the Core SO201285KL
area.
OCEANOGRAPHIC SETTING
In the Bering Sea, the surface circulation is mainly
determined by the cyclonic cell, which represents an
element of the large Subarctic gyre (Fig. 1). The sur
face Alaska Current penetrates into the basin via the
straits in the Aleutian island arc and, being transformed,
flows northward along the continental slope. A minor
part (0.8 Sv) of the transformed water outflows to the
Arctic Ocean through the Bering Strait [38].
In the deep part of the Bering Sea, the water col
umn consists of the following layers: (1) the surface

mixed layer heated in the summer (0 to 25–50 m, 7–
10°C, 33‰) [1]; (2) the subsurface cold Bering Sea
water (150–200 m, 1.5–2.0°C, 31.5–33.0‰); (3) the
North Pacific Intermediate Water (200–500 m, 3.4–
4.0°C, 33.7–34.1‰) [30] in the upper part of the
mesothermal layer (200–2000 m) [14]; and (4) the
deep water (>2000, 1.45–1.65°C, 34.60–34.68‰)
which is represented by a mixture of deep and bottom
waters of Antarctic and North Atlantic origin [14].
The oxygen minimum zone is located at depths of
300–900 m, being characterized by dissolved oxygen
concentrations of ~0.34 mL/L in its lower part [35].
According to the satellite altimetry data [42], the
seasonal ice cover is developed mostly in the northern
and eastern parts of the basin and is absent over the
Shirshov Ridge (Fig. 1).
MATERIALS AND METHODS
In this work, we use the onboard visual lithological
description of the Core SO201285KL [14], our
grainsize distribution data obtained using SediGraph
5100 equipment and the coarse fraction (>63 µm)
content measured by the mesh analysis.
The samples for the foraminiferal analysis were
taken on board every 5 cm. After the cruise, they were

Fig. 2. Multiproxy time series for the Core SO201285KL. The stratigraphy and chronology are after [31, 34]. (BF) benthic fora
minifers; (PF) planktonic foraminifers; (MIS) marine isotopic stages; (YD) Younger Dryas; (B/A) Bølling/Allerød interstadial;
(LGM) Last Glacial Maximum. The gaps in plots of the N. pachyderma sin. and G. bulloides relative abundances indicate insuf
ficient PF contents.
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stored for three months under a temperature of 4°C in
a refrigerator at Sirshov Institute of Oceanology of the
Russian Academy of Sciences. Then, they were
washed with distilled water over 63 and 100 µmmesh
sized sieves and dried at room temperature. The dried
coarse fractions were weighted for calculation of their
proportion. The contents of the terrigenous grains,
biogenic fragments and volcanogenic clasts were visu
ally estimated with accuracy up to 5% in both fractions
of each sample and subsequently recalculated for the
>63 µm size fraction. The >100 µm size fraction was
sieved over a 1000 µmmesh size sieve to separate the
gravel grains and then to calculate their concentration
in a sample. Dry fractions were splitted by an Otto
microsplitter to obtain 100–300 PF specimens and
250–300 BF tests. The PF tests were counted only in
the >100 µm fraction because most samples of 63–
100 µm size fraction contained only their fragments.
In the upper 3 m of the core, quantitative analyses of
BF assemblages were carried out in both the 63–100
and >100 µm size fractions to reveal differences
between the test size distribution. Below this level, the
BF were analyzed in the >63 µm size fraction. In addi
tion, the number of PF and BF tests per unit gram
were calculated on the basis of counted number and
dry weight. Biodiversity, i.e., the number of BF spe
cies, was counted in each sample. The dissolution of
PF and BF tests was estimated visually and using the
PF/(BF+PF) ratio. To obtain the dominant BF
assemblages, the CABFAC factor analysis was applied
for the species percentages matrix [21] containing no
less than 2% of each species. In order to reconstruct
variations of the oxygen content in bottom and pore
waters, the BF species were subdivided into oxic, sub
oxic B, suboxic C, and dysoxic groups depending on
their tolerance to oxygen concentrations in the bottom
water using the technique [24] and the classification [2]
for the Sea of Okhotsk. The Fe/S ratios are calculated
using the data of the Xray fluorescence analysis. This
proxy serves as an independent indicator of the redox
conditions in the surface sediment layer during the
early diagenesis stage, which indirectly reflects inten
sity of the bottom water ventilation [39]. The Xray
fluorescence analysis (XRF) of the core was con
ducted at the Alfred Wegener Institute for Polar and
Marine Research (Germany) using a sample resolu
tion of 1 cm and 30 s count time.
RESULTS
Lithology and stratigraphy. The following layers are
defined in the core section (from the base upward): (1)
diatomaceous ooze, light greenish gray, soft, intensely
disturbed (especially in the upper 16 cm) by coring
(0–30 cm); (2) sandyclayey silt, terrigenous,
enriched in foraminifers and mixed with diatoma
ceous ooze owing to coring disturbance (30–47 cm);
(3) black layer of volcanic ash (47–55 cm); (4) visually
uniform dark olivegray terrigenous sediments repre

sented by intercalating of vague beds of — sandysilty
clay (55–226, 290–320, 360–430 cm) and sandy
clayey silt (226–290, 320–360, 430–450 cm). The
upper 70 cm of the core contains diatoms. Below
130 cm, the sediments exhibit dark spots of hydrotroi
lite, the abundance of which increases downward.
Inasmuch as the upper 16 cm of the sediments are
intensely disturbed by the coring, the corresponding
data are omitted from the further analysis.
The content of coarse (>63 µm) fraction repre
sented by the terrigenous; biogenic (foraminiferal
tests, diatom frustules, radiolarian skeletons); and,
locally, volcanoclastic material in the studied part of
the core varies from 3 to 7% with an increase up to 20–
25% in some intervals (Fig. 2). The high amount (50–
95%) of terrigenous material in the >63 µm size frac
tion is estimated in the sediments corresponding to
MIS 3, the early MIS 2, and the LGM (Fig. 2). In the
sediment of the early and late parts of Bølling/Allerød
and the early deglacial, its proportion ranges from 40
to 80%. In the midBølling/Allerød interstadial, the
amount of terrigenous particles in this fraction consti
tutes 22%; in the early Holocene, it varies from 10 to
80%. The content of gravel fraction represented by
subangular and angular rock fragments of 1–10 mm
slightly varies between 0 and 0.4 grain/g (Fig. 2).
High Fe/S values, a proxy of buried oxidized sedi
ments [39], are typical for MIS 3, the MIS 2 stadial,
the Younger Dryas, and the midHolocene sediments
(Fig. 3).
Planktonic foraminifers. The PF abundance is gen
erally low and in some cases insufficient for reliable
quantitative analysis (<100 specimens/sample). How
ever, it reaches high values (>700 specimens/g of dry
sediment) within MIS 2 with two maxima at the very
onset of deglaciation (>1500 specimens/g, Fig. 2).
This interval is characterized by the best preservation
of the PF tests, low concentrations of their fragments,
and the high PF/BF ratio. The strongest dissolution of
PF tests is recorded in the sediments of
Bølling/Allerød interstadial, Holocene, and some
intervals of MIS 3 (Fig. 2).
The PF assemblages consist of six species typical of
this region [8, 28]. A dominance of the polar species
Neogloboquadrina pachyderma sin. (61–91% of the
total abundance in the assemblage) is recorded
throughout the studied part of the core. In the North
Atlantic and Arctic oceans the species generally dwells
in the upper 20–100 m of the water column depending
on the depth of the subsurface chlorophyll maximum
[28]. The variations in percentages of N. pachyderma
sin. and boreal species Globigerina bulloides (second in
abundance, 0–30%), an indicator of enhanced bio
productivity [17, 33], demonstrate antiphase oscilla
tions without any relation to stratigraphic units
defined in the core (Fig. 2). Other boreal species (Tur
borotalita quinqueloba, Neogloboquadrina pachyderma
dex., Globigerinita uvula, and the cosmopolitan Globi
gerinita glutinata) constitute 0–11% (usually < 5%) of
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the assemblage. Scarce specimens of the tropical spe
cies Globigerinoides ruber were found in sediments of
MIS 3 (at 240 and 248 cm).
Benthic foraminifers. The BF assemblage from the
studied interval of the core SO201285KL includes
79 species. In our reconstructions, we focused on the
distribution of the ecologically indicative species for
which the ecology and microhabitat were previously
described (Fig. 4). The BF assemblage from the
>63 µm size fraction of the glacial sediments consists
of Alabaminella weddellensis (an opportunistic species
indicating the seasonal influx of fresh organic matter
to the bottom) [e.g., 41], Islandiella norcrossi (up to
50%), the Arctic form preferring cold bottom water
with relatively high and stable salinity [29], Anguloger
ina angulosa (0–20%), an indicator of highenergy
bottomwater hydrodynamics [3], and large thick
walled Islandiella californica (up to 12%), a proxy of
well oxygenated bottom water [24]. The relative abun
dance of Cassidulina norvangi, which is in our opinion
a synonym of the coldresistant form Cassidulina reni
forme [19], constitutes 0–12% of the glacial assem
blage. The typical postglacial species Bulimina tenuata
(10–55%) and Bolivina seminuda (5–50%) are indica
OCEANOLOGY
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tors of high bioproductivity tolerant to an oxygen defi
ciency [41]. B. seminuda is able to survive under strong
oxygendepleted conditions (up to <0.1 mL/L) [36].
In the sediments of the early deglaciation the propor
tion of Elphidium batialis increases up to 12% (Fig. 4).
This species is abundant in the recent sediments of the
Shirshov Ridge [6] with Corg concentrations exceeding
2% [5]. The presence of well oxygenated bottom water
is an important factor favoring the proliferation of
Elphidium batialis [3]. The relative abundance of Uvi
gerina akitaensis (0–30%) occurring throughout the
studied interval in 63–100 and >100 µm size fractions
varies without any visible correlation with the strati
graphic units .
The factor analysis reveals that the variability of
taxonomic composition is described by two factors,
which together explain 86.7, 90.4, and 85.6% of the
variance in >63, 63–100, and >100 µm size fractions,
respectively. Factor 1 is dominated by the following
main species: A. weddellensis (factor loadings are 0.87
and 0.96) and I. norcrossi (0.45 and 0.24) in >63 and
63–100 µm size fractions, respectively, and I. nor
crossi (0.87) in the >100 µm size fraction. The domi
nant species of Factor 2 are B. tenuata (0.66 and 0.57)

216

OVSEPYAN et al.

and B. seminuda (0.65 and 0.49) in >63 and >100 µm
size fractions, respectively, and Pseudoparella suttuen
sis (0.65), Fursenkoina spp. (0.50), and B. tenuata
(0.42) in the 63–100 µm size fraction (Figs. 2, 4).
Since the middle part of Bølling/Allerød interstadial,
the “glacial” BF assemblage (Factor 1) is replaced by
the postglacial one (Factor 2). The BF diversity
slightly varies throughout the section. The most nota
ble increase in their diversity is documented in the
middle part of the MIS 3–2: from 16–20 to 25–29
species.
The interval from MIS 3 to the midBølling/Allerød
is characterized by the common occurrence of the
suboxic B group of benthic foraminifers (table), which
content constitutes not less than 65% in each fraction
(Fig. 3). The oxic group proportion never exceeds 3%
throughout the studied part of the core. The relative
abundance of the dysoxic group (table) in the 63–100,
>100, and >63 µm size fractions increases from a few
percents during the glacial to 20, 85, and 64%, respec
tively in midBølling/Allerød and to 70, 97 and 95%
respectively, in the early Holocene. The content of the
dysoxic group in the same fractions decreases to 11.68
and 21%, and the share of suboxic B group increases to
89.28 and 78% respectively, at the transition from the
Bølling/Allerød interstadial to the Younger Dryas sta
dial.
PALEOCEANOGRAPHIC
RECONSTRUCTIONS
The following proxies were used to reconstruct the
paleoceanographic conditions in the Shirshov Ridge
area: total PF and BF abundances, the percentages of
the indicative species, the oxygenrelated BF groups,
and the terrigenous material content and concentra
tions of gravelsized rock clasts. The synchronous dis
tribution of the independent parameters in the contin
uous sedimentary sequence allows us to reconstruct
the oceanographic environments in the western Ber
ing Sea from the last interstadial to the midHolocene
(Figs. 2, 3). The Younger Dryas is represented by a sin
gle sample and is omitted from the further consider
ation.
The dominance of polar species N. pachyderma sin.
in PF assemblages of the Core SO201285KL sug
gests a prevalence of cold conditions in the subsurface
water through the time interval studied (Figs. 2, 5).
The absence of an unambiguous correlation between
the stratigraphic units and the relative abundance of
the two dominant PF species (N. pachyderma and
G. bulloides) might be explained by the recently estab
lished adaptation of the North Pacific N. pachyderma
sin. genotype (VII) to somewhat warmer temperature
range as compared to the North Atlantic counterpart
(genotype I) [13]. According to numerous observa
tions, G. bulloides is considered to be a boreal species,
i.e. adopted to warmerwaters as compared to
N. pachyderma sin., and as well indicative of high pri

mary production [e.g., 17, 33]. The rare specimens of
the tropical species G. ruber found in the sediments of
MIS 3 were likely transported by warm surface cur
rents from the North Pacific through straits in the
Aleutian island arc.
Paleoproductivity. To reconstruct the surface water
paleoproductivity we used the proxies widely applied
in recent studies: the total PF and BF abundances
[e.g., 18] and the percentages of the indicative BF [7,
41] and PF [8, 17] species.
The comparative quantitative analysis of the BF
assemblages in the 63–100 and >100 µm size fractions
revealed that seasonal pulses of organic matter flux
inferred from the dominance of A. weddellensis [41],
can be ascertained only in the 63–100 µm size fraction
(Fig. 4). Thus, the most complete information on
paleoproductivity in this region might be inferred from
the sum fraction of >63 µm.
An increase in percentages (up to 25%) of the
planktonic G. bulloides (Fig. 2) and the benthic I. nor
crossi (Fig. 4), which prefers moderate organic matter
flux, implies relatively low surfacewater productivity
during MIS 3, MIS 2, and LGM prior to 20 kyr BP.
Meanwhile, the low total abundances of both the
planktonic and benthic foraminifers (Fig. 2) most
likely point to a low bioproductivity. The insufficient
food resources might be explained in terms of low phy
toplankton production due to a nutrient deficiency in
the euphotic layer [22]. The short and relatively cold
summer seasons might limit the annual phytoplankton
production as well. Nevertheless, the relative abun
dance of the opportunistic species A. weddellensis (Fig. 4)
was high even in the case of strong pulsed fluxes of
fresh organic matter to the bottom during short sea
sonal phytoplankton blooms at MIS 3–LGM. We
assume that the habitats were intermittently more
suitable for the mixedlayer dwelling species G. bul
loides, than for the relatively deep dwelling N. pachy
derma sin. The favorable conditions might lead to an
increase of G. bulloides abundance in many samples
from the MIS 3–LGM time span. This finding is in
line with the high (up to 40%) values of G. bulloides
during MIS 3 on the Bowers Ridge located in the
southern part of the sea [17]. The PF abundance peak
at LGM (Fig. 2) indicates some increase in the pri
mary production caused by the supply of Feenriched
aeolian material into the ocean due to the enhanced
atmospheric circulation [4, 20].
The increase in the PF abundance up to maximum
values, which are ~100 times higher than those during
the MIS 3–LGM; the synchronous lowamplitude
spike of BF abundance; and the high proportion of
G. bulloides (up to 30%) reflect the enhanced biopro
ductivity at the beginning of the deglaciation, i.e. 20–
19 kyr BP (Fig. 2). This event was never reported
before neither in the northwestern Pacific area nor in
adjacent marginal seas (Bering Sea and Sea of
Okhotsk). Such a highamplitude peak cannot be
explained only by an improvement of PF preservation.
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According to [14, 32], the bioproductivity increased in
the North Pacific later, approximately 17 kyr BP, due
to the enhanced input of warm surface water of the
Alaska Current and more vigorous vertical mixing,
which stimulated upwelling of nutrientrich deep
water. The bioproductivity rise in the Shirshov Ridge
area might be related to the longer icefree summer
seasons at the site location due to northward migration
of the seaice margin. The documented significant
OCEANOLOGY
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increase in PF abundance likely results from the
abovementioned reorganization in the paleocircula
tion. If so, the latter started immediately after the
LGM, i.e. considerably earlier than it is assumed in
[15] for the North Pacific and in [8] for the Bering Sea.
The taxonomic composition of the BF assemblages
from the sediments of the early deglaciation 20.0–14.8 kyr
BP and the early Bølling/Allerød 14.8 to ~14.2 kyr BP
does not differ significantly from that in the glacial

218

OVSEPYAN et al.

Oxygenrelated benthic foraminiferal groups according to the classification by [24] and [2]. The limits of the oxygen con
centrations in the bottom water for each group are given after [24]
Oxygenrelated groups
Oxic

Suboxic B

6.0–1.5 mL/L O2

Suboxic C

1.5–0.3 mL/L O2

Dysoxic
0.3–0.1 mL/L O2

Infaunal
Epifaunal

2–4 cm below sea bot >4–10 cm below sea bot
tom
tom

0–2 cm below sea bottom
Pyrgo spp.

Elphidium spp.

Islandiella norcrossi

Elphidium clavatum

Lobatula lobatula

Uvigerina spp.

Islandiella californica Pullenia subcarinata

Miliolinella sp.

Takayanagia delicata Alabaminella
weddellensis

Nonionella spp.

Brizalina spp.

Triloculina sp.

Cassidulina spp.

Pseudoparrella
takayanagii

Nonionellina
labradorica

Globobulimina
auriculata

Quinqueloculina sp.

Cassidulinoides sp.

Pseudoparrella
suttuensis

Valvulineria ochotica

Protoglobobulimina
pupoides

Planulina ariminensis Angulogerina angulosa Epistominella spp.

Bulimina tenuata
Bolivina spp.

Nonionella digitata

Melonis barleeanus

Cibicidoides mundulus

Chilostomella fimbriata

Stainfortia concava

Buccella spp.

Fursenkoina spp.

Polymorphina spp.

Fissurina spp.
Ehrenbergina trigona

Lagena spp.

Dentaina spp.

Karreriella baccata
voraginis

Oolina spp.

Islandiella limbata

Lenticulina sp.

sediments (Fig. 4). Despite the increased surface bio
productivity at the early deglaciation, the organic mat
ter flux to the bottom was not high enough to induce
competition between glacial and postglacial BF
assemblages.
The next maximum of the surfacewater productiv
ity corresponds to the middle Bølling/Allerød inter
stadial (~14.2 to 13.0 kyr BP). It is inferred from the
increased BF and PF abundances and significant tax
onomic changes in the BF assemblages, i.e. replacement
of the glacial assemblage by the postglacial one with dom
inance of highproductivity species (Figs. 2, 4). It should
be noted that the amplitude of the PF abundance spike
and the content of G. bulloides in this interval are lower
than those during the early deglaciation most likely
due to the stronger dissolution (Fig. 2). The biopro
ductivity rise during the Bøllng/Allerød is recorded by
different proxy time series from the northwestern
Pacific [15], other parts of the Bering Sea [7, 8, 12, 16,
17, 18, 26] and the Sea of Okhotsk [16]. However, the

causes of productivity increase are still obscure. We
argue that the peaks of PF and BF abundances reflect
ing an increase in bioproductivity during mid
Bølling/Allerød were related to the intensified advec
tion of nutrients by the surface currents from the grad
ually flooded northeastern shelf of the sea during the
glacioeustatic sea level rise. Alternatively, nutrients
supply to the euphotic layer could be associated with
the intervals of the intense vertical mixing as it is sug
gested by some authors [15, 18]. The transition from
the Bølling/Allerød to the Younger Dryas is marked by
relatively low total PF and BF abundances (Fig. 2)
probably caused by a decrease in surfacewater pro
ductivity.
In the early Holocene (11.7–7.5 kyr BP), the max
imum of BF abundance, prevalence of highproduc
tivity species, a slight increase in the PF abundance,
relatively poor PF preservation, and high percentages
of G. bulloides (Fig. 2) likely reflect the maximum of
primary production. This interval corresponds to the
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Fig. 5. Scheme of the paleooceanographic changes in the Shirshov Ridge area from 50 to 7.5 kyr BP.

Holocene thermal optimum that occurred in the Ber
ingia region at 11.5–9.0 kyr BP [10]. The warm
euphotic layer during summer and availability of nutri
ents transported to the western part of the sea from the
flooded shelf provided favorable conditions for massive
phytoplankton blooms. The early Holocene productivity
spike is documented in the northwestern Pacific [15] and
in other parts of the Bering sea [7, 8, 12, 16–18, 26] and
the Sea of Okhotsk [16].
Oxygen content in the bottom water. Inasmuch as
the oxic BF group (table) consists of species living
either on the sediment surface or on the elevated sub
strate, we believe that their proportion may be used to
reconstruct variations in the bottomwater oxygen
content near the sediment–water interface. The
suboxic B group of BF is represented by epifaunal and
shallow infaunal species (table) and, thus, their distri
bution reflects changes in the oxygen concentration
both at the sediment–water interface and in the pore
water of upper centimeters of the sediment. In the case
of lowoxygen conditions in the pore water, some spe
cies of this group might migrate towards the surface,
where oxygen is available [23]. Thus, variations in the
relative abundance of the suboxic B group can be also
used to reconstruct the bottom water ventilation. The
variability of the dysoxic group represented by the
deep infaunal species reflects changes in the pore
water oxygenation. It should be kept in mind that
many species of the dysoxic group respond to changes
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in the food flux rather than to the oxygen concentra
tions [23].
The insignificant content (up to 3%, Fig. 3) of the
oxic BF group in the studied part of the core points to
weak ventilation of the bottom water from 50 to 7.5 kyr
BP. The high Fe/S values indicate that the sulfate reduc
tion was practically absent during MIS 3–LGM; i.e., the
conditions were oxidizing in the surface sediment
layer. Judging by the high contents of the suboxic B
group and Angulogerina angulosa (Figs. 3, 4), the bottom
water was moderately ventilated during the MIS 3–early
deglaciation and at the end of Bølling/Allerød. The
relatively high oxygen content in the bottom water was
likely caused by a weakening of the oxygen minimum
zone due to brine rejection during the sea ice forma
tion over the Bering Sea shelf [26] and in the Shirshov
Ridge area [31]. The high content of dysoxic species
(table) and the low F/S values reflecting the intensifi
cation of early diagenetic sulfate reduction in the sedi
ments indicate oxygendepleted conditions in the
pore water during the midBølling/Allerød and early
Holocene. Occurrence of the suboxic B group in the
Bølling/Allerød sediments implies that the oxygen
content in the bottom water decreased insignificantly,
if at all, and could not suppress the development of the
benthic foraminiferal species of this group.
The slight decrease in proportion of the dysoxic
group and synchronous increase in content of suboxic
B group at Bølling/Allerød –Younger Dryas boundary
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reflect the higher bottom water (at a depth of approxi
mately 900 m) and pore water oxygenation probably
due to the intensified sea ice formation on the north
western shelf of the sea and in the Shirshov Ridge area
(Fig. 3).
The negligible values of the suboxic B group during
the early Holocene (Fig. 3) implies the lower oxygen
content in the bottom water at that time, as compared
to the Bølling/Allerød interstadial. The decreased
oxygen content in the intermediate water of the west
ern Bering Sea is explained by the ceased winter con
vection in this area due to the freshening of surface
water layer in response to the warming and ice melting
[26, 31]. Oxygen was consumed by the oxidation of
abundant organic matter on the bottom [34]. Oxygen
deficiency at the intermediate water depths during the
Bølling/Allerød and early Holocene is also recorded in
the northeastern Bering Sea [26] and the Sea of
Okhotsk [2].
Variations in sea ice conditions were reconstructed
based on the abundance of gravel grains, proportions
of terrigenous, volcanogenic, and biogenic materials
in 63–100, >100, and >63 µm size fractions, and
grainsize distribution (Fig. 2). The prevalence of ter
rigenous grains over biogenic material and the pres
ence of gravel grains in glacial and early deglacial sed
iments imply development of sea ice in the Shirshov
Ridge area. This is consistent with the conclusions in
[25, 31]. The low concentration of gravel grains is
likely explained by the scarcity of sea ice because it
drifted manly within the East Kamchatka Current
during spring melting, i.e., westward of the core loca
tion [9]. The occurrence of angular and subangular
rock fragments, including gravelsized grains, implies
the distribution of both icebergs and sea ice in the
western part of the Bering Sea during the MIS 3–early
deglaciation (Fig. 5). This finding is in line with the
previous conclusions that terrigenous material was
transported by sea ice [16] and icebergs [9]. As shown
in [9, 40], the northeastern coast of Eurasia served as a
source of relatively coarsegrained terrigenous mate
rial in the North Pacific sediments.
As follows from the low content of terrigenous
material and the absence of gravel, the Shirshov Ridge
area was ice and iceberg free during the
Bølling/Allerød and early Holocene.
CONCLUSIONS
The presented reconstructions of the paleoceano
graphic conditions in the western Bering Sea are gen
erally consistent with the previously obtained results
from other areas of the basin [7, 8, 12, 16, 17]. The
new data on the benthic foraminiferal assemblages
first reveal variations in the ventilation of the bottom
water in the Shirshov Ridge area at depths of 900–
1000 m. The moderate oxygen content in the bottom
water and the low sea surface bioproductivity are char
acteristic of the MIS 3–LGM. The peak in PF abun

dance at the onset of the deglaciation is explained by
an increase in productivity and likely reflects the
enhanced vertical mixing due to the early reorganiza
tion of the oceanic circulation. The PF and BF abun
dance peaks in the middle Bølling/Allerød interstadial
and the early Holocene were caused by high produc
tivity and sufficient food supply to the sea floor due to
the high concentrations of nutrients in the mixed layer.
These intervals were also characterized by an oxygen
depleted conditions in the pore and bottom water at
intermediate depths. The maximum bioproductivity
and minimum oxygen concentrations in the bottom
water are reconstructed for the early Holocene.
Coarsegrained terrigenous material was likely trans
ported to the western part of the Bering Sea during the
MIS 3–early deglaciation by both icebergs and drifted
sea ice.
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