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Abstract—The submarine Shirshov Ridge is an independent system of terrigenous sedimentation, which is
geomorphologically isolated from bottom terrigenous influx into the deep-water basin of the Bering Sea.
Using the ridge as example, we studied background hemipelagic sedimentation of the finely dispersed terrig-
enous suspended matter from water column and deposition of the coarser grained ice-rafted material in the
western part of the deep-water basin. Both the grain-size and mineral composition of postglacial sediments
of the Shirshov Ridge were studied in cores SO201-2-85KL and SO201-2-77KL taken in local basins in the
central and southern parts of the ridge, respectively. Statistic processing of uninterrupted grain-size distribu-
tions (GD) of terrigenous component of the postglacial sediments by end-member (EM) modeling revealed
that the grain-size composition of sediments from two cores is determined by the mixing of three EMs. EM-
1 and EM-2 reflect the hemipelagic sedimentation with and without bottom currents, respectively, while
EM-3 with mode at fine-grained sand characterizes GD of the ice-rafted material. Reconstructed mecha-
nisms of terrigenous influx on the Shirshov Ridge involve advection of the suspended matter with surface and
intermediate water masses and ice-rafting. The relative role of both mechanisms of terrigenous sedimentation
is evaluated. The conditions of the varying bottom current velocities are taken into account for intervals of
Last Glacial Maximum, early deglaciation, Heinrich event 1, Bølling–Allerød, Younger Dryas, and Early
Holocene. It is established that the grain-size composition of terrigenous component is controlled by climatic
variations, sea ice coverage, drift pathways, conditions of fast sea ice melting, and mobility of bottom waters.
High concentrations of drifting ice or permanent sea ice cover likely existed above the southern part of the
ridge during the second half of the Heinrich 1 event. The low mobility of bottom waters facilitated only the
subice hemipelagic sedimentation of fine fractions from the background reserve of suspended matter. A sharp
reduction of ice-rafted f lux was reconstructed for the Bølling–Allerød warming interval. Bottom currents
affected sedimentation in the central part of the ridge during the entire deglaciation (in addition to the second
half of the Heinrich 1 event), and in the southern part during the Bølling–Allerød, Younger Dryas, and Early
Holocene.

DOI: 10.1134/S0024490219020068

INTRODUCTION

The study of postglacial history of terrigenous sed-
imentation provides insight into sea–land interaction
in the near-continental regions of the World Ocean
during the dramatic last deglaciation period of conti-
nental glacial sheets and related glacioeustatic trans-
gression. The submarine Shirshov Ridge located in the
Bering Sea deep-water basin is a unique object for the
study of peculiar background hemipelagic sedimenta-
tion and ice rafting, because terrigenous sedimenta-
tion on it is geomorphologically isolated from the
intense near-bottom sedimentary f luxes descending
along continental slopes.

Terrigenous f lux is supplied to the Bering Sea
mainly with river runoff and, to a lesser extent, with
coastal abrasion (Lisitzin, 1959) and eolian transfer
(Serno et al., 2014). Its further distribution is con-
trolled by sea ice and algal rafting (Lisitzin, 1959,
2002) and transportation with water masses as sus-
pended matter supplying from the river mouths (Wang
et al., 2016). Since all large rivers discharge terrigenous
flux on the spacious northern shelf of the Bering Sea
(Fig. 1), the field of terrigenous suspended matter
above the deep-water basin and Shirshov Ridge is
formed by the residual finely dispersed mixture of sev-
eral large rivers, which remained after the selective
precipitation of significant fraction of sedimentary
material during its transportation through the shelf
79



80 MURDMAA et al.

Fig. 1. Map of the Bering Sea and position of the studied cores (a). Magnified bathymetric map of the Shirshov Ridge according
to ETOPO1 database with a resolution of 1 min (Amante and Eakins, 2009) indicating the position of mentioned stations (b).
Black arrows show the direction of surface currents, white arrow shows the propagation of volcanic material, and dashed line
denotes the modern boundary of sea ice distribution according to (Zhang et al., 2010).
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(Lisitzin, 1959, 1966; Murdmaa, 1987). Residual sus-
pended matter is subdivided behind the shelf margin
into the surface and bottom fluxes (Alekseeva et al.,
2015). The bottom flux is spread over abyssal plain of
the deep-water sea basin, while the surface f lux forms
a background reserve of terrigenous suspended matter
in the top layers of water column. Only this surficial
lateral suspended flux provides hemipelagic terrige-
nous sedimentation on seamounts, including the
Shirshov Ridge. Input of the superdistal eolian dust
mainly from the arid zone of the central and eastern
Asia (Serno et al., 2014) under the subpolar humid
conditions is negligible as compared to the f luvial ter-
rigenous input (Lisitzin, 2002).

The source areas of the Bering Sea were studied by
means of mineralogical analysis of the modern sedi-
ment (Lisitzin, 1959, 2002; Nechaev et al., 1994), clay
minerals (Naidu et al., 1995; Levitan et al., 2013; Alek-
seeva et al., 2015; Wang et al., 2016), and isotope and
geochemical analyses of eolian dust in the northwest-
ern Pacific and its traces in the surface sediment layer
(Asahara et al., 2012; Serno et al., 2014).

Only a few data are available on the sedimentation
evolution in the Bering Sea during glacial–interglacial
cycles. The grain-size and mineral variability of bulk
sediment during two last glacial–interglacial cycles
was studied in (Levitan et al., 2013; Alekseeva et al.,
2015). Variations of bottom current velocities within
this time interval were estimated for the first time in
(Levitan et al., 2013).

The aim of this work is to reconstruct history of ter-
rigenous sedimentations on the Shirshov Ridge in the
western Bering Sea during the last deglaciation (Ter-
mination I), i.e., during a gradual transition from the
LITHOLOGY 
Last Glacial Maximum to the modern interglacial
stage. Mechanisms of terrigenous sedimentation and
variability of the bottom current velocities were deci-
phered on the basis of uninterrupted grain-size distri-
butions (GD) of bulk sediment and its terrigenous
component using the statistic method of end-member
(EM) modeling (Weltje, 1997; Weltje and Prins, 2003;
Prins et al., 2002; Hamann et al., 2008; Jmker et al.,
2012; and others), and calculation of the average
diameter of sortable silt ( ) (McCave et al., 1995;
McCave and Hall, 2006). The comparison of GD for
samples of bulk sediment and their terrigenous com-
ponent showed that the removal of biogenic compo-
nents virtually does not affect the proportions of
grain-size fractions. Hence, the sections of both the
cores within the considered time interval are mainly
represented by terrigenous sediments of different
grain-size types, with subordinate biogenic admixture.

The studied sections contain two volcanic ash lay-
ers, which are considered separately from terrigenous
sedimentation, whereas ash admixture in terrigenous
sediments is ascribed to the volcanogenic–terrigenous
components. Paleosettings were reconstructed using the
published age model (Max et al., 2012) for six time inter-
vals: Last Glacial Maximum (22‒20 ka), early deglacia-
tion (20‒17.5 ka), Heinrich 1 event (17.5‒14.8 ka),
Bølling–Allerød (14.8‒12.9 ka), Younger Dryas
(12.9‒11.6 ka), and early Holocene (11.6‒9.2 ka).

MODERN PHYSICAL‒GEOGRAPHICAL
AND OCEANOLOGICAL CONDITIONS

The Bering Sea is located in the northern subpolar
Pacific. It is connected through the shallow-water
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TERRIGENOUS SEDIMENTATION ON THE SUBMARINE SHIRSHOV RIDGE 81
(~50 m) Bering Strait with the Arctic Ocean in the
north, and is bordered by the Commander–Aleutian
island arc in the south (Fig. 1). The northern and
northeastern parts of the basin are occupied by a spa-
cious shelf, whereas the central and western parts rep-
resent a deep-water basin with f lat f loor and maxi-
mum depth of 4151 m, which comprises the aseismic
Shirshov and Bowers ridges.

Surface waters are involved in a cyclonic circula-
tion beginning in the southern Bering Sea, where the
surface waters of the northern Pacific f low into the
basin area through the straits of the Commander–
Aleutian island arc (Arsen’ev, 1967). Then, the surface
waters follow along the continental slope surrounding
the deep-water basin of the Bering Sea and return into
the open Pacific through the Kamchatka Strait.

The vertical structure of the water column consists
of four water masses: surface water manifested only in
summer (from 0 to 25–50 m), intermediate Bering Sea
(from 25–50 to 100–150 m), intermediate Pacific
(150–800 m), and deep-waters (>800 m) (Luchin
et al., 1999). At present, water mass located below 800 m
is supplied from the open Pacific and represents a mix-
ing product between the North Atlantic Deep Water,
Circumpolar Deep Water, and Antarctic Intermediate
water. This water is characterized by high nutrient
concentrations and has a homogenous structure.
Thus, core sampling locality at present is washed by
the same water mass. The oxygen minimum zone is
developed at depths of 500–1700 m, reaching maxi-
mum at 900–1000 m (WOA, 2009).

At present, seasonal fast ice is formed in the north-
ern and northeastern parts of the coastal zones (Nie-
bauer et al., 1999). At the coastal shoal, sea is frozen to
the bottom. As a result, ice is loaded with bottom sed-
iments, which represent the main constituent of ice-
rafted material. This ice begins to form in November
and reaches maximum development in March. Tides
leading to the 1.5–2 m sealevel rise, on average, with a
rate of 1–2 m/s in the northern part play an important
role in the ice loading with bottom sediments
(Lisitzin, 2002). Sea surface above the deep-water
basin remains free of ice during the entire year.

The atmospheric circulation is related to the posi-
tion of the centers of atmospheric pressure: Aleutian
Low and winter Siberian High. The eastward displace-
ment of the Aleutian Low facilitates the development
of cold winds above the Bering Sea, which provides
intense sea ice formation in the coastal ice holes and
abundant southward propagation of pack ice (Cava-
lieri and Parkinson, 1987). With westward displace-
ment of the Aleutian Low, the wind direction changes
to south, while warm flows retard its propagation in
the deep-water basin (Cavalieri and Parkinson, 1987).

Among rivers entering into the Bering Sea, the
largest sources of terrigenous f lux are the Yukon, Kus-
kokwim, and Anadyr rivers. The Yukon River supplies
68 × 106 t/yr of the terrigenous material (Lisitzin,
LITHOLOGY AND MINERAL RESOURCES  Vol. 54  N
2002). The Yukon and Kuskokwim water drainage
basins in Alaska are made up of Paleozoic and Meso-
zoic metamorphosed sedimentary and volcanic rocks
(Beikman, 1980). The Anadyr River drains mainly
Cretaceous–Tertiary volcanic rocks and granitoids of
Chukotka (Zonenshain et al., 1990).

Numerous active volcanoes of Kamchatka and the
Aleutian islands during explosive eruptions supply ash
material in the northern Pacific, which can be propa-
gated with air for over 1000 km from the eruption center.

MATERIALS AND METHODS
To solve the set problems, we analyzed samples

taken from cores SO201-2-85KL (57°30.30′ N,
170°24.79′ E, depth 968 m) and SO201-2-77KL
(56°19.90′ N, 170°41.97′ E, depth 2163 m) recovered
from the Shirshov Ridge during Cruise of R/V Zonne
in 2009 (SO201-KALMAR …, 2009). Preliminary
description of core sections was carried out on the
basis of visual observation and given in the same report
(Fig. 2). Analyzed samples were collected on-board
and freeze-dried.

Age models of the cores for the deglacial interval
are based on the regional correlation of curves of the
relative calcium content determined by the X-ray f lu-
orescence. Age of the top of the cores was confirmed
by the AMS 14C radiocarbon dates (Max et al., 2012).

Grain-size analysis. The grain-size analyses were
carried out on a SALD-2300 laser diffraction particle
size analyzer (Shimadzu, Japan) in the Laboratory of
the Atlantic Geology of the Atlantic Branch of the
Shirshov Institute of Oceanology, Russian Academy
of Sciences. The main advantage of the laser analysis is
obtaining uninterrupted functions of the grain-size
distribution (GD). Each sample was analyzed twice:
for bulk sediment after the removal of organic matter
by H2O2 and for its terrigenous component after the
subsequent removal of organic matter by H2O2, car-
bonates by HCl, and biogenic silica by sodium
hydroxide (Fig. 3). During sample preparation, parti-
cles were disintegrated using sodium tripolyphosphate
and ultrasound bath.

The grain-size fractions were extracted following
the modified scale (Wentworth, 1922), with boundar-
ies between sand and silt and between silt and clay
taken at 63 and 2 μm, respectively (Friedman and
Sanders, 1978). The average size of silt particles sorted
by bottom currents (terrigenous fraction of 10–63 mm
or “sortable silt” ) was used as an indicator of
paleocurrent intensity (McCave et al., 1995; McCave
and Hall, 2006). Elevated values of this parameter
indicate an increase of relative velocity of paleocur-
rents.

Statistic parameters of the grain-size distribution
( , average, sorting) were calculated using the
GRADISTAT software (Blott and Pye, 2001).
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82 MURDMAA et al.

Fig. 2. Lithology and stratigraphy of cores SO201-2-85KL and SO201-2-77KL. Lithology is modified after (SO201-KALMAR …,
2009); age model, after (Max et al., 2012). Asterisks show the position of samples collected for the mineralogical analysis. (1)
Sand–silt–clay ooze; (2) sand–clay silt; (3) diatom ooze; (4) volcanic ash; (5) terrigenous admixture; (6) diatoms.
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End-member modeling was applied to distinguish
the modal fractions of GD, which reflect the main
sources of sedimentary material and processes of sed-
iment transportation. The method consists in unmix-
ing the initial function into end members (subpopula-
tions) and determination of the contribution of calcu-
lated functions in each GD. This method is widely
applied for the genetic interpretation of data of a
detailed grain-size analysis (Weltje, 1997; Weltje and
Prins, 2003; Prins et al., 2002; Hamann et al., 2008;
Jmker et al., 2012; and others).

To divide the polymodal GD of sediment into
genetically related particle subpopulations, we applied
the non-parametric EM modeling. Calculations were
made for all samples, except for samples from the
intervals of 47–57 cm from core SO201-2-85KL and
109–122 cm from core SO201-2-77KL, which corre-
spond to the volcanic ash interlayers strongly dis-
turbed during the core extraction from pipe (SO201-
KALMAR …, 2009; Ponomareva et al., 2013). Data
were processed using AnalySize 1.1.2 which is Matlab
LITHOLOGY 
based software (Paterson and Heslop, 2015). Correla-
tion between the calculated (model) EMs and the ini-
tial GD is shown in Fig. 4a. The observed GD are best
described by three EMs (Fig. 4b).

X-ray phase analysis. The mineral composition of
samples was analyzed using the X-ray powder diffrac-
tion in the Analytical Laboratory of the Institute of
Oceanology of the Russian Academy of Sciences on
an X-ray diffractometer D8 ADVANCE (Bruker
AXC), with Cu-Kα, Ni 0.02 filter, 40 kV, 40 mA, and
a LYNXEYE strip detector. Data were collected by
scanning in a discrete regime with a step size of 0.02,
counting time of 8 s per step, in the range of
2.5‒70°2� with rotation. The obtained XRD data
were processed and deciphered using DIFFRAC.EVA
software. Corundum numbers from the ICDD data-
base were used for the quantitative analysis.

Three samples were taken from each core for the
X-ray mineralogical analysis to characterize the litho-
logically and climatically contrasting intervals (Fig. 2).
AND MINERAL RESOURCES  Vol. 54  No. 2  2019



TERRIGENOUS SEDIMENTATION ON THE SUBMARINE SHIRSHOV RIDGE 83

Fig. 3. Comparison of the grain-size composition of bulk sediment and its terrigenous part. Contents of CaCO3 and SiO2 are
given after (Riethdord et al., 2013) Gray boxes distinguish intervals of the volcanic ash after (SO201-KALMAR …, 2009). Size
fractions: (1) >125 μm, (2) 63–125 μm, (3) 10–63 μm, (4) 2–10 μm, (5) <2 μm.

21

20

19

18

17

16

15

14

13

12

11

10

9

8
0 20 40 60 80100 0 20 40 60 80100 0 20 40 60 80 1000 10 20 30 0 10 20 30 0 20 40 60 80 100

SO201-2-77KLSO201-2-85KL
(top) (slope)

1 2 3

SiO2

4 5

Content
of fractions

in bulk
sediment, %

Content
of fractions

in terrigenous
part, %

Content
of fractions

in bulk
sediment, %

Content
of fractions

in terrigenous
part, %

Content of components,
%

A
ge

, k
aB

P

Middle
Holocene

E
ar

ly
H

ol
oc

en
e

Yo
un

ge
r

D
ry

as
B

øl
lin

g–
A

lle
rø

d
H

ei
nr

ic
h 

ev
en

t 1
E

ar
ly

de
gl

ac
ia

tio
n

LGMCaCO3

SiO2
CaCO3
The lower samples in each core characterize sediments
of Heinrich 1 event. The middle samples were taken
from sediments of cold Late Dryas in core SO201-2-
77KL and from volcanic ash layer of the same age in
core SO201-2-85KL. Upper samples are ascribed to
the Early Holocene in both cores.

RESULTS
Grain-size composition of bulk sediment and its ter-

rigenous component. Bulk sediment from core SO201-
2-85KL is mainly made up of clay (<2 μm) and silt
(2–63 μm) particles (Fig. 3). The content of clay frac-
tion gently decreases from 36–58% in the lower part of
the core to 23–38% in its upper part, averaging 35.6%.
Minimum contents of the clay fraction 1.7–19% are
observed within the interval of 47–57 cm, which cor-
responds to the volcanic ash layer (SO201-KALMAR
…, 2009) in Late Dryas.
LITHOLOGY AND MINERAL RESOURCES  Vol. 54  N
The silt content in general is constant, averaging
57%. The contribution of sand fraction (>63 μm) is
insignificant, with the average sand content of 5.3%.
However, within an interval of 47–57 cm consisting of
the deformed volcanic ash layer (12.4 ka), the sand
content reaches 62.3% (Fig. 3).

After the removal of biogenic components (СаСО3
and biogenic opal-a), the proportions of clay, silt, and
sand in the sediment have been changed. In particular,
the content of clay fraction in core 85KL decreased
and accounted for on average 31.8%. The silt content
also decreased, averaging 55.3%. This was accompa-
nied by the simultaneous increase of sand fractions up
to 20–38% within intervals of 101–102, 121–122, and
134–137 cm, which correspond to the Heinrich 1
event and the early deglaciation.

In samples of bulk sediment in core SO201-2-
77KL, the content of clay fraction is virtually constant
o. 2  2019



84 MURDMAA et al.

Fig. 4. Results of end member (EM) modeling for the grain-size data obtained for sediments from cores 85KL and 77KL. (а)
Degree of correspondence between the number of obtained EMs and initial data. (1) Correlation between the observed grain-size
distributions (GD) and calculated EMs for the whole data set; (2) box-plot of correlations between the amount of modeled EMs
and individual GD; (3) individual GD falling beyond the 95% confidence interval, (4) correlation between EMs. (R2) Determi-
nation coefficient. (b) Grain-size distribution of calculated EMs.
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and on average accounts for 32%, which is slightly
lower than that in core SO201-2-85KL. The silt con-
tent is similar to that in core SO201-2-85KL, averag-
ing 56.6%. The content of sand fraction in core
SO201-2-85KL is slightly higher, averaging 11.4% in
the bulk sediment. Maximum contents of the sand fraction
(27 and 51%) were found in intervals 121–122 cm and
221–222 cm, which correspond to ash layers at the
Younger Dryas–Early Holocene boundary and the mid-
dle Heinrich 1 event, respectively. The maximum content
of sand fraction (17%) in sample 121–22 cm is ascribed to
the volcanic ash layer (Ponomareva et al., 2013).

The content of clay fraction in the terrigenous
component of core SO201-2-77KL is slightly higher as
compared to that of bulk sediment (on average,
34.4%). The silt content after the removal of biogenic
component decreased and accounted for on average
49.1% owing to increase of the sand fraction (up to
16.5%, on average).

The terrigenous component of the sediment shows
the unimodal and bimodal GD. Results of the EM
modeling over all terrigenous GD, in addition to vol-
canic ash layers, are shown in Fig. 4. The determina-
tion coefficient (R2) of the measured and calculated
data shows that GD for both these cores are best
approximated by three EM functions. This gives the
high linear correlation of measured and calculated
data (R2 = 0.97) and low correlation between calculated
EMs (R2 = 0.008) (Fig. 4a). Both these conditions are
LITHOLOGY 
necessary for the successful approximation of observed
data (see for instance (Paterson and Heslop, 2015)).
GD of three calculated EMs are shown in Fig. 4b.

Mineral composition of sediments. In spite of the
diversity of rocks that compose the continental sur-
rounding of the Bering Sea, including drainage basins
of three largest rivers (Beikman, 1980; Zonenshain et
al., 1990), the complex of major rock-forming miner-
als identified in the bottom sediments by the XRD
method is sufficiently uniform (Table 1). Exception is
sample (56–57 cm) collected from a volcanic ash layer
(47–57 cm) in core SO201-2-85KL. This sample con-
tains anorthite (62%) in association with orthoclase
(7%) uncommon for the pyroclastic material, quartz
(6%), and trace magnesian calcite, which likely was
entrapped in sample from the host sediment. The ter-
rigenous component from other five samples contains
the following minerals: quartz (16–25%), albite (16–
24%), microcline (6–9%), hornblende (3–5%), and
clinopyroxenes represented by diopside and augite (3–
4%). Most samples contain dolomite (up to 1%).

Proportions of four major terrigenous clay minerals
were determined in the unoriented powder specimens.
The clay fraction in all studied samples is character-
ized by the chlorite–illite assemblage with the subor-
dinate smectite and kaolinite (Fig. 5). The clay minerals
account for 34–38%. However, interval of 151–152 cm
from core SO201-2-77KL with the highest content of
AND MINERAL RESOURCES  Vol. 54  No. 2  2019
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Table 1. Mineral composition of bottom sediments in the western part of the Bering Sea based on the X-ray diffraction
phase analysis

Mineral 

Core no., sample

SO201-2-77KL SO201-2-85KL

91–92 cm 151–152 cm 211–212 cm 20–21 cm 56–57 cm 101–102 cm

Quartz 22 16 17 16 6 25
Albite 24 16 21 19 20
Anorthite 62
Microcline 6 6 9 8 8
Orthoclase 7
Amphibole 3 5 5 5 4
Pyroxene 4 3 4 4 3
Calcite 5 2 2 7 5 3
Мg-calcite 1
Dolomite 1 1 1 1
Smectite 6 5 6 6 3 5
Illite 13 30 15 14 6 14
Kaolinite 5 5 5 5 2 5
Chlorite 10 10 12 10 3 10
Gypsum 1 1 3 2 1
Bassanite Traces 2
Pyrite 3 3
clay minerals (about 50%) differs in the extremely high
illite content (about 30% wt %).

Association of clay minerals has uniform composi-
tion and includes the dioctahedral smectite, trioctahe-
dral Fe–Mn chlorite, illite with low content of smec-
tite layers, and kaolinite.

Mixed-layer phases were found in trace amounts
only in the volcanic ash layers: in sample 211–212 cm
from core SO201-2-77KL and in sample 56–57 cm
from core SO201-2-85KL.

Calcite (2–7%) in bulk sediments is related to the
calcareous biogenic remains: foraminiferal tests and
coccoliths. Pyrite (up to 3%) obviously of diagenetic
origin was found in two upper samples from core
SO201-2-85KL.

DISCUSSION

The grain-size and mineral composition of terrige-
nous component of the studied postglacial sediments
of the Shirshov Ridge was formed by the mixing of ter-
rigenous material supplied from different source areas
of the surrounding land. Quantitative proportions of
three end members distinguished from the grain-size
distributions (Fig. 6) provide insight into the relative
contribution of two major mechanisms of transport
and sedimentation (hemipelagic sedimentation and
LITHOLOGY AND MINERAL RESOURCES  Vol. 54  N
sea ice rafting), as well as the influence of bottom cur-
rents.

The mineral composition of postglacial terrigenous
sediments covering the ridge was formed by the mixing
of material supplied from different distal source areas.

Sources and transport pathways of the terrigenous
material. As shown by previous studies (Lisitzin, 1959,
1966, 2002; Wang et al., 2016), the main part of terrig-
enous material from sand to the finest (submicron)
clay particles were supplied during the entire consid-
ered time range (about 20–22 ka) by the large Yukon,
Kuskokwim, and Anadyr rivers.

At present, under the Holocene interglacial high-
stand conditions, these rivers discharge terrigenous
flux on the spacious shelf, where waves and currents
cause the primary differentiation of river sediments into
the relatively coarse-grained (mainly sand) and fine-
grained (silt–clay) fractions. Sand (63–2000 μm) is sup-
plied to the sea f loor and sorted by grain size mainly in
the zone of active wave action (down to depths of
about 30–50 m). The finely dispersed silt–clay mate-
rial is retained for some time in the suspended state in
the form of near-mouth plumes studied in detail, for
instance, on the northeastern coast of the Black Sea
(Zavialov et al., 2014). Owing to the mixing of fresh-
ened waters of these plumes with seawater, suspension
descents on the f loor, thus forming the high-density
bottom flows on the outer shelf. These f lows located
o. 2  2019
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Fig. 5. Content of clay minerals in the postglacial sediments of cores SO201-2-101KL (Levitan et al., 2013), SO201-2-85KL, and
SO201-2-77KL. (1) Smectite, (2) illite, (3) kaolinite, (4) chlorite.
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beneath the lighter “pure” water succession behave as
a “heavy liquid” able to f low down along the canyons
of continental slope under gravity (Yakubenko, 2011;
Esin et al., 2018). This bottom suspension layer sup-
plies the fine-grained sediments of the outer shelf.
Only a small fraction of river particulates supplements
the background reserve of the suspended matter of the
upper layers of water column. In spite of significant
differences of the Bering Sea from the Black Sea and
much wider shelf of the former, this mechanism of the
distribution of solid load of rivers also operates under
highstand conditions.

A different setting occurred during last glacials and
related global lowstand, when the shelf represented the
coastal plain, while rivers were discharged directly on
the continental slope. In addition to the sharp
decrease of erosion basis and the erosion of loose sed-
iments of the former shelf, this should lead to the sig-
LITHOLOGY 
nificant increase of terrigenous f lux, including sus-
pended matter, into the deep-water basin. This would
result in the increase of hemipelagic sedimentation
rate on the Shirshov Ridge and the coarsening of
hemipelagic sediments accumulated there. However,
such trends are not observed (Figs. 3, 7). One may
suggest that the majority of river runoffs under such
extreme conditions were transferred by gravity f lows of
different type downward the continental slope on the
floor of the deep-water basin, and volumetric varia-
tions of the supplied sedimentary material did not
control significantly the hemipelagic sedimentation
on the Shirshov Ridge. Such hypothesis requires addi-
tional verification.

The sea ice rafting concept developed for the first
time by the example of the Bering Sea (Lisitzin, 1959)
mainly concerns the coarse-grained material, i.e.,
rock fragments more than 2 mm. The studied cores
AND MINERAL RESOURCES  Vol. 54  No. 2  2019
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Fig. 6. Main types of the grain-size distribution (GD) in the terrigenous component of sediment with addition of the end mem-
bers (EM) distribution, stratigraphic assignment of samples, and interpretation. (1) EM-1, (2) EM-2, (3) EM-3, (4) summary
approximating function, (5) initial GD.
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contain only rare gravel-size grains, while larger frag-
ments are absent. Sea ice rafting explains the presence
of significant amount of sand and some coarse silt on
the Shirshov Ridge, which cannot be transferred as
suspended matter for large distance.
LITHOLOGY AND MINERAL RESOURCES  Vol. 54  N
Sea ice rafting of terrigenous material is mainly
controlled by the drifting fast ice, which is most
intensely loaded with sediments on the coastal shoal
frozen to bottom (Niebauer et al., 1999). Suspended
matter frozen into open-sea ice is of much lesser sig-
o. 2  2019
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nificance. Transport of the drifting sea ice is con-
trolled by the surface water circulation, in our case, by
cyclonic circulation above the deep-water basin. The
center of circulation represents the main area of sea-
sonal drifting sea ice melting, including fast ice, and,
hence, is the main locality for the release and precipi-
tation of ice rafted debris. However, our reconstruc-
tions show that during the cold periods of Termination I,
dense drifted ice or permanent sea ice cover are accu-
mulated in the circulation center all year. Negative
temperatures of surface water prevent sea ice melting
and the sea ice rafting is terminated.

The contents of major detrital and clay minerals in
postglacial sediments are sufficiently homogenous in
both cores and all studied time sections. This fact
points to a common averaged terrigenous–mineralog-
ical source area, which reflects the mixing of denuda-
tion products of diverse rocks supplied from the sur-
rounding land. Peculiar mineral composition was only
found in volcanic ash, which was ejected from the
operating Kamchatkan volcanoes during explosive
eruptions and has no direct relationship with the ter-
rigenous sedimentation considered in this paper. It is
noteworthy that the only analyzed ash sample from a
depth of 56–57 cm from core SO201-2-85KL contains
minerals atypical of the pyroclastic material, which
likely indicates the contamination of the sample by the
host terrigenous sediments during core recovery
(SO201-KALMAR …, 2009). According to the avail-
able literature data, volcanic ash in core SO201-2-
77KL is the eruption product of Plosky Volcano
located on the Kamchatka Peninsula (Ponomareva
et al., 2013).

The predominance of feldspars over quartz, high
contents of amphiboles and clinopyroxenes, and the
absence of highly resistant accessory minerals of the
granite-metamorphic complex allowed us to charac-
terize an integrated source area as “immature” volca-
nosedimentary province. The quartz–albite associa-
tion of light minerals and pyroxene–amphibole asso-
ciation of heavy minerals (at high content of chlorite
among clay minerals) indicate that the eroded area was
made up of mafic volcanic rocks subjected to the low-
temperature (greenstone?) metamorphism. Such
assumption is confirmed by the finds of epidote in the
fine sand fraction (63–100 μm). The chlorite–illite
association of clay minerals with low smectite and
kaolinite contents suggests the predominant physical
weathering in an integrated source area.

Products of the hemipelagic sedimentation and sea
ice-rafting are similar in the mineral composition.

This conclusion is consistent with the results of
recent studies of modern source areas of the Bering
Sea (Wang et al., 2016).

Genetic interpretation of GD and EM. Comparison
of the results of grain-size analysis of the bulk sedi-
ment and its terrigenous component in cores SO201-
2-85KL and SO201-2-77KL showed that the biogenic
components of sediment have mainly silt size, i.e.,
they are mainly represented by the diatom and cocco-
LITHOLOGY AND MINERAL RESOURCES  Vol. 54  N
lithic remains. Profiles of curves and main trends of
the particle distribution in bulk sediment and its ter-
rigenous component remained generally the same
after the removal of biogenic components. The grain-
size composition of sediment is most affected by the
presence of biogenic components in the Bølling–
Allerød and Holocene, when surface waters were char-
acterized by the elevated bioproductivity.

Application of the EM modeling allowed us to dis-
tinguish genetically meaningful populations of parti-
cles. The relative contribution of three EMs into the
total GD of two considered cores was used to recon-
struct the specifics of terrigenous sedimentation on
the Shirshov Ridge during the postglacial time.

The calculated grain-size distribution EM-1 char-
acterizes the contribution of clay and finest silt frac-
tion in the terrigenous sedimentation. The EM-1
mode coincides with 2–3 μm. The fractions were
poorly sorted, with sorting coefficient of 3.13. Clay
EM-1 reflects the accumulation of sediments during
the hemipelagic sedimentation. Source of clay parti-
cles (<2 μm) is mainly solid runoff of the Yukon, Kus-
kokwim, and Anadyr rivers, which is consistent with
the grain-size composition of sediments of the
Shirshov Ridge determined by other researchers (Lev-
itan et al., 2013; Alekseeva et al., 2015). It is also pos-
sible that the clay fraction contains the ice-rafted fine-
grained material released from sea ice (Reimnitz et al.,
1998). Eolian transfer could also contribute insignifi-
cantly to the accumulation of clay fraction (Serno et
al., 2014; Wang et al., 2016).

The calculated EM-2 has a mode at 20–30 μm and
sorting coefficient of 4.3 (Fig. 4b). The formation of
this type of GD was also related to the hemipelagic
sedimentation, but was affected by bottom currents.
Shift of mode of the calculated grain-size distribution
into the sortable silt fraction ( ) characterizes a
selective deposition under the influence of bottom
current of moderate intensity.

The calculated EM-3 reflects the influx of sand-
size particles, the main source of which on the
Shirshov Ridge is the ice-rafted material (Levitan
et al., 2013; Alekseeva et al., 2015). Function EM-3 is
characterized by the worse sorting (sorting coefficient
5.8). The distribution is bimodal, with the well
expressed first mode at 100 μm and the gentle second
mode at 1–5 μm. The first clearly expressed mode was
likely caused by the load of fast ice with the well-sorted
fine-grained sand on the coastal shoal frozen down to the
bottom, with its subsequent discharge during sea ice
melting above the Shirshov Ridge. The second mode
reflects the load of fast sea ice with unsorted mud.

Combination of the calculated EMs in the mea-
sured GD of the terrigenous component makes it pos-
sible to reconstruct the sedimentation conditions
during the last deglaciation (Termination I) in the core
sampling locality (Figs. 6, 7). Four GD types formed
under different sedimentation conditions are distin-
guished.

SS
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GD of the first type with 100% contribution of
EM-1 corresponds to the subice hemipelagic sedi-
mentation of clay and fine-silt material introduced
with water masses beneath the ice-covered sea surface
at weak or absent bottom currents (Fig. 6a). The low
water temperature prevented ice melting and, corre-
spondingly, a supply of the ice-rafted material on the
ridge. Such conditions were typical of the second half
of the Heinrich 1 event in the southern part of the
Shirshov Ridge (core SO201-2-77KL). In core
SO201-2-85KL from the middle part of the ridge, only
two intervals (84–85 and 104–105 cm) during the
Heinrich 1 event contain the ice-rafted material, with
insignificant intensification of bottom currents (Fig. 7).

GD of the second type characterized by the
increased contents of EM-1 and EM-2 and the
absence of EM-3 were formed when the ice-rafted
material was not supplied under conditions of ice-free
sea existing in the core sampling locality (Fig. 6b).
Accumulation of clay–silt hemipelagites of the second
type was controlled by bottom currents, which led to
the selective deposition of sortable silt particles ( )
from suspended matter and the formation of well-
expressed mode EM-2 at 20–30 μm, according to the-
oretical considerations by McCave et al. (McCave and
Hall, 2006; McCave et al., 2017). This type of sedi-
mentation in the Early and Middle Holocene is
observed in both cores. The absence of mode EM-3
excludes the possible formation of silt mode EM-2,
which is related to the influx of ice-rafted material.
This interpretation is also confirmed by the EM mod-
eling of the grain-size composition of surface sedi-
ments in the northern Pacific and Bering Sea (Wang et
al., 2016), where the distribution with mode at 30–40
μm corresponds to sediments accumulated by bottom
currents. It should be noted that the contribution of
EM-2 in core SO201-2-85KL recovered from inter-
mediate depths is higher than that in core SO201-2-
77KL within the entire studied interval.

The third type of GD is described by the high con-
tent of EM-3 and approximately equal contributions
of EM-1 and EM-2, which indicates the contribution
of both ice-rafted material and fine-grained fractions
owing to the hemipelagic sedimentation (Fig. 6c).
Such situation is typical of cold periods of the early
deglaciation and the first half of the Heinrich 1 event
in core SO201-2-77KL. In core SO201-2-85KL, this
setting is observed in the second half of the Heinrich 1
event and during Bølling–Allerød under conditions of
increased sedimentation rates of both hemipelagites
and ice-rafted material by weak bottom currents.

Increasing influence of bottom currents (elevated
contribution of EM-2) during the intense sea ice raft-
ing (great contribution of EM-3) is noted during the
early deglaciation in sediments of core SO201-2-
85KL, excluding interval 121–122 cm (Fig. 6d). In the
Early–Middle Holocene interval, both cores also
show signs of the intensification of bottom currents
accompanied by a significant decrease of the ice-
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rafted contribution (Fig. 7). Weakening of bottom cur-
rents up to the complete absence of EM-2 is typical of
the second half of Heinrich 1 and Bølling–Allerød,
which is observed in both cores. On average, the influ-
ence of bottom currents is better expressed in sedi-
ments of core SO201-2-85KL as compared to core
SO201-2-77KL during the entire studied interval,
which is likely caused by the shallower sampling depth
of the core.

Bottom currents could be intensified by the rear-
rangement of water mass circulation in relation with
opening of the Bering Strait and with climatic changes
during deglaciation. According to last data (Jakobsson
et al., 2017), the onshore Bering Isthmus was f looded
in the Early Holocene 11 ka ago, which could affect
the formation of intermediate waters surrounding the
slopes of the Shirshov Ridge at core sampling depths.
Their more intense formation during drying of the
Bering Strait during the Last Glacial Maximum and
subsequent deglaciation was assumed in many works,
for example, (Max et al., 2014; Knudson and Ravelo,
2015). At the same time, it is known that rates and vol-
umes of the formation of intermediate water mass in
the Bering Sea increased during cold events of Hein-
rich 1 and Younger Dryas owing to the wider distribu-
tion of sea ice cover as compared to the modern con-
ditions. According to (Max et al., 2014), the lower
boundary of the intermediate water mass descended to
a depth of 2 km during at least Heinrich 1. Thus, an
intensification of bottom currents reflected in sedi-
ments of core SO201-2-85KL (depth 968 m) during
the early deglaciation and the first half of the Heinrich
1 event could be related to increasing volumes and
rates of the formation of intermediate waters.

However, evidence for weak bottom currents or
their absence was found in both cores for the second
half of the Heinrich 1 event. This does not confirm the
inferred intensification of bottom currents during cold
periods. Thus, it remains unclear whether variations in
bottom circulation are related to climatic changes,
variations of volumes, and rates of the formation of
intermediate waters or were caused by some other fac-
tors.

An attempt to estimate the current velocity from
 (McCave et al., 2017) failed. The fraction of sort-

able silt entraps the ice-rafted detritus, which
increases  values and yields unrealstic large calcu-
lated values of bottom current velocities. The assess-
ment of current velocities from  parameter in the
ice sedimentation regions remains yet incompletely
solved problem.

Sedimentation conditions on the Shirshov Ridge in
the postglacial time. Terrigenous sedimentation during
the Last Glacial Maximum, early deglaciation, and
the first half of the Heinrich 1 event in the southern
and central parts of the Shirshov Ridge was caused by
a combination of the hemipelagic sedimentation and
terrigenous influx with the sea ice (Fig. 7). Bottom
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currents at intermediate depths also affected sedimen-
tation.

In the second half of the Heinrich 1 event, only
hemipelagic sedimentation is reconstructed for the
southern part of the submarine ridge. This is likely
related to the accumulation of uninterrupted ice sheet
or dense drifting sea ice, whose melting in the core
sampling locality was prevented by the low tempera-
ture of surface waters. These conditions provided spe-
cific subice sedimentation, which was characterized by
the absence of pellet mechanism of suspended matter
precipitation owing to the low zooplankton produc-
tion.

During Bølling–Allerød, waters above the
Shirshov Ridge were characterized by the high biolog-
ical productivity and hemipelagic sedimentation con-
trolled by the pellet mechanism. Only separate sea ice
plates likely reached the central and southern parts of
the Shirshov Ridge, and the influence of sea ice rafting
on the terrigenous sedimentation was insignificant.

In the Younger Dryas, the fine suspended matter
and the coarser ice-rafted particles were settled from
the weakly mobile bottom waters in the southern part
of the ridge (Fig. 7).

At the beginning of the Holocene, the southern
part of the ridge was dominated by the hemipelagic
sedimentation of suspended matter from water col-
umn at the absence of sea ice and significant influence
of bottom currents. In the central part of the ridge, ice
rafting was virtually absent during the entire Holo-
cene, while the terrigenous sedimentation was mainly
provided by the hemipelagic precipitation of sus-
pended matter introduced with water masses.

CONCLUSIONS
Peculiarities of terrigenous sedimentation on the

Shirshov Ridge during the last deglaciation (Termina-
tion I) were reconstructed. Statistical treatment of the
grain-size data allowed us to distinguish the main
mechanisms of terrigenous influx on the Shirshov
Ridge: hemipelagic sedimentation caused by bottom
currents of different intensity and supply of ice-rafted
material. Their relative role in the terrigenous sedi-
mentation during six stages of Termination 1 was
determined. During period from the early deglaciation
to the Bølling–Allerød, the terrigenous sedimentation
was caused by a combination of hemipelagic sedimen-
tation and sea ice rafting. The probable dense accumu-
lation of drifted sea ice or permanent sea ice cover
above the southern part of the ridge in the second half
of the Heinrich 1 event caused the subice hemipelagic
supply of fine fractions. During the Holocene (mod-
ern interglacial), the terrigenous sedimentation was
provoked by the hemipelagic precipitation of sus-
pended matter in response to the activation of bottom
currents. Such sedimentation setting could exist in
local basins, from which the cores were recovered. On
the crests of the ridge, the influence of bottom cur-
LITHOLOGY AND MINERAL RESOURCES  Vol. 54  N
rents was likely much stronger during the entire con-
sidered geological interval. This follows from the high
content (>50%) of silt fraction (0.01–0.1 mm) in
modern sediments of the ridge (Lisitzin et al., 1970,
Fig. 74).

Analysis of the mineral composition of sediments
showed that the terrigenous material during last 22 ka
was supplied on the Shirshov Ridge from the water
drainage basins of the Yukon, Kuskokwim, and
Anadyr rivers, thus forming a single mixed terrige-
nous–mineralogical province. In addition, Kam-
chatka volcanoes during explosive eruptions supplied
volcanic ash into the studied area. This ash formed
layers and lenses unrelated to the terrigenous sedimen-
tation in both cores.
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