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Abstract—The distribution and fractionation of rare-earth elements (REE) in the Northwestern Pacific surface sediments are studied.
The REE contents in the sediments were 30—106 ppm, and the Y contents ranged from 9.34 to 24.5 ppm. The bottom sediments located
near the Kuril-Kamchatka arc were depleted in REE as compared with the sediments of the abyssal plain of the Pacific, the Kuril basin of
the Sea of Okhotsk, and the northwestern Bering Sea. The effect of distributive provinces and lithodynamic setting on the REE composition
and REE contents in the sediments was expressed as a positive correlation of the LREE/HREE ratio with the grain composition, Rb/Sr, and
Nb/Y and its negative correlation with Zr/Rb. The variations in the bulk REE composition were due to the variations in LREE contents.
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INTRODUCTION

Rare-earth elements (REE) represents a group of ele-
ments with the unique geochemical characteristics deter-
mined by their chemical properties and characterized by an
4f- electron configurations (Henderson, 1984). Three-valent
lanthanides behave like coherent elements in geochemical
processes, while cerium (Ce) and europium (Eu) naturally
change their oxidation degrees to 4* and 2%, respectively.
These unique properties of Ce and Eu compared to their
neighboring elements allow using them as sensitive geo-
chemical indicators for paleoclimatic and paleogeographical
reconstructions of bottom sediments (Dou et al., 2010).

The REE behavior in sea and oceanic sediments have
been many times analyzed in the publications of Soviet,
Russian and foreign researchers (Balashov, 1976; Li, 1982;
Dubinin and Volkov, 1986; Murray et al., 1991; Bailey,
1993; Otosaka et al., 2000; Baturin and Yushina, 2007; Ak-
agi et al., 2011; Dubinin et al., 2013; Sattarova et al., 2014;
Sattarova and Artemova, 2015; Zou et al., 2015; Aksentov
and Sattarova, 2016; etc.). REE geochemistry has been stud-
ied as at field test sites as using the seismic profile method
applied to different oceanic facial zones (Toyoda et al.,
1990; Dubinin, 1994, 1998a; Strekopytov and Dubinin,
1996; Dubinin and Sval’nov, 2001, 2003; etc.). It has been
demonstrated that the further into the pelagic zone, the high-
er the REE accumulation in oceanic sediments compared to
the coastal terrigenous deposits. This is due to sorption (es-
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pecially light ones) of REE from oceanic water by clayey
minerals and hydrogenous iron/manganese oxyhydroxides
whose proportion increase in the pelagic zone (Volkov and
Fomina, 1973; Gurvich et al., 1980). REE composition in
the clayey sediments of continental periphery, in general, is
close to REE composition in shales (North American shale
rock NASC, PAAS, etc.) but relatively depleted in heavy
lanthanides (Dubinin, 2006; Taylor and McLennan, 1985).

In the international water of the Pacific, deep-water bot-
tom sediments with high REE content were found. In these
areas of the Pacific, REE concentration is higher than in
many continental deposits, as those being developed in Chi-
na (Kato et al., 2011).

The REE content in the sediments Far Eastern seas have
been rarely studied. These studies include an investigation
into REE content and fractioning in the deep-sea cores ob-
tained from the Yamato Basin in the Sea of Japan (Murray
et al., 1991). The authors considered the effect of sediments
lithology and diagenetic processes on REE composition.
The lanthanides migration and accumulation was determined
by lithodynamic processes, mainly by the mineralogical
composition of distributive provinces in the sediments from
the Amur Gulf of the Sea of Japan (Aksentov and Sattarova,
2016). The bottom sediments at the Academy of Sciences
Plateau in the Sea of Okhotsk have a significant positive Ce
anomaly, which is related to Fe-Mn oxides formation (Zou
et al., 2015). In the Bering Sea REE distribution in the pore
water and suspension was investigated (Akagi et al., 2011;
Soyol-Erdene and Huh, 2013). In (Anikiev et al., 1997) the
authors considered the distribution and sedimentation flows
of different chemical elements including REE in the bottom
sediments from the Gulf of Anadyr (Bering Sea).



V.V. Sattarova and K.1. Aksentov / Russian Geology and Geophysics 60 (2019) 150-162 151

In this study we try to trace REE and yttrium distribution
in the bottom sediments of the Western Pacific and consider
the interrelation between lanthanides and grain composition,
organic matter and other chemical elements.

STUDY AREAS

Kuril Basin of the Sea of Okhotsk. The maximum
depth of the Kuril Basin reaches 3521 m. Located in the
south of the Sea of Okhotsk it is regarded as one of the back-
arc basins (Mazarovich, 2011). It has a triangular-shape re-
ducing to the north. Its relief is an abyssal plane delineated
along its isobathic line at 3000 m (Rodnikov et al., 2005). In
its southwestern part it has a developed sedimentary cover,
whose thickness varies from 4000 to 7000 m. The basin
formed under stretching conditions from the early Oligo-
cene to the late Miocene; and it started to deepen in the
early Pliocene (Mazarovich, 2011). The basin’s sedimentary
deposits can be subdivided into two units. The upper one is
an interlayering of turbidities and volcanogenic sediments
(ashes) and covers the Miocene—Quarternary stratigraphic
interval. The lower one is formed by pelagic clays and mud-
stones with rare interlayers of volcanic materials. As for its
age, it can be regarded as Cretaceous—Paleogene, consider-
ing the sedimentation rate (Rodnikov et al., 2005).

Northwestern Pacific. On the oceanic side of the Kuril-
Kamchatka Trench at the very edge of the Pacific bed there
is a flat plateau known as the Zenkevich swell. Its height is
only 200-400 m above the adhering oceanic bottom at the
width of 180-250 miles. In the southeast, the swell’s surface
gradually becomes transitions to the seafloor. Above the
swell’s dome laying at the depth of 5000-5500 m rise a
number of hills (100300 m) and a number of high moun-
tains reaching the depths of 1700-1900 m. The falls and
rises of the swell’s surface are oriented transversely to its
strike (Belousov and Udintsev, 1981). The Kuril-Kamchat-
ka Trench’s slope is mainly composed of strongly weath-
ered pillow lavas of plagioclase and pyroxene—plagioclase
basalts. Apart from the basalts its composition includes
sedimentary clayey—siliceous and sandstone rocks; meta-
morphosed sedimentary and volcanogenic rocks (Vasil’ev et
al., 1986). This region is susceptible to active volcanic activ-
ity (Bezrukov, 1955; Udintsev, 1955). The terrigenous and
pyroclastic material coming from the neighboring areas mix
with the organic matter in suspensions. Another factor af-
fecting sedimentation in the area is the Kuril-Kamchatka
stream bringing mainly Bering Sea waters. The depth of the
Kamchatka straits is crucial for water-exchange conditions
between the northwestern part of the Pacific and the Sea of
Okhotsk (Rogachev and Verkhunov, 1995).

Bering Sea. The biggest of the Russian Far East seas is
subdivided from the Pacific by the chain of the Aleutian Is-
lands and their western extension—the Commander Islands.
The sea’s maximum depth does not exceed 4420 m, which
is equal to the average depth of the Pacific (Lisytsyn, 1966),

and it lies at the boundary of the ice and temperate zones.
The external slope of the Aleutian arc has multiple benches
and terraces. The Bering Sea can be divided into two areas:
to the south lies the Orbuchev Seamount being a wide un-
derwater surface of 4000 m along its isobathic line, whose
heights reach 3500 m. Its sedimentary thickness changes
from 1000 to 2000 m. According to A.P. Lisytsyn (1966),
these are sediments of different kinds including terrigenous,
biogenic, volcanogenic and mixed kinds. The most typical
biogenic sediments include diatomic and spicule siliceous
ones. The large areas are covered with the gravel and peb-
bles brought by ices and accumulated at different depths.
The southern offshore is typically covered by the volcano-
genic sediments represented by rough and fine aleuritic silts.
The neighboring Pacific brings in foraminiferal sediments
and covers large areas with siliceous and sponge sands. The
continental slopes of the Bering Sea are mainly covered
with large siltstones and their lower parts—by fine siltstones
and silts-shale silts (mostly terrigenous ones). In some plac-
es, there are sand concentrations and stripes as well as the
gravel-cobble sediments marking bedrock exposures.

MATERIALS AND METHODS

In this study we analyzed the surface sediments obtained
during scientific expeditions on the board of research ves-
sels “Sonne” (S0223, 2012) “Akademik M.A. Lavrent’ev”’
(LVS55, 2011 r.; LV63, 2013 r; LV71, 2015) (Fig. 1). Ta-
ble 1 summarizes the coordinates of the sampling sites and
the mass percentage of grain size fractions in the sediments.

The grain size was measured using the ANALYSETTE
22 particle size analyzer (Fritsch, Germany) following the
well-mastered technique (Botsul, 2002).

The total organic carbon (C,,) content was detected us-
ing the TOC-VCPN analyzer with the SSM-5000A solid
sample combustion unit (SHIMADZU, Japan). The relative
standard deviation for the total carbon was 1.5%, and for
nonorganic carbon—2.0%.

Bulk chemical analysis of the samples was performed in
the Common Use Center of the Far East Geological Institute
of the Russian Academy of Sciences. To perform lithochem-
ical analyses, selected samples were first dried in a dewater-
ing box at the temperature of 30-50 °C until they became
air-dried. Then the samples underwent open acid decompo-
sition. The REE content was detected using the ICP-MS
technique with the Agilent 7500c mass-spectrometer (Agi-
lent Technologies, USA) and !'°In as an internal standard (at
finite concentration 107%). The concentration of other ele-
ments was determined using the ICP-AES technique with
the iCAP 6500Duo spectrometer (Thermo Electron Corpo-
ration, USA) and cadmium solution as an internal standard
(concentration 10—4%). The detection accuracy was con-
firmed using State Standard Reference Sample analyses
such as OOPE 402 (siliceous silt), OOPE 201 (terrigenous
volcanic silt).
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Fig. 1. Map of study area and location of bottom sediment sampling stations. The arrows indicate a schematic circulation systems.
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Table 1. Geographic location, water depth and grain composition of surface sediment samples from the Northwestern Pacific

153

Coordinates Content of grain fractions, %
Stations Depth, m

LatN Long E >0.063mm  0.004-0.063 mm < 0.004 mm
Kuril Basin (Sea of Okhotsk)
LV71-1 46°08.8' 146°00.0 3481 0 46 54
LV71-2 46°41.08' 147°27.99' 3352 0 53 47
LV71-3 46°38.002' 148°59.995’ 3363 0 46 54
LV71-4 47°12.005' 149°36.992’ 3366 0 67 33
LV71-5 48°37.261' 150°00.315’ 1700 0 71 29
LV71-6 48°02.960' 150°00.292’ 3351 2 55 43
LV71-7 46°57.020" 151°5.011" 3300 4 65 31
LV71-11 45°36.300' 146°23.100’ 3206 0 44 56
LV55-9 49°31.255' 153.27.141" 1937 0 78 21
LV55-41 48°9.488' 147°8.372' 1639 0 49 51
LV55-42 46°56.91' 147°12.289’ 3354 0 43 57
LV55-45 47°18.395' 145°10.358' 2426 0 78 21
LV55-48 45°33.14' 144°19.964' 767 0 55 45
Northwestern Pacific
LV55-4 43°24.743' 147°36.978' 2909 1 76 24
LV71-9 46°16.086' 152°02.101" 3430 2 74 24
LV71-10 46°07.870 152°12.182' 4722 0 71 29
1(A1) 43°58.190' 157°19.796' 5412 0 68 31
2(A2) 46°14.024' 155°33.100' 4869 0 67 33
3(A3) 47°14.261' 154°42.319' 4976 1 78 21
4(B1) 46°58.001" 154°32.703' 5767 0 57 43
5(B2) 43°34.990' 153°57.964' 5378 8 67 25
6(C2) 42°29.002' 153°59.905' 5297 1 71 28
7(Cl) 43°02.217' 152°59.129' 5222 1 77 22
8(D3) 42°14.614' 151°43.506' 5127 0 76 24
9(D1) 40°35.012' 150°59.630' 5401 0 63 37
11(ED) 40°12.891' 148°06.042' 5349 0 67 33
12(E2) 39°43.417' 147°10.014' 5229 0 72 28
LV63-3 50°12.6995 157°28.5013 1495 46 37 17
LV63-4 51°37.5235 167°49.7646 2951 11 63 26
LV63-5 52°29.0948 165°49.9814 3131 21 56 23
LV63-8 53°33.9217 164°27.5782 3083 22 52 26
LV63-33 54°20.0411 162°07.1840 1465 14 58 28
LV63-40 52°59.2205 160°56.5172 2927 34 43 22
LV63-44 52°30.9397 160°16.9615 1668 2 62 37
Bering Sea
LV63-9 55°23.0315 167°24.9123 2560 3 71 26
LV63-12 57°11.0513 169°40.2556 1888 0 73 27
LV63-15 59°14.3871 170°46.4688 794 67 20 14
LV63-20 60°23.1146 179°47.2203 1125 3 78 20
LV63-23 61°08.9513 176°45.6812 1891 3 74 23

REE results are usually presented as normalized on the
North American Shale Composite (NASC) (Gromet et al.,
1984) to exclude the effect of different REE prevalence. The
values of Eu and Ce fractioning were calculated according

to the following formulas:
Bu,, =2 x Ew/Bu/(Sm/Sm™+ Gd/Gd™);

Ce,, = 2xCe/CeN/(La/LaN + Nd/NdN), respectively (Du-
binin, 2006).

The light/heavy REE ratio was considered as:

LREE/HREE = (La/LaN + 2 x Pr/PrN + Nd/NdV)/
(Er/ErN + Tm/TmN + Yb/YDN + Lu/LuM).
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This formula is based on a large number of elements and
less to the influence of analysis errors in the determination
of individual lanthanides.

The obtained element database was processed using the
statistical methods of correlation and cluster analysis. Since
the initial concentrations have different scales, they were
standardized through z-transformation. In this study, the
Ward’s method of cluster analysis was used. Euclidean dis-
tance (expressed in arbitrary units) was used as a measure of
similarity (affinity). The cluster analysis was performed fol-
lowing the Q-technique, which allowed us to group sam-
pling stations with similar geochemical parameters. For the
cluster analysis, only element composition data were con-
sidered, which, in our opinion, was a more correct approach
to determination of the sedimentations’ geochemical types.

RESULTS

The total concentrations of REE and yttrium in the stud-
ied bottom sediments are presented in Fig. 1. In the whole,
one can see three zones of maximum REE concentration:
the north-western part of the Bering Sea (stations LV63-20,
LV63-23); the abyssal plane of the Pacific (stations 1(Al),
6(C2), 9(D1)); and the deep part of the Kuril Basin of the
Sea of Okhotsk (stations LV71-1, LV71-2, LV55-48). The
areal distribution of yttrium demonstrates another pattern.
Now, let’s consider each particular area.

Kuril Basin of the Sea of Okhotsk. Based on grain
composition, sediments from the Kuril Basin are represent-
ed by clayey-silt and silty-clay ooze of olive color with a
high concentration of diatoms. Surface sediments within the
interval of 1-6 cm include liquid and semiliquid silts.

The organic carbon values varies between 0.84—1.92%,
1.45% in average; the silicon ranges from 26.15 to 31.20%,
28.82% in average (Table 2). Compared to sediments from
the Bering Sea and the Northwestern Pacific, Kuril Basin
sediments are rich in manganese (1.29% in average), lithium
(29.2 ppm), cesium (3.63 ppm), thorium (4.05 ppm), lead
(18.63 ppm) and rubidium (53.86 ppm).

The total REE concentration in the surface sediments
varies from 30.08 ppm (station LV55-9) to 89.58 ppm (sta-
tion LV55-48), 68.98 ppm in average. The yttrium concen-
tration ranges from 9.34 ppm (station LV71-5) to 18.65 ppm
(station LV71-7), 12.49 ppm in average. It should be noted
that the total concentration of lanthanides varies within
30.08-89.58 ppm (Table 3) with insignificant positive Eu
and Ce anomalies. Analysis of REE distribution patterns in
the sediments allowed us to separate the last into two groups.
The first group includes bottom sediments with relatively
homogeneous REE distribution in which light REE prevail,
and the second includes stations with the prevalence of
heavy REE (Fig. 2a, b).

Northwestern Pacific. The grain composition of the sed-
iments from the stations located in the abyssal plane adja-
cent to the Kuril-Kamchatka Trench includes silty clay and

clayey silt ooze of light and dark brown colors. These are
semiliquid, viscous and plastic silts (Sattarova and Artemo-
va, 2015). The stations located along Kamchatka are repre-
sented by terrigenous and terrigenous—diatomic sediments
of gray-green color with sandy silt and silty sand and sand-
silt-clay structures. Sediments from the Obruchev and Detroit
Seamounts are terrigenous, sand-silt-clay and light brown
with insignificant inclusions of diatoms and carbonates.

The studied sediments contain maximum average amount
of aluminum (6.12%), iron (3.62%), calcium (2.88%), mag-
nesium (1.44%), scandium (15.34 ppm), strontium
(277 ppm) and zirconium (79.6 ppm). The C,,, varies from
0.44 to 1.55%, 0.97% in average; the silicon ranges from
21.95 to 31.84%, 28.02% in average (Table 2).

The total REE concentration varies from 40.3 ppm at sta-
tion LV55-4 to 105.4 ppm at station 9(D1) (Table 3),
70.90 ppm in average; the yttrium concentration—ranges
from 12.57 ppm (station LV55-4) to 24.50 ppm (station
7(C1)), 17.06 ppm in average. NASC-normalized, REE
showed a similar distribution (Fig. 2c—f) with the noticeable
prevalence of heavy REE over light ones (LREE/HREE var-
ies from 0.43 to 0.93) (Table 3). In sediments from some
stations, a positive Eu anomaly (Eu,, = 0.95-1.32) was ob-
served, and the Ce anomaly values varies with the range of
0.80-1.15.

Bering Sea. The bottom sediments of the Bering Sea are
soft and their color changes from gray green to dark gray.
Based on the grain composition the sediments are classified
clayey silt, the only exception is a sample from station
LV63-15 that has an sandy structure. The studied sediments
are of terrigenous type with insignificant inclusions of dia-
toms, their pieces, and sponge spicules.

The sediments from the Bering Sea contain maximum
average concentrations of organic carbon (1.54%), silicon
(30.91%), titanium (0.31%), potassium (1.48%), niobium
(5.22 ppm), chrome (74.06 ppm), and zinc (100.4 ppm).

The total concentration of REE in the samples varies
from 46.29 ppm (station LV63-9) to 98.06 ppm (station
LV63-20), 77.44 ppm in average; the yttrium concentra-
tion—ranges from 10.85 ppm to 14.15 ppm, 13.10 ppm in
general.

Considering the distribution of the NASC-normalized
REE it can be noticed that it is generally flat with an insig-
nificant rise in the domain of middle and heavy rare-earth
elements (Fig. 2e). These spectra are somewhat similar to
ones from the Northwestern Pacific but have a more ex-
pressed Eu anomaly. Almost all the stations demonstrated
insignificant Ce deficiency (Ce,, = 0.90-0.94). Three sta-
tions (LV63-15, LV63-20, LV63-23) showed insignificant
increase of light rare-earth elements (LREE/HREE > 1).

DISCUSSIONS

The grain composition is one of the key factors that de-
termine rare-earth fractioning in sediments (Zhang et al.,
2012), so increase of fine fractions increases the total REE
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Table 2. Chemical composition of the sediments from the Northwestern Pacific

Element

Station  wt.% ppm

C Si Al Fe Mn Ca Ti Mg K Li Nb Cs Cr Hf Th U Sc¢c Pb Rb Sr Zn Zr

org

Kuril Basin (Sea of Okhotsk)

LV71-1 192 26.86 4.83 3.04 1.75 0.75 0.23 131 1.54 28.94 547 471 4825 142 484 133 941 2253 68.16 201 109.3 54.05
LV71-2 1.56 29.11 530 3.45 0.30 0.72 024 131 1.65 31.38 5.51 521 47.08 1.52 4.87 1.22 10.57 18.73 7335 160 119.2 57.38
LV71-3 145 29.29 495 329 0.25 1.01 023 1.34 143 26.75 4.48 4.39 39.67 1.41 4.10 1.06 11.11 20.73 59.46 167 1199 53.93
LV71-4 1.18 27.99 486 3.39 3.12 148 025 127 1.11 36.16 3.48 3.21 30.88 1.38 2.99 1.35 13.76 16.28 44.37 207 105.8 49.89
LV71-5 134 30.79 3.52 2.35 035 1.53 0.17 1.12 090 14.54 2.15 1.98 24.24 0.93 1.97 0.86 9.21 16.12 28.48 195 88.9 38.10
LV71-6 124 27.68 3.47 2.41 3.87 1.14 0.18 123 0.99 48.88 2.60 2.44 24.27 1.05 2.39 1.42 9.40 16.02 34.34 208 102.5 41.87
LV71-7 0.84 2747 550 4.03 1.69 2.44 030 1.41 0.89 29.57 2.04 1.94 20.13 2.94 1.75 0.82 19.58 14.58 26.07 244 949 52.30
LV71-11 1.83 26.15 4.48 2.87 2.60 0.74 022 122 1.56 29.21 6.45 4.54 48.07 1.68 5.82 2.16 9.55 25.08 66.57 208 959 55.33
LVs55-9 138 31.20 3.70 2.37 0.04 1.99 0.18 1.03 0.72 9.81 1.22 1.12 20.43 1.00 1.32 0.99 11.10 9.66 17.35 215 53.8 3897
LV55-41 1.40 30.30 4.45 2.96 0.50 0.75 021 1.15 1.40 26.95 4.65 3.83 41.21 1.35 4.76 1.31 10.23 23.06 58.66 185 125  52.75
LV55-42 1.75 28.05 4.73 3.07 2.12 0.71 0.23 1.21 1.56 38.64 539 4.71 47.11 1.49 5.64 1.57 10.60 22.48 70.60 201 112.6 59.59
LV55-45 1.67 30.42 4.83 296 0.18 0.68 0.24 0.99 1.60 27.02 5.82 3.97 44.96 1.48 5.59 1.46 9.15 16.49 69.80 186 68.9 53.07
LV55-48 1.28 29.37 530 3.59 0.06 0.75 025 1.09 1.77 31.74 6.78 5.07 52.62 1.75 6.57 1.59 10.07 20.45 83.00 187 74.7 63.03
Mean 1.45 28.82 4.61 3.06 1.29 1.13 023 121 1.32 29.20 4.31 3.63 37.61 1.49 4.05 1.32 11.06 18.63 53.86 197 97.80 51.56
St.dev. 030 1.59 0.67 0.50 1.31 0.57 0.04 0.13 035 9.76 1.83 1.35 1191 0.50 1.76 0.36 2.84 427 2122 22 2145 7.62

Northwestern Pacific

LV55-4 134 31.08 3.52 2.15 0.10 2.03 0.17 0.99 0.73 10.65 1.88 1.57 17.62 1.17 1.68 0.98 9.84 12.43 2091 175 66.73 43.43
LV71-9 1.55 28.68 6.20 4.35 0.13 3.15 034 1.44 0.80 12.19 1.69 1.33 23.70 1.68 1.42 0.69 21.74 9.52 19.14 262 789 56.11
LV71-10 0.95 28.99 4.86 3.37 0.25 1.84 0.26 135 1.00 1577 3.21 1.76 2832 1.33 1.90 0.99 15.73 12.32 25.87 208 76.2 53.39
1(A1) 0.81 28.58 590 3.31 0.39 1.38 0.26 1.38 1.31 23.00 430 4.15 34.10 2.11 4.44 1.28 13.20 2520 51.30 239 86.30 87.00
2(A2) 0.81 28.69 597 3.75 036 1.59 031 1.50 1.28 24.20 3.92 391 37.30 2.15 432 1.39 16.50 22.60 50.60 259 99.70 92.20
3(A3) 1.55 28.34 538 3.60 0.15 1.83 030 1.58 1.09 22.00 2.86 2.70 37.00 1.77 2.76 1.32 13.70 13.80 36.50 231 83.70 71.00
4(B1) 0.98 27.33 6.99 497 0.19 3.07 042 1.89 1.08 18.90 2.82 2.52 37.10 1.81 2.74 1.09 18.30 14.10 34.50 295 88.20 73.60
5(B2) 0.78 28.86 5.84 3.12 030 1.56 0.25 1.24 1.25 21.40 4.23 4.05 24.10 2.25 4.41 1.32 13.50 24.00 47.40 247 79.40 96.00
6(C2) 0.69 27.73 6.38 3.18 0.32 1.65 027 1.28 1.40 22.60 4.59 4.74 27.70 2.42 5.05 1.30 13.40 26.90 55.00 245 80.50 101.00
7(C1) 0.44 31.84 6.57 2.46 021 1.67 0.19 0.75 1.17 18.10 3.74 3.29 13.70 3.02 3.73 1.21 9.87 19.80 36.50 239 73.10 119.00
8(D3) 0.58 30.25 6.41 2.64 0.28 1.94 022 089 1.21 18.70 3.86 3.65 9.80 2.89 3.87 1.26 11.20 20.40 39.00 236 73.80 110.00
9(D1) 1.36 27.09 595 336 0.95 0.97 0.27 139 1.63 39.80 5.90 6.13 43.70 1.97 6.80 1.75 14.00 34.60 74.20 206 121.20 94.60
11(El) 145 26.20 5.11 3.05 1.02 094 024 132 1.35 3580 5.09 4.85 3240 1.79 5.39 1.68 11.70 27.90 60.90 192 117.00 76.20
12(E2) 1.40 28.65 520 3.12 0.60 1.00 024 127 131 28.60 521 4.79 3830 1.91 537 1.69 11.90 27.30 59.90 188 93.60 79.00
LV63-3 0.79 27.65 7.98 537 0.10 432 043 1.73 1.05 13.74 2.11 1.82 48.93 1.88 1.47 0.73 23.21 6.73 27.25 339 94.79 68.39
LV63-4 0.79 21.95 5.02 2.86 0.15 10.86 0.25 1.18 1.13 16.23 2.85 1.94 29.61 1.65 2.21 0.82 11.64 12.75 30.03 566 74.87 66.41
LV63-5 0.57 2492 6.68 3.63 0.23 7.62 0.33 144 1.19 16.19 2.81 1.69 39.95 2.03 2.11 0.77 15.86 10.47 29.36 451 86.74 84.49
LV63-8 0.57 28.97 7.20 4.00 0.22 3.53 0.38 1.59 1.37 17.52 3.49 1.77 48.56 2.26 2.35 0.88 16.66 10.21 33.72 333 93.39 92.17
LV63-33 1.06 27.41 7.46 4.77 0.07 3.27 040 2.11 1.36 23.65 2.67 1.83 91.54 1.83 1.78 0.88 20.33 7.25 31.81 303 94.96 69.65
LV63-40 1.54 27.74 6.16 3.94 0.06 2.47 0.35 1.86 1.33 23.53 2.84 197 64.08 1.77 1.92 1.13 17.58 7.98 33.17 264 102.89 67.10
LV63-44 093 2743 7.79 493 0.08 3.88 042 192 1.19 17.43 230 1.54 7398 1.80 1.43 0.78 22.18 6.86 26.86 331 96.22 68.87
Mean 0.97 28.02 6.12 3.62 0.29 2.88 030 1.44 1.20 20.95 3.45 295 38.17 198 3.20 1.14 15.34 16.82 39.23 277 88.68 79.60
St.dev. 0.37 2.07 1.07 0.87 0.26 2.38 0.08 0.34 020 7.12 1.14 1.42 19.53 0.44 1.60 0.32 4.03 839 1460 92 14.03 18.92
Bering Sea

LV63-9 1.69 29.80 579 3.19 0.04 223 028 1.60 1.16 19.33 2.55 1.57 64.17 1.68 1.03 1.56 12.87 6.22 28.40 307 97.53 62.83
LV63-12 1.92 29.71 544 3.17 0.04 1.72 029 139 1.42 28.38 5.05 3.38 72.73 3.81 1.62 1.70 12.72 9.22 52.34 230 132.92 67.49
LV63-15 0.70 31.83 6.45 3.46 0.04 1.91 033 1.16 1.76 2437 522 2.55 91.70 3.44 1.11 1.57 12.55 830 55.19 291 73.53 59.61
LV63-20 1.65 31.62 5.59 2.99 0.04 2.00 0.33 1.29 1.54 23.33 6.72 2.75 70.64 5.06 1.78 1.47 11.98 10.41 56.66 225 99.28 57.16
LV63-23 1.76 31.58 529 2.89 0.03 1.92 031 126 1.52 24.68 6.55 3.00 71.08 5.09 1.83 1.37 11.46 9.56 58.91 229 98.68 54.84
Mean 1.54 3091 571 3.14 0.04 1.96 031 134 1.48 24.02 522 2.65 74.06 3.82 1.47 1.53 12.32 8.74 50.30 256 100.4 60.38
St.dev. 0.48 1.06 0.45 0.22 0.01 0.18 0.02 0.17 022 324 1.67 0.68 1038 1.40 0.38 0.12 0.59 1.60 12.47 39 21.17 4.95
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Fig. 2. NASC-normalized REE distribution patterns. a, b, The bottom sediments of the Kuril Basin of the Sea of Okhotsk; c—e, the bottom sedi-
ments of the Northwestern Pacific; £, the bottom sediments of the Bering Sea.

concentration in the sediments (Fig. 1b, Table 3). When
considering REE distribution it should be noted that sedi-
ments with coarse fraction have a negative Ce anomaly in
their composition, which becomes positive in fine fractions
(Fig. 2). According to (Tlig and Steinberg, 1982) coarse
fractions being mainly amorphous silica are in deficiency of
cerium and light rare earth. According to A.V. Dubinin
(2006) the clayey material of pelagic sediments, and oceanic
and sea terrigenous sediments are often enriched by light

REE with no anomalous Ce behavior. Figure 3 demonstrates
the features of the REE fractionation in the sediments of the
Northwestern Pacific. Here LREE/HREE correlates with the
geochemical, biogenic and lithological parameter. The ef-
fect of the distributive provinces can be traced in the nega-
tive Zr/Rb dependence being an indicator of heavy mineral
content, and in positive Nb/Y indicating acid pyroclastics.
Microscopic analysis demonstrated the presence of volcanic
glass. Explosive eruptions in Holocene—late Pleistocene are
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Table 3. REE concentration in the bottom sediments of the Northwestern Pacific, ppm

Station La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu P33 Y Eu,, Ce, Ié};ll?g
Kuril Basin (Sea of Okhotsk)

LV71-1 1599 37.01 3.68 1423 299 0.64 252 038 210 042 130 0.18 1.17 0.17 8280 1249 1.03 1.09 1.26
LV71-2 16.12 38.16 3.92 14.67 3.09 0.63 257 042 228 047 138 0.18 133 020 8543 1273 098 1.10 1.21
LV71-3  14.06 33.76 3.39 13.13 2.80 0.62 249 041 247 047 146 020 133 020 76.78 13.16 1.04 1.10 1.02
LV71-4 11.64 27.80 2.85 1145 2.62 0.62 248 042 255 053 159 023 153 022 6652 14.60 1.07 1.07 0.77
LV71-5 731 19.66 186 7.59 1.71 045 1.66 027 157 033 098 0.14 092 0.14 4459 934 1.17 1.18 0.81
Lv71-6 928 22119 221 9.10 2.09 0.52 204 031 187 039 1.16 0.17 1.11 0.16 52.61 1084 1.12 1.07 0.82
LV71-7 796 19.71 221 986 2.64 0.74 272 0.50 3.01 065 196 028 188 029 5441 18.65 121 099 047
LV71-11 16.63 37.06 3.75 13.60 2.87 0.54 215 036 2.07 039 1.15 0.17 1.15 0.16 82.04 1226 094 1.09 1.37
LV559 481 11.09 130 561 141 034 126 024 151 033 096 0.14 093 0.14 30.08 10.09 1.13 095 0.56
LV55-41 1329 3421 3.05 11.74 250 051 193 032 1.77 036 1.05 0.14 1.08 0.14 72.10 1077 1.02 122 1.25
LV55-42 1578 37.34 3.64 1391 286 0.59 225 039 217 044 129 0.18 121 0.18 8224 1293 1.02 1.12 1.21
LV55-45 1593 34.05 3.61 1356 2.68 0.55 222 035 1.87 037 1.09 0.16 1.03 0.14 7761 1133 099 1.03 145
LV55-48 18.06 39.84 4.09 1542 324 0.62 254 038 211 042 130 0.17 121 0.17 89.58 13.13 094 1.06 1.41
Mean 12.84 30.14 3.04 11.84 258 057 222 036 210 043 128 0.18 122 0.18 6898 1249 1.05 1.08 1.05
St.dev. 424 9.13 089 299 0.54 0.10 041 0.07 041 0.09 028 0.04 026 0.04 18.19 235 0.08 0.07 0.33
Northwestern Pacific

LV55-4  6.10 1430 1.76 7.64 1.89 046 197 034 214 045 139 021 143 022 4030 12.57 1.04 093 0.50
LV71-9 589 14.00 1.71 7.87 2.09 0.64 224 040 249 054 1.61 025 1.66 023 41.61 1670 1.30 091 0.43
LV71-10 6.67 1561 1.83 756 194 0.58 216 033 2.00 045 133 0.19 123 020 42.10 1359 123 098 0.56
1(Al) 1440 37.10 4.02 16.80 3.85 0.89 4.08 0.60 346 0.68 2.17 031 216 033 90.85 1680 0.98 1.06 0.75
2(A2) 14.00 3490 395 1630 3.81 099 4.18 0.62 3.69 0.89 232 034 240 035 8873 17.90 1.08 1.03 0.68
3(A3) 943 2260 2.85 11.80 2.77 0.74 3.01 050 286 0.63 185 027 1.81 028 6140 1470 1.12 095 0.61
4(B1) 10.20 2390 3.03 1290 3.07 089 3.60 057 345 0.75 222 033 219 033 6743 17.30 1.16 092 0.54
5(B2) 14.10 3550 3.99 16.00 3.78 090 398 0.62 3.63 0.77 228 0.34 236 035 88.60 1820 1.02 1.05 0.68
6(C2) 15.80 39.60 431 1740 4.18 097 458 0.71 421 0.88 261 039 271 041 9877 2130 097 1.06 0.64
7(C1) 13.50 3350 3.79 16.50 3.88 092 435 0.67 437 094 285 044 3.17 049 8937 2450 098 1.00 0.50
8(D3) 13.30 32.50 3.78 1540 3.70 092 4.10 0.67 4.10 0.89 277 042 2.84 045 8583 2230 1.03 1.01 0.53
9(D1) 18.30 4590 4.83 18.00 4.01 095 4.00 0.60 338 0.68 2.17 030 2.01 031 1054 1570 1.04 1.13 0.93
11(E1) 15.10 38.00 3.85 14.80 326 0.74 3.50 051 296 0.59 1.84 027 1.83 028 8752 1430 095 1.13 0.85
12(E2) 15.00 38.50 3.81 14.80 325 0.76 346 0.50 3.00 0.60 186 0.27 1.83 0.27 8790 14.10 099 1.15 0.84
Lve3-3  7.73  17.80 2.53 11.23 2.88 0.90 3.12 054 329 0.70 237 030 2.09 033 5581 1925 132 0.84 046
Lve63-4 1082 21.01 328 1270 298 0.78 3.10 051 296 063 176 026 1.72 026 62.75 1590 1.12 0.80 0.73
LV63-5 1029 21.77 3.07 12.68 3.11 0.86 3.11 050 3.14 0.65 198 028 188 028 6362 17.71 122 0.85 0.63
LV63-8  11.21 2485 324 13.66 3.14 0.87 3.13 053 3.19 065 196 028 183 028 6883 17.73 122 0.89 0.68
LV63-33 8.66 1932 2.64 1143 2.84 083 279 047 284 058 174 026 1.70 0.25 56.36 16.16 1.29 0.86 0.61
LV63-40 839 1899 2.51 1032 255 0.69 252 042 252 053 1.59 022 153 023 5300 1427 1.19 091 0.64
LV63-44 7.68 1732 242 1059 2.64 0.82 289 048 298 062 1.89 027 180 027 5268 1728 129 0.85 0.53
Mean 11.27 27.00 320 13.16 3.12 0.81 333 053 3.17 0.67 203 030 201 031 7090 17.06 1.12 097 0.63
St.dev. 3.58 9.84 088 322 068 0.14 075 0.10 062 0.14 041 0.07 048 0.07 2009 296 0.12 0.11 0.13
Bering Sea

LvVe3-9 771 1698 224 9.18 2.11 059 2.04 034 194 039 120 0.18 122 0.18 4629 10.85 124 090 0.74
LV63-12 13.10 27.85 345 13.16 2.83 0.68 2.61 042 242 049 147 022 148 023 7041 1340 1.11 094 0.92
LV63-15 15.13 31.28 3.88 14.77 3.20 0.85 2.82 044 270 0.50 1.51 021 136 021 7884 1391 123 093 1.10
LV63-20 19.71 39.96 4.89 1857 3.69 0.89 343 050 261 050 1.53 021 135 021 98.06 14.15 1.10 093 1.39
LV63-23 1893 3841 4.73 1753 3.57 0.79 3.03 046 2.54 048 145 0.19 127 0.19 9358 1323 1.06 0.94 1.43
Mean 1492 30.89 3.84 14.64 3.08 0.76 2.79 043 244 047 143 020 134 020 7744 13.10 1.15 093 1.12
St.dev. 486 924 1.08 3.73 0.64 0.12 051 0.06 030 0.05 0.14 0.02 0.10 0.02 2066 132 0.08 0.02 0.30
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Fig. 3. Ratios between Y LREE/Y HREE and clay fraction, C,,, and Si/Al, Rb/Sr, Zr/Rb, Nb/Y in the surface bottom sediments of the Northwestern
Pacific. 1, Pacific Ocean; 2, Bering Sea; 3, Sea of Okhotsk. The thin line is the regression line (trend), the dashed line is the confidence interval
(95%) for the regression line, i.e., the regression line passes between the two dashed curves with a 95% probability.

the second important source of clastic matter in the bottom Two groups of stations were distinguished using cluster
sediments of the Northwestern Pacific after river discharge, analysis (Fig. 4) and carried out according to a successive
abrasion and ice rafting (Dergachev and Nikolaeva, 2010). merging graph. Cluster I includes the stations are located on
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Fig. 4. The results of statistical data processing. a, Location of sampling station (circles, cluster I, squares, cluster II); b, cluster analysis dendro-

gram; ¢, Shepard’s classification diagram.

the sloped or submarine hills along the Kuril Islands, Kam-
chatka, and the Commander Islands (Fig. 4). LREE enrich-
ment can be explained by additional sorption of light rare
earths because in the other samples whose grain composi-
tion is close to silt this correlation almost disappears. Pos-
sibly, this is due to of distributive provinces and lithody-
namic environment. For that reason, we performed a cluster

analysis for geochemical typification of the studied bottom
sediments.

Two groups of stations were distinguished using cluster
analysis (Fig. 4) and carried out according to a successive
merging graph. Cluster I includes the stations are located on
the sloped or submarine hills along the Kuril Islands, Kam-
chatka, and the Commander Islands (Fig. 4). The station
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Table 4. Comparison of the REE concentration average values for the distinguished clusters (the units correspond to those in Tables 2 and 3)

Si Al Fe Mn Ca Ti Mg K Li Nb GCs Ct Hf Th U Sc Pb Rb Sr Zn Zr P35 Y
Cluster I

Mean 28 59 37 024 35 031 1.52 1.06 18 247 1.82 42 172 187 096 16 11 28 295 86 63 53 15

St.dev. 2 1.5 1.0 04 25 0.09 033 021 5 059 039 22 049 049 023 5 36 100 13 15 11 3
Cluster II

Mean 29 54 31 084 13 025 123 142 29 5.00 4.06 43 228 423 145 12 20 58 215 98 71 84 15

St.dev 2 08 03 1.1 05 0.04 017 020 7 1.10 093 19 1.13 1.60 024 2 7 13 31 19 22 12 4
La Ce Pr Nd Sm  Eu Gd Tb Dy Ho Er Tm Yb Lu Euw/Eu* Ce/Ce* (LnL/LnH),
Cluster I

Mean 8.18 18.68 240 10.16 249 0.70 258 043 262 055 1.68 024 161 024 120 0.92 0.59

St.dev  1.85 376 0.60 238 055 0.17 064 0.10 062 0.13 041 0.06 038 0.06 0.08 0.09 0.11
Cluster II

Mean 15.09 3541 3.80 14.82 325 074 3.10 048 2.80 0.57 1.72 025 1.69 025 1.03 1.06 1.00

St.dev  2.37 494 060 226 055 0.16 085 012 079 0.19 0.55 009 063 0.10 0.07 0.07 0.31

LV71-5 is only remote and locate on the northeastern slope
of the Kuril Basin. The other stations were grouped in clus-
ter 1. The differential characteristic of the clusters is differ-
ences in concentration of some elements as a synchronous
increase in concentration of Mn, Nb, Cs, Th, U, Pb, Rb and
LREE (Table 4). At the same time, the average values of
HREE concentrations remained similar between the clus-
ters. The clusters have no almost no dissimilarity in organic
carbon concentrations. The average C,,, contents in cluster I
and cluster II are 1.1 and 1.3%, respectively. The cluster I
samples contained higher sandy fraction than samples from
cluster II. At the same time, the silty fraction (0.004—
0.063 mm) is almost identical in the both groups (about
60%). Cluster II was also characterized by an increased
clayey fraction.

The cluster I samples have a LREE/HREE ratio of less
than 1 varying from 0.43 to 0.81. The REE spectra of cluster
I almost repeated the spectra for the volcanic rocks of the
Kuril Islands and Kamchatka Peninsula (Hochstaedter et al.,
1996; Martynov et al., 2010). The same can be said about
the Geophysicist Seamount (Baranov et al., 2002), which is
a sign of the effect of edaphogenic material on REE compo-
sition in the bottom sediments of the considered cluster.
Also, the coincidence of the REE spectra is observed with
the suspensions of the Kislaya River on Kunashir Island
(Chudaeva and Chudayev, 2011) and approximately similar
to the REE spectra of river sediments from Hokkaido Island
(Ohta et al., 2007). In general, the chemical composition of
the bottom sediments of the Kuril-Kamchatka arc is close to
the volcanic rocks of the distributive provinces (Astakhov,
2001).

Cluster II have a diverse REE spectrum including sam-
ples whose LREE/HREE ratios were both higher and lower
than 1 (Fig. 2). The lanthanides spectra are comparable to
those from the distributive provinces. Terrigenous material
is brought to the Bering Sea mainly by the discharge of big
rivers—the Anadyr, Yukon and Kuskokwim that drain two-

thirds of the sea’s catchment area. The solid discharge of
small rivers and marine erosion are of secondary importance
(Lisytsyn, 1966). The sediments of the northwestern part of
the Bering Sea including the stations on Shirshov Ridge in
their normalized lanthanides distribution are similar to those
from the Anadyr Gulf (Anikiev et al., 1997), where sedi-
mentation is mainly affected by the discharge of the Anadyr
River, transported by the western branch of the cyclonic
surface-water circulation formed by ice rafting. At the same
time, REE concentration in Kuril Basin sediments is compa-
rable to the one in the sediments of the northwestern Sea of
Okhotsk (Sattarova et al., 2014) and the Amur River (Soro-
kina and Zarubina, 2011). For that reason, it is possible that
terrigenous material from the Amur River could reach the
deep-water parts of the Sea of Okhotsk by means of suspen-
sion transition along the east coast of Sakhalin Island as well
as by drifting ice (Zou et al., 2015). REE concentration in
the bottom sediments of the Pacific pelagic region is also
affected by atmospheric drift, mostly dust transfer from East
Asian deserts and volcanic eruptions of the Pacific Ring of
Fire (Ziegler et al., 2007). In the abyssal part of the Pacific
the enrichment of silt by the amorphous silica is related to
the presence of huge amounts of organisms with opaline
skeletons such as diatoms and deep-water sponges, which
confirms the high biological productivity of surface oceanic
waters. On the other hand, presence of biogenic silica in
sediments significantly reduces REE concentration (Palmer,
1985). According to (Akagi et al., 2011) diatoms are impor-
tant bearers of heavy REE.

CONCLUSIONS

The REE concentration in the bottom sediments from the
Northwestern Pacific varies from 30 to 106 ppm, yttrium
concentration ranges from 9.34 to 24.5 ppm, which is sig-
nificantly less than in deep-water clays of the central part of
the Pacific.
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The changes in the total REE concentration are mainly due
to LREE. Heavy lanthanides, on the other hand, do not change
that much. The sediments containing coarse fractions have a
negative Ce anomaly that becomes positive in fine fractions.

The bottom sediments in the Kuril-Kamchatka arc area
are not that rich in REE if compared to the sediments of the
abyssal plane of the Pacific, the Kuril basin and the north-
western part of the Bering Sea. The rare-earth elements con-
centration and fractioning is determined by the effect of dis-
tributive provinces and lithodynamic (geodynamic and
hydrological) environment of the region that is manifested
in the positive correlation with the LREE/HREE ratio, the
grain composition, the Rb/Sr, Nb/Y values, and in the nega-
tive correlation with the Zr/Rb values.

Considering their chemical composition, the studied
samples can be divided into two clusters. The first cluster
includes the Kuril-Kamchatka province. Here, the supply of
the clastic watter and its redistribution is determined by the
relief and the main water currents. For that reason, heavy rare
earths rarely reach deep-water areas, where mainly terrige-
nous and biogenic-terrigenous silts are accumulated that
comprise cluster II.
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