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Abstract: The increasing influence of Atlantic inflows in the Arctic Ocean in recent decades has had a
potential impact on regional biogeochemical cycles of major and trace elements. The warm and salty
Atlantic water, entering the Eurasian Basin through the Norwegian Sea margin and the Barents Sea,
affects particle transport, sink, phyto-, and zooplankton community structure and could have far-
reaching consequences for the marine ecosystems. This study discusses the elemental composition of
suspended particulate matter and fluffy-layer suspended matter derived from samples collected in the
Barents Sea and northern Norwegian Sea in August 2017. The mosaic distribution of SPM elemental
composition is mainly determined by two factors: (i) The essential spatial variability of biological
processes (primary production, abundance, and phytoplankton composition) and (ii) differences in
the input of terrigenous sedimentary matter to the sea area from drainage sources (weak river runoff,
melting of archipelago glaciers, etc.). The distribution of lithogenic, bioessential, and redox-sensitive
groups of elements in the particulate matter was studied at full-depth profiles. Marine cycling of
strontium in the Barents Sea is shown to be significantly affected by increasing coccolithophorid
bloom, which is associated with Atlantic water. Mn, Cu, Cd, and Ba significantly enrich the suspended
particulate matter of the benthic nepheloid layer relative to the fluffy layer particulate matter within
the benthic boundary layer.

Keywords: suspended particulate matter; trace elements; major elements; euphotic layer; fluffy layer;
particulate form; bioessential elements; the Barents Sea; the Norwegian Sea

1. Introduction

The main features of suspended particulate matter (SPM) in marine waters are formed
as a result of the mixing of mineral and biogenic particles. The mineral particle supply is
mostly external, usually through atmospheric dust deposition, river input, and sedimentary
resuspension, or is generated internally through the authigenic precipitation of minerals.
The biogenic particles originate from the vital activity of marine organisms, namely the
biological production of particulate organic matter (POM) and biominerals such as calcium
carbonate (CaCO3) and opal (biogenic silica, BSiO2) [1,2]. Particle concentration is thought
to be a major factor in controlling the scavenging of particle-reactive trace elements (TE) [3].
The SPM is concentrated in two layers of the water column, namely, the euphotic zone and
the benthic boundary layer (BBL). Suspended particles of the euphotic zone are subjected
to strong seasonal dynamics in high-latitude seas. The BBL is the layer of flowing seawater
directly above the sediment at the benthic substrate. Important processes occur in the BBL
that precede the formation of sediment, such as resuspension, lateral particle transport,
particle aggregation [4], and biologically mediated particle deposition [5]. These processes
largely determine the composition of the sediments. The lower, most particle-saturated
part of the BBL is distinguished as the benthic nepheloid layer (BNL) [5]. It is therefore
critical that we study the concentration and elemental composition of SPM in the euphotic
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zone and the BBL of the water column and the fluffy layer suspended matter (FLSM)
at the water–sediment interface. FLSM is a thin layer of fairly concentrated suspended
matter resting on the sea floor [6] and enriched by a newly formed biomass of bacteria
and archaea [7,8].

The present climate change in the Arctic has led to a dramatic shift in the ocean and
atmosphere [9]. Volume exchange between the Arctic and the high latitude North Atlantic
Oceans (>65◦ N) is controlled mostly by the Barents Sea Opening, located between Svalbard
and coastal Norway and the Fram Strait, separating the Nordic Seas south of the Arctic
Ocean [10]. The Barents Sea shelf became close to ice-free in the 2010s [11]. The long-term
biogeochemical consequences of such changes remain unclear.

The elemental composition of SPM reflects the processes that occur with this material
in the process of sedimentogenesis [1,2,12]. The composition of marine SPM depends on a
number of closely related biological and physicochemical processes occurring in the water
column (e.g., microalgae blooms, degradation of organic matter, redox reactions), as well
as on hydrological conditions. The study of some elements in SPM is of great concern for
establishing the patterns of sediment formation, which can be useful for paleooceanological
reconstructions [13]. The distribution of SPM is governed by the principles of the circum-
continental and climatic zones [1]. Tectonic zoning is also important for the Norwegian Sea
since it is bordered by the Arctic Mid-Ocean Ridge (Mohns Ridge) in the west, where active
submarine volcanoes and hydrothermal vents have been identified [14,15]. Hydrothermal
plumes are a source of SPM, which contains ore minerals (such as barite and iron, copper,
zinc sulfides, etc.) [16].

Studies of the SPM composition in the European Arctic seas were most active in
the 1990s [17–23]. The distribution of the major particulate phases (particulate-forming
constituents) in SPM, such as organic and carbonate matter, amorphous silica, lithogenic
matter, Fe oxyhydroxides, Mn oxides, etc., is studied in more detail [24,25]. There are
a few studies on the TE composition of SPM in this region, particularly in the Pechora
Sea—SE part of the Barents Sea [26,27]; the Barents Sea proper [28]; the northern Barents
Sea [29,30]; the Franz Victoria Trough [31]; in the Bear-Island Trough [32,33]; and at the
K-278 Komsomolets soviet nuclear submarine crash site [20,21]. The TE composition of
SPM in the BBL of the Barents Sea was reported [34]. It should be noted that previous
studies were relatively local and did not cover the entire region and were also constrained
in the list of TE studied.

The present study focuses on the rapidly changing oceanic region of the Barents
Sea and adjacent waters of the Norwegian Sea to investigate the potential impacts of
Atlantification. The aim of this work is to study the elemental composition of particulate
matter in the euphotic layer and the BBL of the Barents and Norwegian Seas during the
summer period, in order to identify the sources, sinks, and the relationship between trace
elements and major phase composition.

2. Materials and Methods
2.1. Study Area

The studied region is located in the area of interaction between the Atlantic (AW) and
Polar (PW) water masses. The Norwegian and Barents seas are highly productive and
characterized by lower river discharge than the Siberian Arctic seas. The Norwegian Sea
includes the continental slope and the foot of the continental slope and is characterized by
depths up to 3970 m. The Barents Sea is a marginal sea of the Arctic Ocean with a depth of
usually less than 300–350 m (Figure 1a).

An important factor influencing the distribution of SPM in the Norwegian Sea is
the hydrological regime of the Bear Island Trough, which is a gateway for the supply of
sedimentary matter from the Barents Sea [22,35,36]. The relief of the Norwegian Sea bottom
also determines the existence of significant BNLs confined to the continental slope and its
foot and linked to contour currents [37]. The water column is primarily represented by two
water masses: The AW, which occupies the upper layer to a depth of approximately 500 m,
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and the Norwegian deep water from 500 m down to the bottom [32]. The deep waters of
the Norwegian Sea are not influenced by the waters of the Barents Sea in the summer.

The warm and salty AW flows into the southern part of the Barents Sea from the
Norwegian Sea (Figure 1). Entering the Barents Sea as the North Cape Current, the AW
is divided into two main branches [38,39]. The northern branch flows northeast along the
trough of Hope Island, where it splits and passes over the threshold between the Perseus
Rise and Svalbard (76.5◦ N), while its other part circulates in the Bear Island Trough and
then comes out of the Barents Sea. The main branch of the AW in the form of the Murmansk
Current extends eastward towards the Novaya Zemlya Archipelago. The Murmansk
Current is a continuation of the Norwegian Coastal Current, which circles around Europe
along the coastline (Figure 1a). Moreover, the AW flow in the form of subsurface water
enters the Barents Sea from the Arctic Basin [40]. The relatively cold and fresh Arctic waters
(ArW) enter the Barents Sea from the Arctic Basin between Svalbard and Franz Josef Land
(FJL), as well as between FJL and Novaya Zemlya at layers of 0–100 m. The Barents Sea is
going through a marine climate transition dubbed the ‘Atlantification’ [41]. Regular satellite
observations indicate annual summer blooms of coccolithophorid Emiliania huxleyi in the
southwestern part of the Barents Sea [42–44] caused by an increase in the water temperature.
Results of phytoplankton studies (including coccolithophorid blooms) during the same
cruise were reported previously [45,46].
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2.2. Field Observations and Sample Collection 

Figure 1. (a) Water circulation scheme after [38,39]: red arrows—warm currents; blue arrows—cold
currents; dashed yellow arrows—subsurface currents. (b) Map of SPM and FLSM sampling stations,
July—August 2017. Station numbers are omitted in the first two digits. The area of coccolithophorid
blooms (>1.5 106 cells/l) according to satellite data in August 2017 [44]; sea ice conditions from
satellite imagery on August 8, 2017 [47]. Bathymetric data—IB-CAO [48].

2.2. Field Observations and Sample Collection

SPM samples from the Norwegian and Barents seas were collected during the 68th cruise
of the RV Akademik Mstislav Keldysh in July–August 2017 (Figure 1) [49]. The sampling
layers were selected based on preliminary hydrophysical and hydro-optical profiling data.
SBE9p probing system was used, including 10-L Niskin water bottles (24 pcs) and a CTD-
probe SBE 9+ with temperature, conductivity, pressure, and oxygen gauges. Vertical profiles
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of the temperature and salinity values were built along the the sublongitudinal transect [50].
Twenty-two above-bottom water samples (0.03–0.1 m from the bottom) and FLSM were
collected using a KUM multicorer.

A set of optical instruments [42] including a Ramses hyperspectral radiometer, a BIC
four-channel illuminance meter, and a PHAR LI-192 LiCOR complex based on photodiode
sensors were used to measure photosynthetically available radiation (PAR) at the sea
surface and underwater in visible light in the spectral range of 400–700 nm. The optical
measurements of the PAR profiles were carried out only during daylight time. The obtained
underwater PAR profiles made it possible to calculate the depth of the euphotic layer.

To study the mass concentration of SPM and its elemental composition, SPM was ex-
tracted by means of vacuum filtration through preweighed (with an accuracy of ±0.01 mg)
nuclear membrane filters with a diameter of 47 mm and a pore size of 0.45 µm produced by
the Joint Institute for Nuclear Research (Dubna, Russia). Before use, the filters were washed
with a 1N HCl solution at room temperature for ~24 h and then washed repeatedly with
deionized water to achieve normal pH (~5.5). In parallel, SPM was collected on fiberglass
filters Whatman GF/F 47 mm in diameter to determine the total and organic carbon (TC
and TOC). Before use, the filters were calcined at 450°C for 4 h. The BBL was assumed to be
50 m from the bottom in further measurements. Above-bottom water samples were treated
according to the same procedure as the samples from Niskin water bottles to collect FLSM.

2.3. Determination of Major Particulate Phases

The contents of TC and TOC were determined by automatic coulometric titration
(Table 1) using an AN-7529 device (Russia). TOC was determined after washing the filter
with a hydrochloric acid solution, and TC was determined on an untreated filter. The
accuracy of the analysis is 5% when TC content is less than 20%. The content of organic
matter (OM) was calculated by multiplying TOC by 2 [51]. Total inorganic carbon (TIC)
content was calculated by subtracting TOC from TC. From the TIC content, the calcium
carbonate CaCO3 was calculated using the stoichiometric coefficient.

Table 1. Chemical analytical methods and total number of SPM samples analyzed.

Method Measured Value Number of
Stations Studied

Number of
Samples Analyzed

Coulometric titration TC, TOC 20 78
Photocolorimetry Si, Al, P 20 78

ICP-MS
Mn, Ti, V, Co, Ni, Cu,
Rb, Sr, Cd, Ba, La, Ce,

Pb, U 65 295

FAAS Fe

Total particulate Si (totSi), Al, and P were determined using the photometric method
with a UNIKO 1201 device (Russia). The sample was fused previously in a muffle furnace
(at a temperature of 350 ◦C for 4 h) with a mixture of Na2CO3 and Na2B4O7 and the addition
of KNO3. The fusion was dissolved in 3M HCl [52]. The standard reference matter (SRM)
of ocean sediments (OOPE-101 and OOPE-401, Russia) was used to assess the quality of the
analysis. The discrepancies with the SRM passport values of the contents of the measured
elements in SRM were 2%–5%. The content of lithogenic matter (LM) was calculated by
multiplying the Al by a factor of 11.6 based on the average aluminum content in the Earth’s
crust [53]. The silicon content exceeding the lithogenic content estimated by the Si/Al ratio
in the upper continental crust [53] was calculated as exSi. The Si enrichment of SPM relative
to lithogenic matter is usually explained by the presence of biogenic amorphous silica [54].

2.4. Elemental Analyses of Particulate Matter

The elemental analysis of SPM was performed through inductively coupled plasma
mass spectrometry (ICP-MS) using the Agilent 7500a quadrupole instrument (USA) and
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flame atomic absorption spectrometry (FAAS) using the “KVANT-2A” instrument (Kortek,
Russia). Filters with the weighed SPM were placed in Teflon (Savillex™) vials, filled with a
mixture of nitric and hydrogen peroxide ultrapure concentrated acids, and placed in an
ultrasonic bath for 90 min at a temperature of 70 ◦C. After cooling, the filters were removed
from the vials and washed with a small amount of 0.1 N nitric acid. Then the samples
were brought to a volume of 20 mL with deionized water. A multi-element standard curve
containing 10 ppb of indium was used to calculate trace element concentrations after the
subtraction of the instrument blank. Digest blanks were subtracted from the sample and
filter blanks were adjusted for a blank derived from the digestion acids and Teflon vials.
The overall analytical precision was 5%–10% based on five replicate analyses of a single
sample digest solution.

The accuracy of the analysis was ensured by using the standard reference material
(SRM), namely, GSD-2 and GSD-6 composed of stream sediment powder (Institute of
Geophysical and Geochemical Exploration, China). A weighed portion of a standard
sample (7–10 mg) was placed in a vial together with a blank filter and subjected to the
same procedures as the samples. The analysis was conducted using replicates, blanks, field
blanks, and SRMs in order to maintain standard quality.

The determination of iron was carried out by FAAS. The accuracy of the method based
on the measurement of a standard sample was 5%–7%. The remaining elements (Mn, Ti, V,
Cr, Co, Ni, Cu, Rb, Sr, Cd, Ba, La, Ce, Pb, and U) were determined by ICP-MS. The accuracy
of the method estimated on the basis of measurements of standard samples was 10%–20%
depending on the element.

The statistical analysis was performed using the Statistica7 software. Ward’s hier-
archical cluster analysis identifies groups of elements with similar distribution patterns.
This method performs sequential joining of elements in clusters on the basis of correlation
between every pair of elements. A value equal to “1–Pearson R”, where “Pearson R” is the
Pearson correlation coefficient, was used as a linkage distance.

3. Results
3.1. Hydrological Conditions

In the studied part of the Norwegian Sea, the salinity averaged 34.9–35.1 psu. In the
eastern part of the sea, the upper layer of the 0–50 m water column was fresher, with the
salinity ranging from 34.4 to 34.9 psu in the area from the Scandinavian Peninsula to the
Bear Island Trough (Figure 2; Table S1).

The water temperature in the upper 300–500 m layer of the deep sea was positive,
decreasing with depth from 9.7 ◦C to zero values and reaching negative values to –0.8 ◦C
near the bottom. The thickness of the layer of positive temperatures increased eastward
from the Mohns Ridge to the continental slope. In the eastern part of the sea at a depth of
less than 1000 m, the temperature of the water column was positive from the surface to the
bottom. In the bottom layer, the water temperature varied from 3.3 to 6.6 ◦C, reaching the
highest levels in the coastal Norwegian Current.

The average temperature and salinity of the upper layer of the transformed AW
entering the western part of the Barents Sea to a depth of 50–60 m was 10.5 ◦C and 35.0 psu,
respectively. In the deepwater layer (deeper than 70 m), the AW characteristics changed to
6.0 ◦C and 35.1 psu.

In the northern and northeastern parts of the Barents Sea, where the ArW comes in,
the average characteristics of the upper (50–60 m) and lower (>70 m) water masses were
as follows: –0.7 ◦C, 34.7 psu and –1.5 ◦C, 34.5 psu, respectively. The Barents Sea water,
which is formed in the sea itself as a result of AW transformation under the influence of
local conditions, occupied the central part of the sea, and its average water temperature
and salinity were 4.0 ◦C and 35.0 psu, respectively.
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The depth of the euphotic layer is defined as the depth where the descending PAR is
1% of the surface values. The depth of the photic layer in the study area of the Norwegian
and Barents seas ranged from 24 to 46 m and from 12 to 51 m, respectively (Table 2). The
narrow euphotic layer of fewer than 18 m was observed in the Barents Sea south of 72◦27’ N
within the area of the coccolitophorid bloom (stations 5576–5580). The daily PAR exposure
on the surface of the Barents Sea ranged from 18 to 37 Einsteins m−2 day−1 and depended
on cloud cover. The thickness of the euphotic layer in the southern part of the Barents
Sea decreased 2–4 times compared to the northern and eastern regions of the sea, where
coccolithophorid blooms were absent. The greatest depth of the photic layer (51 m) was
observed at stations 5555 and 5566 in the northern and northwestern regions of the Barents
Sea (both stations are located north of 77◦ N).

3.2. Concentration of SPM

The concentration of SPM in the euphotic layer of the Norwegian Sea ranged from
0.1 to 0.7 mg/L (Table S1), averaging 0.35 ± 0.12 mg/L (n = 37). In the intermediate water
layer, the SPM concentrations are generally the lowest, ranging from 0.04 to 0.07 mg/L.
The SPM concentration in the BNL ranges from 0.05 to 0.8 mg/L, averaging 0.13 ± 0.14
mg/L (n = 27). There is no BNL within the Mohns Ridge area, and SPM concentrations
near the bottom correspond to those in the intermediate water column (0.04–0.08 mg/L).

The concentration of SPM in the euphotic layer of the Barents Sea ranged from 0.1 to
2.7 mg/L (Table S1), averaging 0.53 ± 0.48 mg/L (n = 72). From the lower boundary of the
thermocline to the BBL, SPM concentrations were the lowest, ranging from 0.04 to 0.1 mg/L.
Within the BBL, the bottom BNL and FLSM are usually distinguished. The concentration of
SPM in the BNL ranges from 0.1 to 0.8 mg/L, averaging 0.31 ± 0.18 mg/L (n = 40).



J. Mar. Sci. Eng. 2023, 11, 65 7 of 21

Table 2. Depth of euphotic layer (PAR 400–700 nm of 1%) at the stations in the Norwegian and
Barents seas.

Station DD/MM/YY Depth of Euphotic Layer, m

Norwegian Sea

5516 19/07/2017 31
5521 21/07/2017 41
5523 22/07/2017 24
5525 23/07/2017 26
5528 24/07/2017 46
5531 25/07/2017 38
5533 26/07/2017 28
5535 27/07/2017 36
5540 29/07/2017 31

Barents Sea

5542 30/07/2017 44
5548 01/08/2017 20
5550 02/08/2017 18
5553 03/08/2017 38
5555 04/08/2017 51
5556 04/08/2017 25
5557 05/08/2017 48

5557A 07/08/2017 43
5563 08/08/2017 32
5566 09/08/2017 51
5568 10/08/2017 24
5570 11/08/2017 36
5572 12/08/2017 29
5573 13/08/2017 34
5574 13/08/2017 23
5576 14/08/2017 18
5577 14/08/2017 15
5580 15/08/2017 12

3.3. Major Phase Composition of SPM

The OM in SPM varies from 8.3% to over 95%, while the CaCO3 varies from 5.6% to 90%
(Table S2). The average contents of OM and CaCO3 in the euphotic layer of the Norwegian
Sea are 67% ± 25% and 25% ± 27%, respectively. The highest CaCO3 contents (exceeding
65%) were observed at stations 5525 and 5530. CaCO3 in the BBL of the Norwegian Sea is
similar—the average content is 24% ± 25%, while OM in the BBL is lower than that in the
euphotic layer and the average content is 48% ± 30%.

The OM in both the euphotic layer and BBL of the Barents Sea is lower; its average
content is 38% ± 28% and 33% ± 18%, respectively. In contrast, CaCO3 content in the
euphotic layer of the Barents Sea is higher at 55% ± 34%, while CaCO3 in the BBL is
approximately 3 times lower than in the euphotic layer. The peak values of CaCO3 are
reached at stations 5576–5580, 5548, and 5573. At the same stations, the OM content is
lower than in the entire dataset.

Si content in SPM varies from 0.02% to 27.0%, Al content varies from 0.01% to 8%, and
P content varies from 0.06% to 0.66%. The average contents of these elements in the euphotic
layer of the Norwegian Sea are 2.6% ± 1.2%, 0.37% ± 0.34%, and 0.32% ± 0.17%, respec-
tively. Those contents in the BBL of the Norwegian Sea are 8.6% ± 4.8%, 1.74% ± 1.30%,
and 0.17% ± 0.08%, respectively.

The average Si, Al, and P contents in the euphotic layer of the Barents Sea are
2.6% ± 4.7%, 0.19% ± 0.20%, and 0.34% ± 0.15%, respectively, and those contents in
the BBL are 14.1% ± 7.8%, 4.0% ± 2.9%, and 0.21% ± 0.07%, respectively. The highest Si
content (21.7%) is observed at the 30 m layer of station 5561. The distribution of the major
phase in SPM is heterogeneous, with a higher variation in the SPM in the euphotic layer.
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3.4. Elemental Composition of SPM

The elemental composition of the SPM is quite variable, especially in the euphotic
layer (Table S1). Average TE contents in different areas in the euphotic, intermediate layer,
and BBL are shown in Table 3. The most abundant TEs in the SPM of the euphotic layer are
Mn, Fe, Ti, Sr, and Ba (in order of decreasing content) and those of the BBL are Fe, Mn, Ti,
Ba, and Sr. Most elements show higher concentrations in the BBL compared to the euphotic
layer. The exceptions are Sr, Cu, Cd, and U, as their contents are considerably higher in the
euphotic or intermediate layer. The spatial distributions of some of the TEs in the SPM of
the surface (2–10 m) layers and BBL are shown in Figure 3a–h.

Table 3. Element content in SPM of euphotic layer (1), intermediate layer (2), and BBL (approximately
50 m from the bottom) (3). Standard deviation values are indicated in the brackets.

Fe
(%)

Mn
(%)

Ti
(ppm)

V
(ppm)

Co
(ppm)

Ni
(ppm)

Cu
(ppm)

Rb
(ppm)

Sr
(ppm)

Cd
(ppm)

Ba
(ppm)

La
(ppm)

Ce
(ppm)

Pb
(ppm)

U
(ppm)

the Norwegian Sea (15 stations)

1 0.06 0.19 137.6 7.28 2.42 10.46 89.5 3.06 278 5.19 155 2.15 4.16 8.98 5.50
(0.05) (0.09) (89.1) (4.31) (0.84) (6.32) (67.3) (1.16) (185) (2.08) (235) (2.70) (6.56) (9.25) (4.23)

2 0.47 0.29 1307 23.97 6.27 19.15 127.9 12.59 313 2.34 574 10.67 23.92 33.58 2.72
(0.34) (0.09) (1168) (13.14) (2.63) (12.21) (54.1) (11.86) (119) (1.89) (238) (8.47) (16.49) (18.37) (2.48)

3 0.99 0.36 1472 39.18 9.67 24.86 158.8 21.54 340 3.88 558 12.37 28.83 65.11 1.80
(0.39) (0.12) (1383) (20.34) (3.99) (8.62) (134.6) (16.22) (140) (8.84) (184) (5.50) (12.87) (64.03) (1.16)

Bear Island Trough (6 stations)

1 0.06 0.11 – 8.89 1.72 6.53 67.3 9.47 364 4.32 278 3.65 9.32 8.71 1.75
(0.09) (0.06) (7.60) (0.86) (6.29) (57.9) (10.17) (271) (1.83) (481) (6.23) (15.92) (9.89) (1.61)

2 0.36 0.19 1014 24.08 4.12 10.16 76.6 11.31 216 2.07 235 7.60 16.06 22.27 1.39
(0.15) (0.04) (186) (7.14) (1.49) (6.71) (37.3) (7.65) (53.8) (1.30) (163) (2.49) (5.86) (6.95) (0.50)

3 1.35 0.24 1964 87.01 8.49 21.68 42.3 48.46 222 1.35 322 18.01 41.89 27.86 1.59
(0.30) (0.05) (624) (31.77) (1.87) (6.43) (15.6) (14.82) (83.9) (0.48) (130) (2.96) (7.54) (5.33) (1.06)

the Barents Sea shelf proper (24 stations)

1 0.09 0.18 472 27.2 2.37 13.88 140.3 8.90 250 3.30 349 3.96 8.17 14.02 2.37
(0.14) (0.15) (376) (34.4) (1.78) (20.6) (132.5) (9.96) (219) (1.91) (584) (10.52) (19.61) (11.89) (2.61)

2 1.06 0.59 1349 123.7 10.95 37.02 252 56.12 355 5.60 848 22.88 43.89 46.73 2.03
(0.82) (0.46) (1214) (83.6) (8.64) (23.5) (211) (80.65) (263) (3.04) (756) (34.30) (47.33) (23.64) (1.31)

3 1.61 0.48 1970 186.3 11.15 25.98 92.9 62.85 251 2.60 553 19.54 44.86 30.32 1.55
(0.80) (0.41) (1126) (118.5) (6.14) (15.3) (64.9) (42.96) (105) (1.31) (344) (7.18) (16.48) (11.14) (0.74)

Area of coccolithophorid bloom in the southern Barents Sea (5 stations)

1 0.05 0.06 35 1.6 1.31 6.3 24.2 6.47 238 2.56 262 5.02 10.67 19.26 1.90
(0.04) (0.04) (31) (1.3) (1.21) (5.39) (21.1) (5.76) (163) (1.71) (335) (6.28) (14.29) (13.29) (1.81)

2 0.41 0.20 328 18.0 4.9 16.0 46.1 18.12 186 3.22 404 9.06 21.89 32.40 1.84
(0.31) (0.06) (125) (9.6) (1.3) (9.5) (35.4) (12.05) (116) (1.21) (371) (3.78) (9.36) (20.34) (1.43)

3 1.45 0.17 610 40.6 7.6 22.2 36.8 53.40 219 2.60 554 18.31 43.11 31.94 2.00
(0.91) (0.10) (358) (32.6) (4.18) (10.82) (13.2) (28.16) (58) (1.17) (388) (5.72) (12.93) (9.79) (0.94)

3.5. FLSM Compostion

The elemental composition of the FLSM shows a more uniform spatial distribution
(Table S3) compared to the SPM of the upper layers of the water column. Average OM and
CaCO3 contents in the FLSM of the Norwegian Sea are 15.8% ± 10.8% and 30.6% ± 37.8%,
respectively. Average OM and CaCO3 contents in the FLSM of the Barents Sea are lower
than those of the Norwegian Sea at 3.2% ± 3.4% and 3.5% ± 1.8%, respectively. Si, Al,
and P contents in the FLSM of the Norwegian Sea are 12.1% ± 6.3%, 5.1% ± 2.9%, and
0.11% ± 0.01%, respectively, and those of the Barents Sea are 25% ± 2.6%, 7.5% ± 0.4,
and 0.18% ± 0.07%. The most abundant TEs in the FLSM are Fe (2.1% ± 0.8%), Ti
(0.52% ± 0.19%), Mn (0.21% ± 0.08%), Sr (554 ± 242 µg/g), and Ba (343 ± 98 µg/g) in
the Norwegian Sea, and Fe (2.6% ± 1.4%), Mn (0.36% ± 0.54%), Ti (0.23% ± 0.16%), Sr
(282 ± 196 µg/g), and Ba (257 ± 109 µg/g) in the Barents Sea. A comparison of the SPM in the
BNL with that in the FLSM shows the similarity of their elemental composition (Tables S1–S3).
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4. Discussion
4.1. SPM Distribution in the Euphotic Layer

The assessment of solar radiation penetration within the 400–700 nm spectral range
(PAR) into the waters of the Arctic seas is important, first of all, as a factor determining the
primary production of phytoplankton, and hence the biogenic SPM in the euphotic layer of
the water. Cloud cover has been proven to be the main factor affecting the incoming PAR:
For the same PAR value at the upper boundary of the atmosphere (approximately 56 Ein-
steins m−2day−1), the values of daytime exposure on the sea surface varied, depending on
cloud cover, almost by a factor of 5, from less than 10 to 45 Einsteins-m−2day−1 [55]. The
thickness of the euphotic layer, where active biogeochemical processes occur, is determined
primarily by the content of optically active components such as SPM and colored dissolved
organic matter in the seawater [56,57]. The thickness of the euphotic layer in the Barents
Sea varied over a wider range compared to that in the Norwegian Sea, reaching the lowest
thickness in the area of coccolithophorid bloom (stations 5576–5580). Coccolithophorids
and detached coccoliths are major factors in the scattering of solar radiation and increase
the albedo of water significantly [55]. In August 2017, the albedo was less than 1% in the
areas where no blooming was observed and increased to 12% at station 5580 where coccol-
ithophorid concentrations in the surface (2–10 m) layer were as high as 5.3 × 106 cells L−1.
The SPM concentration at the stations with coccolithophorid blooming was the highest
(from 0.7 to 2.3 mg/L) in the upper layer of 5–20 m. This population of coccolithophorid
Emiliania huxleyi is suggested to be of “Atlantic” origin [46], and the increased frequency
and area of coccolithophore blooms within the Barents Sea were triggered by the increased
influence of the AW over the last two decades [58].

The highest SPM concentrations in the Barents and Norwegian seas are usually con-
fined to phytoplankton bloom areas. Various seasonal cycles of phytoplankton in July-
August were revealed, such as the massive development of the Arctic diatom species in
the north of the Barents Sea near the marginal ice zone (MIZ) from 78◦46’ to 80◦03’ N
and the explosive growth of autotrophic boreal dinoflagellates in the area of the Polar
Front [59]. The accumulations of the phytoplankton biomass corresponded to the high
chlorophyll “a” concentrations of up to 5 µg/l [60]. In the southern area of the Polar Front
in the Barents Sea, the SPM concentrations reached 0.7–1.0 mg/L in the surface layer of
5–20 m due to increased blooming of boreal dinoflagellates [59]. In the MIZ of the Barents
Sea, the highest SPM concentrations (0.6–0.7 mg/L) were confined to the subsurface layer
of 20–45 m, i.e., to the lower boundary of the euphotic layer, where an accumulation of
Arctic diatom species occurred [59].

The spatial distribution of SPM in the euphotic water layer of the Barents Sea is rather
mosaic but generally in line with the circumcontinental zonality [1]. There is a regular
decrease in the SPM concentration further away from the seacoast. The distribution of SPM
in the open part of the sea is governed by seasonal succession patterns of phytoplankton,
which vary considerably within the Barents Sea. The SPM concentrations in the euphotic
layer range from 0.1 to 1.2 mg/L, which is consistent with the data obtained for the Barents
Sea in the 1990s. [25]. The concentration ranges in the uppermost sea layer have not
changed, but the areas of the elevated SPM concentrations in the southern parts of the sea
have expanded and are associated with extensive coccolithophorid blooming. The areas of
increased SPM concentrations confined to the Polar Front shifted northward in the last two
decades. An increase in terrigenous particle flow from the archipelagos associated with
glacier melting is expected [61].

In the Norwegian Sea, elevated SPM concentrations (0.4–0.6 mg/L) in the surface
(2–10 m) layer were observed in the southern part of the Bear Island Trough fan at a depth
drop of approximately 300 to 2900 m (stations 5522–5527), where water temperatures reach
9.6–10.5 ◦C. SPM concentrations ranged from 0.2 to 0.4 mg/L in the Arctic Front area in the
southernmost Mohns Ridge, mainly due to biogenic particles such as diatoms, haptophytes,
etc. [45]. The highest concentrations of up to 0.5–0.7 mg/L in the euphotic layer with a
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surface water temperature under 7 ◦C were found in the eastern part of the sea from Bear
Island to Svalbard at a depth of approximately 200–350 m.

4.2. SPM Vertical Distribution and Major Phase Composition

The vertical distribution of the SPM concentration demonstrates extremes in the
euphotic layer and BNL and low concentrations in the intermediate water layer between
the lower boundary of the thermocline and the upper boundary of the BBL. The vertical
distribution of the major phases (OM, CaCO3, lithogenic matter, and exSiO2 as a proxy of
bSi) in SPM is shown in Figure 4. The contribution of lithogenic material increases with
depth at all stations (Figure 4) due to the resuspension of sediments [23].
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Figure 4. Vertical distribution of major phase and concentration of the SPM at stations (a) St. 5518,
(b) St. 5561, and (c) St. 5579. SPM concentrations are plotted along the secondary axis.

The distribution of the major phase is largely governed by biological processes on the
one hand and by the inflow of terrigenous material on the other. Thus, an increase in the
CaCO3 is observed in the euphotic layer of stations showing blooming of coccolithophorids
E. Huxleyi and C. Pelagicus at stations 5576–5581, 5527, and at the periphery of these areas
(5548, 5525), where coccolithophorid bloom was also observed on a smaller scale. The
maximum content of CaCO3 at these stations is observed in the zone of coccolithophorid
occurrence in the upper 20 m of the water column (Figure 4c) [43,45]. Beyond these areas,
CaCO3 is uniformly distributed, decreasing in areas of terrigenous runoff and dominance
of other phytoplankton species. Station 5561, located in the MIZ, is expected to be enriched
in exSiO2 at the 30 m layer, the area of maximum abundance of ice diatom species [59].

OM in the euphotic layer shows a decrease in concentrations in the coccolitophorid
blooming area and is more uniform beyond it since the OM content in that phytoplankton
is low [48]. OM in the SPM of BBL is relatively uniform but decreases in the south of the
Barents Sea, evidently because of the lower content of OM in bottom sediments there [62].

In the Barents Sea, BNLs are much less common and have a lower thickness and lower
concentrations of SPM compared to the Siberian Arctic seas [63,64]. Nevertheless, the
recent prolongation of the open-water season causes higher sediment resuspension and
coastal erosion due to larger wind fetches and wave heights [30]. This impacts the optical
properties of the water column and, hence, the biological productivity in this region. The
thickness of BNL in the Barents Sea is approximately 20 m and the concentration of SPM
can reach 0.8 mg/L (St. 5569—the West Novaya Zemlya Trough). Intense BNLs with an
SPM concentration of up to 0.4–0.6 mg/d were confined to the region located between the
FJL and Novaya Zemlya Archipelagos (stations 5562–5565). This area is influenced by two
water masses, namely, mixed ArW and AW, and also PW of Arctic origin [65] entering from
the northeast to the Barents Sea. The reduction of seasonal ice cover over a large area of
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the Barents Sea following the recent “Atlantification” may lead to an increase in the winter
convection and resuspension of sediments [30].

In the studied area of the Norwegian Sea, the BNLs with an SPM concentration of
up to 0.8 mg/L were observed in the Svalbard region (stations 5529–5531). In the rest of
the sea, BNLs were weak (0.1–0.2 mg/L) or almost absent in the southernmost segment of
the Mohns Ridge. Intermediate NLs were observed in the area of hydrothermal plumes’
influence in the vent fields of the Mohns Ridge [16,66].

4.3. Correlations between TE and Major Phases of SPM

As it was shown [54], all the elements in SPM tend to accumulate a certain major phase.
To determine the carrier matrix for different elements, correlation analysis with clustering
of variables was performed separately for the Norwegian and Barents seas (Figure 5a,b).
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Figure 5. Cluster tree diagram for elements and major phase in the SPM of (a) the Norwegian Sea
and (b) the Barents Sea.

For both seas, four groups of elements are distinguished, three of which are interpreted
as related to a particular phase of SPM. The first group includes Si, Al, Fe, V, Ti, Rb, Cr,
La, Ce, Co, and Ni. These elements have an affinity to the lithogenic matter, as evidenced
by high correlation coefficients with aluminum ranging from 0.40 (for Ti) to 0.83 (for Fe
and Si) (Figure 6a,b). Some diatom algal communities in the Arctic tend to accumulate
aluminum [67]. While the proportion of biogenic silica in marine SPM is usually significant,
Si seems to have been assigned to the lithogenic group in our samples. The sample
characterized by the maximum diatom algae content at st. 5561 [59] stands out from the
line of regression (Figure 6b). Note that the correlation between Si and Al in the upper
40 m of the water column is weaker than that at depths greater than 50 m (0.33 and 0.91,
respectively). Elements of this group show a gradual increase in content with depth as the
proportion of the lithogenic matter increases too. For example, the correlation coefficients
between the iron content in SPM and the depth of the sampling horizon are 0.80 and 0.76 in
the Norwegian and Barents seas, respectively (Figure 6c).

The second group of elements are those with affinity to OM; they include P and TOC,
which is expected because phosphorus is one of the main nutrients in the ocean [68]. In
the Norwegian Sea, this group is joined by U, and in the Barents Sea by Cd (Figure 4a,b).
Although Cd is a highly toxic element [69], it is assimilated by living organisms [70] and is
included in the extended Redfield Ratio [71]. Similar behavior of cadmium and phosphorus
in the water column during the formation and remineralization of organic matter has
been noted in many studies [13,72] The behavior of uranium during sedimentation is
generally quite conservative, but excess uranium formed in the euphotic water layer is
widespread [73,74]. Studies have shown that excess uranium is completely regenerated
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before particles are buried in sediments in the oxygenated open ocean. Elements of the
second group reach their maximum in the subsurface or surface horizons and decrease
with depth as the organic matter is remineralized.
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The third group is Sr—a bioessential trace element with affinity to carbonate matter.
Sr shows a positive correlation coefficient with TIC content (0.63) for the whole set of
samples, and its content in SPM is governed by biogenic CaCO3. The correlation between
Sr and TIC in the Norwegian Sea is much weaker than that in the Barents Sea (0.29 and
0.80, respectively). We attribute this to the difference in species composition of carbonate
organisms in these seas—primarily Coccolithus pelagicus in the Norwegian Sea and Emeliania
huxleyi in the Barents Sea [45]. The vertical distribution of bioessential TE (related to
organic and carbonate matter) in the water column is not monotonic; the highest contents
are observed at different layers within the euphotic layer.

The behavior of these elements is governed by biological processes that exhibit sig-
nificant spatial and temporal variability (including diurnal cycles). This is the so-called
nutrient-type distribution of TE, which is significantly involved in the internal cycles of
biologically derived particulate material. Their distributions are dominated by the internal
cycle of accumulation of the bulk of this material by plankton in the euphotic waters and
its oxidation and remineralization in deeper waters during SPM sinking [69]. The highest
content of bioessential elements is related to the upper 50–100 m, while the dispersion of
the content of these elements in the upper horizons is high and decreases sharply below
the thermocline (Figure 7a–i).
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The vertical distribution of Sr in SPM differs between the Barents and Norwegian seas
(Figure 6d). In the area of coccolithophorid blooming in the southern part of the Barents
Sea, higher values of Sr content, a greater variance of these values, and a pronounced
decrease with depth were observed (Figure 7i). Sr content in the SPM of the Norwegian
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Sea is more homogeneous both in the water column and the aquatory. Sr content in
coccolithophorids is largely controlled by the calcification rate [75], which in turn depends
on the temperature [75,76] and the ratio of macronutrients [46]; therefore, an obvious
relationship between temperature and Sr content was found (Figure 8). The highest Sr
content corresponds to the high water temperature in the Barents Sea and on station 5527a
in the Norwegian Sea.
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The fourth group of elements includes Mn, Ba, Cu, and Pb. These are also accompanied
by Cd (in the Norwegian Sea) and U (in the Barents Sea). Grouping of these elements
into one cluster is caused by similar patterns of distribution of their contents in SPM. The
distribution of Mn can be controlled by redox processes in the water column. In most cases,
Mn content has two peaks—in the intermediate layer and in the euphotic layer (Figure 7).
Based on the crustal ratio, the fraction of excess manganese exMn was estimated. In general,
the exMn fraction decreases in the water column from 90%–99% in the upper horizons to
approximately 50% in the BBL. This ambiguous behavior of particulate Mn in the water
column indicates that it can be derived from hydrogenic, biogenic, and lithogenic sources.
Pelagic Fe and Mn (oxyhydr)oxides that form stable crystalline phases in the SPM of the
Barents Sea were revealed and described in [24]. The decisive role of bacterial activity in
the formation of these minerals was demonstrated in [77]. Manganese minerals in SPM
are parts of manganese recycling and are not involved in sediment or nodule formation
because they are dissolved upon settling. The active formation of manganese oxides has
been shown to occur in BNL due to the enrichment of benthic water with Mn from pore
water [24]. Iron, while also a redox-sensitive element, is uniquely classified as a lithogenic
element by the type of vertical distribution in SPM. The highest Mn content in the Barents
Sea was observed in the BNL in the area between Svalbard and FJL (Sts. 5555—5561)
(Figures 3e and 7f,g). In the same area, Fe-Mn crusts were described on the seafloor based
on our investigations during the cruise [61], and Fe-Mn nodules were obtained by [78].

The barium cycle in the ocean is strongly associated with OM regeneration pro-
cesses [79]. The vertical distribution of barium is controlled by the processes of barite
formation during the decomposition of the organic matter and its further remobilization
during the settling of particles [80,81]. Two peaks of barium concentrations in SPM were
detected at many stations: (i) In the subsurface horizon and (ii) in the intermediate wa-
ter layer (Figure 7). The direct correlation between Mn and Ba may be caused by their
participation in biological processes, as well as co-precipitation on Mn-hydroxide films of
bacterial cells.

Copper is assimilated by organisms [70], which aptly explains the higher copper
content in the SPM of the surface water layers (Figure 3h). Moreover, the Cu content
in SPM is strongly influenced by the recycling of organic matter, as well as scavenging
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processes [13,70]. Therefore, copper was not considered a bioessential TE and is not
correlated with TOC.

An additional source of Fe, Mn, Ba, Cu, Pb, and Cd in the Mohns Ridge area may be
the submarine hydrothermal vent fields [14,66], as elevated contents of these elements were
observed in the BNL and intermediate layers at stations 5516 and 5518 in the Jan Mayen
vent field area, and at station 5535 close to the Troll Wall vent field (Figure 3g).

4.4. Spatial Distribution of Elements in SPM of Euphotic Layer and BBL

The spatial distribution of elements in the surface SPM shows a significant variation of
values. The content of iron and lithogenic elements in the SPM of the euphotic layer of the
Norwegian Sea is lower than in the Barents Sea (Table 3). There is an increase in the content
of lithogenic elements in the samples collected close to shore (Figure 3a). The content of
particulate lithogenic elements is higher, and their spatial distribution is more homogeneous
in BNL. The SPM of the Bear Island Trough shows an intermediate level in terms of Fe
content, as the AW circulates within the trough, which comes from the Norwegian Sea
and partly returns. The enrichment of SPM with iron in the Barents Sea is related not
only to the input of this element from the land and underlying sediments but also to
pelagic iron oxyhydroxides forming stable crystalline phases in the water column, such as
ferroxigite and protoferrihydrite [24]. In general, particulate Fe content in BNL tends to
increase in the northeastern direction, reaching its maximum in the FJL area and the Franz-
Victoria Trough. This region is also characterized by an increased particulate Mn content
(Figure 3e), which may be associated with the formation of Fe-Mn oxyhydroxides [78].
Similar trends of increasing Fe content in the upper layer of the sediments of the Barents
Sea were noted in [81].

The following features were revealed for the spatial distribution of Sr. Increased
strontium content in the surface SPM of the southern Barents Sea associated with coccol-
idophorid blooms [44], as well as in the Norwegian Sea in the area of the Mohns Ridge
(Figure 3c,d). Particulate Sr contents in the BNL of the Norwegian and Barents seas outside
the areas of coccolidophorid bloom are at a similar level (Table 3). Particulate Sr content in
BNL does not reflect its distribution in the surface layer, due to the dissolution of carbon-
ates in the Barents Sea water column [82]. The Barents Sea is characterized by a gradual
eastward decrease in Sr content in BNL, which is likely related to the carbonate matter
decrease reported for the upper layer of bottom sediments [81].

4.5. Comparison of BNL SPM and FLSM Composition

The fluffy layer is distributed throughout the Barents Sea shelf. The thickness of
this layer may vary from 0.5 to 1 cm, and more rarely up to 2 cm, depending on the
lithological composition of the underlying sediments and hydrodynamic conditions [8].
Under calm sedimentation conditions, the thickness of the fluffy layer tends to increase. In
the Norwegian Sea, the fluffy layer is found within the continental slope but is thinning and
practically absent in the pelagic area. To compare the SPM composition of BNL sampled
at 2–20 m from the bottom with the composition of FLSM sampled with a multicorer, the
contents of the sediment were normalized to those of FLSM:

Cn = C BNL SPM / C FLSM

In the fluffy layer, sedimentary matter transforms from a dispersed form into a bound
one, and as a result, forms a new material—marine sediment. This is the upper flocculated
layer above the sediment, consisting of particles of pelitic and silty-pelitic grain size and
having a water content of more than or equal to 90%. FLSM is formed as a result of sediment
resuspension and settling particles from the overlying water layer and it is enriched with
newly formed (microbial) organic matter [8].

For the majority of elements, a Cn value ≤ 1.2 is common, which indicates the similarity
of SPM and FLSM elemental compositions; low values of Cn (less than 0.5–0.7) indicate
the depletion of SPM in BNL relative to FLSM. Such depletion can be partly caused by
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the dilution of lithogenic material with organic matter. The organic carbon content in
the FLSM of the Norwegian Sea varies from 1.8% to 8.6%, and in the SPM of the bottom
water layer, it varies from 3.1% to 3.5%. For the Barents Sea, the content of organic carbon
in FLSM ranges from 1.7% to 3.3%, and in the bottom water layer SPM, from 10.1% to
11.0%. Thus, the content of organic carbon in the SPM of BNL is higher than that in
FLSM (excluding St. 5531 in the Norwegian Sea with higher content of organic carbon
in FLSM). Mn, Cu, Cd, Cu, and Ba are characterized by an enrichment of SPM in BNL
relative to FLSM (Figure 9). It has been discussed above that these elements undergo
active recycling during particle settling [13,70,79] and are characterized by an affinity to
organic matter. Manganese enrichment is determined by changes in redox conditions at
the water–sediment interface [24,83].
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5. Conclusions

This study elucidates the biotic and abiotic processes affecting the cycling of trace
elements in the Barents Sea and adjacent waters of the Norwegian Sea. The distribution and
elemental composition of SPM in the euphotic layer of the Barents Sea are characterized by a
significant mosaic pattern. The thickness of the euphotic layer varies by a factor of 4 within
the shelf and depends on cloud cover and coccolithophorid blooming in the southern part
of the sea. The distribution of calcifying phytoplankton in the water column of the Barents
Sea is related to the increasing influence of the Atlantic water in the last two decades.
Changes in the carbonate biological pump and Sr biogeochemical cycle are obvious in
the vast southern part of the sea up to the Polar Front. Different groups of elements were
distinguished, such as lithogenic (Fe, V, Ti, etc.), biogenic (Cd, U, and Sr), and hybrid
(Mn, Cu, and Ba) elements. The lithogenic elements show a gradual increase in content in
SPM with increasing depths. Bioessential elements reach their peak content in the SPM of
the euphotic and subsurface water layer confined to the area of the thermocline. Hybrid
distribution elements show a complex distribution pattern reaching maximum levels in
the intermediate water layers influenced by both biogeochemical and physicochemical
processes. In the Norwegian Sea, there is evidence to suggest an additional (hydrothermal)
source for Mn, Ba, Cd, Cu, and Pb. Elements such as Mn, Cu, Sr, Cd, and Ba significantly
enrich the particulate matter of the benthic nepheloid layer relative to the fluffy layer, which
results from a substantial transformation of the suspended particle composition at the final
stage of sedimentation. Ongoing climate change and Atlantification have implications for
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the cycles of a number of trace elements, primarily Mn, Cu, Sr, Cd, Ba, etc., that have not
yet been quantified.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11010065/s1, Table S1: SPM concentration, CTD data, and ICP-
MS data on elemental composition of SPM; Table S2: Major phase composition of SPM;
Table S3: Elemental composition of fluffy layer suspended matter.
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