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Abstract—We studied sedimentation processes in the Lofoten Basin of the Norwegian Sea based on data of the
Automatic Deep-Sea Sedimentation Observatory (ADSO) deployed for a year (August 2017—July 2018). The
article presents estimates of the vertical fluxes of total sedimentary material, organic carbon (C,,), calcium car-
bonate (CaCQOs), biogenic silica (SiO,;,), aluminum, and the particles of planktonic origin (pteropods, fora-
minifera, fecal pellets, necrozooplankton). The seasonal pattern of total vertical flux is characterized by a uni-
modal distribution with a maximum in September 2017 (191 mg dry weight m~2 day~') in the 0—500 m surface
water layer. The total flux decreases markedly from November and reaches the minimum (2.6 mg m~2day~') in
March—April 2018. The maximum C,, flux values (5.2 mg C m~2day ), CaCO; (178 mg CaCO, m—2day™ ),

and SiO,p;, (9.1 mg SiO,;,, m~2 day ') are observed in autumn. The value of fluxes and the portion of lithogenic
material in it are higher at a depth of 2950 m due to redeposition from the nepheloid layer. The amplitude of flux
variations during the year is noticeably smaller at this depth. The highest fluxes are related to the maass sedimen-
tation of juvenile pteropods Limacina retroversa. The contribution of pteropods to vertical fluxes in autumn is
60—100% for CaCO; and 56—73% for C,,,. The contribution of foraminifera to the total CaCOj; flux does not
exceed 6% and only reaches 60% at a depth of 550 m in October. The flux of fecal pellets, where ostracod pellets
dominate, varies from <0.01 to 2.1 mgC m~2 day—!, making up from 0.1 to 90% of the C_,, flux. The flux of zoo-

org
plankton carcasses (ZCs) in the 0—550 m water layer varies from 0 to 0.45 mgC m—2 day—, reaching the maxi-
mum value in February. The share of ZCs flux was 0—33% in the summer—autumn season, 12—52% in winter,
and 23—41% in spring relative to the total (taking into account the ZCs) C,,, flux. The ZCs flux varied from 0.04

t0 0.22 mgC m~2 day ! in the near-bottom water layer and amounted to 0.7—2% of the total Corg flux. The total
contribution of all studied planktonic particles to the annual CaCOj; flux was 16—47%, and their contribution to
the annual C,,, flux was 37—45%. Comparative analysis of our results and published data obtained in the 1990s
demonstrates that the observed climatic changes (increasing temperature and salinity, as well as an increase in
the thickness of the Atlantic water layer) in the Lofoten Basin did not result in significant changes in the quan-
titative characteristics of sedimentation process.
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INTRODUCTION

The study of sedimentary material, beginning from
its formation to deposition on the bottom, is the most
important task of modern sedimentology. Dispersed
sedimentary material suspended in ocean waters with
a thickness of many kilometers is the material from
which bottom sediments and sedimentary rocks are
formed [8]. Fluxes of sedimentary material in the
ocean are one of the main quantitative sedimentation
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parameters. They make it possible to study the dynam-
ics of sedimentation processes, to analyze the transfor-
mation of sedimentary material during migration
through the water column, and to evaluate the amount
and composition of matter accumulated on the bot-
tom. According to the biosedimentation concept of
the living ocean [2, 9], sedimentary material which
transported to the ocean from various sources (river
runoff, aerosols, and endogenous matter), is trans-
formed under the effect of marine biota. Living organ-
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isms form vertical sedimentary material fluxes in seas
and oceans and are the most important participants of
sedimentation processes. The quantitative characteri-
zation of these processes, which control vertical trans-
portation of suspended particulate matter (SPM), is of
primary importance for understanding the global car-
bon cycle in the ocean and modern sedimentation pro-
cesses. Studies of the annual flux and composition of
sedimentary material is of particular interest, because
they can give an idea not only about the seasonal vari-
ability of sedimentation processes, but also of the sea-
sonal dynamics of the structure and functioning of
epipelagic ecosystems.

The Norwegian Sea is a transit zone, through
which warm and saline Atlantic water (AW) is trans-
ported from the North Atlantic to the Arctic Ocean
[31, 48, 55]. The Lofoten Basin is the main heat reser-
voir of the Subarctic seas and, at the same time, an
energy-active zone that directly affects the climate in
Europe and further flow of AW into the Barents Sea
and Fram Strait [41, 59].

A significant number of studies are devoted to sedi-
mentation processes and mechanisms in this area [22,
30, 39, 44, 52, 60]. Most of them were performed in the
1980s—1990s. However, since the early 2000s, the flow
of AW to the Arctic Ocean increases, which favors heat
transfer through the Norwegian Sea to the north and
northeast [38, 46]. The Norwegian Sea is characterized
by a tendency toward an increase in water temperature,
both in the surface and deeper layers, due to increasing
heat content of the AW [42]. Modern data on fluxes and
composition of sedimentary material and their seasonal
variability are necessary to assess the possible impact of
climate change on the quantitative parameters of sedi-
mentation processes in this area.

Therefore, the aim of our study was investigation of
vertical fluxes of the sedimentary material in the Lofoten
Basin based on data obtained using Automatic Deep-
Sea Sedimentation Observatory (ADSO) deployed
during a year.

MATERIALS AND METHODS
OF THE RESEARCHES

The data for the study were obtained in the Lofo-
ten Basin in the course of a year, from July 22, 2017
(cruise 68 of the R/V Akademik Mstislav Keldysh [6])
to July 17, 2018 (cruise 71 of the R/V Akademik
Mstislav Keldysh [13]), using the Automatic Deep-Sea
Sedimentation Observatory (ADSO [10, 11]) (Fig. 1).

Hydrological data and water sampling. An
SBE911p/SBE-32 profiling complex with 24 10-L
Niskin bottles and temperature, conductivity, pres-
sure, and turbidity sensors was used to study the water
column during mooring and raising of the ADSO.

We collected 13 SPM samples. Samples were fil-
tered under 400 mbar vacuum through membrane fil-
ters (pore size 0.45 um and filter diameter 47 mm).
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The SPM concentration was determined by weighing
the filters with an accuracy of +0.01 mg. To determine
the chlorophyll a (chl a) concentration, water samples
were filtered through precombusted (at a temperature
0f450°C) Whatman GF/F fiberglass filters under vac-
uum of no more than 200 mbar. The chl a concentra-
tion was determined by the fluorometric method (with
extraction in 90% acetone) on a Trilogy 1.1 fluorome-
ter (Turner Designs, United States) in the laboratory
using the method described in [15]. The device was
calibrated using the chl a standard of the Sigma com-
pany (C6144—1MG).

Sampling of sedimentary material. Sedimentary
material was sampled by sediment traps at two depths:
550 m to assess the flux from the upper quasi-homo-
geneous AW layer; and 2950 m to evaluate the flux
reaching the bottom and participating in sediment for-
mation. The deposited material was taken by LOTOS-3
12-cup conical sediment traps with a sampling area of
0.5 m? (produced by the Experimental Design Bureau
of Oceanological Engineering, Russian Academy of
Sciences) programmed for a temporal resolution of
30 days.

The bottle samplers of the traps were filled with
HgCl, solution (1% saturated solution) to avoid bio-
logical transformation of the sampled material. The
salinity of the fixing solution was increased by adding
NacCl to twofold the salinity of seawater (~70 PSU) to
prevent leaching of the fixing solution from the sam-
plers. Each trap sample was prefiltered through a sieve
with a mesh size of 1 mm. Particles >1 mm retained by
the sieve were placed in a separate bottle. A subsample
of 30 mL was taken to analyze the composition of the
trap material under a binocular microscope. A subsa-
mple of 100 ml was filtered the through precombusted
at a temperature of 450°C Whatman GF/F glass fiber
filters to determine the total (C,,), organic (C,,),
and carbonate (C,,,,) carbon. The rest of the sample
was filtered similarly to the SPM samples to determine
the total fluxes and for subsequent material composi-
tion analysis.

Analysis of sedimentary material. Total Si and Al
were determined by the photometric method according
to the method of the Vernadskii Institute of Geochem-
istry and Analytical Chemistry, Russian Academy of
Sciences, [3] modified by A.B. Isaeva (Shirshov Insti-
tute of Oceanology, Russian Academy of Sciences, 10
RAS) to analyze small weighted portions of matter
(accuracy 2—5%). Biogenic silica (SiO,,;,) was deter-
mined by the terrigenous matrix method as the differ-
ence between the contents of total and lithogenic silica.

Total and organic carbon was determined by high-
temperature combustion with recording of released
CO, by the automated coulometric method on an AN
7529 carbon analyzer (Russia) before and after acidifi-
cation by 1 N HCI (accuracy 5—10%). The C_,,;, con-
tent was evaluated as the difference between C,,; and
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Fig. 1. Location of ADSO (station 5522), 71°33.773’ N and 06° 04.864" E, at a depth of 3000 m, on sketch map of subpolar North

Atlantic. Arrows show general circulation of surface water [21].

Core- The CaCO; content was calculated using the
stoichiometric equation 100/12 X C_,.

The micromorphology and composition of depos-
ited matter were studied with a TESCAN VEGA 3
scanning electron microscope with an Oxford INCA
Energy 350 microprobe attachment.

The chlorophyll concentration in the sea surface
layer during the ADSO deployment was calculated
using the Ocean Color Web search engine (https://
oceancolor.gsfc.nasa.gov/) and SeaSAS 7.5.3 software
(https://seadas.gsfc.nasa.gov/). Data of the MODIS-
Aqua [54] LAC (Local Area Coverage) satellite scanner
of the 3rd level (Level 3) were averaged for 20 X 20 and
50 x 50 km squares.

Analysis of the components of planktonic origin. The
microscopic examination of sediment samples obtained
after prefiltration through a 1 mm sieve showed that
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shells of pelagic Limacina retroversa and planktonic for-
aminifera, as well as fecal pellets (FP) were the most
numerous components of the fraction <1 mm. In addi-
tion, radiolarians of the order Spumellaria, eggs of
planktonic animals, and objects, in appearance and
size resembled the squid spermatophores ((Fig. 2)
hereinafter, spermatophores) [37], were revealed in
some samples.

The number and diameter of shells of Limacina ret-
roversa and foraminifera were measured under a Leica
binocular microscope at a magnification of X100 in the
entire sample or in 1/10—1/200 portion of the sample
(depending on the number of shells). Pellets were
counted in a 1/10 portion of the sample and classified.
The count in subsamples was performed in three repli-
cations. To estimate the content 100—200 pellets, 3—
5 radiolaria, 2—3 spermatophores, and 30—50 eggs
were randomly taken from the sample and thrice
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Fig. 2. Photograph of objects from trap material identified as squid spermatophores.

washed with distilled water and filtered through a pre-
combusted GF/F filter of 25 mm in diameter. The
organic carbon content was determined with a Shi-
madzu TOC-VCPH analyzer.

To assess the content of organic and inorganic car-
bon in Limacina, we randomly selected 100—300 shells
from samples with their high number, washed them
three times in distilled water, and filtered through pre-
combusted GF/F filter of 25 mm in diameter.. The
content of total and organic carbon was measured on a
Shimadzu TOC-VCPH analyzer prior to and after
acidification by 1N HCI. The content of inorganic
(carbonate) carbon was calculated as the difference
between C,, and C,,,. The similar method was used to
measure these parameters in foraminifera 0.2—0.4 mm
in diameter. In small foraminifera (diameter <0.1 mm),
only C,,,; was measured. The content of organic and
inorganic carbon in these foraminifera was calculated
based on the C,,,/C,,, and C,1,/Cioyy ratios obtained
for larger shells.

The abundance and species composition of zoo-
plankton carcasses (ZCs) were determined by exam-
ination of the entire sample > 1 mm under a Leica bin-
ocular microscope.

Only representatives with well-pronounced decom-
position of body tissues and their detachment from the
chitinous exoskeleton were taken into account [4]. To
determine the organic carbon content of ZCs 1—5 ind
of each species were selected, washed in distilled
water, and placed on a precombusted GF/F filter. C,,

was determined with a Shimadzu TOC-VCPH ana-
lyzer.

Sampling of bottom sediments. Samples of bottom
sediments were taken by a Mini Muc K/MT 410,
KUM GmbH multicorer (Germany). The upper layer
of the sample was used for preparations of standard
slides, using the smear-slide method. Slides were
studied onboard the research vessel under a Lomo
POLAM L-213M polarizing microscope with an MS-5
camera (USB 2.0). Smear-slide is a thin layer (smear)
of uncemented sediment fixed on the slide, using an
optical liquid (Canadian balsam with a refractive
index of » = 1.55). Smear-slide is a reliable rapid
method for semi-quantitative diagnostics of mineral
and particle-size composition of sediments, as well as
of the determination of micro(nano)fossils. The study
of smear-slides provides data on the composition of
sediments [12]. The carbonate content in sediments
was determined by an express-method based on mea-
suring COzT pressure during the reaction of HCI with
calcium carbonate, using a calcimeter.

RESULTS

Hydrological Conditions and the Concentration
of SPM and Chlorophyll a

The vertical distribution of temperature, salinity,
SPM concentration, and chl a in the water column at
station 5522 is shown in Fig. 3.

The relatively warm and saline AW occupied the
upper 0-625—695 m layer in the Lofoten Basin. The
salinity of this layer ranged from 34.95 to 35.13 PSU.

OCEANOLOGY Vol. 60
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Fig. 3. Vertical distribution pattern of parameters of medium (temperature, salinity, oxygen content, and turbidity) based on
CTD-sounding data and concentrations of SPM and chl a at ADSO at the time of setting (a) and raising (b) of traps. (/) Tem-
perature; (2) salinity; (3) turbidity; (4) SPM concentration; (5) chlorophyll concentration.

The subsurface (0—20 m layer) was usually slightly
desalinized, which was more pronounced in August
2018 (to 34.9 PSU). In the 0—50 m layer, a seasonal
thermocline was seen in the both years, but it was less
pronounced in August 2018. Water temperature in the
upper desalinized layer reached 10.7°C in August 2018
2020

OCEANOLOGY Vol.60 No.4

and was by about 1°C lower in July 2017. In general,
the temperature of the AW mass in the studied period
varied from 9.7—10.7°C near the surface to 2.0°C at
the boundary with the cold transitional water mass.
We considered 6 = 27.9 kgm 3 as the lower AW bound-
ary according to [56].
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The deep water mass occupied a layer from 625—
695 m to the bottom. The water temperature here drop
below zero (to —0.76°C), and the salinity was about
34.9 PSU (Fig. 3). The maximum density in the bot-

tom layer was 28.08 kg/m>.

The concentration of SPM in the 0—5 m layer was
0.31 mgL~" in July 2017 and 0.23 mg/L in August
2018. The chl a concentration varied from 0.69 to
0.34 ugL~!, respectively. A subsurface maximum of
SPM was recorded in August 2018 (0.33 mg L' ata
depth of 15 m), which coincided with the maximum
of chl a (0.69 ugL™").

The concentration of SPM decreased several
times with the depth and increased in the bottom
nepheloid layer. The thickness of the nepheloid layer
according to the data of CTD probes using a nephe-
lometer varied from 150 m in July 2017 to 350 m in
August 2018 (Fig. 3).

Analysis of satellite data showed that the chloro-
phyll concentration in the surface water layer of the
Lofoten Basin was maximum at the end of summer
and autumn 2017 (Fig. 4) and was significantly lower
in autumn 2018.

Total Sedimentary Material Flux

Analysis of the trap material showed significant
seasonal variability in the total matter fluxes in the
subsurface layer (550 m depth) and relative uniformity
in the near-bottom layer (2950 m depth) (Fig. 4).

In the subsurface layer, the seasonal pattern of the total
flux was characterized by a unimodal distribution with the
maximum in September 2017 (191 mg m—>day ). Begin-
ning from November, the fluxe decreased, reaching
the minimum (2.6 mg m~2 day~") in March—April
2018. From May to July, the flux increased from 7.0 to
12.9 mg m~2 day .

In the bottom layer, the variability of fluxes during
the year was less pronounced as compared to the sub-
surface layer. The fluxe in the bottom layer was the
smallest (107 mg m~2 day~') in April, which coincides
with the minimum flux in the subsurface layer.

Flux of Main Biogenic Components

SEM study of the samples revealed a great number
of large (to 700 um) shells of pteropods Limacina ret-
roversa in the sedimentary material in August—QOcto-
ber (Fig. 5). During these months, the CaCO; flux in
the subsurface layer was high, with the maximum
(178 mg m~2 day~!) in September (Fig. 4). In this
period, the CaCO, flux made up more than 90% of the
total flux. During the rest of the year, it varied from 0.3
t0 9.3 mg m—2 day. In the bottom layer, the maximum
CaCO; flux was also in September (240 mg m~2 day~')
and remained rather high (to 129 mg m~? day~!) from
August to February.

DRITS et al.

The C,,, flux in the subsurface layer was the highest
(2.0—5.2 mg m~2 day~') in August—October (Fig. 4). In
the rest of the year, it did not exceed 1—2 mg m~2 day—".
In the bottom layer, it varied from 3.8 to 7.2 mg m~> day !
throughout the year.

The SiO,,;, flux in the subsurface layer was highest
(9.1 mg m~2 day~!) in October. During the rest of the

year, it did not exceed 2.7 mg m~2 day~. In the bottom
layer, the SiO,;, flux was significantly higher and varied

throughout the year from 14.5 to 45.0 mg m~2 day .

The Si/Al ratio in the subsurface layer varied within
5.0—6.2 during the most part of the year, increasing
sharply in October (to 20.9) and May—July (13.2—
34.6). The enrichment of sedimentary material in total
Si in relation to Al indicated an increase in the portion
of biogenic Si in the flux. The Si content in the sedi-
mentary material of the near-bottom layer (12.4—
19.9%) was similar to its mean content in bottom sed-
iments of the ocean (19.6% [7]). The Si / Al ratio in
the bottom layer was 3.1—4.0, which was close to the
mean ratio between these elements in the earth crust
[49, 61]. The Si/Al ratio increased to 4.9 only in July,
resulting in a slight enrichment of sedimentary mate-
rial in the near-bottom layer with biogenic Si.

Sedimentation of the Components of Planktonic Origin

Pteropods Limacina retroversa. The entire Limacina
population revealed in the trap material was repre-
sented by juvenile animals with a mean shell diameter
of 0.49 + 0.19 mm (at 550 m) and 0.48 + 0.12 mm (at
2950 m). Almost all the shells were empty or with a small
amount of organic matter. The seasonal sedimentation
dynamics of these pteropods was characterized by a pro-
nounced maximum (13000—15000 shells m~ day ') in
September at 550 m depth and in September—October
a at 2950 m (Fig. 6). In November, the vertical flux of
pteropods sharply decreased and was almost zero in
the rest of the year.

Planktonic foraminifera. Foraminifera were domi-
nated by small (<0.1 mm) shells; the share of larger
ones (0.2—0.4 mm) did not exceed 5%. Seasonal vari-
ation in the flux of these organisms during the year was
unimodal with the maximum in October—November
(Fig. 6). During winter months, foraminifera were
only revealed in deep trap samples.

Fecal pellets (FP). Two different forms of faecal
pellets were distinguished in the trap samples. The
ovoid pellets were most abundant; a significant num-
ber of filiform pellets were only found in September—
October in traps samples at 550 m depth (Fig. 6). The
highest flux of FP in the upper 550 m layer (900—
2000 pellets m~2 day~!) was recorded at the end of the
productive season. In the rest of the year, the flux was
almost by an order of magnitude lower and did not
exceed 200 pellets m—2 day—'. In the near-m layer, the
minimum FP flux (200—300 pellets m~2 day~!) was

OCEANOLOGY Vol. 60
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Fig. 4. Seasonal variability of chlorophyll concentration in surface layer, in vertical fluxes of total sedimentary material, calcium
carbonate (CaCOy3), organic carbon (C,,), and amorphous silica (SiOy,,). Si/Al is ratio of total silica to aluminum in sedimen-

tary material.
seen in December and March, and in the rest of the Data on C,, and C_,, content of the described
year, it varied from 1500 to 3500 pellets m—2 day—". planktonic components of sedimentary material are
Eggs of planktonic animals were found only insam-  given in Table 1.
ples of traps at 550 m in spring and summer. The max- Seasonal variations in the C,, and CaCOj; flux
imum flux in May—June was 21—23 eggs m—2 day . related to sedimentation of different components are

OCEANOLOGY Vol.60 No.4 2020
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Fig. 5. Microphotographs of trap material in August, illustrating dominance of tests of Limacina retroversa: (a) 550 m horizon and
(b) 2950 m horizon.

shown in Fig. 7. The highest C,,, fluxes (2.2—4.4 mgC
m~2day~"') in the 0—550 m layer occurred in late sum-
mer—autumn period. It was dominated by pteropods
and FP (1.1 mgC,,, m~? day~' for each) in August, by
pteropods (3.6 mgC m~—2 day~!) in September, and by
FP (1.9 mgC,, m~2 day~!) in October. In the other
seasons, the C,, flux of the components of plank-
tonic origin in this layer was much lower (0.001—
0.4 mgC,,, m~2 day~'). The contribution of all com-
ponents to the total C,,, flux was maximum in late
summer and autumn, reaching 100% in October. The
contribution to the total C,,, flux did not exceed 1% in
January—March, increased to 22% in April due to eggs
sedimentation, dropped to 1% in June, and rose again
to 12% in July. Seasonal variations of C_, flux at 2950 m

org

depth were similar to those described for the upper
layer with high values (2.4—5.2 mgC,,, m~2 day™') in
September—October and a significant decrease in
other months. It was mainly determined by pteropods
in autumn and by FP in the rest of year. The total con-
tribution of these components to the total C,,, flux var-
ied from 80—100% in August—September to 4—35% in
winter and spring.

The CaCOs; flux in the entire water column was
mainly determined by the pteropod sedimentation and
varied from <1 to 104 mg m—2day~! (Fig. 7). The max-
imum values were obtained in September—QOctober. At
this time, from 40 to 100% of the total flux of calcium
carbonate was determined by the sedimentation of
Limacina retroversa shells. The contribution of fora-

Table 1. The content of total (Cyq,), organic (C,,), and carbonate (C,y,) carbon (ug/individual) in different components

of sedimentary material

Crotal Corg Cearb
Limacina 1.07 £ 0.52 (6) 0.24 £ 0.09 (3) 0.83
Foraminifera <0.1 mm 0.028 £ 0.010 (9) 0.0078 0.02
Foraminifera 0.2—0.4 mm 0.14 £ 0.08 (3) 0.04 0.10
Oval pellets 0.48 £0.12 (6)
Threadlike pellets 1.34
Eggs 0.25 mm 1.65 +0.09 (2)
Eggs 0.5 mm 7.46

The data include mean + SD and the number of measurements in brackets.

OCEANOLOGY Vol. 60 No.4 2020
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Fig. 6. Seasonal variability of vertical fluxes of different planktonic components (from microscopical countings).

minifera to the total CaCO; flux did not exceed 6%,
and reached 60% only in October at 550 m depth.

Zooplankton carcasses. The amount and composi-
tion of ZCs in the trap samples varied significantly at
different depths (Fig. 8). In traps at 500 m, copepods
Metridia longa were the most abundant throughout the
year, and there was a high number of deep-water cope-
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pods Heterorhabdus norvegicus and Paraeuchaeta sp. in
some periods. At 2950 m depth, copepods Gaetanus sp.
were found only in three samples. The flux of these
copepods was 0.3, 1.7, and 1.3 ind. m~2 day~! in Octo-
ber, November, and January, respectively. In addition,
radiolaria of the order Spumellaria was found in two
samples (their flux was 3.4 and 3.9 ind. m~? day ! in
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January and April, respectively) and spermatophores
of squids in one sample in February (the flux was
1.2ind. m™? day™'). The C,, flux in the 0—550 m
layer, calculated taking into account the data on the
organic carbon content in ZCs (Table 2), varied from
0to 0.45 mgC,,, m~2 day~' with the maximum in Feb-
ruary (Fig. 9). The contribution of different species
depended on the season: more than half the total flux
was related to sedimentation of dead Paraeuchaeta sp.
in November—December, of Amphipoda in January—
March, and M. longa in April—May. The contribution
of ZCs to the total (including ZCs) C,,, flux was 0—
33% in summer and autumn, 12—52% in winter, and
23—41% in spring.

The C,,, flux of ZCs in the near-bottom layer cal-
culated taking into account the C,,, content in Gaefa-
nus sp (139.5 = 23.0 mgC,,/ind., n = 3), radiolaria
(8.4 = 7.2 mgC,,/ind., n = 3), and spermatophores
(46.1 £ 3 mgC,,/ind., n = 3) varied from 0.04 to
0.22 mgC,,, m~2 day~!, which was 0.7—2% of the C,,
flux (Fig. 9).

Biogenic components in bottom sediments. The
exposed layer of Holocene sediments (0—26 cm) was
represented by carbonate (CaCO; was more than
30% of wt) pelitic ooze with the content of the pelitic

S et al.
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edimentation of different planktonic components (columns) and

fraction (<0.01 mm) to ~80%. The upper layer (0—
10 cm) of sediments was dominated (more than 80%)
by the remains of planktonic and benthic organisms:
foraminifera, coccoliths, diatoms, radiolaria, and
sponge spicules. Microfossils revealed in the sedi-
ment were absolutely dominated (~65%) by cocco-
lithophorides, foraminifera comprised 10—15%.
Coccolithophorids were dominated by two species:
large-cell Coccolithus pelagicus and small-cell Emili-
ania huxleyi. It should be pointed out that pteropods
and their fragments were not found in the sediment
samples, despite the dominance of these organisms
in SPM in the water column.

DISCUSSION

The Lofoten Basin plays an important role in
maintaining global meridional circulation in the
region, where Atlantic water mass transfers heat to the
atmosphere, is mixed with surrounding waters, and is
transformed to form deep waters in the neighboring
Greenland Sea [1]. According to long-term observa-
tions [24], the effect of increased AW temperature in the
period from 1993 to 2017 is the most pronounced in this
area. Even under conditions of a decrease in AW inflow
by 1 Sv during this period (the data of the Norwegian
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Fig. 9. Seasonal variability of C,, flux related to sedimentation of different species of necrozooplankton (columns) and their total
contribution to Corg flux (line). M. longa— Metridia longa, H. norvegica— Heterorhabdus norvegica, P. sp.— Paraeuchaeta sp.,
G. sp.—Gaetanus sp., Euph.— Fuphausiidae, Amph.—Amphipoda, Rad.—radiolaria, and sper.—spermatophores of squids.

Ocean Weather Station M, OWSM, 66° N, 2° E) [34],
the thickness of the AW layer increased due to higher
salinity and temperature of this layer [62].

To assess the effect of these changes on the param-
eters of sedimentation processes, we have compared
our results with the data of annual sedimentation traps
obtained in the Norwegian Sea and the Lofoten Basin
in the 1980s—1990s (Table.3). Our estimates of the
annual fluxes of the total sedimentory matter and C

org

at a depth of 550 m (11 g/m?and 0.8 gC,,/m? ) are 2—
2.5 times lower than published data. These differences
may be a result of interannual variability, which was
pointed out in the previous studies [22, 44]. Another
reason for the lower fluxe of sedimentary material and
C,r in the period of our study may be lower AW inflow
into the Norwegian Sea, resulting in a smaller amount
of transported SPM. The differences are less pro-
nounced in the bottom layer: according to our data, the

Table 2. The content of organic carbon (ugC/ind.) in different species of necrozooplankton

&
3 . S
g & 3 o
Metridia longa g N 2 S 4 Euphausiidae Amphipoda
S B S S S
s ¥ < S S
= 3 5 3 5 3
= T = S < S
§ females males females females females CV| 56 mm |9—10 mm|10—12 mm| 12—14 mm
IX — — 36.5 312 £214 (3)| — — — — —
XI [44+£1912)|27£5@3) |40 6(3)| 73 £32(2) 689+ 181 (2)| — (62X 13 (3) — — —
XII 84 24 £2(2) 73 — 565£27(33) | — 61 326 —
I [42+£3(3) [23£5(3) — — 468 £50(3) | — — — — 567 £ 235 (4)
IT [40x6(Q2) [(14£34) 12 — 313£96(2) | — — — - —
I | 55+ 7 (3) 20 — 31 — — — — — 770
IV |72 £40 (2) — 13 433 + 191 (3)| 30 — — — 724
V |54+303)|13£4(3) — 82 182 70 — — 419 —
VII[62+10(12)|19%£2(2) — 101 £20(2)| 2153 (2) | — — — — 857 £ 126 (3)

The data include mean £ SD and the number of measurements in brackets.
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Table 3. Annual flux (g/m?/year) of sedimentary material (total flux), suspended organic carbon (Core), calcium carbonate
(CaCQOs), and biogenic silica (Siy;,) in the Lofoten Basin according to data of annual sedimentation traps of 1983—1992

Trap depth Year Total flux Core CaCO, Sipio Reference

2600 m 1983/1984 22.7 1.4 11.4 1.1 [35]
1988/1989 27.7 3.5 12.2 0.5

500 m 1990/1991 20.0 1.7 6.3 0.5
1991/1992 16.9 1.5 7.6 0.3 [44]
1988/1989 57.6 2.7 15.1 0.8

3000 m 1990/1991 45.8 2.5 20.3 2.6 [44]
1991/1992 61.9 2.1 31.1 1.4

annual flux of total sedimentary material was 79 g/m?
and 23—62 g/m? according to [35, 44]; Corg flux was
1.9 ¢C,/m? and 1.4-2.7 gC,,/m?, respectively. The
annual flux of CaCO; and SiO, is comparable to the
values measured in the 1980s—1990s in the upper layer
and is several times higher in the bottom layer.

A significant increase in the flux of sedimentary
material and of all its components in the bottom layer
was a specific feature of sedimentation processes in
deep-water areas of the Norwegian Sea at the end of
the last century [22, 23, 44]. The authors explained
this phenomenon by the lateral advection and resus-
pension of SPM from the continental slope. Accord-
ing to their calculations, more than 50% of the total
flux could not be explained by vertical sedimentation
from the overlying layers and was related to redeposi-
tion of material from the nepheloid layer. The signifi-
cant increase in the sedimentary material flux in com-
bination with high turbidity in the bottom nepheloid
layer ifound in our study also indicates to a significant
role of the processes of resuspension and redeposition
of SPM in the Lofoten Basin.

The seasonal pattern of vertical fluxes in the Lofoten
Basin did not practically change over the period from
1988—1992 to 2017—2018: the maximum fluxes of sedi-
mentary material, C,,,, and CaCOj; of the <1 mm frac-
tion occured in August—QOctober according to [35, 44,
60] and in September according to our data (Fig. 4).
The seasonal dynamics of vertical fluxes in earlier
studies [44] was also the most pronounced at a depth
of 500 m. In the near-bottom layer, the amplitude of
changes in fluxes during the year was significantly
smaller. According to [60], the shift of the seasonal
maximum of the vertical flux to summer—autumn was
typical for oceanic areas of the Norwegian Sea and was
mainly related to mass sedimentation of pteropods
Limacina retroversa [19, 39]. The flux of these organ-
isms in the area of the Varing Plateau (the Norwegian
Sea) reached 8000 ind. m~2 day' in September [19].
According to calculations given in [17], their contribu-
tion to the annual CaCO; flux was 15%. In the Lofoten
Basin, the maximum flux of Limacina in August—
October 1983 comprised 150—550 ind. m~2 day~! or

OCEANOLOGY Vol.60 No.4 2020

8.4—18.4 mgCaCO; m—2 day~!, and their contribution
to CaCO; flux in that period was 15—24% or 11.5% of
the annual flux [39]. According to our data, the maxi-
mum Limacina retroversa flux (13000—15000 ind. m—2
day~! or 60—100% of the CaCO; flux) was also
observed in September—October, and the contribu-
tion of these animals to the annual CaCO; flux was 44
and 15% at depths of 550 and 2950 m, respectively.
The contribution of Limacina to the annual C,,, flux
(11—18%) was close to the estimates (8% [17]) for the
region of the Vegring Plateau. According to [39], the
leading role of pteropods in the formation of the flux
of biogenic material in autumn was determined by the
mass mortality of juveniles, which appeared in the
Norwegian Sea in August, and the high rate of their
sedimentation (1—2.5 cm/s [26]). At this rate, dead
Limacina could reach the bottom in just a few days. It
is reasonable that according to our data, their number
in the traps at the subsurface and near-bottom depths
was almost equal. The results indicate that at the pres-
ent time, pteropods also play a significant role in the
vertical transportation of C,, and calcium carbonate in
the Lofoten Basin. These data confirm the conclusions
[17, 19, 20, 25], concerning a significant role of ptero-
pods in the functioning of biological carbon pump and
in the formation of the carbonate system in the Norwe-
gian Sea and in some areas of the Arctic basin.

Planktonic foraminifera are a constant and
numerous component of sedimentary material and
play an important role in the vertical transportation
of CaCO; [29, 33, 53]. The annual flux of CaCO; of
foraminifera in different regions of the world ocean is
0.2—22 gCaCO;/m?, and its contribution to the
CaCO; flux varies from 2 to 100% [53]. Our data
(0.3 gCaCO,/m?/year, 3% of the annual flux) are close
to the minimum values typical for deep ocean. Fluxes in
different seasons (0.1-5.6 mgCaCO; m™> day')
obtained in this study are within the range of 0.5—
6.3 mgCaCO; m~2 day~' calculated for the Greenland
and Norwegian seas in the layers deeper than 500 m
[53], and their contribution to CaCO; fluxes could
reached 60%.
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Since the 1990s, there has been a general trend of
increasing contribution of calcifying plankton to the
vertical flux of sedimentary material in the North
Atlantic, and, conversely, of a decreasing role of dia-
toms and other siliceous plankton [14]. The high solu-
bility of aragonite shells of pteropods at greater depths as
compared to calcite shells of foraminifera and cocco-
lithophorids [20, 40] explains the absence of of ptero-
pod shells in bottom sediments of the Lofoten Basin. In
the bottom sediments of the subpolar North Atlantic,
shells of foraminifera and coccolithophorids are widely
spread [5]. According to our data, the upper layer of bot-
tom sediments in the Lofoten Basin is mainly repre-
sented by coccoliths. Similar data on the composition of
bottom sediments in the Lofoten Basin are given in [52].
The vertical flux of coccolithophorids in the Lofoten
Basin is more than 100 x 10 m~2 day~! [52]. The role of
foraminifera in the vertical flux is insignificant.

Zooplanktonic FP are the most important compo-
nent of the C,, flux [58]. According to the modern
data, the contribution of FP to C,, flux in different
regions of the world ocean varies from 1 to >90% [58].
It has been shown in recent years that a significant
portion of FP produced in the upper productive layer
is remineralized and does not reach deep layers [28,
43, 47, 63]. The accumulation of FP in intermediate
and deep layers is related to the feeding of deep-sea
zooplankton [36] or with diurnal vertical migrations of
zooplankters [28]. We have not found copepods FP in
the of trap samples in the Lofoten Basin. An insignifi-
cant contribution of copepods FP to C,,, flux in layers
deeper than 500 m in the Norwegian Sea is also
pointed out in [18, 22]. Most of samples are domi-
nated by ovoid FP. Their significant amount in the
material of sediment traps in the region of the Vgring
Plateau in the Norwegian Sea is also mentioned in [19].
According to the authors, the most likely source of
these pellets are planktonic ostracods which are abun-
dant in deep water layers. It is interesting that accord-
ing to our data, the seasonal variability in the flux of
ovoid FP in the near-bottom layer is less pronounced
as compared to the upper 500 m layer. The annual flux
of FP in the studied region increased with the depth
from 0.13 g C,,/m?* (500 m) to 0.40 g C,,,/m? (2950 m),
and their contribution to annual C,, flux was 16—21%.
These results confirm the idea that in the intermediate
and deep layers FP produced by deep-sea zooplankton
play an important role in the vertical transport of
organic matter.

The studies of ZCs flux in different regions of the
World Ocean summarized in [57] show that it com-
prises a significant part of C,,, flux in the coastal areas
and over the continental shelf outside the period of
phytoplankton blooming. According to our data, the
ZCs flux in the Lofoten Basin varies from 0 to 0.45 mg
Core m~2 day~! with the maximum at 550 m depth in
January. The ZCs flux during this month comprises
52% of the total C,,, flux (C,, flux < 1 mm + the flux
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of ZCs C,,,). Assignificant increase in ZCs flux in win-
ter is also shown for the Beaufort Sea and the Amund-
sen Bay [50, 51]. According to these authors, the con-
tribution of ZCs in this season reaches 86—91% of the
total C,, flux. The annual flux of ZCs C,,, in the upper

70-m layer of the Beaufort Sea (2.5 g Corgmfz) is more
than 20 times higher than the flux (0.11 g C,,, m~2) cal-

culated on the basis of our data for the 0—550-m layer.
The annual ZCs C,, flux in the near-bottom layer

decreased by an order of magnitude to 0.01 g Corgmfz.
In shallow traps in the Beaufort Sea, in the Amundsen
Gulf and in the Kara Sea older copepodite stages of
Calanus glacialis dominate the ZCs flux [4, 50, 51]. In
deep traps in the Lofoten Basin, the carcasses of Cala-
nus finmarchicus, dominating zooplankton with
respect to biomass in the Norwegian Sea, [27, 45],
were only found (3 ind.) in one sample at a depth of
550 m. The absence of Calanus carcasses in the trap
material throughout the year could be related to the
vertical distribution pattern of this species at different
stages of its life cycle. In spring and summer, when the
population of C. finmarchicus in the Norwegian Sea is
concentrated in the upper 100-m-thick layer [16], the
flux of dead copepods does not reach the mesopelagic
layers. From July to February, most of the population
inhabits deep layers, where it survives winter in diapause
[16]. According to [32], the owintering part of the pop-
ulation is the most numerous in the 600—1300 m layer,
i.e., deeper than the depth of the of the upper trap. It
seems likely that during this period, carcasses of C. fin-
marchicus could not reach the bottom, being decom-
posed by bacteria or consumed by deep-sea zooplank-
ters. It may be assumed that low flux of Calanus car-
casses is one of the reasons of low ZCs fluxes in the
deep—water areas of the Norwegian Sea as compared
to the shallower Arctic seas. The dramatic decrease of
ZCs flux in the near-bottom layer of the Lofoten Basin
indicates the insignificant role of this component of
sedimentary matter as a source of organic matter for
deep-sea benthic communities.

CONCLUSIONS

Analysis of the results of our research and data
obtained in the 1990s shows that the observed climatic
changes (increased temperature, salinity, and thick-
ness of the AW layer) in the Lofoten Basin of the Nor-
wegian Sea did not result in significant changes in the
quantitative parameters of the sedimentation process.
In general, the pattern of seasonal changes in the ver-
tical flux of sedimentary material and its main compo-
nents is similar to those described in the publications
about 30 years ago. The revealed differences in the
total and C,,,, fluxes in the upper 500 m layer may be a
explained by interannual variability or a result of a
decrease in the AW inflow to the Norwegian Sea
observed in 1993—2017. Composition of components
of planktonic origin in the sedimentary material and
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their contribution to C,, and CaCOj; fluxes signifi-
cantly correspond to the previously obtained results.
Similarly to the earlier studies, pteropods Limacina
retroversa play a significant role in the vertical flux of
C,r and calcium carbonate in the Lofoten Basin. They
determine the carbon cycle in the water column, but
they are not directly involved in sediment formation.
The material from our traps was dominated by FP of
ostracods, which was also indicated in earlier studies
of the 1990s.

Estimation of the ZCs flux performed for the first
time in the Norwegian Sea indicates the insignificant
role of this component in vertical C,, transport to
deep layers. One reason for the lowl ZCs flux in com-
parison with other Arctic seas may be the absence of
carcasses of Calanus finmarchicus, which dominates
zooplankton.

Our data show that the sedimentation process in
deep-water areas of the Norwegian Sea is mainly con-
trolled by zooplankton. All the studied planktonic
components in total (pteropods, foraminifera, eggs,
FP, and ZCs) contribute to the annual calcium car-
bonate flux by 16—47% and to the annual C,,, flux by
37—-45%.
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