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Abstract Continental margins are hot spots for iron (Fe) and manganese (Mn) cycling. In the Arctic
Ocean, these depositional systems are experiencing rapid changes that could significantly impact
biogeochemical cycling. In this study, we investigate whether continental margin sediments north of
Svalbard represent a source or sink of Fe and Mn to the water column and how climate change might
alter these biogeochemical cycles. Our results highlight that sediments on the Yermak Plateau and Sofia
Basin exhibit accumulations of Fe and Mn phases compared to average shale. Conversely, sediments
from the Barents Sea slope exhibit lower enrichments of Fe and Mn compared to average shale, with the
exception of enriched, near-surface sediment layers. Pore waters from these slope sites provide
evidence for Fe and Mn reduction and diffusion of Fe and Mn into near surface sediments, which are
susceptible to physical or biogeochemical remobilization. These regional patterns are best explained by
the spatial distribution of sea ice coverage and labile organic carbon fluxes to the seafloor. As sea ice
continues to retreat and the Yermak Plateau becomes seasonally ice-free, productivity is expected to
increase, which would increase the flux of carbon to the sediments, thereby increasing oxidant demand,
and the reduction of Fe and Mn mineral phases. Our results suggest that as sea ice continues to
retreat, the Yermak Plateau and other Arctic continental margins could become sources of Fe and Mn to
Arctic bottom waters.

1. Introduction

Despite representing only 10% of the ocean's surface area and 0.5% of the ocean'’s volume, continental mar-
gins, which include the continental shelves, slopes, and rise, are global hot spots of biogeochemical carbon,
nutrient, and metal cycling. As much as 90% of all of the marine organic carbon burial occurs within conti-
nental margin sediments (Liu et al., 2010). Continental margin sediments also act as a significant source of
metals to the water column, such as Mn (Aller, 1994; Johnson et al., 1996; McManus et al., 2012) and Fe
(Elrod et al., 2004; Johnson et al., 1999; Lam et al., 2006).

The cycling and transport of Fe and Mn are important for numerous marine biogeochemical processes. Both
metals are micronutrients for phytoplankton. The importance of low Fe concentrations limiting primary
productivity has been observed in many parts of the oceans (e.g., Moore et al., 2013; Tagliabue et al., 2017),
including high-nutrient low-chlorophyll regions (e.g., Coale et al., 1998; Cullen, 1991; Johnson et al., 1997;
Kuma et al., 1996; Martin & Fitzwater, 1988). Recently, Fe has been suggested to limit productivity in the
Eurasian Arctic Ocean (Rijkenberg et al., 2018). Iron and, especially, Mn (oxyhydr)oxides are also efficient
at scavenging (adsorbing) trace metals from seawater, meaning that the cycling of these minerals in
near-surface sedimentary environments can exert a control on the cycling and transport of trace metals
(Finney et al., 1984; Goldberg, 1954; Tessier et al., 1985). Iron (oxyhydr)oxides are also highly efficient sor-
bents of phosphate in the oceans and at the seafloor (Berner, 1973; Froelich et al., 1977; Slomp et al., 1996).
Finally, Fe and Mn mineral phases likely play an important, yet poorly understood, role in the sedimentary
preservation of organic matter (Barber et al., 2017; Estes et al., 2017; Johnson et al., 2015; Kaiser &
Guggenberger, 2000; LaLonde et al., 2012).
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The release of Mn and Fe from margin sediments to bottom waters from the seafloor is correlated to the
amount of organic carbon oxidation within the sediments, with more Fe and Mn being remobilized when
there is more oxidation of organic matter (Elrod et al., 2004; McManus et al., 2012). This creates an important
link between the export of organic matter from the photic zone and the release of these metals from the sea-
floor. Generally, under oxic conditions, Fe and, particularly, Mn are sequestered as (oxyhydr)oxide phases
(e.g., Johnson et al., 1996; Nameroff et al., 2002; Taylor & Macquaker, 2011). However, when sediments
receive a sufficient amount of labile organic carbon, oxygen will be consumed within the surface sediments,
and microbial Fe and Mn reduction become favorable metabolic pathways (Froelich et al., 1979). Following
the dissolution of Fe and Mn (oxyhydr)oxides in oxygen-depleted sediment layers, dissolved Fe and Mn are
released to the adjacent pore waters, where they can diffuse into oxygenated sediment layers and reprecipi-
tate (e.g., Aller, 1990; Calvert & Pedersen, 1993; Emerson & Hedges, 2003). For Mn, this produces a
near-ubiquitous surface enrichment in continental margin sediments and, in extreme cases, precipitation
of Mn nodules (Calvert & Price, 1977).

Margin and shelf processes are especially important within the Arctic Ocean. Over half of the Arctic Ocean
seafloor consists of continental shelves and margins (Jakobsson et al., 2003), and about 15% of global conti-
nental shelves are located within the Arctic (Menard & Smith, 1966). Arctic shelf and margin regions are
characterized by more variable sea ice cover, higher biological productivity, stronger sediment resuspension,
and more intense deposition/regeneration of organic matter than the deep basins of the central Arctic Ocean
(Stein & Macdonald, 2004). Biogeochemical processes on shelves and margins dominate the Arctic carbon
cycle (Liu et al., 2000; Macdonald et al., 2010) and, likely, the cycles of other elements as well. In these
regions, the shuttling of Mn from shallow margin settings (<1,000 m) to deep basins (>1,000 m) is well docu-
mented (Macdonald & Gobeil, 2012). Many Arctic shelf regions are proximal to active terrestrial glaciers,
which may play a significant role in delivering reactive Fe and Mn to the marginal environments
(Raiswell et al., 2018; Wehrmann et al., 2014). The disproportionate importance of Arctic shelves and mar-
gins on ocean biogeochemistry indicates that changes in benthic cycling of carbon, trace metals, and nutri-
ents associated with warming in the Arctic will have significant effects on regional and even global,
biogeochemical cycles (Macdonald et al., 2015).

Here, we investigate Fe and Mn cycling on the Yermak Plateau and Barents Sea slope that separate the archi-
pelago of Svalbard from the deep Eurasian basin. The goal of this paper is to evaluate whether continental
margin sediments act as an important source of Fe and Mn to Arctic bottom waters. We use paired sediment
and pore water geochemistry on multicores to investigate spatial and downcore patterns of Fe and Mn
cycling in nine locations spanning the northern Svalbard continental slope, the Sophia Basin, and the
Yermak Plateau. These results are paired with total organic carbon and Chlorophyll a data to investigate
the coupling of surface productivity with remobilization of metals within sediments. In response to modern
climate change, sea ice coverage, patterns of surface productivity, and fluxes of labile carbon are all changing
in the Arctic region. Due to the important links between organic carbon delivery to the seafloor and the fate
of Fe and Mn, current and future environmental conditions in the Arctic are evaluated to determine whether
the role of continental margins in Fe and Mn cycling is likely to change in response to future climate change.

2. Study Site

The study focuses on the continental margin of the Eurasian Basin, north of Svalbard and the Barents Sea
(Figure 1). North of the Barents Sea slope, the Yermak Plateau is a bathymetric feature off the northwestern
coast of Svalbard, at the entrance of the Arctic Ocean. To the east, the Yermak Plateau is separated from the
Barents Sea slope by the deep Sophia Basin (Sofia Deep). Modern sedimentation rates are generally low and
similar in both the northern Barents Sea and the Yermak Plateau. The modern sedimentation rate in the
Barents Sea northeast of Svalbard, including the Barents Sea slope, ranges from 0.5-1.0 mm/yr (Nickel
et al., 2008), and the modern sedimentation rate on the Yermak Plateau was determined to be 0.7 mm/yr
(Howe et al., 2008).

The Eurasian margin region is covered by sea ice during the winter, and during the summer, it is positioned
within the marginal sea ice zone, which is the transition between the open ocean and sea ice. New sea ice
forms during autumn and winter months, with the sea ice maximum occurring in March. At this time,
Svalbard is generally enclosed by ice. Sea ice melt begins in March, with a minimum extent generally
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Figure 1. Map of the Barents Sea and Eurasian Arctic margin including Barents Sea slope (white), Sofia Basin (gray), and
Yermak Plateau (gray) cores. The median March (dashed) and September (solid) sea ice extent from 1981 to 2010 is
indicated in yellow (data from National Snow and Ice Data Center, https://www.nsidc.org). The West Spitsbergen
Current is indicated in red. Bathymetry is indicated by shades of blue (Jakobsson et al., 2012).

reached in September. Recent sea ice loss in the Barents Sea is consistent with increasingly warmer ocean
conditions and “Atlantification” of this part of the Arctic Ocean (Arthun et al., 2012; Barton et al., 2018).
Winter sea ice loss, or the lack of new sea ice formation, in the Barents Sea region is particularly
significant compared to other Arctic regions (Onarheim et al., 2018).

To the west of Svalbard, the West Spitsbergen Current delivers nutrient-rich, warm, saline, Atlantic water
into the Arctic (Figure 1). In the Fram Strait, between 78° and 80° N, the West Spitsbergen Current splits into
multiple branches. Some water recirculates through the Fram Strait and returns southward (Hattermann
et al., 2016; von Appen et al., 2016). The largest branch, the Svalbard Current, follows the western and then
northern continental margin of Svalbard, before following the eastern continental margin of the Eurasian
Basin (Aagaard et al., 1987; Coachman & Aagaard, 1974; Cokelet
et al., 2008; Muench et al., 1992; Sirevaag et al., 2011). The Yermak
Branch follows the western flank of the Yermak Plateau (Manley,
1995; Manley et al., 1992), and another branch flows through the

Table 1
Locations of Cores in This Study

Core Water depth (m) Latitude Longitude Yermak Pass (Koenig et al., 2017).
Barents Sea slope
PS92/019-19-MC 481 81°13.79' N 18°33.04' E 3. Methods and Materials
PS92/027-15-MC 795 81°19.55' N 17°16.87' E :
PS92/031-13-MC 1852 81°30.20' N 18°31.72" E  Samples were retrieved from the icebreaker RV Polarstern during the
Sophia Basin Transitions in the Seasonal Sea Ice Zone expedition (PS92) in spring
PS92/047-20-MC 2,175 81°20.68' N 13°39.94' E . . .
2015 (Peeken, 2016; Figure 1). Sediment cores were taken using a
Yermak Plateau (eastern flank) . ) 3 A
PS92/039-05-MC 1,523 81° 55.50' N 13°37.9¢' g Mmulticorer at nine locations (Table 1 and Figure 1). Pore water pH
PS92/040-01-MC 1,158 81°49.04' N 10°52.06' E ~ was measured at 1 cm intervals onboard using a punch-in pH elec-
PS92/046-15-MC 886 81° 50.62' N 09°4548 E  trode. Cores were sliced shipboard at 1 cm resolution; slices were fro-
o ! o ’
PS92/056-05-MC e PR I 08°17.05°E  zen at —20°C and subsequently freeze dried.
Yermak Plateau (western flank)
PS92/043-20-MC 817 82°10.45' N 07°0.53' E The studied cores were sampled at sea; however, gravity and

Note. Full site names are given here and shortened in the text to the station kastenlot cores collected nearby were returned to shore intact, and

name (i.e., for the first core in the Table 19) and deployment number
(i.e., for the first core in the Table 19).

digital photos from the upper 40-50 cm are included in Figure 2.
On the deep Barents Sea slope (28-GC) and Yermak Plateau
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Figure 2. Digital images of the upper 40-50 cm of kastenlot and gravity cores from the study area, including the Barents
Sea slope (28-GC) and the Yermak Plateau (39-KC, 44-GC, 46-GC, and 54-GC).

(39-KC, 44-GC, 45-GC, and 54-GC), gravity cores were retrieved close enough to multicore sites for
comparison. No gravity cores were collected on the shallow Barents Sea slope or Sophia Basin.
Chronology from Yermak Plateau gravity and kastenlot cores indicate that the Holocene begins below
60 cm (Wiers et al., 2019), supporting that the studied sediments are Holocene in age. No chronology
exists for the Barents Sea slope cores.

Freeze-dried samples were powdered with an agate mortar and pestle, fused into borate glass beads, and ana-
lyzed using wavelength-dispersive X-ray fluorescence with a Philips PW-2400 wavelength-dispersive X-ray
fluorescence spectrometer calibrated with 53 geostandards at the University of Oldenburg (for detailed
method description, see Eckert et al., 2013). Full downcore profiles were produced on five cores (PS92/
19-19, 27-15, 39-5, 46-15, and 56-5). Results for Fe and Mn are presented as Fe/Al and Mn/Al ratios to nor-
malize for variability in detrital input and to allow values to be compared to average shale values. The choice
of normalization does not affect the overall trends in the data. Nonnormalized Fe and Mn results are plotted
in supporting information Figure S1.

Sequential Fe extractions were adapted from Poulton and Canfield (2005) and Raiswell et al. (2010) to quan-
tify highly reactive Fe phases (Feygr), that is, phases with half-lives of less than a year when exposed to
hydrogen sulfide (Poulton et al., 2004). These are the phases that are typically dissolved in the dissimilatory
iron reduction pathway during organic matter degradation. Within the Feyr pool, poorly crystalline Fe oxy-
hydroxides (Fe,x;) were extracted using a 24 hr ascorbic acid solution buffered at pH 7.5 (Raiswell
et al., 2010). Carbonate-associated Fe (Fe.,,) was extracted with sodium acetate (pH 4.5) for 48 hr at
50°C. Crystalline Fe (oxyhydr)oxides (Fe,y,) were extracted by citrate-buffered Na-dithionite (pH 4.8) for
2 hr, and magnetite Fe (Fey,,) was extracted by ammonium oxalate (pH 3.2) for 6 hr. Reactive Mn
(Mnyeact) phases were extracted using citrate-Na dithionite solution buffered with bicarbonate to pH of 7.6
for 8 hr (Ruttenberg, 1992; van der Zee & van Raaphorst, 2004).
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Carbon concentrations were measured on a LECO CS244 carbon analyzer at the University of Newcastle.
Total organic and inorganic carbon were determined using paired acidified (organic) and unacidified (total)
carbon measurements. In preparation for analysis of total organic carbon, samples were acidified in
5% HCI until all the carbonate was removed. Dried samples were powdered and homogenized in an agate
mortar and pestle. Pigment concentrations were analyzed fluorometrically following methods described in
Holm-Hansen et al. (1965) to determine Chl a concentrations. About 1 g of dried sediment was extracted with
10 ml of 90% acetone at 4°C in the dark. After 24 hr, sediment was then centrifuged (3,000 rpm for 2 min) and
analyzed using a Turner Designs AU-10 fluorometer before and after acidification with 100 ul 0.3 M HCI.
Results for most study locations are previously published in Oleszczuk et al. (2019) and Tessin et al. (2020).

Pore waters were extracted from a separate multicore retrieved from the same deployment onboard using
Rhizon samplers (Rhizosphere; 0.15 um pore size) with vacuum applied by plastic syringes with wooden
stoppers (Seeberg-Elverfeldt et al., 2005). Samples were collected at resolutions between 1 and 5 cm, with
decreasing resolution downcore. Pore waters were acidified with ultrapure HCI] and stored at 4°C. Pore
waters were then analyzed for major element composition by inductively coupled plasma-optical emission
spectrometry (Thermo iCAP 7400 ICP-OES) at the University of Leeds. Ammonium (NH, ") was analyzed
onboard, on diluted samples, using a Turner Design Trilogy fluorometer following the method of Holmes
et al. (1999).

4. Results
4.1. Bulk Sedimentary Geochemistry

Sediments in the study area are dominated by sand and mud with variable amounts of gravel (Oleszczuk
et al., 2019; Stein et al., 1994). Geochemical proxies for grain size and lithogenic source (Al/Ti ratios) in sedi-
ments are relatively stable across sites and with depth (15.2-16.9; Supporting Information S1) suggesting
generally stable sediment composition. Core 27-15 is an exception with a wider range of Al/Ti values
(14.6-18.8). Core photos from 28-GC support the variable sedimentology at this site, as there is a distinct
sedimentological shift in the core that is consistent with a shift in sediment geochemistry (Figure 2).

In general, Fe and Mn are more enriched in the Yermak Plateau sediments (39-5, 46-15, and 56-5) than at the
slope sites (19-19 and 27-15; Figure 3). Within the analyzed samples, Mn contents range from 0.029% to
1.15%, with Mn/Al ratios of between 0.004 and 0.16 (Figure 3). The Fe contents range from 2.54% to 5.57%
with Fe/Al ratios of 0.48 to 0.77 (Figure 3). Downcore records from the slope sites highlight enrichments
in Mn/Al in the upper ~5 cm. This is especially noteworthy in Core 19-19, which has a significant Mn/Al
peak of 0.046% as compared to deeper Mn/Al values, which average 0.0048%. Sediments from the Yermak
Plateau exhibit either constant downcore concentrations or enrichments in Mn at greater depth (>15 cm).

Patterns of Fe/Al are similar to Mn/Al, with the lowest Fe/Al values measured on the Barents Sea slope
(0.48). The Yermak Plateau cores exhibit elevated values (average of 0.61). Most of the cores have relatively
constant Fe/Al values downcore, with the exception of a significant subsurface peak in Fe/Al in Core 19-19,
from the uppermost continental slope (Figure 1). This Fe/Al peak of 0.77 is only 1.5 times larger than the
baseline values, whereas the subsurface peak in Mn/Al from the same core is an order of magnitude larger
than baseline values.

Figure 4 illustrates differences in Mn/Al values between cores. In general, the two slope sites exhibit Mn/Al
values similar to or below the average shale value of 0.0096, while the Yermak Plateau sites are significantly
enriched in Mn compared to this value. The exceptions to this pattern are Core 19-19 samples from within
the shallow subsurface Mn peak. Similar patterns are apparent in Fe/Al; however, the differences appear less
distinct due to the larger absolute ranges in Fe concentrations (Figure 4). Specifically, the majority of slope
site samples have Fe/Al values less than the average shale value of 0.55, with the noted exception of the sub-
surface layer in Core 19-19 that shows a marked enrichment in Fe. Similar to Mn, most of the Yermak
Plateau data indicate Fe contents greater than the average shale value.

Concentrations of TOC in the surface sediments (0-0.5 cm) range from 0.53% to 1.61%. No clear trends exist
based on water depth or region (Table 2). Chl a concentrations in the surface sediments (0-2 cm) range from
0.04 and 0.71 pg/g (Table 2). Barents Sea slope surface sediments have an average of 0.54 ug/g Chl a, and
Yermak Plateau and Sofia Basin surface sediments have an average of 0.08 ug/g.
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Figure 3. Representative downcore Fe/Al and Mn/Al records from the northern Barents Sea slope (blue) and the Yermak Plateau (orange). Dashed lines indicate
the average shale ratios of Mn/Al (0.0096) and Fe/Al (0.55).

4.2. Reactive Sedimentary Fe and Mn Phases

Results from Fe and Mn extractions are presented in Table 2. In general, contents of reactive Fe and Mn
phases are the lowest in Barents Sea slope cores, with the exception of near-surface (0-5 cm) sediments from
Core 19-19, which exhibit the highest contents of these phases. Sophia Basin and Yermak Plateau cores
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Figure 4. Cross-plots of (a) Mn and (b) Fe versus Al from the northern Barents Sea slope (blue) and the Yermak Plateau
(orange). Dashed lines indicate the average shale ratios of Mn/Al (0.0096) and Fe/Al (0.55).
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Table 2

Concentrations of Reactive Fe and Mn Phases (wt. %), Total Organic Carbon
(TOC; wt. %) in Surface (0-0.5 cm), and Chl a (ug/g) in Surface Sediments

exhibit elevated contents of these phases with the highest values
found in the Sophia Basin and the lowest found on the northwestern
flank of the Yermak Plateau. Of note, higher contents of reactive Fe

02 em) and Mn phases are not clearly correlated to water depth. Rather than
Core Feoa  Feur  Mireacr  TOCo0s  Chlaoz  poypqnin being enriched in deep sites as compared to shallow sites,
Barents Sea slope the shallower sites (i.e., 46-15 and 56-5; ~800-900 m) on the Yermak
19-19(<5em) 035 2.73 0.0219 L.61 0.71 Plateau contain significantly more reactive Fe and Mn, while the
;312 5 em) 883 iig 8882? DO - deep slope site (31-13; 1,852 m) has the lowest concentrations of these
31-13 004 099 00031 0.53 027 phases (Figure 5).
Sofia Basin .
47-15 0.29 219 0.0075 1.24 0.10 4.3. Pore Water Chemistry
Yermak Plateau (eastern flank) Dissolved pore water Fe and Mn concentrations are relatively high
25 B2 22 L 1.24 it (~20-150 and ~20-40 umol, respectively) at the slope sites (19-19
40-1 0.22 1.92 0.0073 0.64 . . . .
46-15 021 1.94 0.0066 112 0.08 and 31-13) below 2 cm depth in the sediments (Figure 6). Sites 39-5
56-5 0.20 1.91 0.0065 0.84 and 40-1 on the Yermak Plateau both exhibit large increases in pore-
Yermak Plateau (western flank) water Mn (>100 umol) below ~15 cm sediment depth, while Site 46-5
43-20 0.13 1.55 0.0061 0.65 0.04 shows no elevated dissolved Mn concentrations. Dissolved Fe on the

Yermak Plateau sites is consistently below 10 pmol and below detec-
tion limit for most samples. Dissolved total sulfur profiles are gener-
ally flat downcore with values ranging from 24 to 30 mmol (Figure 6).

At the slope sites (19-19 and 31-13), pore water NH,* increases below the sediment-water interface down-
core to values of ~65 and ~16 umol, respectively (Figure 6). At two Yermak Plateau sites (39-5 and 40-1),
NH," increases below ~20 cm depth in the sediment to ~15 and ~8 umol, respectively. At 46-15, pore water
NH,* is similar to bottom water values.

The pH of the bottom water ranged from 7.87 to 8.03 (Figure 7). The pH decreases below the sediment water
interface at each location. In Cores 19-19 and 27-15, the pH decreases to minimum values at 3.5 cm (7.13 and
7.24, respectively) before increasing again below this depth. In the Yermak Plateau sites, the pH decreases
within the upper 5 cm before stabilizing to minimum values of 7.40-7.46.

5. Discussion

Porewater profiles of Fe, Mn, and NH,* indicate distinct sedimentary redox conditions on the Barents Sea
slope as compared to the Yermak Plateau and Sofia Basin (Figure 6). In all cores, Fe, Mn, and NH," are
not present in porewaters within the surface 2 cm, indicating that the surface sediments are oxic in all loca-
tions. While macrofaunal and megafaunal activity in these benthic environments may help maintain the
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Figure 5. Concentrations of the most reactive (a) Mn (dithionite extractable) and (b) Fe (ascorbic acid extractable) versus
water depth of the northern Barents Sea slope (blue) and the Yermak Plateau (orange).
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Figure 6. Representative downcore records of pore water chemistry (a) Mn, (b) Fe, (c) total S, and (d) NH4+ from the northern Barents Sea slope (blue) and the
Yermak Plateau (orange).

oxygenated surface sediments, bioturbation rates at these core sites are low, and biodiffusion was immea-
sureable (Oleszcuk et al., 2019).

On the Barents Sea slope, significant Fe and Mn release into the pore waters below the surface sediments,
coeval with an increase in pore water NH,*, indicates a shift from oxic respiration to Fe and Mn
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reduction as the dominant metabolic pathways of organic carbon remineralization. Conversely, sediment
cores from the Sofia Basin and Yermak Plateau exhibit no pore water enrichments in Fe, Mn, or NH,*
within the upper 15 cm, suggesting that the oxidant demand within these sediments is lower. However, in
two Yermak Plateau cores (39-5 and 40-1), Mn concentrations in porewaters are much higher where Mn
reduction occurs below 15 cm. Porewater S profiles are generally flat within all cores, indicating that
sulfate reduction is not a dominant metabolic process (Figure 6). If significant sulfate reduction did occur
within the sediments, S drawdown would be expected as HS™ reacted with Fe to form solid Fe sulfides.

The difference in oxidant demands between the Barents Sea slope and the Yermak Plateau is likely controlled
by differences in the flux of labile organic carbon to the seafloor. Chl a results indicate that the Barents Sea
slope receives a higher flux of labile organic carbon. Concentrations of Chl a can be used as an indicator of the
input of labile organic matter (Bourgeois et al., 2017) and tend to be strongly correlated to sediment oxidant
demand (Renaud et al., 2008). The highest concentrations of Chl a are found on the Barents Sea slope
(Table 2), supporting the higher flux of labile organic carbon to these sites, as compared to the Yermak
Plateau. Conversely, TOC values are not consistently higher on the Barents Sea slope, as compared to the
Yermak Plateau. In general, sedimentary organic carbon concentrations are high near the Eurasian Arctic,
despite generally low production and preservation of marine organic carbon due to a supply of terrigenous
organic matter (Stein et al., 1994). Since these organic carbon sources are likely to be less labile than fresh
marine organic carbon, TOC is unlikely to be an appropriate proxy for oxidant demand. Chl a results are
broadly in agreement with previous work that suggested increased preservation of marine organic matter
along the Svalbard shelf and slope, as compared to the Yermak Plateau and Arctic basins, coincident with
reduced sea ice cover and increased nutrient supply from the West Spitsbergen current (Stein et al., 1994).

Higher labile carbon availability and sedimentary oxidant demand on the Barents Sea slope are supported by
porewater pH data (Figure 7). Organic matter oxidation lowers pH (Soetaert et al., 2007). Lower minimum
pH values (7.13-7.24) were measured in Barents Sea slope cores, as compared to Yermak Plateau and Sofia
Basic cores (7.40-7.46). Within Core 19-19, a clear transition from decreasing to increasing pH values can be
seen at 3 cm, which is indicative of a shift from oxic remineralization of organic matter, which lowers pH
values, to Fe and Mn reduction, which increases pH values (Soetaert et al., 2007).

Differences in the oxidant demand between regions likely control the observed patterns of Fe and Mn
remobilization. Within the Arctic Ocean, specifically, the repeated process of metal oxide dissolution-
reprecipitation has been well documented as an important component of the Mn cycle (Macdonald &
Gobeil, 2012). Generally in the Arctic, Mn redistribution from shallow continental shelf and margin sites
(<1,000 m) to the deeper basins has been observed. The same process has been proposed to affect the distri-
bution of Fe from Arctic shelves/margins to the deep basins (Mérz et al., 2012; Meinhardt et al., 2016).

In Core 19-19 from the shallow Barents Sea slope, reprecipitation of Fe and Mn (oxyhydr)oxides produces
near-surface enrichments in Fe and Mn (Figure 2). The most easily reducible Fe and Mn phases are reduced
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Figure 8. Cartoon depicting (a) the modern transport and remobilization of Fe and Mn from the northern Barents Sea
slope to the Sofia Basin and Yermak Plateau and (b) the proposed future conditions with higher organic matter export.

within deeper sediments, Fe>™ and Mn?* diffuse into oxic surface sediments, and Fe and Mn (oxyhydr)oxi-
des precipitate just below the sediment-water interface. In both 19-19 and 31-13, further evidence of this pro-
cess can be seen in the pore water geochemistry (Figure 6). While reactive Fe and Mn on the shallow Barents
Sea slope is currently trapped in the near-surface sediments, the accumulation of these mineral phases near
the seafloor makes them susceptible to physical or biogeochemical remobilization into the water column. In
the third Barents Sea slope core (27-15), Fe and Mn are depleted throughout the entire core, including the
surface sediments. Fe and Mn were likely remobilized to the surface and near-surface layers and subse-
quently lost to the water column. This core is located on a steeper slope, which may be more susceptible
to sediment transport and physical resuspension of Fe- and Mn-rich surface sediments.

On the Yermak Plateau and Sofia Basin, early diagenetic Fe and Mn reduction does not occur within
near-surface sediments, allowing reactive Fe and Mn phases to accumulate within the uppermost 30-
50 cm of the sedimentary column. The core images illustrate that the Yermak Plateau sediments are consis-
tently red-brown in color due to the high concentrations of reactive Fe and Mn (Figure 2). Conversely, the
upper 15 cm of sediments from the Barents Sea slope are grayer, due to lower concentrations of Fe and
Mn. Although no core image is available for the shallow Barents Sea slope near Core 19-19, individual sam-
ple descriptions are consistent with sediments similar to the upper 15 cm of sediments on the deep slope but
with distinct orange-brown sediments in the upper 5 cm of the core, due to elevated concentrations of Fe and
Mn.

The inventory of reactive Fe and Mn phases on the Yermak Plateau is susceptible to remobilization if the
oxidant demand increases in these regions. The high concentrations of porewater Mn in Yermak Plateau
cores highlight the potential for significant remobilization of Fe and Mn within these locations if the redox-
cline shifts upward in the sediments in response to an increased oxidant demand.

6. Implications

While these new results are consistent with processes discussed in previous Arctic sediment geochemical
studies, namely, that Fe and Mn are shuttled away from sediments underlying more productive regions to
less productive regions (Macdonald & Gobeil, 2012; Mérz et al., 2012; Meinhardt et al., 2016), the physio-
graphic distribution of sampling stations is unique and has significant implications. In particular, the pattern
of Fe and Mn loss from the sediments is not indicative of shuttling from shallow to deep sites but rather from
productive marginal ice regions to perennially ice-covered regions (Figure 5). Since primary productivity and
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Figure 9. Map of the Arctic Ocean. Minimum sea ice cover (September) is indicated by white shading (NSIDC). Water
depths less than 1,000 m are indicated by lighter blue shades. Regions that are expected to experience increased primary
productivity are indicated by black boxes. These regions represent areas of agreement between multiple projections
(Slagstad et al., 2015; Vancoppenolle et al., 2013).

sea ice extent in this region are both very sensitive to climate change, the link between patterns of Fe and Mn
remobilization and these factors highlights that Fe and Mn cycling is likely to change in response to future
climate change.

Climatically sensitive, sedimentary inventories of reactive Fe and Mn in shallow sites are particularly impor-
tant because they comprise a potential source of Fe and Mn to the water column (Figure 8). Including the
Yermak Plateau, large regions of the Arctic continental margins are currently perennially ice covered
(Figure 9). Because Fe and Mn minerals play an important role in organic carbon, nutrient and trace metal
cycling, reduction, and redistribution of easily reducible mineral phases from these relatively shallow sites
would affect not only the Fe and Mn cycles but also organic carbon, nutrient, and trace metal cycles.
While deep basin and abyssal plain sediments could become a source of Fe and Mn as well, they are unlikely
to be as important as margin settings, such as the Yermak Plateau. Deep basin sediments are likely to remain
organic poor because organic material is likely to remineralize within the deeper water column before reach-
ing the seafloor. Additionally, benthic fluxes of micronutrients and macronutrients from shallow sites are
more likely to be returned to the photic zone, where they might impact primary productivity.

In order for the Yermak Plateau and other shallow, historically perennially ice-covered regions to become
sources of Fe and Mn, productivity would need to increase in the overlying waters. Sea ice is thinning in
the Eurasian Arctic (Renner et al., 2014), and ice-free summers over the Yermak Plateau are becoming
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more common (e.g., DeRepentigny et al., 2016). As Arctic sea ice continues to retreat, seasonally ice-free con-
ditions on the Yermak Plateau are expected to become more common. Additionally, increased influence of
Atlantic water in this region, due to a stronger West Spitsbergen current, will increase nutrient availability in
this region (e.g., Wang et al., 2020). These changes will likely lead to shifts in surface water productivity, with
models suggesting that the largest increases in primary productivity in the Arctic Ocean will occur on the
Eurasian perimeter, including the northern Barents Sea (Slagstad et al., 2015; Vancoppenolle et al., 2013).
These studies also agree on areas of the Chukchi Sea as loci of future productivity increases (Figure 9).
Current trends in productivity indicate that the Barents Sea and Eurasian Arctic are experiencing the most
rapid increase in Chl a derived primary productivity (Frey et al., 2019) within the Arctic Ocean.

If current trends continue and future projections prove correct, the marginal sea ice zone and locus of sur-
face productivity will shift northward, leading to enhanced organic carbon export to the seafloor. The result-
ing increased oxidant demand within Yermak Plateau sediments will ultimately lead to reactive Fe and Mn
phases becoming more important for near-surface organic carbon oxidation. Our results from Yermak cores
indicate deep (>15 cm) reduction of Mn (oxyhydr)oxides and release of dissolved Mn into pore waters
(Figure 6). These sizeable deeper pore water Mn enrichments suggest that as oxidant demand in sediments
increases and the redoxcline shoals within sediments, Mn (oxyhydr)oxides can be easily reduced. This will
result in Fe and Mn accumulations within near-surface sediments, where these minerals are poised for phy-
sical or biogeochemical remobilization into the water column, where Fe, in particular, may be returned to
the photic zone to fuel further primary productivity.

7. Conclusions

Sediment and pore water records from the Eurasian margin north of Svalbard allow for the examination of
regional patterns of Fe and Mn cycling and transport. Manganese is remobilized in the Barents Sea slope
cores, producing near-surface enrichment layers and depletions downcore. Iron follows a similar trend in
these cores, with deeper reduction of Fe (oxyhydr)oxides and diffusion/reprecipitation of Fe (oxyhydr)oxides
in near-surface sediment layers. In contrast, cores from the Yermak Plateau and Sofia Basin exhibit enrich-
ments in reactive Fe and Mn phases throughout the sediment cores, suggesting that a low oxidant demand
due to low organic carbon flux leads to these mineral phases accumulating at all sediment depths.

The geographic pattern of remobilization is an especially important result of this work. Unlike previous
work, which has documented Mn shuttling from shelves to deep basins (Macdonald & Gobeil, 2012; Mérz
et al., 2012), this work documents Mn and Fe shuttling from the Barents Sea slope to the Yermak Plateau
and Sofia Basin independent of water depth. Instead, the regional patterns are best explained by patterns
of primary productivity and organic carbon flux, which are controlled by sea ice cover and delivery of
nutrient-rich water by the West Spitsbergen current. As sea ice continues to retreat and the Yermak
Plateau becomes seasonally ice-free, productivity is expected to increase. This increase in productivity would
increase the flux of organic carbon to the sediments, thereby increasing oxidant demand, and eventually the
reduction of Fe and Mn mineral phases. These findings mean that with reductions in the perennial sea ice
cover of the Arctic Ocean, the Yermak Plateau may become a source of Fe, Mn, and associated trace metals
to overlying water. In addition to the Yermak Plateau, other submarine plateaus, including Chukchi, Morris
Jessup, Mendeleev, and Lomonosov Ridges, have the potential to become sources of benthic redox sensitive
metals.

Data Availability Statement

Data presented in this paper will be available on the Pangea website (https://issues.pangaea.de/browse/PDI-
24675).
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