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Abstract Rapid and profound climatic and environmental changes have been predicted for the Antarctic
Peninsula with so far unknown impact on the biogeochemistry of the continental shelves. In this study, we
investigate benthic carbon sedimentation, remineralization and iron cycling using sediment cores retrieved

on a 400 mile transect with contrasting sea ice conditions along the eastern shelf of the Antarctic Peninsula.
Sediments at comparable water depths of 330-450 m showed sedimentation and remineralization rates of
organic carbon, ranging from 2.5 to 13 and 1.8-7.2 mmol C m~2 d~', respectively. Both rates were positively
correlated with the occurrence of marginal sea ice conditions (5%—35% ice cover) along the transect,
suggesting a favorable influence of the corresponding light regime and water column stratification on algae
growth and sedimentation rates. From south to north, the burial efficiency of organic carbon decreased from
58% to 27%, while bottom water temperatures increased from —1.9 to —0.1°C. Net iron reduction rates, as
estimated from pore-water profiles of dissolved iron, were significantly correlated with carbon degradation
rates and contributed 0.7%—1.2% to the total organic carbon remineralization. Tightly coupled phosphate-iron
recycling was indicated by significant covariation of dissolved iron and phosphate concentrations, which almost
consistently exhibited P/Fe flux ratios of 0.26. Iron efflux into bottom waters of 0.6—4.5 pmol Fe m~2 d~! was
estimated from an empirical model. Despite the deep shelf waters, a clear bentho-pelagic coupling is indicated,
shaped by the extent and duration of marginal sea ice conditions during summer, and likely to be affected by
future climate change.

Plain Language Summary The seafloor of the shallow shelf seas plays a significant role in the
recycling of organic carbon and acts as a nutrient source for algae growth in the upper water layers. In Antarctic
waters, the change in sea ice cover has a great impact on the growth of algae and the subsequent sinking of
organic carbon to the seafloor. With global warming, profound changes in sea ice cover are expected for the
Antarctic Peninsula. To better understand its imprint on the seafloor, we collected sediment samples from
different locations along the eastern shelf of the Antarctic Peninsula and measured how changes in sea ice
cover influence the accumulation and recycling of organic carbon. We found that moderate sea ice cover of
5%-35% increases the amount of organic carbon received by the seafloor and that the fraction that is buried in
the sediments decreases from south (58%) to north (27%). We further measured that more iron, an important
micro-nutrient for algae growth, can be released from the seafloor the more organic carbon accumulates. Thus,
sea ice conditions determine the organic carbon accumulation, turnover, and nutrient release at the seafloor,
which are likely to be affected by future climate change.

1. Introduction

The biogeochemical properties of shelf sediments, such as organic matter (OM) content and degradation rates,
serve as a reference point for the time-integrated organic carbon export from surface waters to the seafloor
(Seiter et al., 2005; Smith et al., 2006). In the Antarctic, the amount of organic matter originating from surface
primary production is highly variable — both temporally and spatially - due to seasonal sea ice cover and buoy-
ancy production (i.e., stratification) and their effect on light regime and mixed layer depth (Savidge et al., 1995).
The partial or complete retreat of sea ice cover in the spring—summer season allows light to become available for
photosynthesis. When part of the ice melts, a stratified water column with nutrient-rich surface waters develops
due to the input of sea-ice meltwater and suppressed wind mixing (Vernet et al., 2008). This strong stratification
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forms a shallow summer mixed layer depth (5-25 m) (Garibotti et al., 2005; Vernet et al., 2008), which supports
the growth of intensive phytoplankton blooms that usually follow the receding ice edge with a maximum produc-
tion at the marginal ice zone (Savidge et al., 1995). A low production is observed in open waters of the Southern
Ocean (SO), where a deepening of the summer mixed layer by wind forcing disperses macro- and micronutri-
ents, such as Fe, and a deep mixing depth limits light availability (Vernet et al., 2008). On the other hand, the
occurrence of sea ice cover reduces the light availability and thereby suppresses primary production. Thus, in
Antarctic areas variations in sea ice cover and water column stability affect phytoplankton growth conditions and,
ultimately, the carbon flux to the sea floor.

The deposition of pelagic production causes continental shelf sediments to be major sites of OM remineralization
and nutrient regeneration in the ocean (Jahnke & Jackson, 1992). After OM reaches the seafloor, some of it is
degraded and remineralized by microbes to form dissolved inorganic carbon, ammonium, silicate and phosphate,
while the reduction of metal oxides releases adsorbed phosphate and micronutrients such as dissolved Fe, which
are then potentially transported back to the water column (Billen, 1982; Wehrmann et al., 2014) and may fuel
extensive phytoplankton blooms (Borrione et al., 2014; Hatta et al., 2013; Measures et al., 2013; Nielsdottir
et al., 2012; Venables & Meredith, 2009). Thus, shelf sediments play an important role in the bentho-pelagic
coupling by providing essential nutrients for algae growth and maintaining the high primary production of shelf
areas and the adjacent open ocean.

In the SO, which is known to be a high nutrient-low chlorophyll (HNLC) region, primary production is limited
by low abundance of bioavailable iron (Boyd et al., 2007; Martin et al., 1990). The recycling of trace metals
in Antarctic shelf sediments and their subsequent release into the water column could possibly represent an
important source of bioavailable iron to the SO. According to Monien et al. (2014), Antarctic shelf sediments
contribute up to 790 Gg a! of bioavailable Fe, comparable to the contribution of iceberg—hosted material, which
is assumed to contribute 180-1,400 Gg a~! of bioavailable Fe (Raiswell et al., 2016), whereas aeolian transport
accounts for an input of less than 1.12 Gg a~! (Lancelot et al., 2009; Raiswell et al., 2016). In addition, a substan-
tial release of dissolved Fe by anoxic subglacial meltwaters is estimated to range between 8.9 and 11,000 Gg a=!,
but only 0.03-5.9 Gg a~! of this bioavailable iron can reach oxic shelf waters when taking into account the rapid
oxidation of dissolved Fe to Fe(IlI) (Wadham et al., 2013). The availability of shelf-derived micronutrients, in
turn, is likely to be facilitated by the seasonal occurrence of a well-mixed water column promoting the upwelling
of iron-enriched bottom waters, as shown for the Ross Sea (Collier et al., 2000; Sedwick et al., 2000). Further,
significant lateral fluxes of Fe from the shelf of the Antarctic Peninsula and of sub-Antarctic islands to the
Fe-poor Antarctic Circumpolar Current (ACC) have been reported by (Borrione et al., 2014; de Jong et al., 2012;
Hatta et al., 2013; Measures et al., 2013; Nielsdottir et al., 2012; Venables & Meredith, 2009). They argue that
large quantities of this shelf-derived Fe were rapidly transported by the ACC and likely responsible for the exten-
sive phytoplankton blooms in areas downstream of the Drake Passage. Thus, phytoplankton production in the
circum-Antarctic and Southern Ocean may be substantially influenced by micronutrient regeneration (especially
of iron) in shelf sediments of Antarctica and sub-Antarctic islands.

The Antarctic Peninsula is projected to undergo profound climatic and environmental changes (Vaughan
et al., 2003) affecting seasonal sea ice cover, water column stratification, terrestrial melt water run-off and related
nutrient input, and thus the conditions for primary production, organic carbon export and benthic remineraliza-
tion. Our study serves two purposes, first to investigate and compare the present-day sediment biogeochemistry
of the eastern continental shelf of the Antarctic Peninsula, especially OM remineralization and iron cycling,
along a gradient of above-mentioned boundary conditions (sea ice cover, stratification), and second to provide a
baseline of comprehensive geochemical data along a sea ice gradient from southern to northern stations that can
be compared to future studies by revisiting the same sites.

Here, we report for the first time oxygen profiles and respective fluxes in combination with pore-water profiles of
redox sensitive trace metals (Mn, Fe), nutrients (NO,~, PO43‘), sulfate and metabolic products (NH,*, H,S, DIC)
from seven different locations along the eastern coast of the AP. These results are paired with solid-phase contents
of total organic carbon (TOC), Mn, Fe, P and radioisotope 2!°Pb data to provide a detailed picture of carbon
fluxes, mineralization and burial as well as trace metal cycling under various environmental conditions. This
includes the estimation of the total carbon re-mineralization rate as well as the contribution of the various electron
acceptors to the overall OM degradation. The established fluxes are discussed in light of the boundary conditions
for primary production, such as sea-ice cover and stratification. Moreover, we discuss geochemical conditions
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and biogeochemical processes affecting the iron efflux from Antarctic shelf
sediments as a potential source of bioavailable iron for the Southern Ocean.

2. Materials and Methods
2.1. Sample Collection

During the research cruise PS118 with the German research vessel RV
POLARSTERN (Feb 2019-April 2019, Dorschel, 2019) sediments were
collected from 7 stations along a 400 mile transect from the eastern shelf of

Ny Proportion the Antarctic Peninsula to the West of the South Orkney Islands (Figure I,

%L of year . B 3
i covered Table 1). At five stations, sediment samples were collected on the shelf at
B <=0.125 similar depths, ranging between 350-450 m, to allow cross-comparison of
I 0.125- 025 sediment properties independent from water depth. Another two stations
E gigs -0 63.;5 were situated in the Powell Basin at 3,300 and 2,900 m, serving as deep sea
0.5-0.625 reference. Prior to the sediment sampling, the water column was sampled by
0.625-0.75 means of a conductivity-temperature-depth-probe (CTD, Seabird 911plus),
2'70?72'875 equipped with an additional O, sensor (Sea-Bird SBE43) and a Rosette water

sampler with 24 Niskin bottles of 12 L capacity.

Figure 1. Map showing the Antarctic Peninsula with the locations of the At each station, a total of nine sediment cores with intact surface sedi-
sampled stations (red circles with station numbers) during PS118 expedition, ments and Overlying water were collected from multlple deployments of a

Colors denote the proportion of time the ocean is covered by sea ice of
concentration 85% or higher as calculated from AMSR-E satellite estimates of
daily sea ice cover at 6.25 km resolution (Spreen et al., 2008). Water depth is

indicated by isolines.

multicorer (Oktopus GmbH, Kiel, Germany). Immediately upon retrieval,
sediment cores were transferred to the ship's cool laboratory and placed in
a water bath at 0°C. Three cores were used for oxygen micro-profiles and
whole core oxygen consumption measurements and three cores each were
used for pore-water and solid phase analyses, respectively. Finally, 3-5 cores
per station (usually cores used for pore-water sampling and oxygen measurements) were size-fractioned through
1,000, 500 and 300 pm sieves and the macrofauna (plus larger grains/stones) fixed in borax-buffered formaline
(4% final concentration). For this study, the macrofauna was only visually inspected while a thorough determina-
tion of species abundance and diversity was not performed.

The pore-water was sampled with rhizon samplers (pore size 0.1 pm; Rhizosphere Research Products, Nether-
lands) within 1-2 hr after core retrieval (Seeberg-Elverfeldt et al., 2005). Samples were taken at depth resolu-
tions of 1 cm from 0 to 10 cm and below 10 cm with a resolution of 2 cm down to a maximum depth of 30 cm.
Subsamples for trace element analyses of dissolved iron (DFe) and manganese (DMn), for dissolved inorganic
carbon (DIC), hydrogen sulfide (H,S) and for nutrients such as ammonium (NH,*), phosphate (PO,*"), nitrate
(NO;"), nitrite (NO, ™) and silicate (SiO;>~) were taken. For trace elements, the first 1 ml of extracted pore-water
was discarded to ensure that the samples had not been in contact with air. Then, 1 ml of pore-water was taken and
filled into 2 ml polypropylene (PP) tubes prefilled with 25 pl of 2% v/v of HCI and stored at 4°C. For DIC, 2.2 ml
of pore-water was preserved with 10 pl of 10% HgCl, in brown glass vials without headspace and stored at 4°C.
For nutrient, sulfate (SO,?") and chloride analyses, 4 ml of pore-water were filled into 15 ml plastic tubes and
stored at —20°C. For H,S analyses, 1.5 ml of pore-water was directly transferred into a 2 ml PP tube (Eppendorf,
Germany) already filled with 0.6 ml of a 50 mM Zn acetate solution and stored at 4°C. Sediments of parallel cores
were sampled for solid phase analyses at the same depth resolution and stored at —20°C. At 6 stations, additional
seawater samples 5 m above the seafloor were obtained by using the CTD-rosette system.

2.2. Oxygen Uptake Measurements

High-resolution O, profiles were measured in the upper sediment layer using optical microsensors (Optodes,
Pyroscience) in order to determine oxygen penetration depths and diffusive oxygen uptake (Table 1). For deep
oxygen penetration depths (>5 cm), we used 430 pm bare fiber optodes glued into 20 cm long needles, while
50 pm thin retractable needle optodes were used for shallow oxygen penetration depths to increase the spatial
resolution. Oxygen sensors were calibrated with 100% air saturation (air-bubbled sea water) and 0% air saturation
(by adding sodium dithionite) at —1.0 + 0.3°C and mounted on a motor-driven micromanipulator (MU1, Pyrosci-
ence). Temperature of the sediment core was recorded by a thermistor (Pyroscience) submersed into the overlying
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water. A minimum of 3 profiles per core at randomly chosen positions were carried out in 100-500 pm vertical
resolution from 4 mm above the sediment water interface down to 10-160 mm into the sediment. Profile data
(depth, oxygen concentration, temperature) were recorded using a 4-channel FireSting oxygen meter (FSO2-4,
Pyroscience) and processed using the “Profix” software from Pyroscience.

Volumetric oxygen consumption rates and diffusive oxygen uptake (DOU) was determined by inversely fitting
the transport-reaction model PROFILE (Berg et al., 1998) to the measured oxygen concentration profiles.
Oxygen diffusion coefficient in sediments was calculated according to Berg et al. (1998) as D; = @>D where
D is the diffusion coefficient of O, in seawater at 35 PSU and 0°C, and ¢ is the porosity of the sediment in the
specific depth layer.

Two intact cores with undisturbed overlying water were used for whole core incubations to determine the total
oxygen uptake (TOU). A plastic stopper was introduced into the core liner and pushed down to leave approxi-
mately 8—12 cm of water height above the sediment surface. The stopper was perforated with a hole to allow intro-
ducing a mini-optode (Pyroscience) from above. The overlying water in the cores was stirred by small magnetic
bars mounted in the core liners and driven by a rotating magnet outside the cores. The cores were incubated in the
water bath at controlled temperatures for at least 12 hr. Oxygen concentration was measured every 5 s using the
4-channel FireSting oxygen meter (FSO2-4, Pyroscience) and the software Pyro Oxygen Logger. Sediment total
oxygen uptake rates were computed using linear regression of the O, concentration over time.

2.3. Pore-Water Analyses

All pore-water analyses were performed at the Alfred Wegener Institute, Helmholtz Centre for Polar and Marine
Research (AWI) in Bremerhaven. NH,*, NO,~,NO,", PO43*, and DIC were measured on a QuA Atro four-channel
flow injection analyzer (Seal Analytical). DFe, DMn were determined after a 10-fold dilution using Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES, Thermo iCAP7000) and yttrium internal standard
solution used for calibration. The quantification limits of DFe and DMn were 0.143 + 0.143 uM and 0.036 pM,
respectively. Recoveries for DFe and DMn added in known concentrations to IAPSO Standard Seawater were
97.8 + 7.1% and 100.7 + 7.6%, respectively. H,S was analyzed using methylene blue method as described by
Cline (1969). Sulfate (SOAZ’) and chloride samples (1:100 dilutions with ultrapure water) were analyzed by ion
chromatography (Metrohm IC Net 2.3).

2.4. Solid Phase Analyses

About 50 mg of freeze-dried and ground sediment was used for total nitrogen (TN), total carbon (TC) and TOC
analyses in an Elemental analyzer (Vario EL III, Germany) equipped with a heat conductivity detector. For TOC
contents, freeze-dried and homogenized sediment samples were decalcified using 0.5 ml of 37% HCI at 250°C
for 2 hr and then measured by an Eltra CS-800 element analyzer. A soil calibration sample for CHNS (part no.
502-062, Leco, USA) and other internal standards were used for calibration. For the shelf stations (i.e., stations
1-4 and 7), a full acid digestion of freeze-dried and homogenized sediments was performed. Samples were
treated with a mixture of 3 ml HCI, 2 ml HNO, and 0.5 ml HF and were heated and dissolved in a CEM Mars
Xpress microwave system (e.g., Volz et al., 2020). Elemental contents were determined by ICP-OES, Thermo
iCAP7000 analyses using an yttrium internal standard for correction of different ionic strengths. Recoveries for a
total of nine processed sediment standards (MESS4) were 93.1 + 3% for Al, 97.7 + 3% for Fe (Fe total), 97 + 3%
for Mn, and 82 + 11% for S. Sediment porosity was determined from water content, measured as weight loss after
freeze drying and assuming a solid density of 2.6 g cm~ as described by Burdige (2006).

2.5. Sedimentation Rate From *°Pb

In order to determine and compare the sedimentation rates at all shelf stations (1-4 and 7), excess 2/°Pb (*'Pb,)
was measured in freeze-dried and homogenized sediments. The sample amounts used here ranged from 1 to
20 g, with most samples in the range of 4-10 g. The analyses was conducted on a planar HPGe gamma detec-
tor (Canberra/mirion). Sediment samples were weighed and sealed with hot glue in gas-tight petri dishes to
prevent loss of ?22Rn ingrowing from ??Ra. Samples were stored for >3 weeks to allow the relevant daughters
of ??°Ra to grow into secular equilibrium before measurement. 2?Ra (for supported ?!°Pb) was monitored via its

BALOZA ET AL.

Sof23



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2021JC018401

daughters 2'“Bi and 2*Pb at lines 295, 351, and 609 keV. ?!°Pb was measured at 46 keV, 241Am at 59 keV, and
137Cs at 661 ke V. We do not report >*! Am and '3’Cs data because the peaks were only detected in a few instances,
and were not sufficiently above background for a quantification. In profiles station 1-4, supported 2!°Pb was set
as the mean measured ??Ra value because the scatter of the individual values due to analytical uncertainty was
larger than the uncertainty in mean **°Ra, which would have affected 2!Pb, in the older samples. For station
7, scatter in ??Ra was small enough to subtract each individual ?*°Ra value as supported >'°Pb. Samples were
typically counted until approximately 1,000 net counts of 2!°Pb were reached, or for maximum of three days if
this number was not reached within this time period. Variable sample masses may affect detector efficiencies via
self-absorption, especially at the low energy range of 2!°Pb. This was addressed by determining mass-dependent
efficiencies using IAEA-385 Irish Sea reference material for 2!°Pb. No correction of the specific activities for
salt was performed, as the cumulated dry mass is also determined including the salt component. Therefore, the
inventory of 2°Pb, which is used for our preferred age model, is unaffected by salt in the samples.

The measurements were evaluated using the ScientissiMe software, determining the age of samples according
to the constant flux constant sedimentation model (CFCS) (Goldberg, 1963), the constant initial concentration
model (CIC), and the constant rate of supply model (CRS) (Appleby, 2002; Appleby & Oldfield, 1978). The CRS
model is insensitive to dilution, but sensitive to variations in sediment redistribution and to residual inventories
below the sampling depth. Quite contrary, CIC is sensitive to dilution, but not to variable sediment redistribu-
tion or residual inventories. CFCS is not allowing for variations in lead flux or sedimentation rate. None of the
approaches used here would correctly consider mixing due to bioturbation, with CFCS being probably the least
affected. In general, we use in this study the CRS-age, taking the information from the other models into account
for our interpretation.

2.6. Calculation of Sulfate Depletion

Sulfate depletion (SO,*",,,) in pore-water reflects the net amount of sulfate consumption via microbial SO,*~
reduction in the sediments and was calculated according to Weston et al. (2006):

Cl

where Cl~ ., and SO,~ ., are the measured concentrations of chloride and sulfate in the pore-water in mmol/L
and Ry, is the molar ratio of C1~ and SO,* of seawater (Rgy, = 19.33). Since the ratio of Cl~ py, to Ry reflects
the expected SO,>~ concentration in the pore-water at a given salinity, the difference between this concentration
and SO,*7,, provides an estimate for the amount of sulfate reduction.

2.7. Calculation of Pore-Water Diffusive Flux and Carbon Remineralization Rates

Besides oxygen uptake, fluxes of DFe, DMn, and NH,* were estimated from the respective pore-water concen-
tration gradients using Fick's first law of diffusion:

J= _(stdC(z)
dz

@

in which J represents the flux of the specific solute and dC(z)/d z represents the concentration gradient of the
solute in a specific depth interval calculated by linear regression. Aerobic and anaerobic carbon remineralization
rates (R,.,,
ering the respective stoichiometric factors of the redox reactions (Froelich et al., 1979). Aerobic carbon remin-

and R, , in mmol C m~2d~2) were calculated from diffusive fluxes of O,,NH,*, DFe and DMn consid-

eralization (Equation 3) is calculated from the measured diffusive oxygen uptake subtracted by the re-oxidation
of reduced reaction products (DFe, DMn, and S?7) diffusing upward toward the oxic sediment layer. The total

anaerobic remineralization was calculated from the upward flux of NH,* (J,,,,,, Equation 4) multiplied by the

4+
C/N ratio of the organic matter. We used the NH,* gradients below the NO,~ penetration depth to exclude biases

from anammox and/or bioturbation. The NH,* gradients of 3 cores were used to calculate the average flux of

NH, *. Total remineralization rates of organic carbon (R, in mmol C m~2 d ) are calculated as the sum of aerobic

tot
and anaerobic rates (Equation 5).
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106 1 1
Jo2 = = Jpre = = Jamn — 2Ju,s 3)

Ricro = —
138 4 2

C
Runa = ﬁ JNH4+ “4)

Riot = Raero + Rana (5)

From the DFe profile we calculated the upward flux using the DFe gradients above the DFe concentration peak.
This needs to be distinguished from the total DFe flux which reflects the total net release of DFe and includes also
the downward flux below the DFe peak. For comparison of concurrent PO,*~ and DFe fluxes in the pore water,
we calculate the flux ratio (Jp/Jp,p,) from the respective pore-water gradients (dP/dz and dDFe/dz) and respective
diffusion coefficients (D, and D, = 2.46 and 3.15 x 10719 m? s7!) in seawater at 0°C, (Boudreau, 1997):

I 0D Dp dP dP
=2 - L = =0.78 ()
Fe —)—

Dr. dDFe  dDFe

where the ratio dP/dDFe represents the slope of the linear regression between pore-water concentrations of PO,
and DFe.

2.8. Calculation of Organic Carbon Supply Rate and Burial Efficiency

From the sedimentation rate (see above) the solid accumulation rate of the upper 2 cm is used in combination
with the TOC content of the same layer to derive a TOC-accumulation rate for each station. In order to derive
the total supply of organic carbon received by the sediments, the TOC removed in the upper layer due to aerobic
C-remineralization is added to the TOC accumulation rate.

Csupply = TOCaccumulalion + Raero (7)

The burial efficiency was also calculated for the individual station from the respective ratio of C-remineralization
(R, over C-supply as:

RIOI

supply

Burial = 1 —

(¥

2.9. Calculation of Water Column Stratification and Sea Ice Cover

The conditions in the upper water column at time of sampling were characterized in terms of sea ice cover and
water column stratification. Stratification was calculated from the density difference between 5 and 50 m water
depth, Ap = pso — ps , measured on site with the CTD. In order to investigate how the measured water column
stratification relates to the sea ice conditions encountered, the recent sea ice cover was calculated from satellite
derived daily sea ice cover (0%—100%) at the stations, averaging a two-month interval prior the sampling date
(Sea Ice Index, version 3, (Fetterer et al., 2017).

From historic satellite data (Sea Ice Index, version 3, (Fetterer et al., 2017), daily sea ice cover for the respective
stations were extracted for the last 30 years (1990-2019) to calculate the long term mean sea ice cover (Table 1).
To further characterize for each station the different degrees of sea ice cover over the season, each day of the
30 years of sea ice cover was classified as either no sea ice (<5%), marginal sea ice (5%—35%), dominant sea ice
(35%—-85%) and full sea ice (>85%), and their relative occurrence, weighted by the length of daylight (sunrise to
sunset) was calculated to derive indices for the respective sea ice conditions.

3. Results
3.1. Sea Ice Conditions and Water Column Stratification

Long-term sea ice cover (Table 1) were found to decrease toward the North, from 81% (station 1) and ~47%
(stations 2, 3, 5) to ~34% (stations 4, 6) and 28% (station 7). The stratification of the upper water column was
strongest at station 1 with a density difference between 5 and 50 m of Ap = 1 kg m~> and decreased toward station
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7 down to Ap = 0.03 kg m~3 (Table 1). The density differences were dominated by changes in salinity, which were
likely maintained by a combination of high fresh water inflow from ice melt and reduced wave mixing due to the
sea ice cover. The water column stratification was therefore significantly correlated with the recent sea ice cover
(R?*=0.88, p < 0.001), but also with long-term sea ice cover (R> = 0.94, p < 0.001).

Bottom-water salinity was between 34.54 and 34.64 PSU at all stations (Table 1). Bottom-water temperatures
ranged from —1.9°C at station 1 to —0.1°C at station 7. All bottom waters were well-oxygenated with concentra-
tions decreasing from 310 pmol L~! (82% air saturation) at station 1-250 umol L' (70% air saturation) at station
7. Concentrations of bottom-water nitrate were between 33 and 35 pmol L.

3.2. General Characteristics of Sediments

Sediments consisted of silty clays to clayey silts across all stations, except for station 3, which contained a high
fraction of fine sand (median grain size 116 pm) and thus exhibited a low porosity of 0.42—0.48. Porosities of the
other shelf stations ranged between 0.83 and 0.89 at the surface and 0.68-0.78 at 30 cm depth, whereas porosity
of deep-sea sediments (stations 5 and 6) were between 0.55 and 0.75. Sediments of stations 1, 3, 5, 6, and 7 had a
distinct brown color throughout the cored interval, whereas station 2 exhibited a 6 cm thick brown surface layer,
below which the sediment color changed to gray. Sediment of station 4 was characterized by a blackish color and
a sulfidic odor below 10 cm depth.

The mean TOC content in the upper 5 cm depth (Table 1) was lowest at the sandy station 3 (0.19 wt%) and at the
deep stations 5 and 6 (0.37 wt% and 0.30 wt%). On the shelf, TOC increased from 0.71 wt% at the ice-covered
station 1 to 1.02 wt% at the dominant sea ice station 2 and 1.26 wt% at the marginal sea ice station 4, and
decreased thereafter to 0.60 wt% at the poorly ice-covered station 7. Except for station 3, which showed no trend
with sediment depth, TOC content at 25-30 cm depth was significantly lower compared to the upper 5 cm, with
values lowered by 15% (stations 5 and 6), 25% (stations 1, 4 and 7) and 45% (station 2). Molar C/N ratios at the
sediment surface (0-5 cm) were between 8 and 9 for all stations, except for station 1, where values were above
10. At this station, C/N ratio decreased downward to 8 at 25-30 cm depth, while at all other stations the values
slightly increased by 5%—15%.

Benthic macrofauna, when present, consisted mainly of polychaetes, bivalves, brittle stars, and few isopods.
Considering the fraction larger than 1,000 pm, station 1 showed the lowest fauna diversity and abundance
compared to other stations. Stations 2 and 3 showed the highest density of benthic species with communities
dominated by polychaetes and bivalves. Further, station 4 had a relatively high faunal density, dominated by small
bivalves and brittle stars. On contrary, we found lots of empty polychaete tubes at station 7.

3.3. Dissolved Oxygen Flux and C-Remineralization Rates

Oxygen penetration depths (OPD) were 6.3 cm at station 1 and 8.7-64.2 cm at stations 6 and 5 (deep sea),
reflecting low oxygen consumption in these sediments (Table 1, Figure 2). Stations 2, 3 and 4 were characterized
by similar penetrations depths ranging between 0.85 and 0.52 cm. At station 7, the OPD slightly increased again
to 1.9 cm. Repeated oxygen profiles were highly reproducible for each station and showed no signs of fauna
burrows. High volumetric oxygen consumption rates were found either close to the sediment-water interface
or near the OPD, indicating aerobic remineralization of fresh organic matter at the surface and re-oxidation of
reduced solutes at the OPD. In general, the calculated diffusive oxygen uptake (DOU) corresponds to the OPD,
showing low values of 1.4 mmol O, m=2 d~! at station 1 and 0.2 mmol O, m~2 d~! at stations 5 and 6, while
increasing to 3.5 and 6.9 mmol O, m~2 d~! at stations 2 and 4. Due to the low porosity (0.48) of the sandy sedi-
ment at station 3, the DOU was as low as 1.8 mmol O, m~2d~!, despite the shallow OPD. At station 7, the DOU
was found to be 2.0 mmol O, m~2 d~!. The total oxygen uptake (TOU) corresponds to DOU and there was no
significant difference between DOU and TOU, except for the sandy station 3 where total uptake was approxi-
mately twice the diffusive uptake.

From pore-water profiles of NH,*, DFe, DMn and H,S (Figure 3) respective fluxes were calculated and balanced
with the DOU to derive aerobic, anaerobic and total C-remineralization rates (Table 2) according to Equa-
tions 3-5. Total C-remineralization was reduced to 0.14-0.18 mmol C m~2 d~! in the deep sea. On the shelf,
the rates ranged from 1.2 to 7.4 mmol C m~2 d~! and are distributed similarly across the stations as for DOU.
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Figure 2. Representative O, profiles measured with optical microsensors for stations 1, 2, 3, 4, 6 and 7. The horizontal lines indicate the sediment surface. Gray circles
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Figure 3. Representative profiles of reactive pore water compounds at the 5 shelf stations (blue) and 1 deep station (in red).
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DFe and NH,* concentrations changes between stations. Free H,S was present only at stations 4 and 7.
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Figure 4. Detailed analysis of the solid phase for shelf stations. The total content of Fe, Mn and P is depicted as weight fraction (wt%) and normalized to aluminum.

Further, the total organic carbon (TOC) and total nitrogen (TN) contents and excess activity of >'°Pb are shown.
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suggest increased organic matter degradation at depth compared to the other sites. However, across the entire core
the latter profiles show discontinuities, such as local maxima at 5 cm depth and minima at 20 cm depth, which
coincide with local maxima (1.7 wt%) and minima (0.8 wt%) of the organic carbon content (Figure 4).

At station 7, the redox zonation is less condensed, showing NO,~ penetration to 3 cm depth. Only low concen-
trations of dissolved Mn (max. 2.2 puM) are detected in the upper core, while DFe peaks at 5 cm depth with
150 pM, again well correlated with phosphate concentrations. Below the DFe peak, a gradual increase in SO~ dep
(1.2 mM) and the steep increase of H,S concentration mark high sulfate reduction rates. Across the entire core,
continuously increasing concentrations of DIC (max. 4.2 mM) and NH,* (max. 285 uM) are similar to those of
station 2 and correspond to continuously decreasing TOC contents (Figure 4).

3.5. Bulk Sedimentary Geochemistry

For shelf sediments (stations 1-4 and 7), the elemental composition of the solid phase was analyzed (Figure 4).
Across stations and depths, Al/Ti ratios are relatively constant (14.8 + 0.1-15.5 + 0.1) confirming that both
elements behave conservatively and are not affected by early diagenetic alterations. At all stations, Mn contents
range from 0.02 wt% to 0.07 wt%, with Mn/Al ratios between 0.004 and 0.01. The Mn/Al ratio is stable at 0.005
at stations 2 and 4, while the coarse sandy sediment of station 3 results in lower Mn/Al ratio of 0.004. Station 7
exhibits elevated values of around 0.009. Variations with sediment depth are only found at station 1 where Mn
content decreases downward from 0.010 to 0.005 within the uppermost 5 cm, just above the DMn increase in the
pore-water (Figure 3), indicating Mn dissolution and re-precipitation.

The Fe contents range from 1.2 wt% to 4.5% with Fe/Al ratios of 0.3-0.62. Station 1 exhibits the highest Fe
content (3.5-4.5 wt%) while station 3 shows low Fe contents (1.2-1.6 wt%). All other stations have values
between 2.5 wt% and 3.5 wt%. The variation of Fe with sediment depth shows no clear trend, with the exception
of stations 2 and 7, where an upward increase of Fe/Al is visible in the surface layer (0—5 cm). The P content
ranges from 0.03 wt% to 0.12 wt%. Station 3 shows lowest values (0.03-0.04 wt%), while values between 0.06
wt% and 0.08 wt% are found at all other stations below 10 cm. Elevated P contents of up to 0.12 wt% are found
at the surface of stations 2, 4 and 7. Normalization of Mn, Fe and P contents to the conservative Al contents
emphasizes the depth dependent trends in elemental composition, showing the correlating trends of Fe/Al and P/
Al in the surface sediments (0-5 cm) for station 2 and 4. An exception is found at station 4 in 10 cm depth, where
a 3-fold higher TOC content indicates a change in sediment composition. At the same depth, Fe/Al, P/Al and S/
Al (not shown) are elevated, indicating increased precipitation of Fe, S and P. This corresponds with the pore
water profiles at the same depth where a sink for DFe from above and H,S from below suggests the formation of
iron sulfides (Figure 3).

3.6. Iron-Phosphate Cycling

In pore waters of all shelf stations, concentrations of DFe and PO,3~ were significantly correlated in the surface
layers at and above the DFe peak concentrations (Figure 5). The linear regression of the correlating values for
stations 2, 3, 4 and 7 reveals a striking similarity with almost identical slopes between 0.33 and 0.35 pM PO, 3
per uM DFe. Only the correlation at station 1 showed a lower slope of 0.18 pM PO, per pM DFe (Figure 5).
The slopes of the linear regressions are used to calculate flux-ratios of PO,~* over DFe (see Equation 6) of 0.14
for station 1 and between 0.26 and 0.28 for all other stations (Table 3).

The results of solid-phase contents of P and Fe are analyzed in a similar way (Figure 6). Despite the high back-
ground of Fe, the variations of P and Fe are nevertheless correlated with slopes between 0.18 and 0.37 mmol g~!
P per mmol g~! Fe for stations 2, 4 and 7, showing a molar ratio similar to the flux ratios of PO,*~ and DFe in the
pore water. However, at stations 1 and 3, the slopes are 7-fold and 3-fold lower, respectively, at around 0.03 and
0.07 mmol g~! P per mmol g~! Fe (Figure 6, Table 3).

The range of variable Fe content for which the P-Fe correlation is detected (see example of drop lines in Figure 6)
is between 1.4 and 4.1 mg Fe per gram solid and can be conservatively interpreted as the dynamic Fe fraction,
which is accessible to Fe(IlI) reduction. When normalized by the total Fe content for each station, we can estimate
that 9.0 + 3.3% of total Fe content is accessible for Fe(III) reduction and takes part in the concurrent recycling
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Figure 5. Correlation of PO,*~ and DFe concentrations in the pore water of shelf stations. The relative standard error (RSE)
of the slope is less than 10% (p < 0.001), except for station 4 (RSE ~20%, p < 0.01). Upper right: example of correlating
concentration profiles of DFe and PO, at station 2. The gray area marks the depth range of significant correlation.
of P and Fe (Table 3). The variable P content is calculated the same way and is estimated to make up 33 + 20.6%
of the total P content.
3.7. 21%Ph and Sedimentation Rates of OM and Iron
Profiles of excess activity of ?!°Pb (Figure 4) indicate no bioturbation for station 1 and 7, whereas slight mixing
of the upper 3—4 cm is indicated for stations 2, 3, and 4. Mean sedimentation rates, calculated from 210Pbex, range
from 1.9 mm y~! at station 1-7.6 mm y~! at station 4 (Table 3). The TOC accumulation ranges from 1.6 mmol C
Table 3
Detailed Analysis of Shelf Sediments
Solid-Fe Solid-P Total C Total Fe
Porewater Porewater Solid P-Fe recycled recycled Solid TOC acc. supply acc. rate
Fe-P conc. P-Fe flux variability (accessible (accessible Sedimentation acc.rate rate mmol  rate mmol mmol Burial
ratio ratio ratio Fe) % P) % ratemmyr! gm?2d' m?2d! m~2d-! m=2d-!  efficiency
Station 1 4.81 0.139 0.028 10.7 10.1 1.9 2.71 1.60 2.67 1.92 0.57
Station 2 2.65 0.264 0.237 13.1 58.8 22 4.82 4.08 6.78 2.60 0.54
Station 3 345 0.264 0.074 7.7 14.3 2.3 12.05 1.87 3.20 3.10 0.54
Station 4 2.15 0.276 0.367 4.3 43.1 7.6 7.91 8.27 12.97 4.67 0.43
Station 7 2.46 0.261 0.175 9.4 40.0 1.7 2.38 1.18 2.50 1.40 0.26

Note. The molar Fe:P pore water concentration ratios (calculated from the DFe peak position). P-Fe variability ratio in solids and pore water (flux ratio) and calculated
fraction of accessible Fe and P in solids. Sedimentation rates (whole core averages, CFC model) from 2!°Pb analysis and accumulation rates of solids, TOC, particulate
Fe, and the total carbon supply rate (=TOC accumulation + C-remineralization). Burial efficiency = 1 — (C-remineralization/total carbon supply rate).
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Figure 6. Correlation of P and Fe content in the solid phase of shelf stations. For stations 1, 2 and 7, the correlation was
significant with a relative standard error (RSE) of the slope of 19% or less (p < 0.005). For station 3 (RSE = 30%, p = 0.082)
and station 4, (RSE = 58%, p = 0.22) the correlation was not significant. The range of variable Fe and P content is indicated
for station 1 by arrows between dashed drop-lines. The range was calculated for each station and used to estimate the
percentage of Fe and P involved in the P-Fe recycling as presented in Table 3. Insert: example of correlating Fe and P content
at station 2. The gray area marks the depth range of significant correlation.

m~2d~! at station 1-8.3 mmol C m~2 d~! at station 4. Across all shelf stations these values are significantly corre-
lated with the respective C-remineralization rate, independently derived from pore-water profiles (Figure 7a).

The supply rate of organic carbon ranges from 2.7 mmol C m~2 d~! at station 1-13.0 mmol C m~2 d~' at station
4. Across all shelf stations, a linear regression model relating the C-supply rate with the C-remineralization rate
can be established (Figure 7a). The regression model can be fitted through the origin, as would be expected for a
benthic C-remineralization that depends entirely on the C-supply rate. The slope of 0.54 implies that, on average,
54% of the organic carbon supplied to sediments on the shelf is mineralized, while 46% is preserved. Moreover,
the burial efficiency, when calculated for each station according to Equation 8, decreased from station 1 (0.58)
to station 7 (0.27) as bottom water temperatures increased from —1.9 to —0.1°C (linear correlation R? = 0.92).

Further, a significant linear relation (through the origin) is established between the total flux of DFe and the
C-remineralization with a slope of 0.04 (Figure 7c). Considering a stoichiometry of 4 mole DFe released per mole
C mineralized, we estimate that about 1% of the C-remineralization is coupled to Fe-reduction.

The solid accumulation rate is multiplied with the Fe content in the upper layer to derive the Fe-accumulation
rate for each station (Table 3). The Fe accumulation ranges from 1.4 mmol Fe m~2 d~! at station 7 to 4.7 mmol Fe
m~2 d~! at station 4. Across all shelf stations these values are neither correlated with upward flux nor total DFe
flux (Figure 7d), suggesting that either the fraction of the Fe pool available for reduction varies between stations,
or that Fe-reduction is not limited by Fe-sedimentation but mainly controlled by C-supply.

3.8. Carbon Fluxes Under Variable Sea-Ice Conditions

In order to relate the rates of C-remineralization and C-supply to conditions in the productive water layers above,
we calculated sea ice indices for each station reflecting the relative frequency of different degrees of sea ice
cover over the past 30 years, classified as no sea ice (<5% cover), marginal sea ice (5%-35%), dominant sea
ice (35%—85%) and full sea ice (>85%). Only the occurrence of marginal sea ice cover (Table 1) was signifi-
cantly correlated with the distribution of C-remineralization and C-supply rates of the shelf stations (Figure 7b).
Marginal sea ice conditions combine both, favorable light conditions due to reduced sea ice cover and sufficient
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Figure 7. Relation between characteristic variables of shelf stations: (a) significant linear relationship between the
independently measured values of C-remineralization and TOC-accumulation (red). Consequently, the C-supply rate (black)
correlates as well (see Equation 7). The linear fit is forced through the origin, assuming that a constant proportion of 54%
(see slope) of the C-supply is remineralized (RSE of slopes <6%, p < 0.0001). (b) The C-remineralization and C-supply rate
as function of the marginal sea ice index (see text). The relationship is best explained by an exponential growth function with
a global growth constant of 14.7 (RSE < 9%, p < 0.0001). The assumption for applying a growth function is that increasing
periods of favorable sea-ice conditions lead to over-proportional primary production and, subsequently, over-proportional
organic carbon supply of the sediments. (c) Significant increase of both, upward and total DFe flux as function of
C-remineralization rates. The linear fit is forced through the origin, assuming that a constant proportion of 1% (see text) of
C-remineralization is due to Fe-reduction (RSE of slopes <11% (p < 0.0001). (d) The correlation between both upward and
total DFe flux with the Fe accumulation rate in solids is not significant (RSE of slopes <30%).

buoyancy production by melt waters to establish a favorable stratification. Intriguingly, the relation between the
marginal sea-ice index and C-supply (and C-remineralization) is best described by an exponential growth func-
tion, indicating that increasing periods of favorable sea-ice conditions lead to over-proportional rates of primary
production and, subsequently, benthic carbon supply.

4. Discussion
4.1. Benthic Carbon Supply and Remineralization

We found low C-supply rates at stations that, on average, have either little light availability and strong summer
stratification (heavy sea ice cover) or high light availability and little stratification (low sea ice cover). In contrast,
intermediate stations with marginal sea ice cover (Figure 8) show a high C-supply rate. This suggests that primary
production and export production is enhanced when both, light availability and stratification are sufficient to
support a shallow critical mixing depth. Accordingly, a positive correlation between the measured C-supply
rates with the marginal sea ice index (Figure 7b) was found, indicating that the shallow mixed layer depth at
the marginal sea ice stations 2, 3 and 4 sustains primary production, yielding high C-supply rates of 7.6 mmol
m~2d~! on average. An elevated primary production is reported for the marginal ice zone (MIZ) where ice melt-
ing also increases the supply of nutrients, iron in particular (Schloss et al., 2002), which further promotes surface
primary production. In the coastal waters of the West Antarctic Peninsula, previous studies have attributed
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Figure 8. Map of marginal sea ice index, defined as relative occurrence of

high biomass (i.e., chl a) accumulation to light availability and shallow
mixed-layer depths (Mitchell & Holm-Hansen, 1991; Sakshaug et al., 1991;
Schloss et al., 2002), of usually <25 m (Garibotti et al., 2005), supporting
our findings of high C- supply rates at the marginal sea ice stations. In fact,
when our marginal sea ice index is calculated for a larger region (Figure 8),
highest values of >0.2 coincide with elevated phytoplankton concentra-
tions measured by Garibotti et al. (2005). In contrast, the ice-free station 7
(C-supply rate 2.5 mmol m~2 d™') is exposed to wind-driven water-column
mixing, which can deepen the mixed layer depth below the critical depth and
thus reduce surface production, as found by Savidge et al. (1995). The occur-
rence of heavy sea ice cover at station 1 (C-supply rate to 2.6 mmol m~2 d~1)
ultimately reduces the light availability and thereby suppresses primary
production as found by Arrigo et al. (2008) and Bourgeois et al. (2017). As a

Marginal consequence, the expected future changes in the sea-ice cover will influence
Sea lce the pelagic primary production, likely leading to a regional shift of marginal
index . .. . . .
R — sea ice conditions and related high export of particulate organic carbon to
<=0. .
B 0.025 - 0.05 shelf sediments.
W 0.05 - 0.075 . . .
m 0_8% N 091 The marginal ice-covered stations show an elevated TOC content (1.02-1.21
B 0.1-0.125 wt %) (Table 1) and high remineralization rates (3.1-7.3 mmol m~2 d~!)
EURE LI 1 0.125 - 0.15 (Table 2), supported by high C-supply rates. The C-supply to shelf sediments
0.15-0.175 . . . .
> 0.175 correlates with TOC content and carbon remineralization rates (Figure 7a),

indicating that on average 54% of the received organic carbon is remineral-
ized while 46% is preserved and buried to greater sediment depth. The posi-

marginal sea ice cover (5%—35%), weighted by the length of daylight (sunrise tive correlation between C-supply rate and benthic carbon remineralization
to sunset). Values were derived from satellite data of daily sea ice cover from rate is consistent with many previous studies (e.g., Wenzhofer & Glud, 2002)
1990 to 2019 at 25 km resolution (Fetterer et al., 2017). Sampling stations and thus a basic assumption for several models predicting benthic carbon

of this study are shown (red dots) as well as the study area of Garibotti
et al. (2005) along the western shelf of the Antarctic Peninsula (red square).
Isolines denote water depths.

mineralization in the ocean (e.g., Freitas et al., 2021; Middelburg et al., 1993;
Zonneveld et al., 2010). The fraction of organic carbon that is buried/
preserved in the uppermost sediments is high (27%—58%) but still in the range
of reported burial efficiencies for marine sediments with comparable sedi-
mentation rates (Canfield, 1994; Freitas et al., 2021; Katsev & Crowe, 2015).
However, we cannot exclude the effects of lateral sediment transport from areas adjacent to the sampled stations,
which could have shifted the composition of the accumulated organic matter towards a higher refractory percent-
age. Lateral transport is indeed indicated by the 2!Pb inventories which were above the inventories expected for
the region and water depths. However, a detailed analysis of this mismatch is out of the scope of this study and
will be investigated elsewhere.

The organic carbon supply to the sediments is one of the major controls on sedimentary redox processes (Freitas
et al., 2021; Seiter et al., 2005). The high organic carbon content determined at station 4 increases the rela-
tive importance of sulfate reduction (Jgrgensen & Kasten, 2006), while the approximate net contribution of Fe
reduction to anaerobic carbon remineralization is 3% at most. Thus, sulfate reduction is by far the major anaero-
bic carbon remineralization pathway contributing >30% to the total carbon remineralization. The dominance of
sulfate reduction in anaerobic carbon remineralization agrees with the results of Nickel et al. (2008) who found
that ice-free conditions along the northern Barents Sea support higher rates of sulfate reduction than found at the
more permanently ice-covered stations which are characterized by lower carbon export to the sediment. In line
with this, Wehrmann et al. (2014) found that in Arctic fjord sediments, high contents of reducible iron oxides
combined with low contents of fresh organic matter lead to a dominance of dissimilatory iron reduction (DIR).
We suggest that this is also the case at our stations 1, 2 and 3 with intermediate organic carbon contents of 0.71,
1.02 and 0.19 wt%. At these sites DIR could contribute about 4%—14% to the anaerobic carbon oxidation. It should
be noted that we might overestimate the contribution of DIR since DFe can also derive from sulfide oxidation
via Fe(III) reduction (e.g., Poulton et al., 2004; Wehrmann et al., 2017). Organoclastic sulfate reduction, which
produces sulfide, might occur without being visible in the sulfate profile as diffusion pathways are short and the
sulfate pool is quickly replenished in the uppermost centimeters of the sediment (Jgrgensen et al., 2001). This
pathway of DFe release increases with increasing TOC contents and the respective promotion of OM degradation
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via sulfate reduction. In the end, however, the Fe liberation into pore water is always driven by OM degradation,
either directly via DIR or indirectly via sulfide oxidation.

4.2. Controls on Benthic Iron Release

Primary production in many regions in the Southern Ocean is iron-limited (e.g., Boyd et al., 2007; Martin
et al., 1990). The input of Fe into the surface waters of the Southern Ocean can enhance primary production
resulting in a higher uptake of atmospheric CO, and enhanced organic matter deposition to the seafloor, that is,
enhanced CO, sequestration (Boyd, 2002; Boyd et al., 2007; Death et al., 2014; Raiswell et al., 2008). Therefore,
knowledge about the sources and the recycling of iron is of utmost importance. Recently, research studies have
found that the Fe fluxes from coastal sediments are at least as significant as the input of iceberg—hosted material
(Borrione et al., 2014; Hatta et al., 2013; Measures et al., 2013; Monien et al., 2014; Nielsdoéttir et al., 2012;
Venables & Meredith, 2009). Furthermore, Klunder et al. (2014) found that the elevated concentration of DFe in
the WAP bottom water is mainly derived from shelf sediments. However, the contribution of benthic DFe efflux
from deep shelf sediments to the bioavailable iron pool in the water column has not yet been sufficiently explored.

In the following, we discuss the DFe flux within the sediments as derived from pore-water profiles. This is not
equivalent to the DFe efflux across the sediment-water interface, which is discussed thereafter. Our results show
that upward and total DFe fluxes are significantly correlated with carbon remineralization rates (Figure 7c),
explaining most of the variability in DFe fluxes, whereas the correlation of upward and total DFe fluxes with
Fe-accumulation is not significant (Figure 7d). This finding agrees with Elrod et al. (2004) who found that
benthic carbon remineralization rate is an important factor for predicting DFe fluxes. As mentioned above, the
DFe liberation is driven by OM degradation — either directly via DIR or indirectly through organoclastic sulfate
reduction and subsequent sulfide oxidation by Fe(IlI) reduction.

Measurements of DFe pore-water fluxes from polar continental shelf sediments are only available from a very
limited number of studies (Henkel et al., 2018; Laufer-Meiser et al., 2021; Monien et al., 2014; Schnakenberg
et al., 2021; Wehrmann et al., 2014). Comparison with existing data reveals that our estimated total DFe fluxes
along the eastern coast of the Antarctic Peninsula are within the same range of the total DFe fluxes calculated for
sediments from Potter Cove, King George Island, western Antarctic Peninsula (Monien et al., 2014). Including
all stations of this study (Table 2), the resulting total DFe fluxes ranged between 0.032 and 0.316 mmol DFe
m~2 d~!, which is comparable to the range of 0.011-0.424 mmol DFe m~2 d~! estimated for Potter Cove sedi-
ments (Monien et al., 2014).

Both upward and total fluxes of DFe in the sediment were elevated at the marginal sea ice stations while moderate
fluxes were observed at ice-free and ice-covered stations, respectively. At the marginal sea ice stations, the steep
concentration gradients of DFe close to the sediment surface indicate that more DFe might escape from shelf
sediments into the water column. Further, the high availability of easily reducible Fe oxides at the marginal sea
ice stations favor Fe-reduction over organoclastic sulfate reduction as found in other continental shelf environ-
ments (Henkel et al., 2018; Herbert et al., 2021; Oni et al., 2015; Schnakenberg et al., 2021; Wunder et al., 2021).
We assume that the majority of easily reducible Fe is derived from re-oxidation/precipitation of upward diffusing
DFe at the Fe(Il)/Fe(IIl) redox boundary. A similar pattern of easily reducible Fe through benthic iron cycling
was found in Arctic fjord sediments (Laufer-Meiser et al., 2021). Furthermore, high accumulation rates of detrital
inputs from rock weathering and erosion may represent additional sources of easily reducible Fe (Laufer-Meiser
et al., 2021). How much of the Fe-reduction is fueled by recycled iron oxides depends on the spatial distance of
the DFe source (i.e., location of Fe-reduction) to the DFe sinks above (re-oxidation) and below (FeS formation)
as they shape respective gradients and fluxes. Similar upward and downward gradients of DFe as observed at
station 4 (Figure 3) suggest that only about half of the reduced Fe is recycled, while at station 2 more than 80% of
the reduced Fe is diffusing upwards toward the oxic layer. This corresponds to the solid phase analyses (Table 3)
where we calculated a significantly higher percentage of recycled solid-Fe for station 2 (10.1%) compared to
station 4 (4.3%).

Quantifying the DFe-effluxintothe water column from DFe profilesis compromised by there-oxidation/precipitation
of DFe in the thin oxic layer. This oxidative trap prevents the transfer of most of the sediment sourced DFe to oxic
bottom waters. The resolution of pore-water profiles is too coarse to resolve the partition between DFe-efflux
and DFe-recycling, so that we employ a model from Dale et al. (2015) to calculate the DFe efflux across the
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sediment-water interface using carbon remineralization rates (C

. 2 11 .
'min I mmol m~~ d™") and O, concentrations (O,

in pM) in bottom water:

DFe efflux = y tanh <%> &)
(6}

where ¥ (= 170 pmol m?~ d~!) is the maximum DFe efflux for sediments at steady state located away from river
mouths (Dale et al., 2015). The estimated benthic DFe efflux on the shelf ranges from 13 to 93 mg Fe m~2 yr~!
(or 0.62 pmol m?~ d~! to 4.54 pmol m?~ d~!, Table 2), which is 3070 times lower than the upward DFe fluxes
derived from DFe concentration gradients. The modeled DFe efflux scales primarily with the C-mineralization
as it is the most variable model input (DFe efflux = 6.1-10~* C-mineralization, R? = 0.99). Together with the
previously described correlation of carbon remineralization rate and marginal sea ice index, we can now link
sea-ice conditions and organic matter export to the potential release of DFe from the seafloor.

4.3. Coupled Iron-Phosphate Cycling

The presence of phosphate can have pronounced effects on the formation and types of Fe minerals and thus on
the rate of microbial Fe-reduction (O’Loughlin et al., 2021). As organic matter is remineralized, phosphate is
released into adjacent pore waters and diffuses upward where it may be released to bottom waters or is seques-
tered via sorption on primary and secondary Fe-oxide minerals (e.g., Paytan & McLaughlin, 2007). During
sediment accumulation, reactive Fe-oxides and adsorbed (or co-precipitated) PO, are gradually buried until
they reach the Fe reduction zone where Fe oxides are reductively dissolved releasing both DFe and PO,*~ into
the pore-water (Canfield et al., 1993; Holmkvist et al., 2010; Kiister-Heins, de Lange, et al., 2010; Kiister-Heins,
Steinmetz, et al., 2010; Mirz et al., 2018; Niewohner et al., 1998). This redox Fe-cycling between oxidized and
reduced Fe mainly controls the PO,3~ flux and can promote the formation of secondary, poorly crystalline Fe
(oxyhydr-) oxide minerals at the Fe redox boundary (Slomp et al., 1996), which are characterized by a high
surface area and high reactivity (Canfield et al., 2006) that can adsorb significant amounts of PO,*~. In deeper
sediments, the reductive release of DFe and PO,*~ can be directly linked to the formation of fluorapatite and
vivianite (Mirz et al., 2008, 2018).

The significant correlation of phosphate and DFe concentration profiles at all shelf stations indicates a tight
coupling of P and Fe cycles (Figure 5). The molar DFe:PO,*~ concentration ratios calculated from pore-water
profiles at the DFe peak position ranged between 2.1 and 4.8 (Table 3), a ratio which was reported to indicate that
the majority of PO, release is closely associated with the reduction of iron (oxyhydr-) oxides (Kiister-Heins,
de Lange, et al., 2010; Kiister-Heins, Steinmetz, et al., 2010; Kraal et al., 2019, 2020; Noffke et al., 2012; Slomp
etal., 1996; Voegelin et al., 2013). Below the iron reduction zone, lower DFe:PO43‘ ratios were observed suggest-
ing the presence of a DFe sink (FeS formation) and the continuing release of PO,*~ from organic matter reminer-
alization (Niewohner et al., 1998; Schulz et al., 1994; Wunder et al., 2021) and/or desorption from Fe-minerals.
Similar trends of pore-water profiles of PO,*>~ and DFe have previously been observed in the Arctic marginal
sea ice zone (Tessin et al., 2020), in the Peruvian oxygen minimum zone (Noffke et al., 2012), in sediments off
Namibia (Kiister-Heins, de Lange, et al., 2010; Kiister-Heins, Steinmetz, et al., 2010) and in shelf sediments of
the sub-Antarctic island of South Georgia (Wunder et al., 2021).

Intriguingly, the relative fluxes of PO,*~ and DFe in the upper sediment of the sites investigated in this study, as
calculated from the respective pore-water concentration (Figure 5, Equation 6), were almost identical at four of
the five shelf stations with PO,>~/DFe flux ratios ranging between 0.261 and 0.276 (Table 3). Further, similar P/Fe
ratios were detected in the sedimentary solid phase, although impaired by larger relative standard errors (Figure 6).
The measurements indicate that the Fe-oxides carry a fixed proportion of phosphate, which is liberated upon Fe
reduction. The proportion of ~0.26 may represent the upper phosphate incorporation capacity of the respective
Fe-oxides. Voegelin et al. (2013) measured the dynamic phosphate incorporation into Fe(IIl)-precipitates during
continuing Fe(Il) oxidation and described the formation of phosphate-rich hydrous ferric oxide (HFO-P) with a
similar maximum P/Fe ratio of 0.25. A high degree of Fe-recycling in our sediments may support the buildup of a
large pool of such HFO-P which then imprints a P/Fe ratio of 0.25 onto the pore-water fluxes. To our knowledge
it is quite unique for field measurements to provide such consistent evidence for the experimentally derived P
sorption capacity. Only at station 1, the P/Fe ratio of 0.17 deviates from all other shelf stations. We speculate
that the pool of HFO-P at station 1 is reduced because the Fe reduction rate is low (Table 2) compared to the
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Fe-accumulation rate (Table 3), which also explains that the Fe content is 25% higher compared to the other shelf
stations (~4 wt%, Figure 4). Further investigations on the formation/dissolution of P-Fe co-precipitates in surface
sediments are important, especially for the Southern Ocean, to assess their impact on the P and Fe efflux into the
water column.

5. Conclusions and Outlook

This study provides insight into benthic biogeochemical cycles and benthic carbon remineralization rates along
a 400 mile transect from the eastern shelf of the Antarctic Peninsula to the West of the South Orkney Islands
with different sea ice cover. Based on our estimates, carbon remineralization rates increased gradually from the
heavy ice-covered station to the marginal sea ice stations from 1.1 to 7.3 mmol C m~2 d~', respectively. The rates
decreased again to 1.8 mmol C m~2 d~! at the ice-free station, likely driven by a deeper water column mixed
layer depth, which decreases primary production and thus organic carbon export to the sediment. Iron cycling
in the sediment was highest at the marginal sea ice stations where Fe-reduction led to total DFe fluxes in the
pore-water of up to 0.316 mmol DFe m~2 d~!, while moderate fluxes were observed at ice-free and ice-covered
stations, respectively. In pore waters, concentrations of DFe and PO,*~ were significantly correlated with almost
identical flux ratios of 0.26 mol PO,*~ per mol DFe for most of the stations, indicating a strong control of iron
redox cycling on the phosphate release to the water column. The high benthic fluxes of DFe and PO,*~ highlight
the importance of sediments underlying the marginal ice zone as source for limiting nutrients to the shelf waters.

We propose that the extent and duration of sea ice cover are important in maintaining a preferential water column
stratification and light regime for primary production and organic carbon export to the seafloor. As the iron,
carbon and phosphate cycles are tightly linked, not only by primary production but also by carbon remineraliza-
tion and sedimentary Fe redox cycling, changes in sea ice cover may affect both the biological carbon pump and
the function of sediments as a potential source of iron and phosphate to the water column.

Recently, the Antarctic sea ice cover showed a drastic decline after 2015 hinting toward increased interannual
variability (Eayrs et al., 2021) and eventually a continuous decline in the near future. Although a (southward) shift
of areas with marginal sea ice cover can be expected, the impact on benthic processes depends on the site-specific
seasonal dynamics of sea ice cover. For regions in which the MIZ is rapidly changing position with seasonal sea
ice growth and retreat, favorable conditions for primary production pass quickly and the impact of climatological
changes on the sediments might be low compared to our study area where the seasonal position of the MIZ is
relatively stable, sufficient to leave a clear imprint on the benthic turnover.

Data Availability Statement

Data presented in this study are deposited at PANGAEA (Baloza et al., 2022), accessible under doi: https://doi.
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