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Abstract

In this report, we present bulk solid-phase major and minor ele-
ment contents and Fe and S species in sediments from Site M0060
in the Anholt Basin recovered during Integrated Ocean Drilling
Program Expedition 347 to the Baltic Sea. Site M0060 is character-
ized by alternating sand- and clay-/silt-dominated sediment se-
quences that indicate deposition under brackish-marine and limnic
conditions, respectively. We use Al-normalized elemental ratios and
transition metal data to characterize the different sediment se-
quences and to study the impact of early diagenetic processes on the
abundance and reactivity of Fe oxide and Fe sulfide mineral phases
across lithologic boundaries.

Ratios of Fe/Al and Mn/Al exceed the continental crustal aver-
age in the clay-/silt-dominated sequences, whereas low ratios are
associated with the sandy units. About 10%—20% of the total bulk Fe
content is associated with Fe oxides and Fe sulfides, whereas the
major Fe fraction is bound in clay minerals. The transition metals
(V, Ni, Cr, and Co) correlate with the depth profile of Fe/Al, which
indicates that they are adsorbed onto Fe oxides and concomitantly
deposited. Sequential leaching reveals that magnetite is the most
abundant Fe oxide phase. Leached contents approach 1 wt% fol-
lowed by crystalline and easily reducible Fe oxides. Pyrite is the
dominant Fe sulfide phase and is enriched at several lithologic
boundaries that can likely be associated with the formation of py-
rite. Pyrite is formed through the reaction of Fe monosulfides with
(1) polysulfides and/or S° in zones dominated by organoclastic sul-
fate and Fe oxide reduction and (2) sulfide released during the an-
aerobic oxidation of methane.

Introduction

Integrated Ocean Drilling Program Expedition 347, Baltic Sea
Paleoenvironment, was designed to characterize the geological de-
velopment of the Baltic Sea (Andrén et al., 2015a), which has been
highly affected by extreme climatic variations regarding ice cover,
temperature, salinity, and biological communities and recently by
human activities (e.g., Eronen, 1990; Bjorck, 1995; Richardson and
Heilmann, 1995; Kotthoff et al., 2017). For this purpose, sediment
cores have been retrieved from different settings in the Baltic Sea
covering the last glacial-interglacial cycle (Andrén et al., 2015a).
Site M0060, the focus of this study, was drilled close to Anholt Is-
land, located in the Kattegat region of the Baltic Sea (Andrén et al.,
2015b).

The Kattegat is a shallow sea area connecting the Baltic Proper
and the North Sea via the Skagerrak (e.g., Bjorck, 1995). Low-saline
(14-17 PSU) surface waters flow northward, and oxygenated, rela-
tively saline (>24 PSU) bottom waters enter from the North Sea
(e.g., Svansson, 1975; Stigebrandt, 1983; Kotthoff et al., 2017). The
Kattegat area was highly affected by Weichselian ice advances of the
Scandinavian ice sheet into Denmark (e.g., Andrén et al., 2011). Be-
cause of repeated glaciation and melting phases of the Scandinavian
ice sheet, water level and salinity constantly shifted during the Qua-
ternary (e.g., Miettinen, 2004), and deposits (till, sand, and clay)
may have been displaced by the glacier (Andrén et al., 2015a).

Site MO0060 is situated in an erosional valley formed during sub-
glacial meltwater erosion related to repeated glacial phases during
the Quaternary. Because of relatively high sedimentation rates since
the last glacial cycle, the Anholt Basin contains a high-resolution
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sediment sequence (Andrén et al., 2015a). Site M0060 is character-
ized by mass transported, unsorted to poorly sorted diamict Litho-
stratigraphic Unit VII in the lowermost part of the core (Andrén et
al., 2015b). On top of this unit, alternating sandy and silty sequences
dominate (Units VI-I), and varved glacial clays (Units III-II) indi-
cate deposition in a glacial lake or marginal marine environment.
Based on pore water chloride data, sand-dominated Units IV and VI
indicate freshwater influence (Andrén et al., 2015b).

Solid-phase major and minor element contents can be used to
characterize sediment sequences that accumulated in the Anholt
Basin during various depositional environments throughout the last
interglacial-glacial cycle (Andrén et al., 2015b). These deposits
may be geochemically altered because of early diagenetic processes
driven by microbial organic matter degradation, namely organo-
clastic sulfate and Fe oxide reduction (e.g., Froelich et al., 1979; Jor-
gensen, 1982; Thamdrup et al., 1994), and through the anaerobic
oxidation of methane (AOM) (Niewohner et al., 1998; Hensen et al.,
2003; Riedinger et al., 2005; Jorgensen and Kasten, 2006; Egger et al.,
2017). Thus, the biogeochemical cycles of Fe, C, and S in marine
sediments are closely linked (e.g., Berner, 1970).

The abundance of Fe sulfides in anoxic sediments is mostly de-
pendent on the availability of (1) pore water sulfide released during
organoclastic sulfate reduction and through AOM with sulfate and,
concomitantly, (2) pore water Fe released during organoclastic Fe
oxide reduction and through Fe-mediated AOM as well as the con-
tent of reactive solid-phase Fe as scavengers for the produced pore
water sulfide (e.g., Goldhaber and Kaplan, 1974; Jorgensen, 1977,
1982; Berner, 1984; Riedinger et al., 2014; Egger et al., 2015b, 2017;
Oni et al,, 2015; Aromokeye et al., 2020). Via the accumulation of
intermediate metastable Fe monosulfides (mackinawite and greig-
ite) (Rickard, 1995), pyrite can be formed through the reaction of Fe
monosulfides with sulfides (Rickard, 1997; Thiel et al., 2019), poly-
sulfides, and S° (Berner, 1970; Rickard, 1975; Luther, 1991).

The linkage between the Fe and S cycling in connection with
other redox-sensitive elements (e.g., Mo and Mn) has been used for
the reconstruction of past water column and sediment redox condi-
tions (e.g., Raiswell and Canfield, 1998; Brumsack, 2006). At several
sites in the Baltic Sea, deep sediment records have revealed past an-
oxic water column conditions during temporarily different depo-
sitional settings (e.g., Hardisty et al., 2016; Dijkstra et al., 2016; van
Helmond et al., 2017). These sites, located in the Baltic Proper, have
experienced several transitions from limnic to brackish-marine
phases since the last deglaciation of the Scandinavian ice sheet (e.g.,
Bjorck., 1995).

Here we present the solid-phase major and minor element con-
tents and Fe oxide and Fe sulfide species in deeply buried sediments
in the Anholt Basin, Kattegat, retrieved during Expedition 347
(Holes M0060A and M0060B) (Tables T1, T2, T3, T4). These data
allow us to (1) geochemically characterize the different depositional
environments, (2) identify main biogeochemical processes and
(3) elucidate the cycling of Fe and S across lithologic boundaries in
the nonsteady-state depositional environment.

Table T1. Summary of the solid-phase major element data for the Anholt
Basin (Holes MOO60A and MO0060B) drilled during Expedition 347. Down-
load table in CSV format.

Table T2. Summary of the solid-phase minor element data for the Anholt
Basin (Holes MOO60A and M0060B) drilled during Expedition 347. Down-
load table in CSV format.
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Table T3. Summary of the solid-phase Fe species data for the Anholt Basin
(Holes MOO60A and M0060B) drilled during Expedition 347. Download
table in CSV format.

Table T4. Summary of the solid-phase S species data for the Anholt Basin
(Holes MOO60A and M0060B) drilled during Expedition 347. Download
table in CSV format.

Methods and materials

During Expedition 347 in 2013, on board Greatship Manisha,
Holes MO0060A (11°40.243'E, 56°37.211'N) and MO0060B
(11°40.229'E, 56°37.204'N) were drilled using a piston corer system
in 31.2 m water depth in the Anholt Basin with 229.6 and 85.7 m of
core recovery, respectively (Andrén et al., 2015b). The sediment
core retrieved from microbiology Hole M0060B was split on board,
and the sediment core from Hole MOO60A was processed during
the onshore science party (OSP) at MARUM, University of Bremen
(Germany), in 2014. All sediment samples were stored at -20°C in
N,-flushed aluminum bags.

Total acid digestions and multielement analyses

Sediment porosity was determined prior to the total acid diges-
tions. Total acid digestions were performed in the microwave sys-
tem MARS Xpress (CEM) according to the procedure described by
No6then and Kasten (2011). Acids were of subboiling distilled
(HNO; or HCI) or suprapur (HF) quality. About 50 mg of freeze-
dried, homogenized bulk sediment was digested in an acid mixture
of 65% HNO, (3 mL), 30% HCI (2 mL), and 40% HE (0.5 mL) at
~230°C. The digested solutions were fumed off to dryness and re-
dissolved in 1 M HNO; (5 mL) at ~200°C. After full digestion, 1 M
suprapure HNO; was added to the residue and filled up to 50 mL.
Splits of the digested solutions were taken for analysis by inductively
coupled plasma—atomic emission spectroscopy (ICP-AES) and in-
ductively coupled plasma—mass spectrometry (ICP-MS).

The multielement analysis of Al, Ba, Ca, Fe, K, Mg, Mn, Na, P, S,
Sr, and Ti was performed by ICP-AES using a Thermo Scientific
IRIS Intrepid instrument. Based on replicate samples and the stan-
dard reference material NIST 2702, the analytical precision was bet-
ter than 3%. Based on the standard reference material NIST 2702 (n
= 15), the analytical accuracy was 6%—8% for Al, Sr, Ti, and Mg and
<5% for K, Ba, Mn, Na, P, Fe, S, and Ca.

The multielement analysis of Mo, V, Ni, Cr, Ce, Co, U, and Cu
was performed by ICP-MS using a Thermo Scientific Element2 in-
strument. Based on the standard reference material NIST 2702 (1 =
5), the analytical accuracy was better than 10%.

Sequential iron oxide extraction

To extract different Fe pools from sediments collected at micro-
biology Hole M0060B, a specific sequential extraction scheme was
applied after Hardisty et al. (2016). About 100 mg of fresh anoxic
sediment was treated with 10 mL of a 57 mM ascorbic acid solution
for 24 h to mobilize the most reactive Fe oxide phases, such as ferri-
hydrite and lepidocrocite (Reyes and Torrent, 1997). After centrifu-
gation, a split of the supernatant extract was removed for analysis
and the remaining fluid was discarded. In addition, this first ex-
traction step extracted pore water and adsorbed Fe, which were in-
cluded during analysis (Heron et al., 1994). The same procedure was
performed with a 50 g/L sodium dithionite solution buffered with
0.35 M acetic acid and 0.2 M sodium citrate for 2 h to extract crys-
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talline ferric oxides such as goethite and hematite (Mehra and Jack-
son, 1960; Lord, 1980; Canfield, 1989). Finally, the sediment was
treated with a 0.2 M ammonium oxalate and 0.17 M oxalic acid
solution for 6 h to mobilize magnetite (McKeague and Day, 1966;
Poulton and Canfield, 2005; Henkel et al., 2016, 2018). Decoupled
from the sequential extraction, a buffered 1 M sodium acetate solu-
tion was added to fresh anoxic sediment samples of Hole M0060B
for 24 h, extracting Fe-associated carbonate phases (e.g., siderite
and ankerite) and exchangeable metals (Tessier et al., 1979; Poulton
and Canfield, 2005). During this separate extraction step, pore wa-
ter and adsorbed Fe were distilled and included during analysis
(Heron et al., 1994). To avoid oxidation, all solutions and sample vial
headspaces were flushed with N,.

The same sequential extraction scheme (without the separate
extraction of Fe-associated carbonate phases with a buffered 1 M
sodium acetate solution) was performed for Hole MOO60A with
~100 mg of freeze-dried and homogenized sediment. The quantifi-
cation of the extracts from Hole MOO60A was performed at the Al-
fred Wegener Institute (Bremerhaven, Germany) by ICP-AES using
a Thermo Scientific IRIS Intrepid instrument after 20-fold dilution
in a 1 M HNO; solution. The quantification of all extracts from
Hole M0060B was performed at the University of California, River-
side (USA) using an Agilent 7500 Quadrupole ICP-MS. All extracts
were analyzed upon dilution in 2% HNO; with Sc used as an inter-
nal standard.

Sequential iron sulfide extraction

Acid volatile sulfide (AVS; metastable Fe monosulfides) and
chromium reducible S (CRS; mainly pyrite) were sequentially ex-
tracted from 0.5-1 g of frozen, wet sediment following the two-step
acid Cr(II) distillation method (Canfield et al., 1986). For the ex-
traction of S° prior to the sequential extraction of AVS and CRS,
~25 mL of methanol was added to the Hole M0060B samples and
shaken for approximately 12 h (Zopfi et al., 2004). The methanol ex-
tract was decanted and analyzed by applying an acid/Cr(II) step to
distill S°. Immediately after the removal of the methanol extract, the
remaining sediment was treated with a two-step acid/Cr(II) method
to extract the AVS and CRS species. AVS was extracted with 6 M
HCl for ~1 h at room temperature and mainly consists of Fe mono-
sulfides such as mackinawite and approximately two-thirds of greig-
ite (Riedinger and Brunner, 2014). Immediately after this step, the
Cr(II) extraction was performed at 200°C for ~2 h. During this ex-
traction, mainly pyrite, S° and approximately one-third of greigite
were extracted (e.g., Cornwell and Morse, 1987). The trapped sul-
fide (5% w/v zinc acetate solution) from each step was analyzed
spectrophotometrically via the methylene blue method upon dilu-
tion (Cline, 1969). Sediment samples from Hole MO060A were not
analyzed for S’ and the trapped sulfide from the AVS and CRS steps
was quantified gravimetrically as Ag,S. Based on the quantification
of sulfide, Fe contents associated with extracted Fe monosulfides
(AVS) and pyrite (CRS) were estimated under the assumption that
the stoichiometry for Fe monosulfides and pyrite applies.

Results and discussion

Ratios of Ti/Al close to the continental crustal ratio of 0.05 in
clay-dominated Units II, III, and V (Figure F1) indicate steady ero-
sion from a uniform sediment source (Wedepohl, 1995; Neumann
et al., 2005). In the high-energy freshwater environment of Unit VI,
the Ti/Al ratios decrease toward the upper part of Unit VI, poten-
tially because of gravity fractionation of heavy Ti-rich minerals
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during sediment transport (e.g., Chen et al., 2013). The Ca/Al ratios
generally show higher values than those expected for average conti-
nental crust. Because the Ca/Al ratios coincide with the depth dis-
tribution of total inorganic carbon (Andrén et al., 2015b), Ca
carbonates may be dominant, especially in clay-dominated Unit III
(Figure F1). The K/Al ratios are mostly constant over depth and
show higher values than those expected for average continental
crust (Figure F1). The Mg/Al ratios are slightly less than the crustal
average and show considerably lower values in sand-dominated
Units I, IV, and VI (Figure F1). In contrast, the Na/Al ratios show
significantly higher values in these sandy units (Figure F1). This pat-
tern may indicate that the terrigenous input is of Na- and K-rich fel-
sic origin (e.g., Fennoscandian Shield) and dominates over Mg-
bearing minerals of mafic origin, especially in sand-dominated
Units I, IV, and VI. The primary sediment composition in Unit II
may be altered because the pore water element/Cl ratio of Ca, K,
Mg, and Na indicates diagenetic reactions and/or ion exchange pro-
cesses (Gieskes, 1983; Andrén et al., 2015b). The P/Al ratios are
slightly less than the expected average crustal ratio, especially in
sand-dominated Units I and VI (Figure F1). Thus, the P/Al depth
distribution may mainly reflect a P-poor sediment source, whereas
the formation of authigenic phosphate minerals, which has been ob-
served at other sites in the Baltic Sea (e.g., Egger et al., 2015a; Dijks-
tra et al,, 2016; Mirz et al,, 2018), does not play a major role in
sediments of the Anholt Basin. The depth distribution of Sr/Al gen-
erally mimics the depth profile of Ba/Al and has values slightly
higher than those expected for the average continental crust (Figure
F1). Because Ba/Al does not show any correlation with solid-phase
S, the significant occurrence of barite can be excluded (Torres et al.,
1996). The close correlation between Ba and Sr may be related to
the source rock (e.g., Tarney and Jones, 1994).

The Fe/Al ratios of >0.4 and Mn/Al ratios of >0.007 indicate the
dominance of Fe and Mn in clay-dominated Units III and V and at
the Unit II/1, VI/V, and VII/VI lithologic boundaries (Figure F1).
Iron and Mn are predominantly bound in clay minerals or occur as
Fe/Mn oxides and/or diagenetic Fe sulfides (e.g., Wedepohl, 1995;
Raiswell and Canfield, 1998; Poulton and Canfield, 2005). The Fe/Al
ratios of <0.4 and Mn/Al ratios of <0.007 are found in sand-domi-
nated Units I, IV, and VI where clay minerals, Fe/Mn oxides, and Fe
sulfides are minor (Figures F1, F2, F3). About 10%—20% of bulk Fe
is bound in Fe oxides and Fe sulfides, and thus, clay minerals are the
dominant Fe-bearing mineral phases, whereas about 80% of bulk S
is associated with Fe sulfides (AVS, CRS; Figures F2, F3). Molybde-
num correlates with Min/Al, whereas the other transition metals (V,
Ni, Cr, and Co) and Ce coincide with the depth distribution of Fe/Al
(Figure F4). Moreover, these transition metals and Ce are associated
with elevated contents of Fe oxides at the Unit II/I boundary,
throughout clay-dominated Units III and V, and at the Unit VII/VI
boundary, which indicates their adsorption onto Fe oxides or cou-
pled burial. Alternatively, the elevated contents of Fe oxides, transi-
tion metals, and Ce at the Unit II/I and VII/VI boundaries may be
associated with the location of the current and relict suboxic redox
boundary, respectively.

Leached solid-phase contents of Fe oxides, Fe monosulfides, and
pyrite vary significantly throughout the Anholt Basin sediments
(Figures F2, F3). In Holes MOO60A and M0060B, magnetite (Feq,,)
is the most abundant Fe oxide phase with contents up to 9300 ppm
(Figure F2). The highest contents of magnetite occur at the Unit II/I
boundary, throughout clay-dominated Unit III, and close to the
Unit V/IV and VII/VI boundaries. Crystalline Fe oxides such as
goethite and hematite (Fep,) generally mimic the depth profile of
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Figure F1. Solid-phase major element contents with major lithostratigraphic units, Holes MOO60A (black circles) and MO060B (open circles). The vertical gray
dotted line represents the continental crustal element ratio after Wedepohl (1995) and Rudnick and Gao (2003). (Adapted from Andrén et al., 2015b.)
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Figure F2. Solid-phase Fe oxide contents with major lithostratigraphic units, Holes MOO60A (black circles) and M0O060B (open circles). Fe,,. = ascorbate-
extracted Fe, Fep;, = dithionite-extracted Fe, Fe,,, = oxalate-extracted Fe. (Adapted from Andrén et al., 2015b.)
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magnetite and have overall lower contents up to 3200 ppm (Figure
F2). Easily reducible Fe oxides such as ferrihydrite (Fe,,.) are less
dominant in the Anholt Basin sediments and have contents up to
2300 ppm (Figure F2). Similar to magnetite and goethite/hematite,
the highest contents of ferrihydrite occur in clay-dominated Unit III
and close to the Unit V/IV and VII/VI boundaries. All Fe oxide frac-
tions (Fe,,., Fepy, and Fepy,) show comparably low contents in
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sandy freshwater Units I, IV, and VI (Andrén et al., 2015b). The
contents of carbonate-associated Fe,., are below detection limit
throughout Hole M0O060B. Leached ferrihydrite contents show a
two-fold offset between Holes MO060A and M0060B (Figure F2). A
similar disparity in sequentially extracted Fe oxides has been ob-
served in two independently produced data sets from Expedition
347 Site M0063 in the Landsort Deep (Hardisty et al., 2016; Dijkstra
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Figure F3. Solid-phase Fe sulfide and sulfur (S°) contents with major lithostratigraphic units, Holes MOO60A (black circles) and MO060B (open circles). Fe,,s = Fe
associated with acid volatile sulfur, Feczs = Fe associated with chromium reducible sulfur). (Adapted from Andrén et al., 2015b.)
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Figure F4. Solid-phase minor element contents with major lithostratigraphic units, Holes MOO60A (black circles) and M0060B (open circles). (Adapted from

Andrén et al., 2015b.)
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et al.,, 2016). Hardisty et al. (2016) performed the sequential ex-
traction of Fe oxides with freshly thawed sediments, and Dijkstra et
al. (2016) used dried sediments. Furthermore, instead of using
ascorbic acid as the extracting agent for the most reactive Fe oxide
fraction, such as ferrihydrite, Dijkstra et al. (2016) applied hydroxyl-
amine-HCI (after the procedure of Poulton and Canfield, 2005).
These methodological differences resulted on average in 20-fold
higher ferrihydrite contents determined by Dijkstra et al. (2016)
compared to results by Hardisty et al. (2016). Because the process of
freeze-drying might increase the crystallinity of Fe oxides (Rapin et
al,, 1986) and thereby bias the leached content, the sequentially ex-
tracted Fe oxide contents from freshly thawed sediments may be
more accurate.

Pyrite (CRS) is the dominant Fe sulfide phase in the Anholt Ba-
sin sediments and shows at least 10-fold higher contents compared
to the Fe monosulfides (AVS) (Figure F3). Highest contents of pyrite
(almost 3000 ppm) occur in Unit VII below 190 meters composite
depth (mcd). Pyrite peaks occur at the lithologic boundaries of
Units II/I, VI/V, and VII/VIL The offset in Fe monosulfide contents
between Holes MOO60A and M0060B may be due to different sam-
ple quality (Hole M0060B cores were sampled on board; Hole
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MOO060A cores were sampled during the OSP) and/or extraction ar-
tifacts resulting from the additional sequential leaching step for the
extraction of S° from Hole M0060B sediments. The S° contents are
usually well below 10 ppm throughout Hole M0060B (Figure F3).
Elevated S° contents occur at the Unit II/I boundary and within Unit
III at 40 and 66 mcd, which coincides with the occurrence of Fe sul-
fide bands (Andrén et al., 2015b). However, because the freshly
thawed sediments used for the extraction of S° were not fixed in
zinc acetate during the leaching step itself, S° contents may be un-
derestimated because of oxidation processes during extraction (Zo-
pfi et al., 2004).

Based on pore water constituents, dissimilatory sulfate and Fe
oxide reduction are the main microbial degradation processes at
Site M0060 (Andrén et al., 2015b). Pore water Fe?* occurs mainly in
Units III, VI, and VII, but pore water sulfide is absent throughout.
Iron sulfides are probably produced at the Unit II/I boundary by the
direct consumption of pore water sulfide with Fe?:, both of which
are released during the degradation of organic matter (Figure F3).
Through the addition of S° metastable Fe monosulfides are proba-
bly being converted into pyrite at the Unit II/I boundary. The pore
water sulfate profile indicates a second dissimilatory sulfate reduc-
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tion zone at about 60 mcd in Unit III (Andrén et al., 2015b). Con-
currently, Fe?* strongly decreases downhole, indicating its
consumption at 60 mcd. In accordance with the occurrence of Fe
sulfide bands in this interval (Andrén et al., 2015b), only small
amounts of Fe monosulfides are being converted to pyrite.

The methane peak in the methanic zone of Unit VII coincides
with high amounts of all Fe oxide fractions and pyrite (Figures F2,
F3). Because Fe** concentrations increase with depth throughout
Unit VI, methane is potentially consumed by the anaerobic oxida-
tion with Fe oxides (e.g., Riedinger et al., 2014; Egger et al., 2015b,
2017; Aromokeye et al., 2020). The availability of pyrite at the Unit
VII/VI boundary may indicate that sulfate and Fe oxides have been
concurrently reduced during the anaerobic oxidation of methane,
resulting in the formation of pyrite via metastable Fe monosulfides.
Thus, the enrichment of Fe monosulfides and pyrite at the Unit
VI/V boundary may represent a relict sulfate—methane transition.
Compared to the other sites that have been studied within the
framework of Expedition 347 (e.g., Bornholm Basin and Landsort
Deep [e.g., Hardistry et al., 2016; van Helmond et al. 2017; Papa-
domanolaki et al., 2018]), the contents of the redox-sensitive ele-
ments (e.g., Mn and Mo) are relatively low and do not indicate
temporarily anoxic water column conditions in the Anholt Basin.
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