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Low oxygen conditions in the modern Baltic Sea are exacerbated by human activities;
however, anoxic conditions also prevailed naturally over the Holocene. Few studies have
characterized the specific paleoredox conditions (manganous, ferruginous, euxinic) and
their frequency in southern Baltic sub-basins during these ancient events. Here, we
apply a suite of isotope systems (Fe, Mo, S) and associated elemental proxies (e.g.,
Fe speciation, Mn) to specifically define water column redox regimes through the Baltic
Holocene in a sill-proximal to sill-distal transect (Lille Belt, Bornholm Basin, Landsort
Deep) using samples collected during the Integrated Ocean Drilling Program Expedition
347. At the sill-proximal Lille Belt, there is evidence for anoxic manganous/ferruginous
conditions for most of the cored interval following the transition from the Ancylus Lake
to Littorina Sea but with no clear excursion to more reducing or euxinic conditions
associated with the Holocene Thermal Maximum (HTM) or Medieval Climate Anomaly
(MCA) events. At the sill-distal southern sub-basin, Bornholm Basin, a combination of Fe
speciation, pore water Fe, and solid phase Mo concentration and isotope data point to
manganous/ferruginous conditions during the Ancylus Lake-to-Littorina Sea transition
and HTM but with only brief excursions to intermittently or weakly euxinic conditions
during this interval. At the western Baltic Proper sub-basin, Landsort Deep, new Fe
and S isotope data bolster previous Mo isotope records and Fe speciation evidence
for two distinct anoxic periods but also suggest that sulfide accumulation beyond
transient levels was largely restricted to the sediment-water interface. Ultimately, the
combined data from all three locations indicate that Fe enrichments typically indicative
of euxinia may be best explained by Fe deposition as oxides following events likely
analogous to the periodic incursions of oxygenated North Sea waters observed today,
with subsequent pyrite formation in sulfidic pore waters. Additionally, the Mo isotope
data from multiple Baltic Sea southern basins argue against restricted and widespread
euxinic conditions, as has been demonstrated in the Baltic Proper and Bothnian Sea
during the HTM or MCA. Instead, similar to today, each past Baltic anoxic event
is characterized by redox conditions that become progressively more reducing with
increasing distance from the sill.

Keywords: Baltic Sea, paleoredox, diagenesis, molybdenum isotopes, iron isotopes, sulfur isotopes, IODP
Expedition 347
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INTRODUCTION

Bottom water oxygen availability in the Baltic Sea is regulated
by a combination of warming temperature, eutrophication,
salinity stratification, and controls related to basin morphology
(Carstensen et al., 2014). Among these, increased nutrient
input from land and associated cyanobacterial blooms are most
prominently responsible for the tenfold increase in the seafloor
area of Baltic low oxygen/anoxic bottom waters observed over
the last century, while it has only been over the last 20 years
that increased respiration resulting from anthropogenic warming
is observable (Carstensen et al., 2014). Importantly, however,
even in the absence of anthropogenic factors, salinity gradients
and temporal variation from combined natural climate change,
unique circulation patterns, and hydrography prime the Baltic
Sea for the development of low oxygen bottom waters (Mohrholz
et al, 2015). The Baltic Sea is silled at the Danish straits
(Figures 1A,B), forcing freshwater output from runoff and saline
input from the North Sea through the same location. This
restriction supports the development of a strong halocline—
limiting physical mixing between surface and bottom waters and
thus limiting bottom water renewal to lateral advection. Such
restricted and stratified conditions are particularly prone to the
development of oxygen-depleted bottom waters (Figures 1C-
E red lines), as is observed in other silled basins including
the Black Sea, Cariaco Basin, Framvaren Fjord, and Saanich
Inlet. Like these other restricted basins, the modern Baltic water
column is reducing enough within some sub-basins to permit
the accumulation of hydrogen sulfide—a water column redox
state referred to as euxinia (Carstensen et al., 2014; Noordmann
et al, 2014). Euxinia precludes the presence of animals and
results in strong sequestration of a suite of redox-sensitive metals
(for example, Mo and Fe) (Algeo and Lyons, 2006; Lyons and
Severmann, 2006; Scott and Lyons, 2012).

The Baltic is unique relative to other modern anoxic settings
such as the Black Sea, as the halocline is highly dynamic,
with gradients in the spatial ranges, timescales, and depths of
salinity fluctuation along transects moving away from the sill
(Figures 1C-E blue lines). Baltic Sea salinity gradients and short-
term oscillations are largely a function of isolated climatic events
known as Major Baltic Inflows (MBIs). During these events,
saline and oxygen-rich marine waters from the North Sea are
introduced into the Baltic beneath the halocline (Carstensen
et al., 2014). The MBIs are both barotropic and baroclinic events
in which wind and air pressure cause a sea level difference
between the Kattegat and Arkona Basin on opposing sides
of the sill (Figure 1), forcing temporary net inflow of North
Sea saline and oxygenated water into the Baltic (Franck et al,
1987; Matthdus, 2006; Mohrholz et al., 2015). Depending on
the spatial scale of the MBI and the season of occurrence,
most of Baltic Sea can become temporarily oxygenated. This
extreme can lead to the oxidation of redox-sensitive chemical
species accumulated in the formerly anoxic bottom waters (e.g.,
Mn(II), Fe(II), H,S), while simultaneously introducing saline
water that maintains the halocline and resulting stratification
responsible for the return to and long-term maintenance of
anoxic bottom waters (Huckriede and Meischner, 1996; Dellwig

etal,, 2010, 2018; Scholz et al., 2018; Hermans et al., 2019; Ni et al,,
2020; van de Velde et al., 2020). Ultimately, halocline stability and
frequency of bottom water renewal act to regulate the maximum
reducing potential of bottom waters within individual Baltic sub-
basins, resulting in an increased spatial gradient in the occurrence
of euxinia and stable anoxic conditions more generally with
increasing distance from the sill (Figures 1C-E red lines).

The Baltic Basin has undergone a complex evolution since the
last glacial maximum, resulting in multiple transitions between
freshwater and brackish and naturally occurring ancient anoxic
events. Immediately following the last glacial maximum (~22 ka),
melting from the Scandinavian ice sheet formed an ice lake in
the Baltic Basin, which eventually underwent a permanent switch
to a brackish basin following global sea level rise and resulting
connection to the open ocean—the Ancylus Lake-to-Littorina
Sea transition—at approximately 8.5 ka (Andrén et al, 2011).
Following this transition and associated halocline formation,
two major pre-anthropogenic Baltic anoxic periods are known
through sedimentary laminations and geochemical signatures
(Manheim, 1961; Suess, 1979; Sohlenius, 1996; Sohlenius et al.,
1996, 2001; Sternbeck and Sohlenius, 1997; Lepland and Stevens,
1998; Sohlenius and Westman, 1998; Zillén et al., 2008; Mort
etal., 2010; Jilbert and Slomp, 2013; Jilbert et al., 2015; Lenz et al.,
2015b; Hardisty et al.,, 2016; Dijkstra et al., 2018a,b; Groeneveld
et al,, 2018; van Helmond et al., 2018). These events roughly
overlap with the Holocene Thermal Maximum (HTM) (8-4 ka)
and Medieval Climate Anomaly (MCA) (1.2-0.8 ka) and co-
occur with the widespread enhanced deposition of organic matter
in many sub-basins (Zillén et al., 2008).

Recent studies of paleoredox conditions for individual sub-
basins during these intervals stress that, like today, specific
paleoredox regimes have differed among the sub-basins during
penecontemporaneous low oxygen events. Further, paleoredox
regimes differed among temporally distinct anoxic events within
the same sub-basin. For instance, in the currently well-
oxygenated Bothnian Sea, paleoredox records provide evidence
for relatively stable euxinia during the HTM, while indicating
well-oxygenated water column conditions during the MCA
(Jilbert et al., 2015; Dijkstra et al., 2018b). In the Landsort
Deep, a currently semi-permanently euxinic basin, paleoredox
records provide evidence for euxinic conditions during the
MCA and HTM (Dijkstra et al., 2016; Hardisty et al., 2016).
Paleo-proxy data specific to well-defined paleoredox regimes
and anoxic timescales relevant to the modern redox states are
relatively sparse from southern Baltic sub-basins, which elevates
the importance of this study.

The redox conditions of modern and ancient basins can
be quantified by determining the accumulation of reduced
products indicative of the main metabolic processes within a
specific zone (e.g., Mn, Fe, or S reduction) (Froelich et al,
1979; Canfield and Thamdrup, 2009). Here, we apply Mo,
Mn, Fe, and S geochemistry to define the degree to which
reduced Mn (manganous) versus Fe (ferruginous) versus S
(euxinic) acted as primary redox buffers in the water column—
a sequence representing progressively more reducing conditions.
We specifically focus on the ancient water columns of southern
Baltic sub-basins Lille Belt, Bornholm Basin, and Landsort Deep.
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FIGURE 1 | (A) Map showing relevant drilling localities from IODP Expedition 347 and other locations discussed in the text. (B) Bathymetry from transect shown in
panel (A) (dashed line). Panels (C-E) represent the mean monthly (1980-2010) bottom water salinity and oxygen concentrations at Lille Belt, Bornholm Basin,
Landsort Deep, respectively, from the Baltic Environmental Database of the Baltic Nest Institute, Stockholm University, specifically from stations 450, BY5, and BY31.
The red and blue lines represent dissolved oxygen and salinity, respectively.
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These sub-basins form a sill-proximal to sill-distal transect
(Figure 1). We use cores from Integrated Ocean Drilling
Program (IODP) Expedition 347 and combined sedimentology;
trace element concentrations and Fe speciation; Mo, S, and Fe
isotopes; and pore water geochemistry to constrain the specific
paleoredox regimes. Our records are combined with previously
published data from the Baltic and Bothnian Seas to reconstruct
spatiotemporal redox conditions across the Baltic Holocene.

BACKGROUND

Paleoredox Proxy Geochemistry

Ratios of total Fe-to-aluminum (Fer/Al) and “highly reactive” Fe-
to-total Fe (Feygr/Fer) are related proxies for determining paleo-
water column redox, highlighting oxic, ferruginous (Fe-rich),
and euxinic conditions (Raiswell et al., 2018). “Highly reactive”
Fe represents operationally defined Fe-bearing minerals that are
reactive toward hydrogen sulfide on short diagenetic timescales
to form Fe sulfides, as well as any Fe sulfides that have formed
(Canfield and Berner, 1987; Canfield, 1989; Canfield et al., 1992,
1996; Raiswell and Canfield, 1998; Poulton and Canfield, 2005).
Comparisons of Fer/Al and Feyr/Fer ratios among sediments
from the stable euxinic Black Sea and other similar settings
relative to oxic continental margin and deep ocean sediments
indicate that “highly reactive” Fe is enriched relative to typical
detrital fluxes under anoxic conditions through a process coined
the “Fe shuttle” (Canfield et al., 1996; Raiswell and Canfield,
1998; Lyons et al., 2003; Lyons and Severmann, 2006). Detrital
values for Feyp/Fer are typically <0.38 in oxic settings (Raiswell
and Canfield, 1998). The detrital Fep/Al in the Baltic has been
specifically calibrated as <0.65 (Fehr et al., 2008). Values clearly
above these thresholds represent paleo-anoxic water columns.
Pyrite-to-“highly reactive” ratios (Fepy/Feyr) greater than ~0.7
in settings with independent indications of anoxia indicate that
the majority of the “highly reactive” Fe has formed pyrite,
which often results from syngenetic pyrite formation in the
water column under euxinic conditions (Canfield et al., 1996;
Lyons, 1997; Wijsman et al., 2001b; Lyons and Severmann, 2006;
Poulton and Canfield, 2011). Importantly, when Fer/Al and
Feyr/Fer are not enriched, ratios of Fepy/Feyr are a proxy for
sulfide accumulation in ancient pore waters (Sperling et al., 2015;
Hardisty et al., 2018).

Molybdenum cycling can be applied to fingerprint ancient
euxinic conditions—but also Fe and Mn cycling. Molybdate
is the dominant dissolved Mo species in oxic seawater and is
largely sourced from rivers, with a typical concentration near
104 nM in normal oxic marine waters (Miller et al., 2011;
Neubert et al., 2011), but with values near ~20 nM in the
brackish Baltic Sea (Noordmann et al,, 2014). The largest Mo
sink in modern seawater is sorption to Mn and Fe oxides,
which deliver molybdate to the sediments until burial and
dissolution of the oxides during anoxic diagenesis (Bertine and
Turekian, 1973; Krishnaswami, 1976; Kashiwabara et al., 2009).
If sulfide is present at appreciable levels, molybdate will convert
to tetrathiomolybdate and other polysulfide species (Erickson
and Helz, 2000; Dahl et al., 2013; Azrieli-Tal et al., 2014), which

are efficiently buried in association with organic matter and
sulfides (Erickson and Helz, 2000; Algeo and Lyons, 2006; Dahl
et al.,, 2013, 2017; Azrieli-Tal et al., 2014; Wagner et al., 2017;
Vorlicek et al., 2018; Ardakani et al., 2020). This process is
favored by relatively high levels of dissolved sulfide. Sediments
underlying euxinic waters have elevated Mo concentrations,
typically >25 ppm if not much larger (Scott and Lyons, 2012).
Lower sedimentary Mo concentrations, but elevated relative to
average continental crust of <2 ppm can occur under conditions
where sulfide accumulates in pore waters (Taylor and McLennan,
1995; Neubert et al., 2008; Nagler et al., 2011; Scott and Lyons,
2012; Hardisty et al., 2018). Muted enrichments are also a
signature of elevated sedimentation rates even under euxinic
conditions (Lyons and Kashgarian, 2005; Morford et al., 2009;
Hardisty et al., 2018) and in restricted euxinic basins where
the sedimentary Mo removal flux outpaces the marine supply
(Algeo and Lyons, 2006).

The modern Gotland and Landsort Deep water columns
have Mo isotope values of 2.22-2.49%¢ (Noordmann et al.,
2014), which is similar to that of open ocean seawater (~2.3%o;
Siebert et al., 2003). In stable and restricted euxinic settings
with total sulfide concentrations beyond ~100 uM (e.g., the
Black Sea) near-quantitative scavenging of water column Mo in
the presence of this ample free sulfide results in sedimentary
Mo isotope signatures that mirror that of seawater (Barling
et al., 2001; Siebert et al., 2003; Arnold et al.,, 2004; Neubert
et al., 2008; Nagler et al, 2011; Noordmann et al., 2014).
Under conditions with unstable euxinia and/or total sulfide
concentrations <100 M, such as the modern Landsort and
Gotland Deeps, Mo concentrations are often still elevated relative
to oxic settings, but a negative Mo isotope fractionation linked
to incomplete conversion of molybdate to tetrathiomolybdate of
up to ~3% is captured in the sediments (Tossell, 2005; Neubert
etal., 2008; Nagler et al., 2011; Azrieli-Tal et al., 2014; Noordmann
et al., 2014). Importantly, however, sorption of Mo to Mn and
Fe oxides also exerts negative Mo isotope fractionation relative
to seawater as large as 2.9%¢ (Barling et al., 2001; Wasylenki
et al., 2008) and 2.2%0 (Goldberg et al., 2009), respectively.
Smaller negative Mo isotope fractionations near —1.0%q have also
been demonstrated during assimilation and adsorption to organic
matter (Zerkle et al., 2011; Kowalski et al., 2013).

MATERIALS AND METHODS

Sample Collection

Coring  details, sedimentological, and paleontological
descriptions for each site have been summarized previously
(Andrén et al., 2015a,b,c). Samples from M0059C,E and M0065C
(locations and water depth shown in Figure 1) were collected
and sealed in N-flushed bags onboard the ship immediately
following core recovery and stored frozen prior to analysis—
minimizing oxidation of redox sensitive Fe minerals important
for this study. Cores from MO0059A,B,D and MO0065A,B were
capped and sealed immediately following retrieval and stored at
4°C prior to sample collection, which occurred 4-5 months later
at MARUM in Bremen, Germany. Sediments were analyzed at

Frontiers in Earth Science | www.frontiersin.org

May 2021 | Volume 9 | Article 671401


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Hardisty et al.

Baltic Sea Holocene Spatiotemporal Redox

the University of California, Riverside and Yale University. As
described below, we used exclusively fresh material for analysis,
scraping and discarding any oxidized sediments.

At M0065, due to potential mustard gas contamination, the
upper 2 m of the sediments were not collected and hence the cores
from the Bornholm Basin do not clearly capture the MCA. In the
absence of age constraints, the broad peak and associated sub-
peaks in total organic carbon (TOC) at this site are interpreted to
reflect the HTM.

Geochemical Methods

Lille Belt and Bornholm Basin Sediments

Splits of freshly thawed sample were used for the sequential
extraction of iron monosulfide phases or acid volatile sulfide
(AVS) (mainly iron monosulfides, FeS) (Berner et al., 1979
Chanton and Martens, 1985; Morse and Cornwell, 1987; Lyons,
1997; Hurtgen et al, 1999) and chromium reducible sulfur
(CRS) (mainly pyrite, FeS;) (Canfield and Berner, 1987). The
CRS and AVS concentrations were measured via the methylene
blue method using a spectrophotometer at wavelength of
660 nm (Cline, 1969). The AVS and CRS fractions were not
determined in sequence, thus the pyritic sulfur was determined by
subtracting the AVS from CRS, which was then used to calculate
the associated Fe concentrations (Feays and Fepy) using the
stoichiometries FeS and FeS;, respectively.

A modified chemical extraction method was applied for
characterization of distinctive operationally defined “highly
reactive” Fe pools: ascorbate (Fe,s.), dithionite (Fegyy,), oxalate
(Feox), and Na-acetate (Fenaac)—representing labile Fe-oxides,
crystalline Fe-oxides, magnetite, and Fe-carbonate, respectively
(Kostka and Luther, 1994; Raiswell et al., 1994, 2010; Poulton
and Canfield, 2005). Using the same procedure as Hardisty
et al. (2016), care was taken during the extractions to prevent
artificial inflation of Fe-oxide phases via oxidation of Fe-sulfides
or modifications associated with powdering (Raiswell et al., 1994,
2010). Specifically, (1) samples were collected, sealed in bags with
N, headspace, and immediately frozen onboard IODP 347; (2)
only fresh and frozen samples were used for the Fe extractions;
(2) samples were not powdered; (3) sample exposure time to
the atmosphere was limited to minutes during initial weighing
and subsequent reagent additions; (4) all chemical reagents were
deoxygenated with N, for at least 15 min prior to addition
to the sample; (5) the headspace of each centrifuge tube was
replaced with N, prior to shaking during the extractions. All
Fe extracts were quantified via an Agilent 7500ce quadrupole
inductively coupled plasma-mass spectrometer (ICP-MS) at UC
Riverside following dilution with 0.3 M nitric acid. Separate sub-
sample duplicates and triplicates assessed for precision revealed
relative whole analysis standard deviations in most cases <0.01
weight % but in a few cases <0.05 weight %; we point out,
however, that heterogeneities are expected, as bulk samples were
not homogenized prior to taking a sub-sample for the sequential
Fe-extraction procedure.

Total carbon and total inorganic carbon (TIC) were
determined using an Eltra CS-500 carbon-sulfur analyzer at UC
Riverside. TOC was calculated by subtracting TIC from total

carbon. The standard reference material (SRM) AR4007 was
analyzed routinely, with values within the reported range of
7.32 £0.12 wt. %.

Trace metal contents of bulk sediment were determined
through a multi-acid digest procedure using dried samples which
were powdered and ashed at 450°C for site M0065 and 650°C
for site M0059 samples and then digested using trace metal
grade HE, HNO3, and HCI acids, with the residue solubilized as
the final step in 0.3 M nitric acid. The ashing temperature was
increased for site M0059 samples due to an insoluble residue only
observed when ashed at lower temperatures. Each batch of total
digests included an SRM for quality control. Total digests were
measured for major elements and trace elements via an Agilent
7900 quadrupole ICP-MS at UC Riverside using a multi-element
standard solution in a 0.3 M nitric acid matrix. SRMs NIST 2702,
USGS SCO-1, and USGS SGR-1 were digested and analyzed in
parallel with each batch of samples with all elements analyzed
falling within reported ranges.

Molybdenum isotope measurements were performed at the
Metal Geochemistry Center at Yale University, New Haven,
Connecticut, using the Neptune Thermo Scientific multicollector
ICP-MS (Asael et al., 2013, 2018). The 0.3 M nitric acid total
digest solution was evaporated and re-constituted in 7 M HCL
An aliquot of the acid split was spiked with a *”Mo-'Mo
double spike solution—prepared gravimetrically from Oak Ridge
Laboratory metal powders as previously described (Asael et al.,
2013, 2018)—according to the Mo concentration determined
previously via ICP-MS in order to maintain a constant sample-
to-spike ratio. This aliquot was also used for chromatographic
separation. A two-stage column procedure was applied for Mo
purification: the sample was run through an anion resin (AG-
MP-1M) to separate Mo and Fe from the matrix followed by
purification through a cation resin (AG50W-X8) to separate Mo
from any remaining Fe. Molybdenum isotope compositions are
reported using the § notation, where:

Mo =
[(*Mo/**Mo) s / ((*Mo/*Mo) g x 0.99975) — 1]
%1000, (1)

where §”Mo is calculated relative to NIST 3134 (Lot 130418)
with a value of —0.25%0 (Négler et al., 2014). A calibration of the
NIST standard relative to Rochester (Lot 862309E) gave:

BQSMOROCH = 898M0N15T3137 —0.32 + 0.12%, (2)

Duplicates (n = 6) of reference standard NOD-1 yielded
an average §’®Mo value of —0.63%0 and 1o of 0.18%o, similar
to previously reported values (Asael et al., 2013). Values for
Mo isotope measurements and associated error can be found
in Supplementary Tables 1, 2. Measured errors for individual
samples were <0.07%o but largely <0.04%q.
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Landsort Deep Sediments

The Fe extractions, elemental abundances, and Mo isotope
compositions from Landsort Deep were previously characterized
and reported in Hardisty et al. (2016) according to the same
methods described above for Lille Belt and Bornholm Basin. For
the current study, we used splits from specific eluents from the
Mo isotope chromatographic separation procedure in Hardisty
et al. (2016) to measure the Fe isotope composition of bulk
sediments. These procedures are described below. In the current
study, we also used the TRS and AVS fractions from Hardisty
et al. (2016) to determine and report the S isotope composition
of reduced sulfides.

Iron isotopes were analyzed for Landsort Deep bulk sediments
at the Metal Geochemistry Center at Yale University using
the Neptune Thermo Scientific multicollector ICP-MS. Total
digests and chromatographic separation for the measurement
of Mo isotopes (but not Fe isotopes) were already performed
for Hardisty et al. (2016) according to the same procedures
described in section “Lille Belt and Bornholm Basin Sediments”
for Bornholm Basin and Lille Belt sediments. For the present
study, we diluted the Fe fraction—separated during the Mo
purification procedure with AG-MP-1M resin during Hardisty
et al. (2016)—for measurement of Fe isotopes. Corrections
for instrumental mass discrimination were performed using
conventional sample-standard bracketing (Busigny et al., 2014),
and °Fe/>*Fe ratios are expressed in the standard delta notation
in per mil (%o) relative to IRMM-014 (Taylor et al., 1992):

8°Fe = [(56Fe/54]‘:e)sample / (56F€/54Fe)standard N 1] x 1000,
3)

We processed a FeCl, standard alongside the samples, which
has a reported value of —0.71 =+ 0.18%¢ (Teutsch et al,
2009), and report a mean value —0.62 & 0.12%0 (2SD), which
overlaps within error.

Sulfur isotopes of total reduced S (TRS) and AVS fractions
from Landsort Deep were measured at the University of
California Riverside. TRS and AVS concentrations, but not S
isotope compositions, were reported in Hardisty et al. (2016)
using the same technique of converting to ZnS described in
section “Lille Belt and Bornholm Basin Sediments” for sediments
at Lille Belt and Bornholm Basin. For the current study, we
used a chromium reduction to convert the ZnS from both AVS
and TRS [used for concentration determinations in Hardisty
et al. (2016)] to Ag,S using the same technique described in
section “Lille Belt and Bornholm Basin Sediments” for CRS but
by replacing the ZnAc trap with AgNOj;. The Ag,S precipitates
were then filtered, dried, and homogenized before weighing into
tin capsules with excess V,0s5. The 3*S/32S ratio for samples
were measured using a Thermo Delta V gas-source isotope-
ratio mass spectrometer coupled to a Costech 4010 elemental
combustion system via a ConFlo III interface for on-line sample
combustion and analysis. All sulfur isotope compositions are
reported in standard delta notation as permil (%o) deviation
relative to Vienna Canyon Diablo Troilite and were corrected
using replicate analyses of International Atomic Energy Agency
(IAEA) standards IAEA-S1 (—0.3%), IAEA-S2 (+22.65%0), and

IAEA-S3 (—32.5%0). Corrected values for IAEA standards are
all within reported ranges with TAEA-S1 of —0.3 % 0.47%0
(n = 16), IAEA-S2 of +22.7 4= 0.47%0 (n = 15), and IAEA-S3 of
—32.45 4 0.33%0 (n = 15). A total of 21 samples were analyzed in
duplicate or replicate for TRS and AVS, with the majority having
standard deviations <1.0%o; however, a few samples, particularly
those from the upper sapropel, had significantly larger standard
deviations. Given the robust observations between replicates
generally and the IAEA standards, we recommend that these
variations reflect real heterogeneities, as samples for AVS, TRS,
and Fe speciation were drawn directly from wet sediment that was
not pre-homogenized in order to limit pyrite and AVS oxidation
(Hardisty et al., 2016).

RESULTS

At Lille Belt (Figure 2), TOC is <1 wt. % from the bottom of
the core up to ~52 mcd, where TOC increases to 3.75 wt. % and
gradually increases up the remainder of the core (Figure 2B).
Superimposed on this increasing TOC trend are two sapropel
units at 51.2-44.6 and 7.7-5.9 mcd, with peak values of ~6.2
and 7.8 wt. %, respectively. Manganese concentrations show a
broad peak from 47.5 to 11 mcd, with values oscillating but
peaking as high as 1.5 wt. % (Figure 3C). “Highly reactive” Fe
is reported as the sum of Feays, Fepy, Feasc, Fegim, Feox, and
Fenaac. Because of the presence of significant Feays at Lille Belt,
we amend the typically reported Fepy/Fepr to include Feays,
thus (Fepy+Feavs)/Fenr. The Fer/Al ratios generally fall around
the Baltic detrital baseline of 0.65, and Feygr/Fer ratios are near
established thresholds for anoxic conditions but are generally
<0.5 (Figures 3D,E). The (Fepy+Feavs)/Fenr values oscillate but
remain <0.7 (Figure 3F). The Mo contents are <25 ppm, with
the exception of one sample with a concentration of 30.9 ppm
(Figure 3G). Molybdenum isotope values are between 40.18 to
+1.47%o throughout the sediment column (Figure 3H). We note
that trends and values in Mo concentration and Fe speciation
are similar to those of a previous study of the same core that
evaluated a separate sample set (van Helmond et al,, 2017). All
Lille Belt data are available in Supplementary Table 1.

At Bornholm Basin (Figure 3), TOC values are below 0.7 wt.
% from the bottom of the profile up to 12.75 mcd followed by
a steady increase up core throughout the remaining sediment
column (Figure 3B). There are two peaks between 12.3 and
8.3 mcd and 5.17 and 3.34 mcd to values of ~4.2 and 6.6 wt.
%, respectively. At Bornholm Basin, multiple anoxic indicators
fluctuate in association with the two sapropels with elevated
TOC (Figure 4). Manganese concentrations increase up core
exclusively from 9.8 to 6.6 mcd (Figure 3C). The Fer/Al ratios
are generally at or below a baseline of <0.65 other than within
the two intervals where TOC peaks (Figure 3D). Within these
upper and lower sapropels, the Fer/Al values increase to 0.69
and 0.90, respectively. Other than within the sapropels, the
Fepr/Fer ratio generally stays below 0.38 (Figure 3E). Feays
was not found to be a significant component (<0.01 wt. %)
at Bornholm Basin and was not measured for all samples,
but we still maintain the (Fepy+Feays)/Feyr nomenclature
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FIGURE 2 | Lille Belt (M0059). (A) The abundance of freshwater versus salinity tolerant diatoms [Andrén et al., 2015a; also see Kotthoff et al. (2017) and Warnock
et al. (2020) for more detailed reconstructions], (B) total organic carbon, (C) manganese, (D) iron-to-aluminum, (E,F) Fe speciation, (G) molybdenum concentrations,
and (H) molybdenum isotopes. The Medieval Climate Anomaly and Holocene Thermal Maximum are highlighted with the horizontal gray bars based on the
geochronology from van Helmond et al. (2017) for MOO59. Vertical dashed lines for Fet/Al, Fenr/Fer, and (Fepy+Feays)/Fenr note thresholds for anoxia, euxinic and
ferruginous conditions discussed in the main text.

for simplicity when comparing between the other cores. The
Feyr/Fer values increase to 0.62 and 0.43 in the lower and
upper sapropel, respectively. Notably, there is a muted Fepggr/Fer
peak up to 0.43 at 8.1 mcd that is outside of the two main
increases in TOC but that overlaps with distinct minima in
each (Fepy+Feavs)/Feyr and Mo concentration and the main
peak in Mn concentrations. Values for (Fepy+Feavs)/Fenr are
below 0.2 from the bottom of the profile to 10.3 mcd, where
values begin to increase to >0.7 for most of the overlying
sequence (Figure 3F). Molybdenum concentrations are generally
<2 ppm from the bottom of the profile to near 9.8 mcd
(Figure 3G). Above 9.8 mcd, Mo concentrations increase but
stay below 27 ppm. Molybdenum isotope values range from
—0.29 to +1.04%o but are distinctly more positive from 6.54 to
3.85 mcd (Figure 3H). All Bornholm Basin data are available in
Supplementary Table 2.

A previously published study from the Landsort Deep includes
the Fe speciation and Mo concentration and isotope data shown
in Figures 4A-H (Hardisty et al., 2016), which are included
here for comparison to data discussed in sections “Lille Belt
Paleoredox” and “Bornholm Basin Paleoredox” for the southern
Baltic sub-basins. The new Fe and S isotope data are shown in
Figures 41,]. Iron isotope data from bulk sediments range from
—0.12 to +0.46%0 and show distinct negative excursions within
the sapropel units, along with corresponding increases in Fer/Al,
Fepr/Fer, and (Fepy+Feays)/Feyr and other redox-sensitive
indicators. The S isotope data from TRS and AVS fractions are
displayed together in Figure 4I and show overlapping trends. All
new Fe and S isotope data from Landsort Deep are available in
Supplementary Tables 3, 4, respectively.

The pore water dissolved Fe profiles are shown from Lille
Belt, Bornholm Basin, and Landsort Deep in Figure 5. These
data are also reported in the IODP Expedition 347 Reports

(Andrén et al., 2015a,b,c) and used as part of detailed diagenetic
models in Egger et al. (2017) and Dijkstra et al. (2018a).

DISCUSSION

Our data reveal multiple geochemical transitions in each core
consistent with spatiotemporal redox variations associated with
increases in organic carbon content. The previous studies
discussed and cited in the next section have noted similar changes
in organic carbon content at these sites and even in the same
IODP cores. In combination with changes in diatom assemblages
and other proxies, these past studies provide some context for
the relative timing of each of these transitions and hence a
more comprehensive reconstruction of spatiotemporal redox
variations in the Baltic Sea. These previous studies are discussed
below as context for our new results.

Salinity Transitions and Correlations

Between Sub-Basins

The combination of carbon and diatom records from this and
past studies indicates periods of variable salinity and organic
matter preservation, which were already well known from the
Baltic. These intervals and horizons are markers that can be
used to correlate syndepositional periods and events among
the sub-basins. The Lille Belt, Bornholm Basin, and Landsort
Deep show a systematic shift in diatom assemblage marking
the transition from lacustrine to brackish/marine water column
conditions—that is, the Ancylus Lake to Littorina Sea transition
(Figures 2A, 3A, 4A; Sohlenius et al., 2001; van Wirdum
et al., 2019; Warnock et al., 2020). The Initial Littorina Stage,
the transition period between the lacustrine Ancylus Lake and
brackish Littorina Sea, lasted from ~9.8 to 8.5 ka and is
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FIGURE 3 | Bornholm Basin (M0O065). (A) The abundance of freshwater versus salinity tolerant diatoms (Andrén et al., 2015b), (B) total organic carbon, (C)
manganese, (D) iron-to-aluminum, (E,F) Fe speciation, (G) molybdenum concentrations, and (H) molybdenum isotopes. The Medieval Climate Anomaly and
Holocene Thermal Maximum is highlighted with the horizontal gray bar but is shaded upward to highlight uncertainty in locating the end of the HTM due to a lack of
chronological constraints. Vertical dashed lines for Fer/Al, Fepr/Fer, and (Fepy+Feays)/Ferr note thresholds for anoxia, euxinic and ferruginous conditions
discussed in the main text. Note that the axis label in part F includes Feays in the numerator for simplicity and uniformity when comparing results between sites in the
text, but that—as discussed in the results—Feays was negligible in a sample survey from site MO065 and was therefore was not measured in all samples.
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FIGURE 4 | Landsort Deep (M0O063). (A) The abundance of freshwater versus salinity tolerant diatoms [Andrén et al., 2015¢; also see van Wirdum et al. (2019) for
more detailed reconstructions], (B) total organic carbon, (C) manganese, (D) iron-to-aluminum, (E,F) Fe speciation, (G) molybdenum concentrations, (H)
molybdenum isotopes, (I) iron isotopes, and (J) sulfur isotopes. The Medieval Climate Anomaly and Holocene Thermal Maximum are highlighted with the horizontal
gray bars based on the geochronology from van Wirdum et al. (2019) for MOO63. Vertical dashed lines for Fet/Al, Feyr/Fer, and (Fepy + Feays)/Feqr note thresholds
for anoxia, euxinic and ferruginous conditions discussed in the main text. Geochemical data other than Fe and S isotopes come from Hardisty et al. (2016).
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FIGURE 5 | The pore water Fe concentrations from each (A) Lille Belt, (B) Bornholm Basin, and (C) Landsort Deep. Data come from the IODP 347 Expedition
Report (Andrén et al., 2015a,b,c; Egger et al., 2017). The dashed line from each site marks the horizon in the profile with the first indications of pore water sulfide
accumulation, as constrained from Mo concentrations and (Fepy+Feays)/Fenr. In each case this occurs near the transition from the Ancylus Lake (AL) to the Littorina
Sea (LS) noted from salinity-tolerant diatoms. Note the variations in the scale of the x-axis between these figures.

characterized by pulses of saline waters input into the Baltic
Basin (Sohlenius et al., 2001; Bjorck et al., 2008; Andrén et al,,
2011). The shift to sedimentary Mo concentrations >2 ppm
(detrital values) alongside the increases in (Fepy+Feavs)/Feyr
at each site at this transition in phase with the increases
in TOC reflects accumulation of sulfide in the pore water
(Figures 2EG, 3EG, 4EG). Sulfide build up, in turn, was related
to input of saline water and associated sulfate into the basin
during the Initial Littorina Sea. The overlying interval where
salinity-tolerant diatoms become relatively more abundant marks
the onset of the Littorina Sea and the brackish conditions that
still exist today (Sohlenius et al., 2001; van Wirdum et al., 2019;
Warnock et al., 2020). This transition occurred 7500-7150 BP at
Lille Belt (Kotthoff et al., 2017; Warnock et al., 2020).

Notably, there are peaks in TOC observed in each of the
three cores. The lowermost peak can be linked to the HTM
(Figures 2B, 3B, 4B), lasting from 8 to 4 ka (Jilbert and
Slomp, 2013; Dijkstra et al., 2016; Hardisty et al., 2016; van
Helmond et al., 2017). The HTM was marked by relatively
higher temperatures and higher sea level and reduced freshwater
input relative to today, likely representing the most saline period
in the Baltic Sea since the LGM (Gustafsson and Westman,
2002; van Wirdum et al., 2019; Ni et al., 2020; Warnock et al.,
2020). These factors likely contributed to the onset of anoxia
observed during this interval (Papadomanolaki et al, 2018).
Importantly, the HTM in the Bothnian Sea has been linked to
more restricted conditions and widespread euxinia leading to
the drawdown of Mo from the water column (Jilbert et al., 2015;

Dijkstra et al., 2018b) thus, our Mo isotope data can be used to
assess the potential of a syndepositional phenomenon in the
southern Baltic sub-basins.

A secondary peak in TOC observed at Lille Belt (Figure 2B)
and Landsort Deep (Figure 4B; Dijkstra et al., 2016, 2018a;
Hardisty et al., 2016) is contemporaneous with the MCA (1.2-
0.8 ka) and has been observed previously in both Fir6é and
Gotland Deeps (Jilbert and Slomp, 2013). Enhanced productivity
and organic carbon burial during this interval occurred with
warmer sea surface temperatures (Kabel et al., 2012; van Wirdum
et al,, 2019), all of which likely contributed to de-oxygenation
during the MCA (Papadomanolaki et al., 2018).

Lille Belt Paleoredox
Individually, the paleoredox proxies at Lille Belt are not
particularly diagnostic but together provide support for at
least episodically manganous/ferruginous conditions with sulfide
likely limited to the pore fluids. For example, intermittent
laminations are observed, which are consistent with low oxygen
conditions that persisted at least seasonally and largely excluded
benthic fauna (Andrén et al., 2015a), a condition similar to
that observed today (Figure 1). It is possible that low oxygen
conditions excluded infaunal habitation outside of the laminated
regions, but either seasonal or episodic returns to oxygenated
conditions (e.g., MBIs) permitted burrowing and overprinting of
laminations in these zones.

Geochemical evidence for at least intermittent anoxia comes
from Fer/Al and Feyr/Fer values near or at thresholds associated
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with anoxia. We note that elevated Fer/Al and Feygr/Fer ratios
are a robust indicator of anoxic water columns supporting
dissolved iron or hydrogen sulfide accumulation. Low water
column oxygen levels but lacking sulfide and/or elevated
dissolved Fe have not been shown to support increases in Fe
proxy values (Hardisty et al., 2018). Our (Fepy+Feavs)/Feur
ratios are below the threshold interpreted for euxinia (Raiswell
and Canfield, 1998), suggesting ferruginous conditions. Indeed,
the persistence of significant non-subsidized “highly reactive”
Fe, relatively high Feays (indicating incomplete conversion to
pyrite; Berner et al., 1979; Hurtgen et al., 1999), and elevated
pore water Fe up to 250 pM throughout the Holocene profile
are all consistent with a sulfide-limited system and episodically
ferruginous waters. However, while sulfide accumulation in
the water column was transient, if present at all, one factor
likely contributing to incomplete diagenetic pyrite formation
in sediments, even if sulfide was accumulating in pore waters,
is the particularly elevated sedimentation rates at Lille Belt
(0.66 cm/year; van Helmond et al.,, 2017). Specifically, elevated
sedimentation rates can limit the residence time of “highly
reactive” Fe minerals such as magnetite and other Fe-oxides in the
sulfidic zone relative to the timescales that these minerals react
with sulfide to form pyrite (Boesen and Postma, 1988; Canfield
etal.,, 1992; Hurtgen et al., 1999; Riedinger et al., 2017).

The Mo concentrations and isotope data support the potential
for anoxia with sulfide accumulation limited to sedimentary
pore fluids. The Mo concentrations are elevated above detrital
levels. These concentrations and the Mo isotope range of +0.18
to +1.47%¢ are comparable to values observed in low oxygen
basins where sulfide is restricted to sedimentary pore fluids. For
example, the California Borderland Basins, which exhibit variable
degrees of low oxygen conditions, have low Mo enrichments
and are characterized by Mo isotope values >0.5%0 but less
than seawater (Poulson Brucker et al, 2009). However, the
geochemical signature most diagnostic of episodic transitions
between oxygenated and likely manganous conditions is the
elevated Mn observed throughout the majority of the post-ILS
profile. Manganous conditions are documented in the modern
Baltic Sea (up to 40 pM Mn in some studies; Dellwig et al., 2018).
The water column dissolved Mn is oxidized and returned to
sediments during oxygenation events related to seasonal activities
or MBIs (Dellwig et al., 2010, 2018; Hermans et al., 2019). The
1.5 wt. % Mn observed in Lille Belt sediments is not as high as
concentrations found in some Baltic-proper deeps (e.g., Landsort
Deep, Figure 5), but Lille Belt Mn levels are elevated relative to
sediments without episodic oscillations between manganous and
oxygenated conditions (Calvert and Pedersen, 1996).

Importantly, our dataset indicates that conditions more
reducing than those present today, specifically euxinia, did not
exist throughout the Holocene at Lille Belt, even during the MCA
and HTM. Specifically, the Fe speciation and Mo concentration
proxies do not show excursions significantly above the thresholds
clearly associated with euxinic conditions during any specific
intervals. Further, the Mo isotope signatures remain well below
that of Baltic seawater and hence provide strong evidence for
Fe-Mn oxides as the main source of Mo to the sediments and
hence evidence against any widespread and persistent euxinic

conditions, which might otherwise have drawn down water
column Mo and limited its accumulation in sediments—as has
been interpreted in the Bothnian Sea during the HTM (Jilbert
et al., 2015; Dijkstra et al., 2018b).

Bornholm Basin Paleoredox

The Fe and Mo sedimentary geochemical records at Bornholm
Basin provide evidence for multiple paleoredox shifts associated
with the Initial Littorina Sea and HTM. We first propose that
the observed Fe and Mo data from the ILS at Bornholm Basin
(Mo < 25 ppm, 8*Mo~—0.5%0, Fer/Al > 0.65, Feyr/Fer > 0.38,
and (Fepy+Feays)/Fepr > 0.7) reflect anoxia but with hydrogen
sulfide largely restricted to pore waters with only transient water
column sulfide accumulation (Figure 3). The observed negative
Mo isotope values and minor sedimentary Mo enrichments are
most consistent with either: (1) molybdate to thiomolybdate
transformation under conditions with low or intermittent water
column sulfide or (2) sedimentary delivery of Mo via Fe and Mn-
oxides and sequestration in sulfidic pore fluids—or both. Both
processes yield Mo isotope fractionations up to —3%o (Barling
et al., 2001; Wasylenki et al., 2008; Goldberg et al., 2009), which
could explain why our values are fractionated by nearly 2.9%o
relative to seawater. Importantly, both euxinic conditions and
Fe-oxide deposition could cause enrichments in Feyr/Fer and
Fer/Al relative to detrital inputs. Although the combination of
(Fepy+Feavs)/Feyr > 0.7 and elevated Feygr/Fer and Fer/Al
is typically diagnostic of euxinia, the exceptional delivery of
“extra” “highly reactive” Fe as Fe-oxides to the sediment could
react with pore water sulfide to form pyrite and other Fe
sulfides, post-depositionally elevating (Fepy+Feavs)/Fepr. Such
conditions would reflect periodic or episodic oxidation of an Fe-
rich water column with delivery of oxides to organic-rich and
sulfidic sediments. While post-depositional increases in Fer/Al
and Feyr/FeT have not been documented in modern sediments,
post-depositional formation of pyrite and associated increases in
(Fepy+Feavs)/Fenr have been observed in sediments underlying
oxic water columns from many localities, including the FOAM
site in Long Island Sound (Canfield et al., 1992; Hardisty et al.,
2018) and oxic portions of the Black Sea Shelf (Wijsman et al.,
2001a), providing precedence for this possibility. While it is
difficult to distinguish between these interpretations, anoxic and
weakly or intermittently euxinic settings commonly overlap,
thus making a single environmental assignment difficult. Indeed,
the modern Bornholm Basin water column is characterized by
intermittent anoxia and sulfide accumulation (Figure 1).

An important additional consideration for the increases
in Fer/Al and Fepg/Fer specifically at the ILS-Littorina Sea
Boundary at Bornholm Basin and other sub-basins is the
potential for pore water Fe migration from adjacent sediments
layers (Berner, 1969; Boesen and Postma, 1988). The latter
is often associated with juxtapositions of organic-lean and
organic-rich sediment layers, such as sapropels, and can also
reflect sulfate-poor and sulfate-rich pore waters marking a
transition from non-marine to marine deposition. Indeed,
secondary Fe enrichments may be important at Bornholm Basin
(as well as other Baltic sub-basins; e.g., Landsort Deep and
Lille Belt), which contains elevated pore water dissolved Fe

Frontiers in Earth Science | www.frontiersin.org

May 2021 | Volume 9 | Article 671401


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Hardisty et al.

Baltic Sea Holocene Spatiotemporal Redox

concentrations in Ancylus Lake sediments that sharply decrease
at the ILS boundary when the basin becomes brackish (Figure 5).
Specifically, it is possible that the diffusion of underlying Ancylus
Lake pore water Fe to the overlying sulfidic Littorina pore waters
caused post-depositional Fe enrichments which are independent
of water column redox conditions (Boesen and Postma, 1988;
Dijkstra et al, 2018a). In order to account for upward Fe
diffusing into sulfidic sediments and its potential authigenic Fe
contribution to Fer/Al, we use FicK’s first law of diffusion, as
applied to sediments (Berner, 1980), to calculate Fe,,, at the AL-
ILS transition at Bornholm Basin, Lille Belt, and Landsort Deep
(Eqs 4, 5).

= —¢D, ¢ (4)
- (p S AZ’
]
Feauth = > (5)
wp

where ¢ is the porosity, Dy is the diffusion coefficient for Fe2t (Li
and Gregory, 1974), ACis the change in pore water concentration
across the sulfide interface, AZ is the depth interval from which
AC is measured (yielding the gradient), w is the sedimentation
rate, and p is the sediment density. In our calculation, we
model the mass flux (J) of Fe across the redox front from the
Ancylus Lake to overlying sulfidic pore fluids, assuming complete
precipitation of pore water dissolved Fe as Fe sulfides. The mass
flux can then be used, in combination with the sediment density
(p), porosity (¢), sedimentation rate (), and the minimum Al
concentration among samples with observed elevated Fer/Al
(which amplifies our calculated Fer/Al to the maximum extent)
to estimate a potential range of authigenic Fer/Al enrichments.
All values are given in Table 1.

In all cases considered, calculations suggest that the observed
Fer/Al cannot be entirely explained by upward Fe migration into
sulfidic sediments (Figure 6). Specifically, the calculations show
the potential for similar post-depositional enrichments in Fer/Al
at all three basins. Importantly, however, upward Fe migration
cannot account for the full observed Fer/Al enrichments at the
ILS-Littorina Sea Boundary at Bornholm Basin or Landsort Deep.
We also highlight that we chose conservative values for variables
in our calculations which would most likely overestimate any
authigenic contributions to Fer/Al The conservative nature of
our estimates is highlighted by the calculated Fe,,,;, flux increases

TABLE 1 | Values and associated sources for calculations shown in Figure 6.

AC (mM)? p (g/cm3)® ¢P o (cm/s) Almin (Wt.%)Y D (cm?/s)
Lille Belt 1.70 0.75 0.8 0.66° 4.9 5.268 x 1076
Bornholm 0.98 1.5 0.8 0.21° 7.5 5.268 x 1076
Basin
Landsort 0.56 0.8 0.8 0.12° 3.8 5.268 x 1076
Deep
aFigure 5.

bAndrén et al., 2015a,b,c.

CMort et al., 2010.

dSuppIementary Tables 1, 2; Hardisty et al., 2016.
€van Helmond et al., 2017.

in Fer/Al by ~0.11 at Lille Belt, a location where no significant
increases in Fer/Al are observed through the whole profile.
This conclusion ultimately implies that a substantial portion, if
not the majority, of the observed Fer/Al enrichments at both
Bornholm Basin and Landsort Deep in the period following
Ancylus Lake deposition likely result from primary water column
redox dynamics and the associated Fe shuttle, thus permitting
interpretation related to water column redox variations.

Further up in the profile beyond the ILS boundary, a
sharp increase in TOC concurrent with an increase in Fer/Al,
Feyr/Fer, Fepy/Feyr, and Mo within the sapropel at Bornholm
Basin at ~5 mcd (Figure 3) indicates a brief interval of
likely intermittent euxinic conditions. The Mo concentration
approaches the 36 ppm Mo found in modern Bornholm Basin
sediments, which underlie an episodically euxinic water column
(Mort et al.,, 2010) and is similar to that of some other localities
with episodic euxinia (Scott and Lyons, 2012; Hardisty et al.,
2018; Scholz et al., 2018). Lastly, we note that Mo isotope
values for this interval—which gradually increase from the ILS
within the HTM—are the most positive recorded in the entire
profile (approaching +1.6%0; Figure 3H). These relationships
and heavier Mo isotope signatures are opposite the trend
expected for an interval with a prominent oxide-delivered Mo
flux to the sediments, as both Mn and Fe oxides fractionate
Mo isotopes to more negative values by up to 2.9%0¢ (Barling
et al., 2001; Wasylenki et al., 2008) and 2.2%o (Goldberg et al.,
2009), respectively. A non-oxide origin for the sedimentary Mo
from this interval is also supported by a lack of Mn enrichments
(Figure 4C). Instead, the Mo isotope values are in a range
consistent with sulfide concentrations <100 WM and/or sulfide
accumulation for only short timescales, both which exert a
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FIGURE 6 | Comparison of observed (filled) and calculated authigenic (open)
Fet/Al enrichments at Lille Belt (LB), Bornholm Basin (BB), and Landsort Deep
(LD). Observed Fet/Al enrichments represent the maximum from the interval
directly overlying the Ancylus Lake-Littorina Sea transition relative to a detrital
baseline of 0.65 (Fehr et al., 2008). Maximum pore water Fe concentrations
come from the highest values generally observed in the Ancylus Lake (AL)
sediments and represent AC in Eq. 5.
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fractionation factor during only partial conversion of molybdate
to tetrathiomolybdate (Azrieli-Tal et al., 2014), a condition
observed in euxinic portions of the Landsort Deep today and in
the recent past (Neubert et al., 2008; Noordmann et al., 2014;
Hardisty et al., 2016). Alternatively, the Mo isotope values also
approach the +1.6%o that is often observed in continental margin
settings with low oxygen bottom waters and sulfidic pore waters
(Poulson Brucker et al., 2009). Although these independent
elemental and isotopic data sets yield multiple interpretations, the
combined proxies point to a system that was at least episodically
anoxic with likely intermittent accumulation of water column
sulfide at low levels.

Landsort Deep Paleoredox

Previously published Fe and Mo data from Landsort Deep data
are distinct from those of Lille Belt and Bornholm Basin and
have been interpreted to support variable degrees of euxinic
conditions associated with both the HTM and MCA (Figures 4, 6;
Dijkstra et al., 2016; Hardisty et al., 2016; Zhou et al., 2017).
Similar conditions have also been interpreted for other Baltic
Proper sub-basins, albeit in the absence of Mo isotope data
(e.g., Gotland Deep and Far6 Deep). Importantly, however, the
Landsort Deep Mo isotope signatures are highly fractionated
from seawater (Figure 4H), indicating some combination of
two sources of Mo to the sediments: (1) low or intermittent
water column sulfide accumulation inducing large Mo isotope
fractionation factors during the formation of thiomolybdate
species and (2) sedimentary Mo deposition with Mn- and
Fe-oxides. While overlapping isotope fractionations limit our
ability to isolate a specific mechanism for Mo deposition, the
combined proxies point to cycles of intermittent/weak euxinia
interrupted by MBIs driving dissolved Fe-Mn oxidation and
oxide deposition, as is observed at Landsort Deep other Baltic-
proper deeps today (Dellwig et al., 2018). Our new Fe isotope
data from bulk sediment from Landsort Deep support previous
indications of anoxic water column conditions as a source
for the observed Fe enrichments, while new S isotope data
(3%4S1Rs) for total reducible S (CRS and AVS) indicate that water
column sulfide accumulation beyond transient levels may have
been more limited.

The Fe isotope data range from —0.12 to +0.46%o (Figure 4I),
with excursions to the most negative values in intervals
with elevated Fer/Al, Feyr/Fer, (Feavs+Fepy)/Fenr, and Mo
indicative of euxinia during the MCA and HTM (Figure 4).
A previous study evaluating Fe isotope data from Gotland
Deep determined an average value for sediments associated
with the Baltic Ice Lake of +0.08 4 0.13%0, which provides
a baseline for the detrital flux (Fehr et al., 2008). Sedimentary
Fe enrichments are attributed to shelf-to-basin transport of Fe
following repeated cycles of Fe-oxide formation, dissolution in
anoxic sediments, benthic fluxes from the shelf, and sequestration
in anoxic environments as pyrite—i.e., the Fe shuttle (Lyons
and Severmann, 2006; Severmann et al.,, 2008, 2010; Dellwig
et al., 2010; Scholz et al.,, 2014b,c). The reductive dissolution
of Fe oxides favors the light isotopes and results in progressive
enrichment of lighter isotope signatures in benthic fluxes
along shelf-to-basin transects (Severmann et al., 2010). Under

euxinic conditions or events supporting large-scale oxidation
of isotopically light reduced Fe (e.g., MBIs), these light Fe
isotope signatures are sequestered into the sediments. While
our study evaluated bulk rather than mineral-specific iron, the
(Feavs+Fepy)/Fepr ratios support that pyrite is the largest Fe
fraction during sapropel deposition. Consistent with the Fe
shuttle model, the most negative Fe isotope values relative
to detrital baselines are within the sapropels, which provides
support—alongside that of elevated Fepr/Fer and Fer/Al—for
anoxic conditions at Landsort Deep maintaining elevated Fe
fluxes to the sediments. Iron isotope values for Gotland Deep
show similar negative excursions during intervals with Fer/Al
and Mo enrichments typically indicative of euxinia (Fehr et al.,
2008, 2010). Importantly, the Fe isotope signatures alone cannot
discern the degree to which the Fe flux at Landsort Deep was
associated with syngenetic pyrite formation versus pyritization of
Fe-oxide fluxes associated with either MBIs or Fe oxidation at the
chemocline. Both of these processes could explain the elevated
Feyr/Fer, (Feavs + Fepy)/Fepr, and Mo concentrations and the
highly fractionated Mo isotope values during the HTM and MCA.

We note that the most positive Fe isotope values at Landsort
Deep near 0.4%o exceed that of the Baltic detrital baseline
presented by Fehr et al. (2008) of 0.08 & 0.13%¢ and are higher
than the most positive values found in Littorina Sea sediments
from the same study. Importantly, with the exception of one
value of 0.39 + 0.1%o at 21.3 mcd, the most positive Fe isotope
values at Landsort Deep are generally found outside of sapropel
deposition. While trapping of isotopically light dissolved Fe as
pyrite provides an explanation for the relatively negative Fe
isotope values within the sapropels, we note that the downcore
trends may be exacerbated by diagenetic trends in Fe-mineral
dissolution resulting in more positive values in the intervening
intervals. Specifically, the intervals outside of the sapropels
have substantial pore water Fe accumulation (up to ~250 wM;
Figure 5C) and Fe speciation evidence most consistent with
sulfide limitation in the pore waters (Fepy+Feays/Fepr < 0.7;
Figure 4]). The dissolution of Fe oxides and accumulation of
dissolved Fe in sulfide-limited pore waters represents the most
likely explanation for these trends. This implies the preferential
release of isotopically light Fe to the pore waters, which
would have the impact of distilling the remaining sedimentary
Fe isotopes, such as that measured in this study, to more
positive values. Ultimately, these downcore shifts between higher
and lower Fe isotope values may be best explained by the
combination of trapping of isotopically light dissolved Fe as
sulfides during periods of euxinia or elevated pore water sulfide
accumulation which are then juxtaposed against adjacent Fe-
dominated intervals favoring release of isotopically light Fe to the
pore waters and water column.

The S isotope data support the likelihood that much of the
elevated Fe flux to the sediments during anoxic intervals was
pyritized in the sediments and not the water column. The §**Sgs,
ranging from —4.3 to +16.7%o, with an excursion to the most
positive values during the HTM and MCA (Figure 4J), are more
negative than that of sulfate in the modern Baltic Sea (420.5%0;
Bottcher and Huckriede, 1997). This relationship is consistent
with negative S isotope fractionations during microbial sulfate
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reduction to sulfide (Goldhaber and Kaplan, 1974; Habicht and
Canfield, 2001); however, the observed 8>*Stgs range is generally
more positive than that found in euxinic basins (e.g., Black
Sea; Lyons, 1997) and relative to the range observed for total
reduced sulfur from a sediment core capturing the Holocene in
the shallower (~250 m), Eastern Landsort Deep (—27 to —40%;
Bottcher and Lepland, 2000). Sulfur isotope fractionations during
sulfate reduction in pure cultures typically range up to 46%o
(Chambers and Trudinger, 1979) but can be as high as 70%o
(Rudnicki et al., 2001; Wortmann et al., 2001; Sim et al., 2011).
The generally more positive 3*4S values found at Site M0063
compared to other portions of the basin and the excursion
to more positive 83*Stps values specifically during sapropel
deposition point to non-steady steady diagenetic conditions or
sulfate limitation in sedimentary pore fluids rather than changes
in the 334S of Baltic Sea sulfate. This ultimately implies that the
elevated (Fpy+Feavs)/Feyr ratios likely reflect processes at or
below the sediment-water interface.

An increased flux of syngenetic relative to diagenetic pyrite
under euxinic conditions is unlikely to explain the observed
heavier pyrite 3*4S values during the HTM and MCA at Landsort
Deep. While no sulfur isotope data exist for dissolved sulfide or
reduced S fractions in the modern Landsort Deep water column,
a large isotope fractionation is expected for pyrite formed in
an open system (up to —60%o in the modern Black Sea; Fry
et al,, 1991; Lyons, 1997). Relatively positive S isotope values are
instead typically observed in diffusion-dominated pore waters
where a reservoir effect (Rayleigh fractionation) allows for pore
water sulfate S isotope values and associated sulfide and thus
pyrite to become enriched in 3*S relative to seawater during
sulfate reduction as sulfate concentrations become limiting at
depth (Hartmann and Nielsen, 2012). Frequently these trends
are associated with subsurface peaks in rates of microbial sulfate
reduction at sulfate-methane transition zones at depth, with the
resulting sulfide from pore water sulfate reduction, and hence
pyrite, becoming relatively enriched in 34S (Jorgensen et al., 2004;
Borowski et al., 2013; Lin et al., 2016; Riedinger et al., 2017).
At M0063, methane was detected in the uppermost sediments
sampled (~1.6 mcd), and sulfate was below detection throughout
the Holocene sediments outside of samples with indications of
likely seawater contamination during drilling (Egger et al., 2017).
Given the shallow sulfate-methane transition zone observed
today, this SMT location was likely similar or even shallower
during the MCA and HTM when TOC values were as high as
8 wt. %. Under such conditions, depletions in pore water sulfate
concentration coupled with increases in the S isotope signature of
the sulfate and sulfide may have occurred near or at the sediment-
water interface, reacting with high concentrations of “highly
reactive” Fe supplied during the MCA and HTM. This would
result in elevated Feyr/Fer and post-depositional increases in
(Fepy+Feavs)/Fenr. Alternatively, other unconstrained factors,
such as an increase in sedimentation rate or an increase in sulfate
reduction rate related to increased organic carbon availability are
also known to decrease S isotope fractionations and hence the
334S1Rrs compositions in sediments relative to overlying seawater
(Maynard, 1980; Leavitt et al., 2013; Pasquier et al., 2017).
However, if applicable, these processes still point to diagenetic

origins for the variations in 8*Stgs in the Holocene sediments.
In addition to the previously observed Mo isotope fractionations
and Fe-Mn data, these new 84S data further indicate that sulfide
was mostly restricted to the pore water at or below the sediment-
water interface, resulting in diagenetic pyrite formation. This
likelihood suggests that the MBIs and resulting oxidation of
previously reduced Fe-Mn might have been the main source of
Fe, Mn, and perhaps even Mo to the sediments.

Baltic Paleoredox Summary
The occurrence of ancient intervals of anoxia in the Baltic
have long been known (Manheim, 1961; Suess, 1979; Sohlenius,
1996; Sohlenius et al., 1996, 2001; Sternbeck and Sohlenius,
1997, Lepland and Stevens, 1998; Sohlenius and Westman, 1998;
Zillén et al., 2008), and recent studies have together constructed
an increasingly detailed and quantitative understanding of the
spatiotemporal variations and drivers of ancient anoxia (Mort
et al., 2010; Jilbert and Slomp, 2013; Jilbert et al., 2015; Lenz
et al,, 2015a,b; Hardisty et al., 2016; Dijkstra et al., 2018a,b;
Groeneveld et al., 2018; van Helmond et al., 2018). Our study
builds on this established context by providing constraints on the
specific paleoredox conditions of individual sub-basins during
the Holocene. While each of the investigated sub-basins in
this study show already well-known and similar changes from
lacustrine to brackish—as indicated by increases in TRS/TOC
ratios (Berner and Raiswell, 1984; Figure 7A)—and increases in
TOC associated with previously established Baltic anoxic events
during the HTM and MCA, our new data contribute to growing
evidence that redox conditions among the sub-basins as well as
between events within a given sub-basin were distinctly different.
Specifically, we emphasize that, in contrast to that found in
the Baltic Proper and Bothnian Sea, there is little-to-no clear
evidence for ancient euxinia beyond transient events in the Lille
Belt and Bornholm Basin sub-basins of the southern Baltic.
This assertion is supported by comparison of (Fepy+Feays)/Fenr
versus Feygr/Fer and Mo versus TOC for these sub-basins relative
to Landsort Deep (Figures 7B,C), which show a clear contrast.
Additionally, our study provides strong evidence against
widespread euxinic conditions with stable sulfide concentrations
>100 wM within even the central sub-basin, Landsort Deep—in
contrast to the Bothnian Sea during the HTM. Instead, there is
specific evidence that euxinia at Landsort Deep was likely isolated
and limited to low and intermittent sulfide concentrations: (1) the
combined Mo and Fe speciation data indicate the likelihood that
water column Mo concentrations did not become depleted due to
large-scale transfer to the sediment during intervals where sulfide
accumulated in individual sub-basins; (2) the Mo isotope data
from the Landsort Deep are all highly fractionated from seawater,
which is inconsistent with conditions that were stably euxinic
(Figure 7D); (3) S isotope evidence that diagenetic pyrite may
be an important contribution to the (Fepy+Feavs)/Fenr trends
at Landsort Deep. We note that minor seawater Mo drawdown
is observed in the modern Baltic related to a combination of
burial under euxinic conditions and in association with Fe-Mn-
oxides (Noordmann et al.,, 2014), and similar conditions may
have occurred previously but cannot be resolved with our proxies.

Frontiers in Earth Science | www.frontiersin.org

May 2021 | Volume 9 | Article 671401


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Hardisty et al.

Baltic Sea Holocene Spatiotemporal Redox

A
25 T T T r
>
2
» 4F E
g ¢ e
3 3r /,3\(\6_
P
2 /N\b
% o /(\0
92 ¥ ¢
o 0
1t /AO& N o ]
E & o ® o i‘**ﬁ *
|2 O{W' Sl 4 * 1 1
0 2 4 6 8 10

0 2 4 6 8
Total organic carbon (wt%)

10

FIGURE 7 | Data comparisons between Lille Belt (LB), Bornholm Basin (BB), and Landsort Deep (LD). (A) Comparison of total inorganic sulfur and total organic
carbon. The dashed line is the typical ratio found for marine and estuarine systems (Berner and Raiswell, 1984). (B) Comparison of Fe speciation. The red and purple
shaded field represent that previously established for ferruginous and euxinic conditions (Raiswell et al., 2018). (C) Comparison of Mo and total organic carbon, with
a comparison of slopes observed at modern localities with known Mo-TOC relationships (Boning et al., 2004; Algeo and Lyons, 2006; Scholz et al., 2014a).

(D) Comparison of ranges in Mo isotope compositions for each site. The blue vertical line shows the median Mo isotope value for Baltic seawater (Noordmann et al.,
2014). The modern Gotland Deep (GD) and Landsort Deep sediment Mo isotope data come from Noordmann et al. (2014) and Neubert et al. (2008).

B
1 T Q 4 T T
o o o !
o%” o i
e« 0.8F o QL0
o f‘)’ *
L O Py
3 067 . SN0 :
g g5
+ 04r <% *s E
IEQ . 1
w Lo ]
0.2 S (;;0 o
&h *
0 LS m 1 1 1
0 0.2 0.4 0.6 0.8 1
FeHR/FeT
D
d L vlv T L] T LD I
modadern . LB I
- o BBI
M0063 v GDI
| -
MO065 | 0000 00 @ %0 @
i =1
“
M0059 ® sem @
-0.5 0 0.5 1 1.5 2 2.5
6%8Mo (%o)

Still, a recent study used the slope of Mo and TOC correlations
from Landsort Deep sediments to suggest Mo drawdown in
the Landsort Deep water column during each anoxic event
(the modern, MCA, and the HTM event) (van Helmond et al.,
2018), and Mo isotope comparisons between the HTM and
MCA sediments suggest potentially higher sulfide and a more
muted impact of Fe-Mn oxides on Mo deposition during the
HTM relative to the MCA (Figure 4H; Hardisty et al., 2016).
We note that the Mo-TOC slopes at Landsort Deep are similar
to those observed in less-restricted euxinic basins (e.g., Saanich
Inlet) or the Peru Margin oxygen minimum zone, where Mo
deposition to sediments is largely a function of a “particulate
shuttle” associated with Fe-oxide deposition as well as diffusion
from seawater into underlying sediments, rather than widespread
and persistent euxinic conditions (Algeo and Lyons, 2006; Algeo
and Tribovillard, 2009; Hancock et al., 2019; Eroglu et al., 2020).
This observation is analogous to our multi-proxy indications
of Fe-Mn oxides as an important pathway for Mo deposition
at Landsort Deep. Given that Mo-TOC relationships used for

recognizing Mo reservoir effects are based on comparison of
modern localities without major oxide-related Mo contributions
to the sediments (Algeo and Lyons, 2006), the Mo-TOC slopes at
Landsort Deep may not best fingerprint ancient Mo drawdown
associated with euxinia.

A simplified summary of the paleoredox states established
for relevant Baltic sub-basins is shown in Figure 8. We
also note that evidence for low oxygen conditions extends
beyond the MCA and HTM at both the Baltic Proper and
Southern sub-basins and that redox states also appear to have
been dynamic within sapropel units. Specifically, Lille Belt
is characterized by anoxia with ferruginous and manganous
conditions and sulfide limited to pore waters following the
transition to the Littorina Sea, with no clear excursions
to more reducing conditions during either the MCA or
HTM. Only the HTM was studied for the Bornholm Basin,
but evidence for low oxygen conditions for this interval
are specific to two distinct periods of anoxia and perhaps
transient euxinic conditions during the ILS and again later
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2008) and insufficient or a

during the HTM or Littorina Sea stage. These conditions
can be further contrasted with Landsort Deep where evidence
for low oxygen exists via multiple proxies throughout the
Holocene, but there is additional evidence for widespread
water column Fe-Mn oxide deposition and euxinia limited
to low sulfide levels or transient events during both the
HTM and MCA. Molybdenum and Fep/Al data similar to
those of the Landsort Deep and typical of euxinic conditions
have been observed elsewhere in the Baltic Proper (e.g., Faro

Deep and Gotland Deep), but combinations of proxies that
specifically track manganous, ferruginous, and euxinic water
column conditions and that differentiate pore water redox
states have not been applied at those locations. While the
paleoredox conditions in each sub-basin are complex, the general
interpretations are consistent with the modern relationship of
progressively more reducing conditions moving away from the
sill and the dynamic redox conditions observed in these basins
today (Figure 1).
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Implications for Proxy Applications to

Geologic Record

Our study highlights the need for proxies that constrain a
range of pore water and water column redox states (manganous,
ferruginous, and euxinic) in dynamic depositional and diagenetic
regimes such as the Baltic Sea. This has particular importance
for the recognition of diagenetic impacts on Fe speciation
and the deposition of Mo, which are both widely used as
paleoredox proxies. For example, recognition of diagenetic
impacts on Fe speciation may be particularly important for the
Precambrian and Paleozoic, when ferruginous conditions were
more widespread (Sperling et al., 2015). During such intervals,
caution must be taken to assure that Fe speciation indications
of euxinia do not reflect ferruginous water columns overlying
sediments with sulfidic pore fluids. Specifically, our combined
proxies suggest that large Fe, Mn, and Mo enrichments,
which today are represented by a combination of sulfides and
carbonates, likely originated from deposition as Fe and Mn-
oxides, perhaps via events analogous to modern MBIs. Even
in Landsort Deep where euxinic conditions are observed today
(Dellwig et al., 2010, 2019; Noordmann et al., 2014), we suggest
that sedimentary Fe and Mo proxy values typical of euxinia likely
indicate a combination of syngenetic and diagenetic origins,
with MBIs oxidizing dissolved Fe and Mn that are subsequently
deposited as oxides (and associated sorbed Mo). These phases are
then converted to sulfides at or near the sediment-water interface.
These interpretations from ancient sediments parallel direct
modern observations and similar inferences for the oxidation
of dissolved Mn and Fe and associated delivery of Mn and Fe-
oxides and Mo to the sediments at Gotland Deep (Huckriede and
Meischner, 1996; Dellwig et al., 2010, 2018; Scholz et al., 2013;
Hermans et al., 2019). This Baltic model clearly differs from the
controls on Fe and Mo enrichment in more restricted basins such
as the Black Sea but can be distinguished through a combination
of Mn enrichments and Mo and S isotope signatures tracking
oxide deposition and the relative proportion of syngenetic and
diagenetic pyrite formation (e.g., Planavsky et al., 2018).

CONCLUSION

We use a combination of Fe speciation and isotopes, Mo
concentration and isotope data, and S isotopes to constrain
paleoredox conditions in multiple sub-basins of the Baltic Sea
Holocene. The records come from IODP 347 drill cores from
Lille Belt, Bornholm Basin, and Landsort Deep, which together
form a sill-proximal to sill-distal transect. Our goal was to assess
spatiotemporal redox variations in the Baltic. The geochemical
proxies provide evidence for redox heterogeneity among the
locations during syndepositional events but also temporally at
each individual sub-basin. Specifically, proxy evidence at Lille
Belt points to sustained manganous/ferruginous conditions since
the transition to the brackish Baltic Sea but with no clear
excursions to more reducing conditions during the HTM or
MCA, which are well-known intervals of enhanced organic
carbon burial in the Baltic. Our Bornholm Basin core (which does
not include the MCA) provides evidence for episodes of both

ferruginous and euxinic conditions during enhanced organic
carbon burial associated with HTM, but Mo isotope data limit
euxinic conditions to low or transient sulfide concentrations.
Lastly, euxinic conditions have already been recognized at
Landsort Deep for both the MCA and HTM, but our new §
isotope data are most consistent with sulfide beyond low or
transient levels having been largely restricted to at or below the
sediment-water interface. The Mo isotope data from all three
sub-basins are highly fractionated from seawater, suggesting
that particulate shuttling via Mn-Fe oxides plays a major role
in the delivery of Fe, Mn, and Mo to the sediments. We
also provide evidence that pyritization of these Fe-oxide fluxes
during early diagenesis may be primarily responsible for increases
in pyrite in some anoxic intervals. Together, paleoredox data
for syndepositional events indicate more reducing conditions
with increasing distance from the sill, as is observed today.
Ultimately, the combination of approaches taken gives us a
template for identifying specific paleoredox regimes in a highly
dynamic sedimentary and diagenetic system and demonstrates
the potential to identify large-scale spatial redox heterogeneity
among sub-basins within a single silled basinal complex.
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