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Abstract

An understanding of how the coupled cycles of carbon, iron and sulfur in sediments respond to environmental change
throughout Earth history requires the reconstruction of biogeochemical processes over a range of spatial and temporal scales.
In this study, sediment cores from the southwestern Black Sea were analyzed to gain insight into past changes in biogeochem-
ical processes with particular focus on the cycling of dissolved organic carbon (DOC). The sediment consists of Late Pleis-
tocene deposits of iron oxide-rich and organic-poor lacustrine sediments, a Holocene sapropel layer deposited after the
inflow of saline Mediterranean seawater about 9300 yr BP, and overlying recent marine sediments. The porewaters displayed
high concentrations of DOC, acetate, dissolved iron and an extended depth interval over which sulfate and methane were both
present. The historical fluctuations of the fluxes of carbon, sulfur and iron species at the seafloor that led to these present-day
geochemical profiles, and which cannot be easily interpreted from the measured data alone, were hindcasted with a reaction-
transport model. The model suggests that the inflow of Mediterranean seawater impacted the rain rate and reactivity of organ-
ic matter reaching the sediments, which shifted the sedimentary redox regimes throughout the Holocene that now are reflected
on different lithology units. Organic matter in the sapropel layer is apparently the main source of modern-day accumulations
of DOC and acetate, both of which probably sustained subsurface microbial activity throughout the post-glacial period. The
ratio between DOC and dissolved inorganic carbon (DIC) flux to the bottom water decreased from �40% before the inflow of
Mediterranean water to �2% at the present day. We suggest that the coexistence of methanogenesis and sulfate reduction was
associated with sulfate-reducing bacteria and methanogens sharing common substrates of acetate and lactate and utilizing
non-competitive substrates such as methylated compounds in the sapropel layer and in the bottom of modern marine deposits.
Intense sulfur and iron cycling mainly took place in the organic-poor freshwater deposits, today characterized by high con-
centrations of dissolved iron and methane. In contrast to previous studies in similar environments, anaerobic oxidation of
methane coupled to the reduction of ferric iron was negligible. The results have broad implications for coastal environments
that are currently experiencing deoxygenation and seawater intrusion and also for understanding the role of DOC in the sed-
imentary carbon cycle.
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1. INTRODUCTION

The preservation and remineralization of particulate
organic carbon (POC) in marine sediments is an important
component of the global carbon cycle. It is directly linked to
biogeochemical processes in the sediments that control the
cycles of inorganic carbon, nutrients and other elements, as
well as the dissolution and precipitation of minerals and the
activity of the deep biosphere (e.g., Berner, 1990, Burdige,
2007; Tranvik et al., 2009; Arndt et al., 2013, Ridgwell and
Arndt, 2015, Daines et al., 2017). Remineralization of POC
to dissolved inorganic carbon (DIC) takes place via dissolved
organic carbon (DOC) intermediates (Hedges 2002;
Kujawinski, 2011). Because DIC and DOC concentrations
in sediments are usually higher than in the water column, the
sediments act as a source of both constituents to the bottom
water (Burdige et al., 1999). DOC accounts for �10% of the
total dissolved carbon (DIC + DOC) flux in the modern
ocean (Alperin et al., 1999; Burdige et al., 1999). The global
benthicDOCfluxis thusconsiderable,androughlyequivalent
to fluvial DOC inputs (Burdige et al., 1999; Hansell, 2002).
However, some studies suggest that the benthic DOC source
is largely refractory (e.g., Komada et al., 2013; Burdige and
Komada,2015;Burdigeetal., 2016),whichmaypartlyexplain
the build-up of old DOC in the deep ocean (Hansell, 2002).
Large swings in oceanic DOC levels in response to changes
in, for example, oxygen availability and temperature, have
been proposed to impact atmospheric pCO2 and climate in
the past (e.g., Ridgwell, 2011; Sexton et al., 2011; Hansell,
2013; Ridgwell and Arndt, 2015). A more accurate framing
of the role of DOC to the past and present carbon cycle
requires an enhanced understanding of DOC cycling in mar-
ine sediments and the reactivity of the DOC fraction that is
exported to the water column.

The chemical composition and reactivity of DOC regu-
late microbial activity and biogeochemical cycles in aquatic
environments (Moran and Miller, 2007). Hydrolysis and
fermentation of macromolecular organic compounds into
simpler moieties such as H2 and acetate provide important
substrates for microbial respiration using available electron
acceptors (e.g., Froelich et al., 1979; Jørgensen and Kasten,
2006; Middelburg, 2018). Usually, in the basic conceptual
model of organic matter oxidation, electron acceptors are
utilized in a well-defined sequence (O2, > NO3

� > Mn(IV),
> Fe(III), > SO4

2�, > CO2) reflecting the energy produced
per mole of substrate oxidized (Froelich et al., 1979;
Jørgensen and Kasten, 2006). Carbon turnover in sedi-
ments can be quantified by simulating the distribution of
electron acceptors and their reduced counterparts with
models that couple physical transport processes such as dif-
fusion and burial with biogeochemical reactions (Berner,
1980; Boudreau, 1997). However, previous reaction-
transport models (RTMs) of marine sediments have tended
to focus exclusively on POC as the principal metabolic sub-
strate. DOC, by contrast, is seldom considered (Alperin
et al., 1999; Dale et al., 2008; Komada et al., 2013;
Burdige et al., 2016). This is partly due to a lack of analyt-
ical techniques for the molecular characterization of DOC
(Tissot and Welte, 1978; Schmidt et al., 2011, 2017; Oni
et al., 2015; Valle et al., 2018).
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Secular variations in seafloor redox conditions can alter
organic matter mineralization pathways, leading to atypical
sequences of terminal respiration processes over time (e.g.,
Egger et al., 2016a; Riedinger et al., 2017; Dijkstra et al.,
2018; März et al., 2018). Sedimentary records showing dis-
tinct changes in environmental conditions offer a unique
opportunity to test our understanding of benthic DOC
cycling and its role in the past and present carbon cycle.
The Black Sea is an ideal example where postglacial sea-
level rise has led to the formation of sapropel layers and
the accumulation of sulfidic sediments above iron oxide-
rich deposits that were formed when the Black Sea was a
freshwater basin (Degens and Ross, 1974, Soulet et al.,
2011). The sediments are characterized by high POC con-
centrations within and at the base of the sapropel layer
(e.g. Jørgensen et al., 2004; Coolen et al., 2013; Egger
et al., 2016a).

In this study, the factors that led to the abrupt changes
in the content of POC, DOC and other solid and dissolved
species in Black Sea sediments (Zabel et al., 2012; Becker
et al., 2018) were investigated with a dynamic RTM that
simulates the temporal evolution of diagenetic pathways.
We examine the largely unexplored interplay between
DOC, sulfur and iron cycling. The model was an extension
of the one developed by Egger et al. (2016a) for the Black
Sea, which did not consider DOC. The DOC cycle was
inspired by the model put forward by Burdige et al.
(2016) that includes carbon flow from POC to DOC
(Fig. 2). We link DOC degradation to the reduction of elec-
tron acceptors via reactive intermediates (H2 and acetate),
and constrain the model using an extensive set of biogeo-
chemical data from site GeoB15105 in the southwestern
Black Sea (Zabel et al., 2012). This approach allows us to
quantify DOC transformation pathways and their coupling
to sulfur and iron turnover as well as mineral precipitation
and dissolution during the Late Pleistocene and Holocene
(Fig. S1). The accumulation, preservation and degradation
of organic carbon and iron minerals are reconstructed and
possible pathways for deep ferrous iron formation in
methanic sediments are evaluated. The findings contribute
to a better understanding of carbon, sulfur and iron cycling
in dynamic depositional systems in response to environ-
mental change and help to interpret sediment archives in
modern and ancient systems (e.g., Egger et al., 2016a,
2017; Riedinger et al., 2017; Couture et al., 2016).

2. STUDY SITE AND METHODS

2.1. Site GeoB15105

The study site GeoB15105 (41�31.700N; 30�53.070E;
water depth: 1268 m) is located in the southwestern Black
Sea to the north of the Sakarya River mouth in Turkey
(Zabel et al., 2012; Becker et al., 2018). It is located on a
topographical high and unaffected by turbidites (Kwiecien
et al., 2008). The stratigraphic sequence from the late gla-
cial to Holocene can be described by three units that have
been observed throughout the basin (Hay et al., 1991,
Bahr et al. 2005; Lamy et al., 2006; Kwiecien et al., 2008;
Verleye et al., 2009; Eckert et al., 2013). The youngest Unit
solved organic carbon, sulfur and iron cycling in Black Sea sed-
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I is characterized by a modern laminated coccolith ooze of
late Holocene age; Unit II consists of finely laminated mar-
ine sapropel sediments deposited during the middle Holo-
cene; Unit III sediments are composed of lacustrine clay
from the Late Pleistocene to early Holocene freshwater
deposits. The first inflow of Mediterranean water to the
Black Sea freshwater lake around 9300 yr BP was identified
by Bahr et al. (2008) on the basis of a rapid increase in Mg/
Ca, Sr/Ca, and 87Sr/86Sr ratios in ostracods. The ages of the
boundaries between Unit I/II and Unit II/III are 2760 yr
BP and 7995 yr BP, respectively (Lamy et al., 2006;
Kwiecien et al., 2008). Site GeoB15105 is close to sites
MD04-2760, MD04-2788 and GeoB7622-2, where details
on chronology and sedimentology have been reported
(Lamy et al., 2006; Kwiecien et al., 2008).

2.2. Sampling and analytical methods

Solid phase sediment and porewater samples were recov-
ered using a multiple-corer (MUC) (GeoB15105-4, core
recovery of 50 cm) and a gravity corer (GeoB15105-1, core
recovery of 711 cm and GeoB15105-2, core recovery of
827 cm) during R/V Meteor cruise M84/1 in February
2011 (Zabel et al., 2012). A comparison of porewater data
from the gravity cores and shorter MUC cores suggests a
loss of surface sediments during gravity coring of 23 cm
(GeoB15105-1) and 13.5 cm (GeoB15105-2), respectively.
The gravity core depths in the figures have been corrected
accordingly.

Sampling and analytical methods have been described
by Zabel et al. (2012) and Becker et al. (2018). In brief,
wet sediments were taken immediately after core retrieval
for gas analysis, after which the cores were transferred to
a cold room (4 �C). Porewater samples were extracted using
Rhizon samplers (5 cm length, 0.15 lm porous polymer) for
determining the concentration of dissolved species. Porewa-
ters were analyzed immediately onboard for dissolved iron
(Fe2+) and ammonium (NH4

+). Samples were fixed with
zinc acetate for total dissolved hydrogen sulfide (

P
H2S)

measurements on shore. The remaining porewater was kept
at 4 �C for shore-based analyses. For volatile fatty acids
(VFAs) such as acetate and lactate, porewater was
extracted using a hydraulic press and stored in pre-
combusted glass vials at �20 �C. The remaining sediment
samples were stored at �80 �C for elemental analysis and
the determination of iron mineral phases.

Dissolved iron (Fe2+) was analysed photometrically
(Hach Lange DR 5000 photometer) at 565 nm following
the method of Collins et al. (1959). 1 mL of sample was
added to 50 lL of a ferrospectral reagent (Merck Chemi-
cals) in disposable polystyrene cuvettes (Stookey, 1970).
Samples with high iron concentrations were diluted with
oxygen-free artificial seawater. Dissolved ammonium
(NH4

+) was measured by flow injection using a PTFE tape
gas separator technique after Hall and Aller (1992). Post-
cruise, sulfate (SO4

2�) and chloride (Cl�) were determined
by ion chromatography (Metrohm 861 Advanced Compact
IC, Metrohm A Supp 5 column, 0.8 mL min�1, conductiv-
ity detection after chemical suppression). The detection lim-
its for Fe2+, NH4

+, SO4
2�, Cl� were 1 mM, 14 mM, 0.5 mM,
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0.3 mM respectively. Total dissolved hydrogen sulfide
(
P

H2S) was measured in porewater samples fixed with zinc
acetate using the photometric methylene blue method
(Cline, 1969) with a precision of <2%. DIC was measured
as liberated CO2 after treatment with hydrochloric acid
on a TOC analyzer (Shimadzu TOC-V) with an analytical
error of 3%. DOC was determined using an Analytik
Jena multiN/C 2100 s by an NDIR (non-dispersive infra-
red) detector. DOC was measured as NPOC (non-
purgeable organic carbon) after porewater samples were
diluted 2-fold with acid treatment (H3PO4) and stripping
with CO2-free air. NPOC was detected from the stripped
samples by NDIR after combustion at 750 �C in CO2-free
air with a precision of <5%. Concentrations of VFAs were
analyzed at the University of Bremen by irm-LC/MS as
described previously (Heuer et al., 2006, 2009). The detec-
tion limits for acetate and lactate are 5 mM and 3 mM,
respectively (Heuer et al., 2009).

Dissolved methane (CH4) was analyzed on board fol-
lowing the headspace method described by Kvenvolden
and McDonald (1986) and D’Hondt et al. (2003). Wet sed-
iment samples (2–3 mL) were taken by a cut-off syringe
from the inner part of a core and transferred into 22-ml
glass vials, which were closed gas-tight with a teflon septum
and crimp cap, and subsequently heated for 20 min at 60 �
C. After heating, gas samples of 100–500 lL taken from the
headspace were injected into a ThermoFinnigan Trace gas
chromatograph equipped with a flame ionization detector
and a Carboxen-1006 PLOT fused-silica capillary column
(0.32 mm by 30 m; Supelco, Inc., USA). Dissolved CH4

concentrations were derived from the partial pressure of
CH4 in the headspace gas (calibrated against hydrocarbon
gas standards; Scotty), the headspace volume and the pore-
water volume of the extracted sediment sample (Becker
et al., 2018). The porewater content of each headspace vial
was determined from the mass difference between wet and
freeze-dried sediment samples. For dissolved methane, the
detection limit was 0.1 mM.

For POC analysis, approximately 3 g of homogenized
and freeze-dried sediment samples were weighed and trea-
ted by adding 10% HCl to remove any calcium carbonate,
followed by rinsing with distilled water, centrifugation
and freeze-drying. The decalcified sediment (between 10
and 30 mg) was weighed into tin capsules and analyzed in
duplicate on a Thermo Scientific Flash 2000 elemental anal-
yser connected to a Thermo Delta V Plus IRMS. POC con-
tent refers to initial dry weight of sediment in weight
percent (wt%) of C. For TOC concentrations ranging from
0.4 to 3.7 wt%, standard deviations of duplicate analyses
were around 0.01 wt%, corresponding to an analytical pre-
cision of 1%.

A 10-step sequential extraction scheme was used for the
characterization of total iron (oxyhydr)oxides (Fe(OH)3),
iron carbonates (FeCO3) and iron sulfides (FeS2) following
Rutten and De Lange (2003). Approximately 250 mg
freeze-dried sediment sample was successively washed with
25 ml of (1) 1 M MgCl2 (pH 8; 16 h), (2) 2 M NH4Cl (pH 9;
2 times 16 h), (3) 2 M NH4Cl (pH 8; 2 times 16 h), (4) 2 M
NH4Cl (pH 7.5; 2 times 16 h), (5) 2 M NH4Cl (pH 7; 3
times 16 h), (6) ascorbic acid/sodium bicarbonate/sodium
ssolved organic carbon, sulfur and iron cycling in Black Sea sed-
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citrate solution (pH 8; 16 h), (7) 1 M sodium acetate buffer
(pH 6; 16 h), (8) 1 M sodium acetate buffer (pH 5; 16 h), (9)
sodium dithionite /sodium citrate /sodium acetate solution
(pH 4.8; 16 h), and (10) concentrated HNO3 (16 h). The
extracted iron components include adsorbed iron (step 1),
carbonate-associated iron (steps 2–5), amorphous iron
(oxyhydr)oxides (step 6), residual iron carbonates (steps
7–8), crystalline iron (oxyhydr)oxides (step 9) and iron
associated with pyrite (step 10). All solutions were analysed
by elemental analysis as iron by inductively coupled plasma
optical emission spectrometry (ICP-OES) with a precision
of <5% and a detection limit of 0.04 mM. Total iron
(oxyhydr)oxides (Fe(OH)3; the sum of steps 6 and 9), iron
carbonates (FeCO3; the sum of steps 2–5 and steps 7–8)
and iron sulfides (FeS2; step 10) are reported in dry weight
percent (wt%) of Fe. From here on, iron (oxyhydr)oxides
minerals are referred to as iron oxides.

2.3. Set-up of the reaction-transport model

To quantify the turnover of carbon and other elements
in the sediment, a non-steady state RTM was used to sim-
ulate the data from site GeoB15105. A schematic of the
model is illustrated in Fig. 1. The model broadly combines
the POC and DOC model of Burdige et al. (2016)
(Table S1; R1-R5) and the iron and sulfur model of
Egger et al. (2016a). Eleven solid species were simulated,
including four pools of POC with different ‘‘bulk” degrada-
tion rates reflecting different hydrogeological time intervals
(POC1, POC2, POC3, POC4), three pools of iron oxides
(i.e., Feoxa for highly reactive, Feoxb for less reactive
and Feoxc for nonreactive phases), FeS, FeS2, FeCO3

and S0. Fourteen dissolved species were considered (Cl�,
SO4

2�,
P

H2S, CH4, NH4
+, DIC, DOC1, DOC2, DOC3,

DOC4, DOCr, CH3COO� (acetate), Fe2+ and H2)
Fig. 1. Schematic diagram of the breakdown of POC deposited at the
Burdige et al., 2016) by hydrolysis and then to DIC/H2 and acetate (Ac) b
and Ac oxidation to the primary redox reactions considered in the mode
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including four fractions of DOC derived from their respec-
tive parent POC fraction, and refractory DOC (DOCr).
DOC is fermented to H2 and acetate (see below). A detailed
description of the model including boundary conditions
and parameters can be found in the Supplementary
Information.

The primary redox reactions are listed in Table S1 (R8-
R13). These include iron and sulfate reduction and
methanogenesis coupled to DOC degradation through the
consumption of H2 and acetate (Table S1). Note that the
model simulates H2 implicitly for these reactions. H2 is only
simulated explicitly as a product of pyrite precipitation
(Table S1; R19) and removed through carbonate reduction
(Table S1; R28). The secondary redox reactions (those not
directly coupled to DOC degradation) of the S, Fe and C
cycles follow Egger et al. (2016a) (Table S1; R15-R27).
They include sulfidic dissolution of iron oxides, FeS and
FeS2 precipitation, canonical anaerobic oxidation of
methane by SO4

2� (AOM, R15) and AOM by iron oxides
(R22, R23). The kinetic rate constants were either con-
strained with the model or taken from the literature
(Table S3).

The total rate of POC degradation (RPOCdeg) is the sum
of the degradation rates of the four POC fractions with dif-
ferent reactivities, i.e. a so-called multi-G model (Jørgensen,
1978; Westrich and Berner, 1984; Burdige, 1991). Each
POC pool (POCi, i = 1–4) was associated with a unique
first-order remineralization rate constant (kPOCi, i = 1–4)
and is linked to a single daughter DOC fraction (DOCi,
i = 1–4) and DOCr rather than a multitude of DOC frac-
tions (Burdige et al., 2016). The alternative approach would
entail too many unconstrainable and redundant parameters
and a lack of transparency in the results. The linkage
between the reactivity of POC and its hydrolyzed DOC pro-
duct is unknown to our knowledge and presents a general
sediment-water interface and subsequently degraded to DOC (c.f.
y fermentation. The arrows on the right denote the coupling of H2

l (see Table S1, R1-R13).
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gap in our understanding of carbon turnover in sediments.
The rate constants of the DOC fractions in our model are
simply fitting parameters and not imposed a priori.

Four POC fractions were sufficient to capture the
evolving trends in solid phases and solution chemistry
at the study site. The concept of the multi-G model
applied here differs slightly from previous studies in that
we simulate the bulk POC degradation rates through
time that give the best fit to the contemporary data set.
Thus, the most recently-deposited fraction, POC1, is also
the most reactive one. It was deposited after 2760 yr BP,
which is the age of the boundary between Unit I and
Unit II. POC2 was deposited between 2760 yr BP and
9300 yr BP, and POC3 was deposited between 1637 yr
BP and 2760 yr BP. The least reactive fraction, POC4,
was deposited before 9300 yr BP when Mediterranean
seawater infiltrated the Black Sea. These POC fractions
correspond to the various origins of organic matter
deposited during different time periods proposed by
Coolen et al. (2013) on the basis of operational taxo-
nomic unit (OTU) abundances within ancient DNA.
Whilst some highly reactive POC must have been depos-
ited over the entire simulation period, its impact on the
modern-day geochemical profiles is no longer detectable.
However, model results are quite sensitive to the histori-
cal flux and reactivity of POC, which leads us to believe
that there has been an overall increase in POC reactivity
over time at the study site (Coolen et al., 2013).

The total degradation rate of POC to DOC is:

RPOCdeg ¼
X4

i¼1

kPOCi
� POCi ð1Þ

Each DOC pool similarly undergoes degradation with a
first-order rate constant (kDOCi, i = 1–4 and kDOCr for
DOCr). The total rate of reactive DOC production from
POC and degradation is then:

RDOC ¼
X4

i¼1

1� aið Þ�f C � kPOCi
� POCi �

X4

i¼1

kDOCi
�DOCi

ð2Þ
A fraction (ai) of each POC pool was degraded to DOCr

(Burdige et al., 2016). The rate of refractory DOC produc-
tion from POC, and its degradation is then:

RDOCr ¼
X4

i¼1

ai�f C�kPOCi
� POCi � kDOCr �DOCr ð3Þ

In the above expressions, fC converts between solid and
dissolved unit concentrations (see Table S1).

DOC produced from hydrolysis and/or oxidative cleav-
age of particulate carbon is subsequently degraded by fer-
mentation to either DIC/H2 (RhyDOCdeg) or acetate
(RacDOCdeg) (e.g., Wellsbury and Parkes, 2000; Parkes
et al., 2007; Burdige and Komada, 2015). We define the
fraction fferm that determines the relative pathways:

CH2OðaqÞ þ 2f ferm �H2O ! f ferm �HCO3
�

þ 2f ferm �H2 þ 1� f fermð Þ
2

� CH3COO� þ 1þ f fermð Þ
2

�Hþ ð4Þ
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where CH2O(aq) denotes the assumed chemical composition
of dissolved organic matter with a carbon oxidation state of
zero. Note that because the model does not simulate dis-
solved organic nitrogen, production of NH4

+ is coupled to
the initial POC degradation step (Eq. R14 in Supplement)
since deamination is not strongly linked to DOC remineral-
ization (Burdige et al., 2016).

The rate of DOC degradation to DIC/H2 that is coupled
to hydrogenotrophic redox reactions is:

RhyDOCdeg ¼
X4

i¼1

kDOCi
�DOCi � f fermi

þ kDOCr �DOCr � f fermr
ð5Þ

and the rate of DOC degradation to acetate which is
utilized for acetoclastic redox reactions is:

RacDOCdeg ¼
X4

i¼1

kDOCi
�DOCi �

ð1� f fermi
Þ

2

þ kDOCr �DOCr �
ð1� f fermr

Þ
2

ð6Þ

Reactions describing the coupling of iron reduction,
sulfate reduction and methanogenesis with hydrogeno-
trophic redox reactions (RhyFeR; RhySR; RhyME) and aceto-
clastic redox reactions (RacFeR; RacSR; RacME) are listed in
Table S1 (R8-R13). As mentioned, DOC-derived H2 is
implicit in the model and its production (RhyDOCdeg) is
directly coupled to its oxidation (R8-R10). Thus, whilst
we have assumed that H2 and acetate are the main products
of DOC degradation, it remains a possibility that substrates
in addition to H2 may be produced along with acetate.

POC degradation rates were mainly constrained from
the measured NH4

+, DOC and POC data. DOC degrada-
tion rates were constrained from the measured DOC, acet-
ate and DIC data. The secondary redox reactions were
constrained from other measured geochemical data.

The known age of the boundary of marine and limnic
strata determined in core MD02-2788/2790 (Kwiecien
et al., 2008) was used to constrain the sediment accumula-
tion rate (wf , Eq. S6). The age model was further derived
using the following equation:

age xð Þ ¼ x
wf

þ uf � u0

� � � e�p�x � 1ð Þ
p � wf � uf � 1

� � ð7Þ

where x is depth in the sediment, and the other terms
account for the decrease in porosity over depth (listed in
Table S3). The decrease in porosity (compaction) is
assumed to be constant over time. The age model allows
for the temporal reconstruction of key upper boundary
conditions, including POC, iron oxides, and iron sulfides
(Fig. 2d-f). Since these species are reactive and evolve over
time, the time-dependent boundary conditions were not
simply adjusted to the surface burial rate determined from
the age model. Instead, the boundary fluxes were con-
strained from measured solid and dissolved biogeochemical
data through the sediment core. Further details are given in
the Supplement.

Inflow of Mediterranean seawater into the Black Sea
basin was reconstructed assuming an initial salinity of 1
ssolved organic carbon, sulfur and iron cycling in Black Sea sed-
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Fig. 2. Temporal evolution of salinity, bottom water Cl�, SO4
2�, DIC and

P
H2S concentrations, and fluxes of particulate organic carbon

(POC), Fe oxides ((Fe(OH)3)
a,b,c), Fe sulfides (FeSx) and Fe carbonates (FeCO3) used as model boundary conditions. Note that (a) to (c) were

imposed in the model a priori, whereas (d) to (f) were constrained from the sediment data. The upper boundary conditions for all solids were
implemented as solid content (wt%) and values presented in (d) to (f) were converted to fluxes by multiplying the factor 10 � ds � (1 � u0) � w0,
where ds is the dry sediment density, u0 is surface porosity and w0 is the surface sediment accumulation rate. Boundary conditions for all other
solids and solutes were time-invariable. Key time points and depositional periods are indicated at the top.
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for the freshwater basin and a linear increase to 22 between
9300 and 2000 yr BP (Bahr et al., 2008; Soulet et al., 2010;
Fig. 2a). The transient evolution of salinity was used to cal-
culate Cl� and SO4

2� at the upper boundary (Egger et al.,
2016a; Fig. 2a, b). Seawater DIC increased from <1 mM
to 5.3 mM based on modern bottom seawater values
(Fig. 2b). Best results were obtained by applying measured
bottom water

P
H2S concentrations (Fig. 2c) of 0.9 mM to

the upper boundary after 1500 yr BP, coincident with the
establishment of modern salinity levels (Soulet et al.,
2010). Simulation results with high bottom water sulfide
levels prior to this were unsatisfactory, and previous work
suggests that bottom water

P
H2S may been <0.1 mM at

this time (Egger et al., 2016a). The simulation of porewater
Cl� data was achieved by including upward fluid advection
with a velocity of 130 cm kyr�1. This is six-fold larger than
the sediment burial velocity based on the 14C age model
(23.3 cm kyr�1, Eq. S6) and resulted in a small net
upward-directed flux of all solutes at the lower boundary
and a better overall fit of the complete dataset. Whilst
upward fluid advection is not well constrained at this site,
fluid seepage at nearby locations has been observed
(Bohrmann et al., 2011; Minshull et al., 2020).

The model simulates the upper 30 m of sediments and
the results are shown to the depth of the sediment geochem-
istry data (�850 cm). The model was initialized by running
it to steady-state using fixed boundary conditions corre-
sponding to the limnic stage. The time-dependent boundary
conditions were then implemented as shown in Fig. 2.
Model results of sediment geochemistry correspond to the
last simulation year.
Please cite this article in press as: Chuang P. -C., et al. Coupling of dis
iments over the Holocene and the late Pleistocene: Insights from an em
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3. RESULTS

3.1. Porewater and sediment geochemistry

Geochemical data for siteGeoB15105 are shown inFig. 3.
Basedontheobservedtrendsandvisualcoreinspection(Zabel
et al., 2012), we identified three geochemical reaction fronts
(RF) (Fig. 3a-n) superimposed on three sedimentary units
(Unit I-III) (Fig. 3o). The latter closely agree with previous
observations throughout the Black Sea (Bahr et al. 2005;
Lamy et al., 2006; Kwiecien et al., 2008). Unit I (�0–210 cm)
consists of finely laminated coccolith ooze (�1 to 2 wt%
POC), Unit II consists of laminated organic-rich sapropelic
sediments (up to �4 wt% POC), and Unit III (>417 cm) is
an organic-lean freshwater deposit (Zabel et al., 2012). Sedi-
ment porosity was highest in Unit I and decreased gradually
to Unit III (Fig. 3j). Within Unit I, RF1 marks the sulfate-
methane transition zone where sulfate becomes depleted and
CH4 concentrations rise with increasing depth at �130 cm.
RF2 corresponds to the boundary between marine (Unit II)
and limnic (Unit III) deposits at�417 cm, andRF3 coincides
with a sedimentary color change from gray to black at
�505 cm (Zabel et al., 2012).

Porewater concentrations of DIC and NH4
+ (Fig. 3d, e)

increased from the surface to RF1. From RF1 to RF2,
NH4

+ increased slightly whereas DIC decreased. Below
RF2, DIC and NH4

+ decreased toward the deepest sampling
depth. Trends in DOC and acetate were closely associated
with the POC content with maximum values close to RF2
where the maximum POC content of 3.7% was measured
(7.1 mM for DOC, 245 lM for acetate; Fig. 3g, h, k).
solved organic carbon, sulfur and iron cycling in Black Sea sed-
pirical dynamic model. Geochim. Cosmochim. Acta (2021), https://
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SO4
2� concentrations (Fig. 3a) decreased steadily from

modern bottom water values (16 mM) to RF1 where an
abrupt change in its concentration gradient was observed.
At this point, SO4

2� decreased more gradually to concentra-
tions below the analytical detection limit at RF3. CH4 con-
centrations increased below RF1 to almost 17 mM at
736 cm (Fig. 3b). SO4

2� and CH4 thus coexisted over a thick
sediment interval (�250 cm) between RF1 and RF2. Dis-
solved sulfide reached maximum levels of �5 mM at RF1,
and decreased with increasing depth down to RF2 at the
base of the sapropel.

Dissolved Fe2+ concentrations were below detection
limit in and above the sapropel and then strongly increased
with depth below RF3 to almost 1 mM in the limnic Unit
III (Fig. 3f). Iron oxides (Fe(OH)3) and siderite (FeCO3)
displayed low values in Units I and II and higher levels in
Unit III. Below RF3, both Fe phases decreased with depth
and then increased again slightly (Fig. 3l, m). Pyrite (FeS2)
displayed high and near-constant values (�1.1%) from the
Please cite this article in press as: Chuang P. -C., et al. Coupling of di
iments over the Holocene and the late Pleistocene: Insights from an em
doi.org/10.1016/j.gca.2021.04.032
surface down to RF2 where dissolved Fe2+ was low, and
then decreased with depth from 1.13% to 0.33% between
RF2 and RF3, with near-constant values below RF3
(�0.45%) (Fig. 3n).

3.2. Key model findings

The model was tuned to match the field observations
mainly via the rate and timing of organic carbon degradation
as well as particulate fluxes to the seafloor (Fig. 2d-f). Best-fit
results were obtained by assuming four pools of reactive par-
ticulateorganicmatter (POCi, i = 1–4)undergoingremineral-
ization at different rates. These were coupled to four reactive
andonerefractoryDOCfractions(DOCi, i = 1–4andDOCr).
Model simulation results closely tracked thefielddata (Fig. 3)
with one exception; CH4 below RF2, presumably due to
degassing during core recovery.

The reactive POC fractions corresponded well with
lithology; POC1 and POC3 to Unit I, POC2 to Unit II
ssolved organic carbon, sulfur and iron cycling in Black Sea sed-
pirical dynamic model. Geochim. Cosmochim. Acta (2021), https://
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(sapropel) and POC4 to Unit III (Fig. 4a). The degradabil-
ity of the POC pools (kPOCi) decreased from POC1 to POC4

with values of 4 � 10�4 yr�1 for kPOC1 and 5.04 � 10�8 yr�1

for kPOC4 (Table S3). The maximum flux of POC at the sed-
iment surface (1.15 mg C cm�2 yr�1) was associated with
the sapropel at �8 kyr BP (Fig. 2d). POC degradation rates
showed peaks at RF1 (RPOC1deg), RF2 (RPOC2deg), at the Unit

I/II boundary RPOC3deg

� �
and immediately below RF2

RPOC4deg

� �
(Fig. 4b). RPOC3deg and RPOC4deg were three to four

orders of magnitude lower than RPOC1deg.
Over the Holocene and the Late Pleistocene, only 1% to

2% of DOC produced from POC was refractory DOCr (ai,
Table S3). Yet, DOCr now comprises the bulk of DOC in
Unit I (Fig. 4c). kDOCi of the reactive fractions ranged from
35.9 yr�1 to 1.36 � 10�5 yr�1 and are thus substantially
higher than the parent kPOCi values (Table S3). In the
sapropel (Unit II), DOC2 now dominates whereas DOC4

is the major fraction in Unit III (Fig. 4c). DOC3 is hardly
present since its production from POC3 occurred for only
a brief period around 2.76 kyr ago (Fig. 2). The best-fit val-
ues of f fermi

ranged from 0 to 1 depending on the DOC frac-

tion. DOC1 degradation was entirely channeled into DIC/
H2 (RhyDOCdeg), implying that this fermentation pathway
or some other non-competitive substrate has been domi-
nant in Unit I above RF1. Between 80% and 100% of the
other DOC fractions were degraded to acetate (RacDOCdeg),
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possibly due to varying carbon sources to the Black Sea (see
Discussion). Below the Unit I/II boundary, rates of DOC
degradation along the acetate pathway exceeded those of
the DIC/H2 pathway and both now showed a peak where
maximum DOC concentrations were measured at RF2
(Fig. 4d). The elevated DOC accumulation between RF1
and RF3 was attributed to production from POC2

(Fig. S2; red versus blue curves). In addition, DOC2, rather
than DOC1, is currently the main source of acetate (Fig. S3,
blue curves).

In the contemporary situation, the cycling of DIC/H2

and acetate is directly coupled to the turnover of Fe and
S (Fig. 1; Fig. 4). Dissimilatory iron reduction is negligible
(<0.002 nmol Fe cm�3 yr�1; Fig. 4g) compared to sulfate
reduction and methanogenesis (Fig. 4e and f). Dissimilatory
sulfate reduction is currently the dominant terminal respira-
tion process above RF2. Sulfate reduction displays three
peaks depending on the substrate being oxidized; H2 at
RF1 (RhySR; 103 nmol cm�3 yr�1 of SO4

2�), CH4 above
RF1 (RSO4CH4; 103 nmol cm�3 yr�1 of SO4

2�) and acetate
above RF2 (RacSR; 9.04 nmol cm�3 yr�1 of SO4

2�).
Methanogenesis and methane oxidation by SO4

2� (i.e.
canonical anaerobic oxidation of methane, AOM) both
occur in Unit I and Unit II. Above RF1, AOM (R15,
Table S1) is higher than methanogenesis and contributes
to the initial sharp decrease in SO4

2�. Below RF1, AOM
rates showed a decrease whereas acetoclastic
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methanogenesis increased at low levels, leading to SO4
2�

tailing down into the methanic sediment. RacME is appar-
ently the major CH4 production pathway at RF2 and both
RacME and RhyME exceeded AOM (Fig. 4f, red and blue
curves versus green curve).

Elevated rates of sulfidic dissolution of iron oxides
(RFeoxH2S) were simulated at the sediment surface
(1.4 � 105 nmol cm�3 yr�1 of Fe). The dissolved Fe2+ pro-
duced from this pathway was incorporated into iron sulfide
minerals (Fig. 3n; Fig. 4i). Iron oxide reduction was also
predicted to increase below RF3 where iron oxide content
was high (Fig. 4g). The model further suggests that AOM
by iron oxides is currently insignificant, being five orders
of magnitude lower than canonical AOM with SO4

2�

(Fig. 4f, green curve versus black curve).

4. DISCUSSION

4.1. POC origin and reactivity

Large-scale alteration of the Black Sea geochemistry
during the transition from the Late Pleistocene into the
Holocene greatly altered the flux of POC from the surface
waters to the seafloor as well as the availability of electron
acceptors for microbial respiratory pathways. This, in turn,
led to a pronounced restructuring of biogeochemical pro-
cess rates in the sediment column (Egger et al., 2016a). At
the same time, the origin of buried POC has evolved from
lacustrine and terrestrial to marine, and thus POC has pre-
sumably become more reactive over time (Cowie and
Hedges, 1984; Sun and Wakeham, 1994; Wakeham et al.,
1997).

The results suggest that the POC deposited on the sea-
floor since the Late Pleistocene can be broadly character-
ized by four pools of differing reactivity. These
correspond to the sources of organic matter suggested by
Coolen et al. (2013) who based their findings on operational
taxonomic unit (OTU) abundances within the pool of
ancient DNA. POC1 (lying above RF1) reflects the more
recent marine deposits of calcareous coccoliths of the hap-
tophyte Emiliania huxleyi since 2760 yr BP where the Unit
I/II boundary is located (Lamy et al., 2006; Kwiecien
et al., 2008). The highest flux of POC1 during this period
(0.68 mg C cm�2 yr�1, Fig. 2d) is of the same order of mag-
nitude with a previous estimate of 0.21 mg C cm�2 yr�1 for
Unit I sediments (Calvert et al., 1991). The model suggests
that the POC2 flux at the seafloor is elevated compared to
POC1, and coincident with the main sapropel formation
period (2.5 kyr BP to �9.4 kyr BP) defined by Coolen
et al. (2013). POC2 flux displayed two peaks that align with
high OTUs for marine fungi and terrestrial vegetation
(4,620 yr BP) and for marine plankton (8,020 yr BP). The
POC maximum (4%) at the base of the sapropel layer has
been observed elsewhere in the Black Sea (e.g. Jørgensen
et al., 2004; Coolen et al., 2013; Egger et al., 2016a).

The maximum degradation rate of POC within the
sapropel was one order of magnitude lower than in the
modern unit, possibly because the latter is associated with
higher abundances of fresh, reactive marine-derived carbon
(Coolen et al., 2013). This is reflected in the degradation con-
Please cite this article in press as: Chuang P. -C., et al. Coupling of di
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stants kPOC1 (4.0 � 10�4 yr�1) and kPOC2 (1.7 � 10�5 yr�1).
The genesis of the sapropel was therefore probably linked
to higher primary production during the evolution of the
basin from Pleistocene lacustrine to modern marine in
addition to enhanced organic matter preservation (i.e.
kPOC2 < kPOC1) caused by reduced deep-water ventilation
and basin anoxia (Arthur and Dean, 1998; Eckert et al.,
2013). A sensitivity analysis shows that mineralization of
POC1 and POC2 are the main drivers for the redox reactions
taking place at RF1 and RF2, respectively (Fig. S2).

The reactivity of POC3 was substantially lower than
POC1 and POC2 and was deposited during a brief episode
between the marine and sapropel periods. It might repre-
sent the faint laminated layers observed at site GeoB15105
near the Unit I/II boundary (Zabel et al., 2012). Similar
light laminae seen elsewhere in the Black Sea were depos-
ited during the first invasion of E. huxleyi into the Black
Sea and mark the base of Unit I at 2760 yr BP (Lamy
et al, 2006). Although the rate constant for POC3 mineral-
ization is 100-fold lower than kPOC2 (3.3 � 10�7 yr�1), elim-
ination of this pool from the model leads to large
discrepancies between measured and modeled POC
(Fig. S4, blue curves). NH4

+ and DOC concentrations are
also sensitive to the rate constant for POC3 degradation
(Fig. S4, red curves). The least labile POC4 pool
(5.0 � 10�8 yr�1) was required to simulate carbon accumu-
lation in deeper time between �11.4 kyr BP and 9.4 kyr BP
before the inflow of Mediterranean seawater (Fig. S4, green
curves). The origin of this fraction is mainly freshwater
plankton (Coolen et al., 2013). Overall, the model results
support observations of an evolving source and reactivity
of organic matter over the Late Pleistocene and Holocene.

4.2. DOC turnover and benthic fluxes

The degradation of POC is carried out by microorgan-
isms via a multi-step process (e.g., Megonigal et al., 2003;
Arnosti, 2008; Burdige and Komada, 2015). Large and
complex organic polymers are firstly broken down into
high-molecular-weight DOC compounds via extracellular
hydrolysis and oxidative cleavage. These products are sub-
sequently transformed into low-molecular-weight labile and
refractory DOC compounds (DOCi in the model) that can
be broken down further into even smaller moieties such as
VFAs and H2 (Burdige and Martens, 1990). This last step
was parameterized in the model assuming first-order miner-
alization (kDOCi).

The maximum DOC concentration in the core (7.1 mM)
was similar to values reported in other marine sediments
underlying anoxic bottom waters (Burdige et al., 2016;
Komada et al., 2016; Loginova et al., 2020) and freshwater
or brackish sediments (Weston et al., 2006; Lee et al., 2008;
Segarra et al., 2013). The decreasing reactivity of DOC
(e.g., kDOC1 > kDOC2 > kDOC3 > kDOC4) mirrors the reactiv-
ity of the parent POC fractions (Burdige et al., 2016). Yet,
kDOCi were several orders of magnitude higher than kPOCi,
which is consistent with the detailed DOC study in the
Santa Barbara Basin by Burdige et al. (2016). These differ-
ences might reflect a rate limiting step in carbon flow at the
point of initial hydrolysis or oxidative cleavage of POC
ssolved organic carbon, sulfur and iron cycling in Black Sea sed-
pirical dynamic model. Geochim. Cosmochim. Acta (2021), https://
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compared to relatively rapid turnover of DOC intermedi-
ates (Burdige et al., 2016). Our results also confirm the idea
that the accurate simulation of the bulk DOC concentra-
tions is achievable with concurrent production of labile
DOC and refractory DOCr (Burdige et al., 2016). Although
the fraction of DOCr produced relative to labile DOC is
small (ai � 1 – 2%), the negligible reactivity of DOCr allows
it to accumulate in the porewater over thousands of years to
the extent that DOCr is now the major DOC pool in the
modern section (Unit I), similar to observations in the
anoxic Santa Barbara Basin (Burdige et al., 2016). The gen-
eral resemblance of DOC dynamics in the Black Sea and
Santa Barbara Basin suggests a common set of controls
on DOC cycling in these two different environments, and
further implies that most porewater DOC consists of refrac-
tory DOC (Burdige and Gardner, 1998). In the deeper
lacustrine sediments, the least reactive of the labile fractions
(DOC4) is predominant (see also Fig. 4c; Fig. S4).

The partitioning of bulk organic matter into discrete
POC and DOC fractions is a necessary step to simplify
the modeling work. The reactivity distribution of bulk
DOC might instead be better represented by a continuous
function of age as described for POC (Middelburg, 1989;
Boudreau and Ruddick, 1991). It is not obvious how this
can be done for DOC in a system where DOC molecules
of different ages openly diffuse through the sediment pore-
water. It should also be noted that the DOC conceptual
model is relatively simple, and does not account for DOC
adsorption onto particles, DOC preservation by iron min-
eral phases and/or complex geopolymerization reactions
that might otherwise explain the accumulation of a low-
reactivity DOC pool (Lalonde et al., 2012; Barber et al.,
2017). Our understanding of how these processes operate
in nature is very fragmentary. The discrete DOC rate con-
stants reported here should therefore be viewed as parame-
ters that integrate these poorly understood processes into
apparent first-order reactivities.

DOC is mainly fermented to DIC/H2 above Unit I and
to acetate below it (see Fig. S3 for model sensitivities).
Acetate is well-recognized as a major intermediate of
organic matter mineralization (Heuer et al., 2009;
Komada et al., 2016; Zhuang et al., 2019). Porewater acet-
ate concentrations at the study site are mainly determined
by production through fermentation reactions (RacDOCdeg)
and consumption by sulfate reduction (RacSR) and
methanogenesis (RacME) (Fig. 4). The maximum acetate
concentrations measured in this study (>200 mM) are at
the high end for shallow marine sediments, and 10-fold
higher than the previous values reported for the Black
Sea (Knab et al., 2009). Lower concentrations have been
measured in the Skagerrak (Denmark) (<100 mM, Dale
et al., 2008), Santa Barbara Basin (�30 mM, Komada
et al., 2016), Lake Towuti, Indonesia (�35 mM, Friese
et al., 2021) and the western Mediterranean Sea (<10 mM,
Zhuang et al., 2018). The concentrations in the southwest-
ern Black Sea are on the same order as those measured in
wetlands (e.g., �440 mM, Dalcin Martins et al., 2017).
Given that acetate is the main substrate for methanogenic
microorganisms in freshwater sediments (Whiticar 1999;
Conrad 2005), the elevated acetate turnover rates in Unit
Please cite this article in press as: Chuang P. -C., et al. Coupling of dis
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II and below (Fig. 4) suggest that the brackish period when
the sapropel was being formed is comparable to modern
brackish sediments displaying high DOC and acetate con-
centrations (e.g., Weston et al., 2006; Lee et al., 2008;
Segarra et al., 2013; Dalcin Martins et al., 2017). Acetate
production from mineralization of the sapropel would have
been important for sustaining subseafloor microbial activity
throughout the post-glacial period. This is evident from
observed chemoorganotrophs, Acetohalobium, in Black
Sea sediments as well as pyruvate ferredoxin oxidoreduc-
tase (PFOR), carbon monoxide dehydrogenase and
acetyl-CoA synthase encoding genes (More et al., 2019).
Note that the role of VFAs to carbon mineralization is
not strictly limited to acetate, however, as lactate concen-
trations of 30–40 mM have been measured at the same site
(Fig. S5a).

According to our model, the total DOC efflux from
Black Sea sediments over the period under investigation
ranged between 0.32 and 1.24 mmol C cm�2 yr�1 (Fig. 5a,
black curve). After 9300 yr BP, an increase in remineraliza-
tion led to a gradual rise in DIC flux. The ratio between
total DOC efflux and DIC efflux appears to have been
nearly constant before the inflow of Mediterranean water
(�40%) and then decreased to 2.3% at the present day
(Fig. 5b, black curve). The high ratios estimated for the
Late Pleistocene sediments have also been observed in mod-
ern sediments with low remineralization rates such as the
Weddell Sea (3–150%; Hulth et al., 1997), the NW Euro-
pean continental margin (2–32%; Otto and Balzer, 1998)
and Santa Monica Basin (39%; Komada et al., 2013). The
present-day ratio is comparable to the Santa Barbara Basin
(4%, Burdige et al., 2016) and indicates rapid cycling of
DOC to DIC (Burdige and Komada, 2015).

Refractory DOC accounted for �5% of the total DOC
efflux from Black Sea sediments in the Late Pleistocene
(Fig. 5b, red curve). This ratio is within the range of mod-
eled values (the lowest lability DOC fluxes to total DOC
fluxes) from Santa Monica Basin (Komada et al., 2013).
The DOCr flux to total DOC flux ratio increased to 41%
at present, again close to the 53% derived for Santa Barbara
Bain (Burdige et al., 2016). Interestingly, the modern Black
Sea appears to display similar DOCr/DOC and DOC/DIC
ratios as the Santa Barbara Basin whereas the Late Pleis-
tocene environment is more similar to the Santa Monica
Basin.

Historical depth-integrated rates of biogeochemical
processes driven by DOC degradation show a correspon-
dence to organic matter composition, the available termi-
nal electron acceptors, and the bottom water geochemistry
at time of deposition (Fig. 5). Despite the low salinity, the
organic-poor sediment prior to 9300 yr BP was dominated
by sulfidic-dissolution of iron oxides (Fig. 5h), with the
sulfide being supplied by AOM (Fig. 5d, green curve).
These processes intensified between 9300 yr BP and
7995 yr BP under the ensuing brackish bottom waters.
After 7995 yr BP, DOC degradation was mainly coupled
to sulfate reduction and methanogenesis rather than iron
reduction (Fig. 5c, d, g). Although direct DOC coupling
to dissimilatory iron reduction was negligible over the
study period, the indirect coupling between DOC-driven
solved organic carbon, sulfur and iron cycling in Black Sea sed-
pirical dynamic model. Geochim. Cosmochim. Acta (2021), https://
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sulfate reduction (producing sulfide) and iron reduction by
sulfide was not negligible (Figs. S2, S3 and S4). This has
led to the precipitation of iron sulfide minerals, mainly
in methanic sediments where Fe2+ concentrations are ele-
vated. In modern marine sediments, by contrast, iron sul-
fides tend to be formed at the top of the sulfate reduction
zone where Fe2+ availability is highest (Jørgensen and
Kasten, 2006; Jørgensen et al., 2019a). Hence, as a result
of the seawater inflow, the major zones of sulfate reduc-
tion and iron oxide reduction by sulfide are now inverted
over depth (Egger et al., 2016a).

4.3. Coupled sulfur, iron and methane cycling

In marine sediments, SO4
2� and CH4 tend to be con-

sumed by microbial communities that perform AOM
(R15, Table S1) (Barnes and Goldberg, 1976; Boetius
et al., 2000; Hinrichs and Boetius, 2002). The AOM layer
is typically indicated by the sulfate-methane transition zone
Please cite this article in press as: Chuang P. -C., et al. Coupling of di
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(SMT), which separates the overlying sulfate reducing sed-
iments from underlying methanogenic layers. AOM there-
fore largely prevents the escape of CH4 to the bottom
waters. During the Late Pleistocene when SO4

2� levels were
low, a flux of CH4 from the sediment was predicted
(Fig. 5j). In reality, much of this CH4 might have been oxi-
dized aerobically at the sediment-water interface; a process
not included in our model. The present SMT is very broad
with SO4

2� and CH4 coexisting for over 200 cm in Unit II
and Unit I below RF1. A wide SMT characterized by either
a long tailing of the SO4

2� into the methanic layer or CH4

into SO4
2�-containing sediments has been observed at other

Black Sea sites (e.g., Jørgensen et al., 2001, 2004; Holmkvist
et al., 2011) and beyond (Dale et al., 2008; Treude et al.,
2014; Maltby et al., 2016; Jørgensen et al., 2019b). These
studies have explained the tailing as a lack of thermody-
namic drive for AOM, the usage of non-competitive sub-
strates by methanogens in the SMT, and cryptic CH4 and
sulfur cycling in the SMT.
ssolved organic carbon, sulfur and iron cycling in Black Sea sed-
pirical dynamic model. Geochim. Cosmochim. Acta (2021), https://
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At site GeoB15105, the long SO4
2� tail begins at RF1

with a change in the SO4
2� concentration gradient, indicat-

ing a decrease in the downward flux (Fig. 3a). Degradation
of DOC1 to DIC/H2 in addition to AOM was mainly
responsible for the SO4

2� depletion at RF1 (Fig. 4e). Below
RF1, sulfate reduction coupled to acetate oxidation became
more prominent. The total rate of sulfate reduction is at the
lower end of those reported from other Black Sea sites (e.g.,
Jørgensen et al., 2001; Knab et al., 2009; Holmkvist et al.,
2011; Egger et al., 2016a). Methanogenesis via the DIC/
H2 pathway (RhyME) in Unit I is concomitant with sulfate
reduction (RhySR, RSO4CH4). Methanogenesis rates are
lower than AOM rates but nonetheless significant. Indeed,
experimental and modeling studies have shown that maxi-
mum rates of methanogenesis can be found in the SMT
(Beulig et al., 2018, Dale et al., 2019). Acetoclastic
methanogenesis currently co-occurs with sulfate reduction
in Unit II and at higher rates than total sulfate reduction
at RF2. These findings suggest that a cryptic CH4 cycle
(e.g. Beulig et al., 2018) in the broad SMT might therefore
explain the large SO4

2� and CH4 overlap observed in the
core.

Co-existence of SO4
2� and CH4 is favored by an abun-

dance of common substrates for sulfate reducing bacteria
and methanogens. For instance, an increase in sulfate
reduction and methanogenesis following the addition of
acetate and lactate in laboratory incubations demonstrates
that both groups of microorganisms readily consume these
substrates (Sela-Adler et al., 2017). Here, we simulated the
SO4

2� and CH4 data in the sapropel stage (Unit II) by
assuming common usage of acetate by both processes.
The increase in POC degradation and acetate production
in the sapropel allowed sulfate reduction and methanogen-
esis rates to increase simultaneously.

The relative importance of competitive versus non-
competitive substrates is poorly understood, but is known
to be significant in organic-rich sediments underlying
oxygen-depleted bottom waters (Ferdelman et al., 1997;
Treude et al., 2005; Maltby et al., 2016). There are indica-
tions that co-existence of SO4

2� and CH4 in coastal marine
sediments is driven by non-competitive substrates (Chuang
et al., 2016; Egger et al., 2016b; Zhuang et al., 2018). An
abundance of non-competitive substrates will allow
methanogenesis to take place in the presence of SO4

2�

(Oremland and Polcin, 1982). Archaeal respiratory quinone
classes diagnostic of methanogens (methanophenazine,
MP) have been detected in Unit I and Unit II at the study
site (Becker et al., 2018) and are indicative of the utilization
of non-competitive methylotrophic substrates (Becker
et al., 2018). The low d13C of butanetriol dialkyl glycerol
tetraethers (BDGTs) lipids detected in Unit I and Unit II
further implies that hydrogenotrophic and methylotrophic
methanogenesis pathways are co-occurring (Coffinet et al.,
2020). The non-competitive substrate argument also is sup-
ported by the increase in RhyME in sulfate-enriched sedi-
ments above RF1 (Fig. 4f). As mentioned in Section 2.3,
the presumed reaction stoichiometry of RhyDOCdeg may
not necessarily imply H2-based catabolism. An increase in
RhyDOCdeg, RhySR and RhyME above RF1 (Fig. 4d-f) and
after 2760 yr BP (Fig. 5c-e) may suggest that H2 and
Please cite this article in press as: Chuang P. -C., et al. Coupling of dis
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non-competitive substrates were both being produced at
this time. If H2 were the sole substrate in this layer, the
presence of SO4

2� ought to thermodynamically inhibit
hydrogenotrophic methanogenesis since sulfate-reducing
bacteria have a higher affinity for H2 (Hoehler et al.,
1998). Taking these results at face value, some of the
DOC degradation products must be being consumed either
partly or exclusively by methanogens.

In the methane-rich sediments below RF3, high dis-
solved Fe2+ concentrations were measured (Fig. 3f). The
source of the Fe2+ below the sulfate reduction zone in the
Black Sea sediments is still not clear. Previous studies
emphasize the production of Fe2+ by iron oxide reduction
through cryptic sulfur cycling (Holmkvist et al., 2011) or
AOM coupled with iron oxide reduction (Fe-AOM)
(Egger et al., 2016a). This modeling work points towards
the former explanation for site GeoB15105, as the rate of
sulfidic dissolution of iron oxides in Unit III is three-
orders-of-magnitude higher than Fe-AOM (Fig. 4g, green
curve versus black curve). The same trend holds over the
different sediment depositional periods where Fe-AOM
rates are orders-of-magnitude lower than iron oxide reduc-
tion by sulfide (Fig. 5g, red curve versus Fig. 5h, black
curve). This can be expected since iron reduction by sulfide
is kinetically favoured relative to methane oxidation (Bar-
Or et al., 2017). In fact, sensitivity analysis showed that
Fe2+ concentrations are only weakly dependent on Fe-
mediated AOM compared to sulfidic dissolution of iron
oxides (Fig. S6). Although the Fe2+ data can be fit reason-
ably well with higher rates of Fe-AOM if sulfidic iron oxi-
des dissolution is turned off, the resulting greater
penetration depth of hydrogen sulfide into the sediment
and the simulated solid phase iron species contents do not
match the measured data (Fig. S6, red curves).

Studies of the cryptic sulfur cycle in and below the SMT
have shown that sulfide oxidation coupled to iron oxide
reduction produces Fe2+ and elemental sulfur (S0) at very
low rates (Holmkvist et al., 2011). S0 can then undergo dis-
proportionation and stimulate canonical AOM below the
SO4

2� depletion depth and stimulate precipitate as pyrite
(FeS2). Measurable FeS2 contents and high dissolved
Fe2+ are evidence of sulfide oxidation coupled to iron oxide
reduction below RF3 (Fig. 3f and 3n). Flow-through col-
umn experiments in natural freshwater sediments con-
ducted by Hansel et al. (2015) have shown that S0

generated from initial oxidation of dissolved sulfide coupled
to iron oxide reduction is recycled back to sulfide via dis-
proportionation, thereby providing additional dissolved
sulfide for iron oxide reduction. Although reactive interme-
diates involved in the cryptic sulfur cycle are difficult to
detect, model derived rates of S0 disproportionation and
iron reduction by sulfide (Fig. 4g and 4 h) showed peaks
at about 600 cm where Fe2+ concentrations were high and
amorphous iron oxides were more abundant than crys-
talline iron oxides (Fig. 3f; Fig. S5b). Elemental sulfur sus-
taining these processes at the present day is sourced from a
deep reservoir that had accumulated over time (Fig. 5h).
Further, following the results of Hansel et al. (2015), iron
oxide reduction ought to be higher where amorphous iron
oxides are abundant, i.e. in Unit III. Depth-integrated rates
solved organic carbon, sulfur and iron cycling in Black Sea sed-
pirical dynamic model. Geochim. Cosmochim. Acta (2021), https://
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were nearly constant (10.7 mmol Fe cm�2 yr�1 for RFeoxH2S

and 1.3 mmol S0 cm�2 yr�1 for RS0) before the inflow of sea-
water and increased from 9300 yr BP until 7995 yr BP
(Fig. 5h) as the result of sulfide produced by canonical
AOM. Sensitivity tests show that turning off disproportion-
ation has a large impact on Fe2+ concentrations below RF3
(Fig. S6n, brown curve).

Our findings have broader implications for coastal
environments that are subject to long-term sea level rise
or seawater intrusion (e.g., Herbert et al., 2015; Weston
et al., 2011). The predicted potential changes in biogeo-
chemical cycles due to seawater intrusion of freshwater
wetlands include increased generation of hydrogen sul-
fide, sulfate reduction rates and CO2 emissions, decreased
CH4 emissions and reduced carbon sequestration
(Herbert et al., 2015). This transient reorganization of
biogeochemical processes and fluxes can be quantified
with the general model approach presented here. Further-
more, it has been suggested that refractory DOC may
control variations in paleoclimate (Hansell, 2013). For
instance, oxidation of large reservoirs of refractory ocea-
nic DOC during the Palaeocene–Eocene Thermal Maxi-
mum (PETM, 56 Myr ago) may have contributed to
climate hyperthermals (Sexton et al., 2011). Our work
raises the possibility that the contribution of labile and
refractory DOC to the total dissolved carbon flux from
sediment is not constant and may have been very differ-
ent in the geological past. This should be considered in
Earth system models applied to carbon cycling in ancient
ocean settings.

5. CONCLUSIONS

Sediments in the southwestern Black Sea provide a
detailed geochemical record for the evolution of biogeo-
chemical element cycling over time. A diagenetic model
was developed to simulate DOC concentrations, its degra-
dation to DIC/H2 and acetate and coupling with iron and
sulfur turnover. The transient evolution of reactive POC
fluxes to the seafloor agrees well with the known biogeo-
chemistry of observed sedimentary units. Reactive marine
organic matter provides an ongoing carbon source for
microorganisms, with the sapropel at the boundary between
marine and limnic deposits providing the main supply of
DOC and acetate. Extensive co-existence of SO4

2� and
CH4 are interpreted as non-competitive and common sub-
strates utilization by sulfate reducing bacteria and metha-
nogens. A cryptic sulfur cycle is proposed to lead to the
occurrence of high Fe2+ levels in the deep methanogenic
zone. In addition, iron reduction coupled to AOM is argued
to have a minor impact on the Fe2+ concentrations in deep
sediments, suggesting that this pathway is negligible. The
model reveals shifts of redox regimes from iron cycling to
sulfur cycling and of DOC degradation pathways over the
Holocene and the Late Pleistocene. These results enhance
our understanding of the interactions between carbon, sul-
fur and iron cycles in both modern and ancient settings and
how these interactions might evolve in response to paleoen-
vironmental changes.
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Röckmann T. and Slomp C. P. (2016a) Anaerobic oxidation of
methane alters sediment records of sulfur, iron and phosphorus
in the Black Sea. Biogeosciences 13, 5333–5355.

Egger M., Lenstra W., Jong D., Meysman F. J. R., Sapart C. J.,
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Haug G. H. (2008). Estimated Reservoir Ages of the Black Sea

since the Last Glacial. 2008, 20.
Lalonde K., Mucci A., Ouellet A. and Gelinas Y. (2012) Preser-

vation of organic matter in sediments promoted by iron. Nature

483, 198–200.
ssolved organic carbon, sulfur and iron cycling in Black Sea sed-
pirical dynamic model. Geochim. Cosmochim. Acta (2021), https://

http://refhub.elsevier.com/S0016-7037(21)00257-X/h0205
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0205
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0205
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0210
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0210
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0210
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0210
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0210
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0210
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0215
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0215
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0215
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0215
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0220
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0220
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0220
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0220
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0220
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0225
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0225
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0225
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0225
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0230
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0230
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0230
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0230
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0230
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0230
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0235
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0235
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0235
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0235
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0235
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0240
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0240
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0240
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0245
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0245
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0245
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0245
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0250
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0250
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0255
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0255
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0255
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0255
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0260
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0260
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0260
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0260
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0260
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0270
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0270
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0270
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0270
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0270
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0280
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0280
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0280
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0280
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0280
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0285
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0285
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0285
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0285
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0285
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0290
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0290
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0290
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0295
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0295
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0295
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0295
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0295
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0300
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0300
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0300
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0300
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0305
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0305
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0305
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0305
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0310
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0310
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0310
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0315
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0315
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0315
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0315
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0320
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0320
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0320
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0325
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0325
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0325
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0325
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0325
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0330
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0330
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0330
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0335
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0335
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0335
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0335
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0340
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0340
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0340
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0340
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0345
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0345
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0345
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0345
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0350
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0350
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0355
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0355
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0355
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0360
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0360
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0360
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0365
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0365
http://refhub.elsevier.com/S0016-7037(21)00257-X/h0365
https://doi.org/10.1016/j.gca.2021.04.032
https://doi.org/10.1016/j.gca.2021.04.032


16 P.-C. Chuang et al. /Geochimica et Cosmochimica Acta xxx (2021) xxx–xxx
Lamy F., Arz H. W., Bond G. C., Bahr A. and Pätzold J. (2006)
Multicentennial-scale hydrological changes in the Black Sea
and northern Red Sea during the Holocene and the Arctic/
North Atlantic Oscillation. Paleoceanography 21.

Lee R. Y., Porubsky W. P., Feller I. C., McKee K. L. and Joye S.
B. (2008) Porewater biogeochemistry and soil metabolism in
dwarf red mangrove habitats (Twin Cays, Belize). Biogeochem-

istry 87, 181–198.
Loginova A. N., Dale A. W., Le Moigne F. A. C., Thomsen S.,

Sommer S., Clemens D., Wallmann K. and Engel A. (2020)
Sediment release of dissolved organic matter to the oxygen
minimum zone off Peru. Biogeosciences 17, 4663–4679.

Maltby J., Sommer S., Dale A. W. and Treude T. (2016) Microbial
methanogenesis in the sulfate-reducing zone of surface sedi-
ments traversing the Peruvian margin. Biogeosciences 13, 283–
299.

März C., Riedinger N., Sena C. and Kasten S. (2018) Phosphorus
dynamics around the sulphate-methane transition in continen-
tal margin sediments: Authigenic apatite and Fe(II) phosphates.
Mar. Geol. 404, 84–96.

Megonigal J. P., Hines M. E. and Visscher P. T. (2003) Anaerobic
metabolism: linkages to trace gases and aerobic processes. In
Treatise on geochemistry (eds. H. D. Holland and K. K.
Turekian). Elsevier, pp. 317–424.

Middelburg J. J. (1989) A simple rate model for organic matter
decomposition in marine sediments. Geochim. Cosmochim. Acta

53, 1577–1581.
Middelburg J. J. (2018) Reviews and syntheses: to the bottom of

carbon processing at the seafloor. Biogeosciences 15, 413–427.
Minshull T. A., Marı́n-Moreno H., Betlem P., Bialas J., Bünz S.,

Burwicz E., Cameselle A. L., Cifci G., Giustiniani M., Hillman
J. I. T., Hölz S., Hopper J. R., Ion G., León R., Magalhaes V.,
Makovsky Y., Mata M.-P., Max M. D., Nielsen T., Okay S.,
Ostrovsky I., O’Neill N., Pinheiro L. M., Plaza-Faverola A. A.,
Rey D., Roy S., Schwalenberg K., Senger K., Vadakkepuliyam-
batta S., Vasilev A. and Vázquez J.-T. (2020) Hydrate occur-
rence in Europe: A review of available evidence.Mar. Pet. Geol.

111, 735–764.
Moran M. A. and Miller W. L. (2007) Resourceful heterotrophs

make the most of light in the coastal ocean. Nat. Rev.

Microbiol. 5, 792–800.
More K. D., Giosan L., Grice K. and Coolen M. J. L. (2019)

Holocene paleodepositional changes reflected in the sedimen-
tary microbiome of the Black Sea. Geobiology 17, 436–448.

Oni O. E., Schmidt F., Miyatake T., Kasten S., Witt M., Hinrichs
K.-U. and Friedrich M. W. (2015) Microbial Communities and
Organic Matter Composition in Surface and Subsurface Sed-
iments of the Helgoland Mud Area, North Sea. Front.

Microbiol. 6.
Oremland R. S. and Polcin S. (1982) Methanogenesis and Sulfate

Reduction: Competitive and Noncompetitive Substrates in
Estuarine Sediments. Appl. Environ. Microbiol. 44, 1270.

Otto S. and Balzer W. (1998) Release of dissolved organic carbon
(DOC) from sediments of the N.W. European Continental
Margin (Goban Spur) and its significance for benthic carbon
cycling. Prog. Oceanogr. 42, 127–144.

Parkes R. J., Wellsbury P., Mather I. D., Cobb S. J., Cragg B. A.,
Hornibrook E. R. C. and Horsfield B. (2007) Temperature
activation of organic matter and minerals during burial has the
potential to sustain the deep biosphere over geological time-
scales. Org Geochem. 38, 845–852.

Ridgwell A. (2011) Evolution of the ocean’s ‘‘biological pump”.
Proc. Natl. Acad. Sci., 16485–16486.

Ridgwell A. and Arndt S. (2015) Chapter 1 - Why Dissolved
Organics Matter: DOC in Ancient Oceans and Past Climate
Change. In Biogeochemistry of Marine Dissolved Organic
Please cite this article in press as: Chuang P. -C., et al. Coupling of dis
iments over the Holocene and the late Pleistocene: Insights from an em
doi.org/10.1016/j.gca.2021.04.032
Matter (eds. D. A. Hansell and C. A. Carlson), Second ed.
Academic Press, Boston, pp. 1–20.

Riedinger N., Brunner B., Krastel S., Arnold G. L., Wehrmann L.
M., Formolo M. J., Beck A., Bates S. M., Henkel S., Kasten S.
and Lyons T. W. (2017) Sulfur Cycling in an Iron Oxide-
Dominated, Dynamic Marine Depositional System: The Argen-
tine Continental Margin. Frontiers. Earth Sci. 5.

Rutten A. and de Lange G. J. (2003) Sequential extraction of iron,
manganese and related elements in S1 sapropel sediments,
eastern Mediterranean. Palaeogeogr. Palaeoclimatol. Palaeoe-

col. 190, 79–101.
Schmidt F., Koch B. P., Elvert M., Schmidt G., Witt M. and

Hinrichs K.-U. (2011) Diagenetic Transformation of Dissolved
Organic Nitrogen Compounds under Contrasting Sedimentary
Redox Conditions in the Black Sea. Environ. Sci. Technol. 45,
5223–5229.

Schmidt F., Koch B. P., Goldhammer T., Elvert M., Witt M., Lin
Y.-S., Wendt J., Zabel M., Heuer V. B. and Hinrichs K.-U.
(2017) Unraveling signatures of biogeochemical processes and
the depositional setting in the molecular composition of pore
water DOM across different marine environments. Geochim.

Cosmochim. Acta 207, 57–80.
Segarra K. E. A., Comerford C., Slaughter J. and Joye S. B. (2013)

Impact of electron acceptor availability on the anaerobic
oxidation of methane in coastal freshwater and brackish
wetland sediments. Geochim. Cosmochim. Acta 115, 15–30.

Sela-Adler M., Ronen Z., Herut B., Antler G., Vigderovich H.,
Eckert W. and Sivan O. (2017) Co-existence of Methanogenesis
and Sulfate Reduction with Common Substrates in Sulfate-
Rich Estuarine Sediments. Front. Microbiol. 8.

Sexton P. F., Norris R. D., Wilson P. A., Pälike H., Westerhold T.,
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