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Abstract

Manganese (Mn) is an essential micronutrient for phytoplankton and its cycling interacts with that of iron (Fe). Continen-
tal shelf sediments are a key but poorly quantified source of Mn to marine waters. In this study, we investigate Mn release
from shelf sediments, its lateral transport (‘‘shuttling”) in the oxic water column over the northwestern Black Sea shelf
and its fate in the adjacent euxinic deep basin. We find a high release of Mn from organic-rich, bioirrigated coastal sediments,
but negligible mobilization and release of Mn from sediments in offshore shelf regions, because of a low input of organic mat-
ter. Most Mn in the water column is present in dissolved form. We suggest that this dissolved Mn is released from coastal
sediments and subsequently transported offshore through physical processes. Surface sediments at open shelf and shelf edge
stations are highly enriched in Mn when compared to coastal and deep basin stations. Only part of the surface enrichment can
be explained by oxidation of porewater Mn. The remainder of this enrichment is likely the result of oxidative removal of dis-
solved Mn from the water column and deposition as Mn oxides. Using X-ray spectroscopy we show that Mn in surface sed-
iments in this area predominately consists of Mn(IV) oxides (phyllo- and/or tectomanganates). A key difference between Mn
versus Fe shuttling is the form in which the metal is transported: while dissolved Mn dominates in the water column over the
shelf, most Fe is present in particulate form. Sediment trap data indicate that the vertical transport of both Mn and Fe
through the euxinic water column is correlated and is associated with the sinking flux of biogenic particulate matter following
the spring and fall phytoplankton blooms. In the sediments of the euxinic basin, Mn is enriched when compared to a detrital
Mn background and its burial correlates with that of Fe. This suggests that Mn could be incorporated in pyrite in the euxinic
water column. Our results highlight the critical role of organic matter input as a driver of Mn and Fe shuttling over the Black
Sea continental shelf and particulate matter as the carrier of Mn and Fe into the euxinic basin.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Manganese (Mn) is an essential micronutrient for phyto-
plankton in the ocean (Raven, 1990; Moore et al., 2013).
https://doi.org/10.1016/j.gca.2020.01.031
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Continental shelf sediments may act as a key source of dis-
solved Mn in ocean waters (Charette et al., 2016). Further-
more, sedimentary cycling of Mn can interact with the
cycles of other trace metals that can limit the growth of
phytoplankton, including iron (Fe; Burdige (1993)). Insight
into the dynamics of Mn on continental shelves is therefore
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critical for our understanding of the role of metals as nutri-
ents in the ocean.

Release of Mn from sediments and its lateral transport
over continental shelves, which is termed ”shuttling”, is a
complex function of a range of factors such as the supply
of Mn oxides, input of organic matter, bottom water oxy-
gen concentrations and biological and physical transport
processes (Slomp et al., 1997; McManus et al., 2012). Pro-
duction of dissolved Mn in sediments through reductive dis-
solution of Mn oxides is driven by the degradation of
organic matter, associated sulfide production and the pres-
ence of Fe(II) (Postma, 1985; Aller, 1994; Burdige, 2006).
This dissolved Mn in the porewater can be present as both
Mn(II) and Mn(III) (Madison et al., 2013; Oldham et al.,
2019). In sediments overlain by oxic bottom waters part
of the dissolved Mn will typically re-oxidize in the surface
sediment and can form both Mn(III) and Mn(IV) oxides
(Nealson et al., 1988; Burdige, 1993; Luther, 2010). In such
settings, some dissolved Mn may also escape the sediment
through diffusion. Bioirrigating macrofauna can further
contribute to release of dissolved Mn to the overlying water
(Thamdrup et al., 1994; Berelson et al., 2003; McManus
et al., 2012). When bottom waters are depleted of oxygen,
dissolved Mn will generally be released to the overlying
water through diffusion only (Balzer, 1982; Sundby et al.,
1986; Homoky et al., 2011). Under complete and persistent
anoxic or euxinic conditions benthic release of dissolved
Mn typically decreases because of the depletion of reducible
Mn oxides in the sediment (Slomp et al., 1997; Lenz et al.,
2015). Sediments overlain by a permanently anoxic or eux-
inic water column are therefore noted for a lack of Mn
(Calvert and Pedersen, 1993; Brumsack, 2006). However,
when sulfide concentrations are high, Mn can become asso-
ciated with pyrite (Lenz et al., 2014; Hermans et al., 2019),
or Mn sulfides can form in sediments in such basins (Suess,
1979; Lepland and Stevens, 1998; Lenz et al., 2015).

Dissolved Mn that escapes from sediments overlain by
an oxic water column can precipitate as Mn oxide. How-
ever, in the presence of dissolved organic matter, complex-
ation of Mn(III) with organic ligands can also occur (Shiller
et al., 2006; Krachler et al., 2015). While Mn oxide particles
will typically directly sink and settle at the sediment–water
interface, Mn complexes with organic ligands (Mn(III)-L)
are generally < 0.02 lm (Oldham et al., 2017), and can
remain in solution (Faulkner et al., 1994; Sander and
Koschinsky, 2011; Oldham et al., 2017) allowing easy lat-
eral transport (Jeandel et al., 2015). On continental shelves,
repeated oxidation, deposition, remobilization and/or
resuspension of Mn may occur during such lateral transfer.

While the shuttling of Fe on continental shelves has been
studied intensively (e.g. Wijsman et al., 2001; Anderson and
Raiswell, 2004; Lyons and Severmann, 2006; Raiswell and
Canfield, 2012; Lenstra et al., 2019) that of Mn is not well
understood. The oxidation of Mn(II) to Mn(III) and Mn
(IV) is mainly bacterially-mediated and is much slower than
that of Fe(II) (Stumm and Morgan, 1996; Luther, 2010;
Learman et al., 2011, 2013). These factors contribute to dif-
ferences in the benthic release (Burdige, 1993) and transport
of Fe and Mn in oxygenated seawater (Klinkhammer and
Hudson, 1986). In a recent modeling study of Mn dynamics
in the modern ocean, benthic Mn release was parameterized
by directly linking it to that of Fe assuming a constant Fe/
Mn ratio of 5 (van Hulten et al., 2017). This model assump-
tion was mainly based on observed Fe/Mn ratios in pore-
water of North Sea shelf sediments (Slomp et al., 1997).
Further improvement of such parameterizations requires
quantitative and mechanistic insight in the dynamics of
benthic Mn release from shelf sediments, including actual
in-situ benthic release rates of both Fe and Mn. The Black
Sea is well-suited for investigations of metal shuttling, given
the evidence for Fe shuttling from the coastal zone to the
deep basin (Raiswell and Canfield, 2012; Lenstra et al.,
2019). While cycling of Mn around the chemocline of the
euxinic basin in the Black Sea has been well studied (e.g.
Spencer and Brewer (1971); Tebo, 1991; Dellwig et al.,
2010), little is known about the Mn supply from the conti-
nental shelf, its ultimate fate in the euxinic deep basin and
the interactions with Fe.

In this study, we investigate the dynamics of Mn in the
sediment and water column along a water depth transect in
the northwestern Black Sea including coastal, open shelf,
shelf edge and deep basin sites. We combine porewater
and sediment depth profiles, in-situ benthic flux measure-
ments and water column analyses of Mn (including sus-
pended matter from in-situ pumps and sediment traps), to
identify the areas of the shelf where Mn is released from
the sediment and to assess how Mn is transported across
the shelf. Using data from a parallel study on Fe dynamics
(Lenstra et al., 2019), we identify differences between Mn
and Fe shuttling over the shelf, and propose mechanisms
to explain transport and burial of Mn in the euxinic deep
basin. Our results highlight that continental shelf sediments
could be a more important source of Mn to ocean waters
than previously thought.

2. METHODS

2.1. Study area and sampling

Our study sites are located along a water depth transect
on the northwestern Black Sea shelf to the deep basin, with
water depths ranging from 27 to 2107 m (Fig. 1; Table 1).
We sampled six sites on the continental shelf (stations 6,
7, 8, 9, 13 and 14) and two in the deep euxinic basin (sta-
tions 2 and 3; Table 1) during a cruise with R/V Pelagia
in September 2015. The data set for sediments was extended
with results for five stations as sampled in June 2013 by
Kraal et al. (2017) (stations 2, 3, 4, 6A and 6B; Fig. A.1;
Table A.1).

The northwestern Black Sea shelf covers an area of

70.000 km2 (Wijsman et al., 1999). The Danube River is a
major source of terrestrial organic carbon, nutrients and
lithogenic particles to the shelf (Popa, 1993; Panin and
Jipa, 2002). The coastal zone is characterized by high rates
of organic matter input and degradation, high rates of sed-
iment accumulation and high macrofaunal activity. These
all decrease towards the shelf edge (Wijsman et al., 1999;
Friedrich et al., 2002; Lenstra et al., 2019). In the deep



Fig. 1. Locations of the eight stations sampled in the Black Sea in September 2015. Figure drawn using Ocean Data View (Schlitzer, 2015).

Table 1
Coordinates, water depth, bottom water temperature and salinity at the eight stations sampled on the northwestern Black Sea shelf. Unit mbss
is meters below sea surface.

Station Latitude Longitude Depth Temperature Salinity
N E mbss �C

9 44�34.90 29�11.40 27 13.3 17.9
13 44�36.50 29�27.40 44 9.2 18.1
8 44�14.70 29�43.40 65 8.2 18.2
7 43�53.80 29�58.60 78 8.5 18.7
14 43�45.90 30�04.070 114 8.4 19.5
6 43�42.80 30�05.10 130 8.5 20.0
3 43�31.80 30�15.50 1100 9 22.3
2 42�4.80 30�40.70 2107 9.1 22.3
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basin, oxic surface waters are separated from the euxinic
waters by a chemocline at 150 m water depth (Arthur and
Dean, 1998; Coolen et al., 2009).

The general characteristics of our sites are discussed in
detail in Kraal et al. (2017) and Lenstra et al. (2019)
(Table 1), but are repeated here briefly for context. Bottom
water temperature and salinity at our eight stations ranged
from 9 �C to 13.3 �C and 17.9 to 22.3, respectively (Table 1).
The lowest temperature and highest salinity were observed
at the stations in the deep basin. Organic carbon (Corg) con-
tents in the surface sediments (0–0.5 cm), were high at the
coastal stations (1.8–2.9 wt%) and in the deep basin (3.8–
4.3 wt%) and low at the open shelf and shelf edge stations
(0.5–1.3 wt%; Table 2). Bottom water oxygen concentra-
tions were highest at the coastal station 13 (209 lmol

L�1) and decreased towards the shelf edge (Table 2). In
the deep basin, oxygen was absent and hydrogen sulfide
concentrations in the bottom waters increased with water

depth (to values up to 418 lmol L�1). Oxygen uptake was
highest at the coastal stations 9 and 13, at values of 25.8

and 17.8 mmol m�2 d�1, respectively, and decreased off-
shore. At stations 9 and 13, oxygen penetration in the sed-
iment was 2.25 and 1.65 mm, respectively (Table 2;
Fig. A.2).
Water column and sediment samples were collected at
eight and six stations, respectively. Depth profiles of con-
ductivity, temperature, density and dissolved oxygen in
the water column were obtained with a CTD profiler
equipped with an oxygen sensor (SBE43) on a rectangular
titanium frame. Water samples were collected using 24
ultra-trace metal clean PVDF samplers attached to the
same frame (Rijkenberg et al., 2015), deployed with a Kev-
lar hydrowire (De Baar et al., 2008; Rijkenberg et al., 2014),
except for the coastal stations 9 and 13 that were sampled
with a conventional CTD. Sediment cores were collected
with an Oktopus multicorer (inner diameter: 10 cm) using
polycarbonate tubes of 60 cm length. Only sediments with
>20 cm of overlying water and an intact sediment surface
were processed further. At all stations, two bottom water
samples were taken directly after core retrieval.

At each station, one sediment core was sliced into depth
intervals of 0.5 to 3 cm under a nitrogen atmosphere at bot-
tom water temperature (Table 1). Each slice was divided
over a pre-weighed glass vial and a 50 mL centrifuge tube.
The glass vials were stored under a nitrogen atmosphere at
�20 �C for solid phase analyses onshore. The 50 mL cen-
trifuge tubes were centrifuged on board at 4500 rpm for
25 min to extract porewater. Porewater was filtered under



Table 2
Key station characteristics: organic carbon content in the surface sediment (0–0.5 cm), oxygen (O2) and H2S concentrations in the bottom
water, in-situ O2 uptake as determined with chamber incubations, O2 penetration depth in the sediment (mm) from microprofiles (Fig. A.2),
calculated diffusive flux of O2, and macrofaunal density (individuals m�2). n.a.= not available. Data presented in this table, except for stations
3 and 2, were previously published in Lenstra et al. (2019) and are repeated here for context.

Station Organic C O2, H2S Bottom water O2 uptake O2 diffusive flux O2 penetration depth Macrofaunal density
wt% lmol L�1 mmol m�2 d�1 mmol m�2 d�1 mm ind m�2

9 (coast) 1.8 92, 0 25.8 ± 1.77 13.0 2.25 6179 ± 2051
13 (coast) 2.9 209, 0 17.8 ± 2.8 9.4 1.65 8749 ± 967

8 (open shelf) 0.8 197, 0 8.1 ± 3.4 n.a. n.a. 5370 ± 3249
7 (open shelf) 0.5 155, 0 3.7 ± 1.4 n.a. n.a. 4351 ± 2208
14 (shelf edge) 1.3 93, 0 1.6 ± 0.1 n.a. n.a. 1898 ± 904
6 (shelf edge) 0.9 27, 0 0.4 ± 0.02 n.a. n.a. 394 ± 199
3 (deep basin) 4.3 0, 381 n.a. n.a. n.a. n.a.
2 (deep basin) 3.8 0, 418 n.a. n.a. n.a. n.a.
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a nitrogen atmosphere through 0.45 lm pore size filters and
subsampled for Mn and alkalinity. In-situ benthic flux mea-
surements were carried out with an Albex lander (Witbaard
et al., 2000) at all stations except for stations 3 and 2.

Four sediment traps (Technicap PPS5; surface area of

1.39 m2) with 24 polypropylene bottles (250 mL) were
deployed in September 2015 at station 2 at water depths
of 214, 448, 932 and 1716 m. Before deployment all trap
bottles were filled with anoxic water as obtained with the
ultraclean CTD at the corresponding water depths. During
the deployment, each bottle collected particulate material
for 15 days from 10 September 2015 until 4 September
2016. All sediment traps were recovered during a cruise
with R/V Pelagia in March 2017.

2.2. Water column analyses

Unfiltered samples for total dissolvable Mn (henceforth
termed TdMn) were taken from the PVDF samplers using
acid-washed LDPE tubing. Samples for dissolved Mn (col-
loidal and aqueous Mn) were obtained using a 0.2 lm Sar-
tobran 300 cartridge (Sartorius), after pre-filtration with 0.5
L of ambient seawater. In all cases, nitrogen pressure was
applied at the top of the sampler and the samples were col-
lected in acid-washed 60 mL LDPE bottles (Nalgene), filled
to the shoulder of the bottle. Samples were acidified to pH
1.8 by adding 120 lL of distilled 10 M HCl to 60 mL of
sample. The acidification of samples may lead to an under-
estimation of total dissolvable and dissolved Mn concentra-
tions due to precipitation of humic substances upon
acidification (Oldham et al., 2017). Samples were stored
at 4 �C until analysis.

The concentration of Mn was determined by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) after pre-
concentration with a SC-DX SeaFAST S2 (Elemental Sci-
entific). Acidified samples (pH 2) were buffered online with
a pre-cleaned buffer solution (4.8 M glacial acetic acid
99.7% (Baseline, Seastar) and 4.1 M ammonium hydroxide
29% (Baseline, Seastar), pH 6) and loaded onto the pre-
concentration column for 20 s (Lagerström et al., 2013).
Samples were measured either with an ICP-MS X-series 2
(Thermo Scientific) or a Nexion ICP-MS (Perkin Elmer).
When using the X-series ICP-MS, seasalts were rinsed from
the preconcentration column using de-ionized water and
the analyte was eluted into a 1 mL cuvette with 2 M
HNO3, spiked with 2 ppb Indium (internal standard).
When using the Nexion ICP-MS instrument the analyte
was injected directly into the instrument and measured
online. On the X-series, the limit of detection (LoD) for

Mn was 0.138 ± 0.080 nmol L�1 (n = 8). On the Nexion,
the LoD was 0.0225 ± 0.0007 (n = 6). The value of the
blank was typically below the limit of detection. SLEW-3
(Estuarine water reference material for trace metals;
National Research Council Canada) was used as a refer-
ence material. For each ICP-MS analysis, the results of
30 readings were averaged. We measured an average value

of 1.63 ± 0.12 lg kg�1 (n = 32), which is consistent with the

reference value of 1.59 ± 0.22 lg kg�1. The overall recovery
was 102.4 ± 10.6%.

At station 2 water column samples for analysis of hydro-
gen sulfide (H2S: sum of H2S, HS� and S2�), dissolved inor-
ganic carbon (DIC) and silicic acid (Si) were filtered over
0.2 lm acrodisc filters and directly analyzed on board on
a QuAAtro (SEAL Analytical, Germany) auto analyzer.
Samples for H2S were analyzed using the methylene blue
method according to Grasshoff et al. (2009). Samples for
DIC were acidified online after oxidation with H2O2 and
analyzed using the alkaline phenolphthalein method
according to Stoll et al. (2001). Samples for Si were mea-
sured using the molybdate-blue method according to
Strickland and Parsons (1972).

Suspended matter was collected through in-situ pumping
for 1-4 h at 4 water depths per station using four McLane
pumps (3x WTS-LV, 1x WTS-LV Dual Filter). After retrie-
val of the pumps, water around the filters (Supor, 0.8 lm,
142 mm diameter) was removed by vacuum pumping and
the filters were placed in petri-dishes, sealed in plastic bags
and stored at �20 �C. Manganese in suspended matter was
determined on a quarter of every filter in a 4-step sequential
extraction procedure (Table A.2). This extraction proce-
dure is specific for a range of Fe phases (Poulton and
Canfield, 2005; Claff et al., 2010; Raiswell et al., 2010),
but has not been calibrated for Mn. However, the Mn min-
erals that are dissolved are expected to decrease in reactivity
from step 1 to 4, as is known for Fe (Table A.2). After
extraction, all solutions were filtered through 0.45 lm pore
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size nylon filters. The concentration of Mn in the extraction
solutions were determined by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES; Spectro Arcos;

LoD: 0.003 lmol L�1). The sum of all Mn phases extracted
in the four steps was assumed to represent reactive Mn (i.e.
Mn oxides and Mn carbonates; Sulu-Gambari et al.
(2016)).

2.3. Pore water analyses and in-situ benthic fluxes

Samples for dissolved Mn were acidified with 10 lL 35%
suprapur HCl per mL of sample. Dissolved Mn, likely pre-
sent as both Mn(II) and Mn(III) (Madison et al., 2013;
Oldham et al., 2019), was analyzed by ICP-OES (LoD:

0.003 lmol L�1). Alkalinity was determined by titrating
1 mL of untreated sub-sample with 0.01 M HCl.

Diffusive fluxes of dissolved Mn across the sediment–

water interface (J in mmol m�2 d�1) were calculated using
Fick’s first law of diffusion taking into account porosity,
ambient salinity, pressure and temperature at each site
using the R package CRAN: marelac (Soetaert et al.,
2010), which implements the constitutive relations listed
in (Boudreau, 1997).

Benthic fluxes of TdMn were determined in-situ with a
benthic lander, equipped with three chambers made of the

inert delrin plastic, each with a surface area of 144 cm2

and a water volume between 1.3 and 1.8 L (Table S.1-S.6;
Witbaard et al. (2000)). A detailed description of the ben-
thic lander and samples analysis is given in Section A.1.

2.4. Solid phase analyses

All sediments were freeze-dried and the porosity was
determined from the weight loss upon freeze drying.
Freeze-dried sediments were ground in an agate mortar.
To determine the total elemental concentrations, sediment
was digested in mixed acid (HNO3, HClO4 and HF) as
described by Lenstra et al. (2019). The final solutions were
analyzed for total Mn with ICP-OES (Lenstra et al., 2019).
The average analytical uncertainty based on duplicates was
4.5% for Mn. Total Fe, aluminum (Al), sulfur (S) and Corg

contents were previously published in Lenstra et al. (2019)
and are repeated here for context. Solid phase concentra-
tions of Mn and Fe normalized to Al are reported in units
of wt% wt%�1.

2.5. X-ray spectroscopy

X-ray absorption spectroscopy (XAS) was used to ana-
lyze sediments for their Mn mineralogy at beam-line BM26
(DUBBLE) at the ESRF, Grenoble, France (Borsboom
et al., 1998; Nikitenko et al., 2008). XAS spectra were col-
lected at the Mn K-edge in the energy range of ca. 6.3–
7.1 keV. A detailed description of the energy calibration
and data collection is given in Sections A.2 and A.3.
Freeze-dried, ground and homogenized surface sediment
(0–0.5 cm) from stations 8, 7, 14 and 6A was pressed into
pellets in a nitrogen-filled glove bag at the beamline. Each
pellet was wrapped in Kapton foil to prevent oxidation dur-
ing analysis in transmission mode at room temperature.
Both X-ray Absorption Near Edge Structure (XANES)
and Extended X-ray Absorption Fine Structure (EXAFS)
spectra were obtained. The ATHENA software package
(Ravel and Newville, 2005) was used to remove the back-
ground and for normalization and linear combination fit-
ting (LCF) of spectra. Linear combination fitting allows
spectra for samples to be reproduced by combinations of
spectra of mineral standards, containing various Mn oxi-
des, sulfides, carbonates, phosphates and silicates
(Fig. A.3; Table A.3). For such LCF, we used normalized
XANES spectra for the energy range 6530–6700 eV and

the k3 weighted EXAFS spectra in the range 2–11 �A. Due
to the low Mn content, XAS spectra for sediments from sta-
tions 8 and 7 were of too low quality for analysis. There-
fore, only the results for stations 14 and 6A are presented.

2.6. Sediment trap analyses

After retrieval of the four sediment traps, all trap bottles
were immediately closed and transferred to a laboratory
maintained at in-situ temperature. The bottles were stored
under a nitrogen atmosphere at 4 �C until further analysis.

Sampling of the material collected in the trap bottles was
performed in an argon filled glovebox. Samples were
homogenized by gently mixing the contents and then split
into equal 3 portions using nitrogen pressure. The exact
amount of sample was determined by weighing. One por-
tion was centrifuged at 2800 rpm for 6 min and the super-
natant was sampled and filtered over 0.45 lm and divided
into two fractions: (1) 5 mL was acidified with 50 lL 35%
suprapur HCl and analyzed for dissolved Fe, Mn, Ca and
Si by ICP-OES and (2) 2 mL was transferred into a 2 mL
airtight glass vial for analysis of DIC using an AS-C3 ana-
lyzer (Apollo SciTech), consisting of an acidification and
purging unit in combination with a LICOR-7000 CO2/
H2O Gas Analyzer.

The solid phase was freeze-dried and the total particle
flux was determined based on the dry weight of the sample
upon freeze-drying and the time that each sample bottle
was open (15 days). Subsequently, the material was ground
in an agate mortar. Total elemental concentrations of Fe,
Mn and Ca were determined as described for sediment sam-
ples above. The total Ca concentration was used to calcu-
late the CaCO3 content of the sample. A second
subsample of ca. 300 mg was decalcified with 2 wash steps
of 1 M HCl (Van Santvoort et al., 2002) and subsequently
dried, powdered and analyzed for carbon (C) using an ele-
mental analyser (Fisons Instruments model NA 1500 NCS).
Organic C contents were determined after correction for the
weight loss following decalcification. A third subsample of
ca. 30 mg was subjected to a biogenic silica (SiO2) extrac-
tion procedure following DeMaster (1981). The sample
was mixed with 40 mL 0.1 M Na2CO3 solution and Si
was extracted for 5 h in a continuously shaking water bath
heated to exactly 85 �C. After 1, 2, 3 and 5 h a 0.5 mL ali-
quot was removed from the solution and neutralized with
4.5 mL of 0.021 M HCl. Silica in all samples was measured
spectrophotometrically using the molybdate-blue method
(Strickland and Parsons, 1972). Concentrations of biogenic
silica were determined by fitting a linear regression line to
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the concentration change of Si during extraction
(DeMaster, 1981). All solid phase analyses were corrected

for salt content. Downward fluxes (in lmol m�2 d�1 or

mg m�2 d�1) were calculated as follows:

Downward flux ¼ C � sample mass=ðt � surfacesed:trapÞ ð1Þ
where sample mass is total mass of freeze dried sample in
units of g, t is the duration of sample collection in days, sur-

facesed.trap is the area of the sediment trap in m2 and C is the

concentration in lmol g�1 or mg g�1. The concentrations
(i.e. C) were corrected for decomposition, dissolution or
precipitation of the solid phase by comparing concentra-
tions of dissolved Fe, Mn, Si and DIC in the sediment traps
with water column concentrations at station 2 at corre-
sponding water depths (Supplementary material; dissolved
Fe was taken from Dijkstra et al. (2018)). The correction
for Ca was applied by calculating the Ca concentration in
seawater based on the salinity (Table 1; Pilson (2012)).
The difference between the dissolved concentration in the
sediment trap and the water column was added to the solid
phase concentration. Organic carbon contents were cor-
rected for the change in DIC concentration in each trap
bottle. Concentrations of total particle flux, SiO2 and
CaCO3, Corg and Fetot before and after correction were lar-
gely similar (Fig. A.4). For Mn, the correction led to a low-
ering of Mn fluxes, but this did not change the overall
trend.

Two freeze-dried subsamples of material from the sedi-
ment trap from 214 meter water depth collected in October
and April, which were periods with the highest downward
particle flux, were additionally analyzed for Fe and Mn
content by lXRF. Aliquots were mounted on double-
sided carbon tape and elemental maps (0.8 by 0.4 cm) were
collected using a Desktop EDAX Orbis lXRF analyzer
(Rh tube at 30 kV, 500 lA, no filter, 300 ms dwell time,
poly-capillary lens providing a 30 lm spot size).

3. RESULTS

3.1. Water column Mn

At all six shelf stations, concentrations of dissolved Mn
and TdMn were elevated close to the sediment water inter-

face and ranged between 4–694 and 21–911 nmol L�1,
respectively (Fig. 2A). Concentrations of Mn were rela-
tively low in the remainder of the water column, especially
at the open shelf and shelf edge stations (typically below 10

nmol L�1). A distinct offshore decline in both TdMn and
dissolved Mn near the sediment surface was observed

(e.g. for TdMn, from up to 911 nmol L�1 at station 9 to

ca. 20 nmol L�1 at station 14), after which TdMn concen-

trations increased again at station 6 (to ca. 80 nmol L�1).
A similar offshore decline in TdMn and increase at station
6 was observed in the bottom water samples of the lander
incubations (Table S.1-S.6). At the coastal and open shelf
stations, dissolved Mn accounted for 85 and 96% of TdMn,
in the lowest water column sample. At the shelf edge sta-
tions, in contrast, the contribution of dissolved Mn was
at most 13%. At the deep basin stations, concentrations
of dissolved Mn reached a maximum in the chemocline
and decreased again at greater depth. The contribution of
particulate Mn in and around the chemocline was relatively
small.

3.2. Benthic exchange and porewater Mn

In-situ benthic release of TdMn was highest at the

coastal stations 9 and 13 (0.47 and 0.3 mmol m�2 d�1,
respectively; Fig. 2B; Table 3). At the open shelf and shelf

edge stations, fluxes were below 0.05 mmol m�2 d�1. In-
situ fluxes were comparable in range to calculated diffusive
fluxes, except at station 13 where the calculated diffusive
flux was ca. 3-fold higher (Table 3).

Concentrations of dissolved Mn in the porewater were
elevated close to the sediment–water interface (0–2 cm)
and subsequently decreased with depth at the coastal and
open shelf stations (Fig. 2C). Maximum concentrations of
dissolved Mn in the porewaters decreased from the coast

towards the deep basin (from 74 to 20 lmol L�1). In the
deep basin, porewater concentrations of dissolved Mn were

ca. 4 lmol L�1, did not change with depth and were similar
to Mn concentrations in the lower part of the water
column.

3.3. Suspended matter and sediment Mn

Manganese concentrations in suspended matter at the
six shelf stations as determined with the sequential extrac-
tion (Table A.2) were highest close to the sediment–water

interface (up to 205 nmol L�1; Fig. 3; Table A.4). Maxi-
mum concentrations of Mn in suspended matter through-
out the water column decreased from the coast (205 nmol

L�1) towards the open shelf (5.5 nmol L�1) and increased

again at the shelf edge (27.7 nmol L�1). Ascorbate extracta-
ble Mn was typically the dominant fraction of Mn in the
suspended matter, accounting for on average 44% of the
Mn (Fig. 3C), with the remainder being extracted by HCl
(Mnox þMncarb), CDB and oxalate (Mnox2).

Total Mn in the sediment at the shelf stations was typi-
cally highest close to the sediment–water interface, espe-
cially at stations 7, 14 and 6, where Mn contents were

232, 574 and 230 lmol g�1, respectively (Fig. 4). The latter
stations also had the highest total Mn contents below 5 cm

in the sediment with values of 14 to 38 lmol g�1 compared

to less than 10 lmol g�1 at stations 9, 13 and 8. In the deep
basin, surface sediments were not enriched and Mn con-

tents varied around ca. 7 lmol g�1. Depth profiles of Mn/
Al and Fe/Al generally show similar trends to those of total
Mn at all stations (Fig. 4). Highest Mn/Al and Fe/Al ratios
were observed at the sediment–water interface at the shelf
edge station 14, with values of ca. 4 and 2, respectively.

Average Mn/Al and Fe/Al for the 0–2 and 2–15 cm
depth intervals in the sediment show similar offshore trends,
with ratios increasing from the coast towards the shelf edge
(maximum Fe/Al: 1.2 and Mn/Al: 1.3; Fig. 5A and B;
Table 4). The ratios subsequently decrease towards the



Fig. 2. (A): Water column profiles of TdMn and dissolved Mn (nmol L�1) for eight stations and oxygen and H2S for station 2; (B): benthic
Mn fluxes (mmol m�2 d�1) and (C): porewater profiles of Mn (lmol L�1) at our six stations on the northwestern Black Sea shelf and two
stations in the deep basin. Porewater data for station 3 and 2 are from Kraal et al. (2017).

Table 3
In-situ measured and calculated diffusive benthic fluxes of Mn. In-
situ fluxes are averages for three chambers for stations 9 and 13 and
values for one chamber for stations 8, 7, 14 and 6. No lander
deployment was carried out at station 2. n.a.: not available.

Station In-situ Mn flux Calculated Mn diffusive flux
mmol m�2 d�1 mmol m�2 d�1

9 0.47 ± 0.24 0.5
13 0.3 ± 0.1 1.06
8 0.03 0.006
7 �0.02 0.04
14 0 0.004
6 �0.02 0.037
2 n.a. 0
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chemocline and increase again in the euxinic deep basin.
The sediment Fe/Mn ratio was highest at the coastal sta-
tions and decreased towards the shelf edge (72–0.9;
Fig. 5C). In the euxinic deep basin the Fe/Mn ratio was
lower than at the coastal stations and decreased further
with water depth. In the deep basin Mn/Al strongly corre-

lates with Fe/Al (R2=0.81; Fig. 6A; depth interval 0–
26 cm). Fe/Al and Mn/Al does not strongly correlate with
CaCO3 at these stations (Fig. 6B and C).

3.4. X-ray spectroscopy of sediment

The XANES spectra for sediments from stations 14 and
6A (Fig. 7) have a maximum around 6561 eV, which is close
to the white line of Mn(IV) (6562; Tebo et al. (2004, 2011)).
The spectral shoulder at lower energies indicates that addi-
tionally Mn with lower oxidation states was present. The
best reproduction of the XANES spectra using LCF with
three reference spectra was obtained with birnessite, haus-
mannite, and rhodochrosite. This indicates that about two
third of the Mn in the sediments was present in the form
of Mn(IV) accompanied with Mn(II) and possibly some
minor amounts of Mn(III). The same combination of refer-
ence spectra also gave the best reproduction of the EXAFS
spectra but the exact identification of the Mn mineralogy is
limited due to the restricted length of the EXAFS spectra.
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The analyzed part of the EXAFS spectra from the sediment
is similar to that of the birnessite standard. However, this
spectral pattern is found in a variety of phyllo- and tec-
tomanganates (Santelli et al., 2011) and can be ascribed
to the resonance features of layers of edge-sharing MnO6

octahedra.
EXAFS spectra extending to higher k values would be

required to distinguish between various phyllo- and tec-
tomanganates containing MnO2 sheets (Santelli et al.,
2011). Diffraction peaks perturbed the EXAFS spectra

from station 14 beyond 8 �A�1. For station 6A, which had
the highest Mn concentrations, LCF was possible in the

2–11 �A�1 range and gave similar results as the 2–8 �A�1

range (Fig. A.5; Table A.5). Rhodochrosite is consistently
included in the best 10 combinations of the combinatorics
fitting. The contribution of the rhodochrosite spectrum to
the fit accounts for most of the difference between the spec-
tra of the samples and birnessite in the k range of 2.5–4.5
�A�1 (Fig. A.3). The presence of hausmannite or Mn(III)
oxides is not well constrained based on the linear combina-
tion fitting. In summary, the sediments contain Mn(IV) in
the form of phyllomanganates and/or tectomanganates
(about 60–70% of all Mn in the samples) with some rhodo-
chrosite and possibly other Mn(II) or Mn(III) containing
oxides (Fig. 7).

3.5. Sediment trap fluxes

Temporal trends in the flux of particles and Fe and Mn
at station 2 between September 2015 and 2016 were similar
(Figs. 8A–C). Relatively high rates of downward transport
were observed from September to December and April to
May, i.e. in autumn and spring. Particle fluxes mainly con-
sisted of biogenic material (i.e. Corg, SiO2 and CaCO3) dur-

ing these two periods, with a maximum of 70 mg m�2 d�1 in
October. Fluxes of Fe and Mn were also at a maximum in

October (at 16.2 and 0.21 lmol m�2 d�1, respectively).
No distinct difference in downward Fe and Mn trans-

port between the four sampled depths was observed at
times of high flux. However, between May and September,
when fluxes were low, downward transport of Fe and Mn
was only observed in the shallowest trap at a depth of
214 m. Particulate Fe and Mn fluxes correlate at all sam-
pled depths (Fig. 8C). The strength of the correlation
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increases with water depth (Fig. 8C). lXRF scanning of
two subsamples from 214 m water depth revealed one area
where Mn was enriched (Fig. A.6A). Within this area, Mn

counts strongly correlated with Fe counts (Fig. A.6; R2 =
0.985).

4. DISCUSSION

4.1. Sedimentary Mn release

Reduction of Mn oxides by microbial or chemical path-
ways is stimulated by the input of organic matter (Burdige,
1993). At our stations on the northwestern Black Sea shelf
the input of organic matter decreases from the coast
towards the shelf edge (Table 2; Wijsman et al. (1999);
Lenstra et al., 2019). At the organic-rich coastal stations
9 and 13, high rates of sedimentary organic matter degrada-
tion are inferred from high rates of oxygen uptake and shal-

low oxygen penetration depths (>17 mmol m�2 d�1 and
<3 mm, respectively; Table 2). At these stations, the shape
of the porewater Mn profiles indicate Mn oxide reduction
near the sediment surface (Fig. 2C). Bottom water oxygen
concentrations at these stations were 92 and 209 lmol

L�1, respectively, and the surface sediments were oxy-
genated (Table 2). Nevertheless, high rates of benthic
release of Mn were observed at these sites (up to 0.47 mmol

m�2 d�1; Fig. 2B; Table 3), indicating that oxidation of dis-
solved Mn in the surface sediment played only a minor role.
This is likely related to the slow rates of oxidation of dis-
solved Mn (Nealson et al., 1988; Burdige, 1993; Luther,
2010).

Based on benthic flux measurements of Fe obtained in
parallel to our in-situ flux measurements for Mn, it was pre-
viously proposed that macrofauna strongly enhanced the
benthic release of Fe at stations 9 and 13 (Lenstra et al.,
2019). This was deduced from a quantification of bioirriga-
tion, using bromide as a tracer, highlighting relatively high
rates of water exchange between sediment burrows and the
overlying water at the time of sampling for this study
(Lenstra et al., 2019). The in-situ benthic fluxes of Mn at
our coastal stations are comparable in range to those deter-

mined previously in this region (0.31 and 0.42 mmol m�2
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d�1; Friedrich et al. (2002)) and to those for bioirrigated
sites with similar bottom water oxygen concentrations in

Aarhus Bay (0.33–0.42 mmol m�2 d�1; Thamdrup et al.
(1994)). Enhanced benthic release rates of Fe and Mn along
the Oregon and California continental shelf were also
linked to macrofaunal activity (Berelson et al., 2003;
Severmann et al., 2010; McManus et al., 2012). We con-
clude that, besides diffusion, bioirrigation plays a key role
in the benthic release of Mn in the coastal zone of the
northwestern Black Sea shelf.

At the open shelf and shelf edge where the organic mat-
ter flux is very low (Wijsman et al., 1999; Lenstra et al.,
2019), there is little Mn mobilization in the sediment and

only limited benthic release of Mn (<0.05 mmol m�2 d�1;
Table 3), despite the abundant presence of Mn oxides
(Fig. 4). Thus, while dissolved Mn concentrations are



Table 4
Average values of sediment indicators for the enrichments of Mn
and Fe (Mn/Al and Fe/Al) and Fe/Mn at eleven stations for depth
intervals 0–2 and 2–15 cm in the sediment.

Station Mn/Al Fe/Al Fe/Mn

0–2 cm 9 0.0085 0.61 72
13 0.011 0.65 56.9
8 0.076 0.63 8.3
7 1.05 0.79 0.7
14 1.27 1.2 0.9
6A 0.53 0.76 1.4
6 0.31 0.67 2.1
6B 0.01 0.45 2.0
4 n.a. 0.55 53.3
3 0.01 0.66 48.1
2 0.023 0.92 40.2

2–15 cm 9 0.0068 0.55 80.7
13 0.0075 0.55 73.5
8 0.011 0.51 46.2
7 0.046 0.53 11.5
14 0.077 0.56 7.3
6A 0.023 0.52 22.5
6 0.031 0.51 16.3
6B 0.023 0.56 24.1
4 0.088 0.48 54.4
3 0.013 0.65 51.9
2 0.020 0.94 46.7
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relatively high close to the sediment–water interface at the
coastal, organic-rich stations 9 and 13, they are much lower
in the organic-poor sediments elsewhere on the shelf
(Fig. 2C). This emphasizes the importance of organic mat-
ter deposition for the mobilization of Mn in the sediment
and subsequent benthic release of Mn, in accordance with
earlier research (e.g. Slomp et al., 1997; McManus et al.,
2012).

In the bottom waters of the euxinic deep basin, dissolved
Mn concentrations in the porewater and in the water col-
umn are similar. Manganese oxides do not survive transfer
through the euxinic water column (Yakushev et al., 2009;
Dellwig et al., 2010; Dijkstra et al., 2018) and as a conse-
quence, reductive dissolution of Mn oxides and production
of dissolved Mn do not occur in the surface sediment.

4.2. Transport of Mn in the water column

Dissolved Mn in marine waters mainly consists of Mn
(II) and Mn(III)-L (Faulkner et al., 1994; Sander and
Koschinsky, 2011; Oldham et al., 2017). Particulate Mn is
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thought to predominantly consist of Mn oxides, Mn car-
bonates or Mn in clay and/or organic matter. The relative
proportion of dissolved and particulate Mn may differ
depending on the type of shelf environment (e.g. Vieira
et al. (2019)). We find that in northwestern Black Sea shelf
waters most Mn is present as dissolved Mn (<0.2 lm) near
the seafloor, with concentrations of Mn in dissolved and
particulate form (and TdMn) decreasing towards the shelf
edge (Figs. 2A and 3A). These observations agree with
trends in dissolved and particulate Mn reported for sites
in a nearby area in the summer of 1995 (Tankéré et al.,
2001), suggesting that this is a consistent feature of the
northwestern Black Sea shelf. The high concentrations of
dissolved Mn in the bottom waters in the coastal zone are
likely the result of high benthic Mn release (Fig. 2).

Further off-shore, dissolved Mn remains the dominant
Mn form in the oxygenated waters of the shelf (Fig. 2A;
Table 3), despite the absence of a major benthic source of
dissolved Mn. Since the kinetics of dissolved Mn(II) oxida-
tion in seawater are quite slow (Stumm and Morgan, 1996;
Luther, 2010; Von Langen et al., 1997; Tebo et al., 2005),
some of this dissolved Mn could be Mn(II). Part of the dis-
solved Mn is likely also present as Mn(III) complexed by
organic ligands, as shown recently for oxygenated coastal
waters in the St. Lawrence Estuary (Oldham et al., 2017).

At the shelf edge station 6, Mn is predominantly present
as particulate Mn, with dissolved Mn only accounting for
8% of the Mn in the water column (Fig. 2A; Table A.6).
In this area, both diffusion and advection of dissolved Mn
from the chemocline provide the main input of Mn to the
water column (Figs. 2A and 3A; Brewer and Spencer
(1974); Tebo, 1991). In contrast to the coastal zone, Mn
does not remain in solution but mainly is present in the
form of Mn oxides (Fig. 2A). We hypothesize that at the
shelf edge, concentrations of organic ligands that are cap-
able of stabilizing dissolved Mn are not high enough to pre-
vent oxidative precipitation of dissolved Mn (Fig. 3C). An
offshore decrease in the abundance of dissolved organic
matter and humic substances is typical for river-
dominated areas (Beck et al., 1974; Shiller et al., 2006;
Oldham et al., 2017) and is thus in line with the suggested
lateral trend in ligand-bound Mn.

Most of the particulate Mn in the water column on the
shelf consists of easily reducible Mn oxides (Fig. 3). The
deposition of Mn oxides from the water column is reflected
in relatively high sedimentary Mn contents close to the sed-
iment–water interface at the open shelf and shelf edge
stations 7, 14 and 6 (Fig. 4). Results of XANES and
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EXAFS analyses for stations 14 and 6A indicate that the
Mn oxides in the surface sediment predominantly consist
of Mn(IV) oxides, possibly as birnessite (Fig. 7; Table 5).
These oxides are mostly produced by microbial Mn(II) oxi-
dation (Tebo et al., 2004; Santelli et al., 2011; Webb et al.,
2005; Jürgensen et al., 2004). Birnessite can also be formed
through photoinduced, abiotic Mn(II) oxidation (Jung
et al., 2017; Learman et al., 2013) but this pathway is likely
irrelevant for Mn oxidation in shelf sediments and the
lower part of the water column in the Black Sea because
of a lack of light. The Mn carbonate rhodochrosite is also
present, but at lower concentrations. Upward diffusion of
Mn from the porewater and subsequent oxidation can also
contribute to the surface enrichments in Mn. The role of
upward diffusion can be calculated from porewater profiles
of Mn and rates of burial of Mn (Table A.7). At station 7,
we find that upward diffusing Mn could account for up to
40% of the total surface enrichment. At the shelf edge sta-
tions 14 and 6, however, recycling of Mn in the sediment
accounts for at most 13% of the enrichment, because of
low porewater concentrations. We conclude that lateral
inputs of Mn from the coastal zone and from the chemo-
cline both contribute to high Mn contents at the shelf edge
stations.

At the deep basin stations, concentrations of dissolved
Mn were high in and below the chemocline, with relatively
little particulate Mn being present (Fig. 2). The observed
depth trends are in line with previous work on Mn in the
Black Sea showing oxidation of dissolved Mn above the
chemocline and reduction of Mn oxides in and below the
chemocline (Spencer and Brewer, 1971; Tebo, 1991;
Trouwborst et al., 2006; Dellwig et al., 2010; Dijkstra
et al., 2018).

4.3. Mn dynamics in the deep basin and removal to the

sediment

Dissolved Mn, present as Mn(II) (Trouwborst et al.,
2006), accumulates in the waters of the euxinic basin below
the chemocline (Fig. 2A). This is the result of rapid dissolu-
tion of Mn oxides in the sulfidic waters (Burdige and
Nealson, 1986; Yakushev et al., 2009). Because typically
only minor amounts of other particulate Mn forms are pre-
sent, sediments underlying an euxinic water column are
often depleted in Mn (Calvert and Pedersen, 1993;
Brumsack, 2006; Lenz et al., 2015). However, we observe
a strong correlation between particulate Mn and Fe in sink-
ing material (Fig. 8), Mn and Fe in suspended matter from
a sediment trap at the microscale (Fig. 6), and sediment
Mn/Al and Fe/Al (Fig. 6) in the euxinic deep basin. This
suggests coupled downward transport of Mn and Fe and
possible coupled burial of Mn and Fe in the deep basin
sediments.

A correlation between Mn/Al and Fe/Al in Black Sea
sediments was observed earlier by Lyons and Severmann
(2006). They hypothesized that, similar to Fe, Mn sulfides
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were formed in the water column and subsequently buried.
Thermodynamic calculations indicate that Mn sulfide for-
mation at water depths below 800 m in the Black Sea
could be possible (Lewis and Landing, 1991; Landing
and Lewis, 1991). While to date no evidence for Mn sul-
fides in the deep basin sediments has been found, results



Table 5
Relative contribution of Mn(IV) (birnessite), Mn(II/III) (hausmannite) and Mn(II) (rhodochrosite) (%) in the surface layer of the sediments at
stations 14 and 6A (Fig. A.1) based on X-ray absorption spectroscopy.

XANES EXAFS

Mn(IV) Mn(II/III) Mn(II) Mn(IV) Mn(II/III) Mn(II)
birnessite hausmannite rhodochrosite R factor birnessite hausmannite rhodochrosite R factor
(%) (%) (%) (103) (%) (%) (%) (103)

St. 14 59 ± 2 23 ± 2 18 ± 3 0.58 70 ± 20 8 ± 3 21 ± 3 37
St. 6A 60 ± 1 14 ± 10 26 ± 10 0.13 60 ± 1 15 ± 2 26 ± 2 20

The quality of the lcf fitting was evaluated based on the R-factor (
P

(data-fit)2)/sum(data2)). A R-factor below 0.05 is considered to reflect a
reasonable fit (Kelly et al., 2008).
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of X-ray spectroscopy recently revealed the presence of
small amounts of Mn carbonate (Dijkstra et al., 2018).
These Mn carbonates cannot be formed in-situ, however,
because concentrations of dissolved Mn and the alkalinity
in the euxinic water column and pore water are too low
(Landing and Lewis, 1991; Calvert and Pedersen, 1993;
Figs. 2A and A.7). Therefore, these Mn carbonates were
likely formed on and transported from the continental
shelf (Dijkstra et al., 2018). The lack of a consistent cor-
relation between sediment Fe/Al and Mn/Al versus sedi-
ment CaCO3 (Figs. 6B and C) suggests that the Fe and
Mn enrichments are not directly related to variations in
CaCO3 input. Instead, we hypothesize that Mn becomes
directly associated with Fe in pyrite in the water column.
The association of Mn with sedimentary pyrite is known
from the geological record (Large et al., 2014) and has
been shown for modern sediments using sequential chem-
ical extractions (Huerta-Diaz and Morse, 1990, 1992)
scanning electron microscopy and energy dispersive spec-
troscopy (Lenz et al., 2014) and XANES analyses (Lenz
et al., 2014; Hermans et al., 2019).

Continental shelves are the key source of reactive Fe in
the euxinic deep basin of the Black Sea, with transport tak-
ing place through shelf to basin Fe shuttling and turbidite
deposition (Wijsman et al., 2001; Raiswell and Canfield,
2012; Lenstra et al., 2019; Kraal et al., 2019). Periods of
enhanced transport of reactive Fe from the continental
shelf are recorded in the adjacent deep basin as Fe enrich-
ments (Wijsman et al., 2001; Raiswell and Canfield, 2012;
Eckert et al., 2013). In the euxinic basin, Fe oxides, which
account for a major proportion of the reactive Fe, are
rapidly converted to pyrite (Muramoto et al., 1991;
Dijkstra et al., 2018). Most of the conversion of Fe oxides
to pyrite occurs close to the oxic-anoxic interface in the
water column (Muramoto et al., 1991; Lyons, 1997;
Cutter and Kluckhohn, 1999), and as a consequence, con-
centrations of dissolved Fe decrease rapidly with water
depth (Dijkstra et al., 2018). Downward transport of pyrite
was previously suggested to occur through scavenging by
organic matter in winter and spring after seasonal phyto-
plankton blooms (Muramoto et al., 1991). We find, how-
ever, that the flux of Fe correlates more strongly with the
total particle flux than with the organic matter flux,
although periods of high Fe flux only occur following phy-
toplankton blooms. This could imply that, for scavenging
of pyrite, the nature of the settling material is less important
than its quantity, if a minimum amount of organic matter is
present (Fig. 8).

Water column Mn shows a similar trend with water
depth as dissolved Fe and decreases from 8 to ca. 5 lmol

L�1 below the chemocline (Fig. 2A). This suggests that dis-
solved Fe and Mn precipitate at approximately the same
depth in the water column. Most of this decrease occurs
above the part of the water column where supersaturation
for Mn sulfide has been suggested (>800 m; Lewis and
Landing (1991,)). We therefore propose that Mn may be
incorporated in pyrite in the water column. Typically, such
incorporation depends on the amount of pyrite produced or
by the supply of dissolved Mn (Huerta-Diaz and Morse,
1990, 1992). Given the relatively low molar ratio of total
Fe and Mn of 0.0054 in the water column (Table A.6),
the incorporation of Mn is expected to be limited by the
rate of pyrite formation. We conclude that the burial of
Mn in the deep basin is likely controlled by the transport
of reactive Fe from the continental shelf and subsequent
pyrite formation in the water column. This explains the
strong positive correlation between Fe and Mn in the deep
basin sediments. Such a correlation may be typical for mar-
ine environments where sulfidic conditions in the water col-
umn are persistent and where syngenetic pyrite formation
dominates.

4.4. Comparison of Fe and Mn shelf to basin shuttling

The rapid oxidation kinetics of dissolved Fe, compared
to the slower, mainly bacterial mediated, oxidation of dis-
solved Mn (Stumm and Morgan, 1996; Tebo et al., 2005;
Learman et al., 2011) contribute to differences in shelf to
basin shuttling of Fe and Mn. This has implications for
the transport of both metals in the water column and the
sequestration and burial of Fe and Mn and associated ele-
ments (Koschinsky and Hein, 2003).

At the coastal stations in our study, the benthic release
fluxes of Fe and Mn are approximately equal, despite 4.5-
fold higher porewater concentrations of Fe, when com-
pared to Mn (Fig. 9A). The oxic bottom waters prevent
release of most of the porewater Fe by promoting its oxida-
tion in the sediment, while dissolved Mn does make its way
into the overlying water. In the water column, most Fe is in
the form of Fe oxides (Lenstra et al., 2019), while the Mn
remains in dissolved form, likely bound to ligands
(Oldham et al. (2019); Fig. 9). As a consequence, the sus-



Fig. 9. Comparison of water column and pore water Fe and Mn and benthic release of Fe and Mn: (A): coastal zone (st. 9); (B): open shelf (st.
7) and (C): euxinic basin (st. 2). Benthic release in the deep basin is based on calculated diffusive fluxes (Table 3). Iron data are from (Lenstra
et al., 2019). (D): ratio of Fe/Mn (mol/mol) over the northwestern Black Sea shelf. All ratios are calculated as average for over two stations
(coastal stations: 9 and 13, open shelf stations: 8 and 7 and shelf edge stations: 14 and 6). Porewater Fe/Mn based on the maximum
concentrations in the first 15 cm. Water column Fe/Mn is based on the deepest filter and deepest sample in the water column. Sediment Fe/Al
and Mn/Al for the first two centimeter in the sediment are shown. Data for individual stations are in Tables 4 and A.6.
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pended matter in the water column is enriched in Fe relative
to Mn (Fe/Mn ratio of 9.1), whereas little dissolved Fe is
present relative to Mn (Fe/Mn ratio of 0.16). The difference
in mobility of Fe and Mn explains why the coastal sedi-
ments contain relatively little Mn to Fe (Figs. 5 and 9D):
while Fe is trapped by oxidation and the Fe oxides formed
Fig. 10. Schematic overview of Mn shuttling on the northwestern Black
orange arrows indicate dissolved Mn (<0.2 lm). (For interpretation of th
the web version of this article.)

Fig. A.1. Locations of the eleven stations sampled on the northwestern Bl
Kraal et al. (2017) (Table A.1).
are converted to Fe sulfides at depth (Lenstra et al., 2019),
most incoming Mn is lost to the water column.

At the open shelf and shelf edge stations, little benthic
release of either Fe or Mn is observed (Fig. 9B and D).
Here, porewater concentrations of both Fe and Mn are
low, but Mn dominates over Fe. Both elements are recycled
Sea shelf. Red lines and arrows indicate particulate Mn (>0.2 lm),
e references to colour in this figure legend, the reader is referred to

ack Sea shelf and in the deep basin when including the stations from



W.K. Lenstra et al. /Geochimica et Cosmochimica Acta 273 (2020) 177–204 193
in the porewater below the surface sediment. In the water
column, Mn also gains quantitative importance over Fe,
not only in suspended matter (Fe/Mn ratio of 1.5 to 1),
but also in dissolved form (Fe/Mn ratio of 0.093 to 0.18;
Fig. 9). In the surface sediment, total Fe and Mn concentra-
tions are relatively close (Fe/Mn = 0.8). As discussed by
Lenstra et al. (2019), the major source of Fe on this outer
part of the shelf is riverine, with subsequent mobilization
of Fe in bioirrigated coastal sediments and cross-shelf
transport of Fe in suspended matter. While the same mech-
Fig. A.3. XANES (left panel) and EXAFS (right panel) spectra of refer
materials is presented in Table A.3.

Fig. A.2. Porewater depth profiles of oxygen at stations 9 and 13
determined using micro-electrodes. Gray line indicates the sediment
water interface. Data are from Lenstra et al. (2019).
anisms of mobilization are at work for Mn in the coastal
zone, its higher mobility in the water column leads to trans-
port over greater distances over the shelf when compared to
Fe. On the Black Sea shelf, this higher mobility is likely the
combined result of slower oxidation of dissolved Mn, more
limited sequestration of dissolved Mn in the sediment and
more effective complexation of Mn as Mn(III) with organic
ligands, when compared to dissolved Fe. Notably, Mn and
Fe bind to the same ligands, but Mn complexes are often
thermodynamically more stable and Mn(III) complexation
is thought to be favored over complexation of dissolved Fe
(Oldham et al., 2017). This allows the Mn to remain in dis-
solved form, typically in the <0.02 lm fraction, allowing
the Mn to be transported further than the Fe, which is lar-
gely in particulate form (>0.2 lm). Importantly, the chemo-
cline likely contributes more Mn to shelf edge sediments
than Fe, given the much higher dissolved Mn concentra-
tions than Fe in the waters that impinge upon the shelf
(Fe/Mn ratio of 0.087; Fig. 9D).

Below the chemocline, the proportion of Fe relative to
Mn in the euxinic water column decreases further because
of effective sequestration of Fe in sulfides (dissolved Fe/
Mn ratio of 0.0054; Fig. 9D). If, as we suggest, Mn is incor-
porated in pyrite in the water column, more dissolved Mn
should ultimately be scavenged by pyrite with increasing
water depth, leading to lower Fe/Mn ratios. Indeed, we
see such a decline in sediment Fe/Mn from station 4
(377 m) to station 2 (2107 m; Fig. 5), in line with the pro-
posed mechanism.
ence materials used for the combinatorics fitting. The origin of the
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In summary, we find that the differences in mobility of
Fe and Mn promote lateral transport of Mn over Fe in
Black Sea continental shelf waters. This leads to an
enrichment in Mn relative to Fe in the waters and sus-
pended matter of the open shelf and shelf edge. The sta-
bility of large amounts of reactive Mn oxides in the
surface sediments on the open shelf and shelf edge is
likely the direct result of the low organic matter input
in this region, as observed previously for Fe (Lenstra
et al., 2019). The contrasting modes of transport of Fe
Fig. A.4. Comparison between uncorrected downward fluxes and correct
Fetot and Mntot.
and Mn in the water column, i.e. through physical trans-
port in particulate and dissolved form, respectively, has
consequences for the transport of other elements across
the shelf. While transport of elements that are primarily
associated with Fe oxides will be promoted (e.g. phospho-
rus (P), arsenic and chromium; Koschinsky and Hein
(2003)), the cross-shelf transport of elements that are
mainly associated with Mn oxides (e.g. Co, zinc and
Nickel (Ni); Koschinsky and Hein (2003)) could be
decoupled from that of Mn.
ed downward fluxes for total particle flux, SiO2, CaCO3, organic C,
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4.5. Implications and conclusions

Sediments on continental shelves can act as an impor-
tant source of Mn to the water column (Homoky et al.,
2016). Release of Mn from sediments is thought to be
highly dependent on the carbon oxidation rate in the sedi-
ment (McManus et al., 2012) and on bottom water redox
conditions (Stumm and Morgan, 1996; Luther, 2010). We
observe high Mn mobilization in the sediment and high
benthic release of Mn from coastal sediments overlain by

oxic bottom waters (up to 0.47 mmol m�2 d�1; Table 3)
in the Black Sea. We attribute this release to both diffusive
and bioirrigative release of dissolved Mn, which is in accor-
dance with high carbon oxidation rates and the high macro-
faunal density and activity observed at these sites (Lenstra
et al., 2019). This implies that sediments overlain by an oxic
water column can act as an important source of Mn for the
water column, thereby driving the Mn shelf to basin shuttle.
This is line with previous work for shelf sediments as
observed for the Oregon-California continental shelf by
McManus et al. (2012). However, benthic fluxes of Mn in
the Black Sea are notably higher (ca. 7 times). A schematic
overview of Mn shuttling in the northwestern Black Sea
shelf and euxinic deep basin is presented in Fig. 10.

Release of Mn from continental shelves at the global

ocean scale was recently estimated at 3.4 ± 0.1 Gmol yr�1,
which is lower than the Mn input from dust of 5.6 ± 0.28

Gmol yr�1 (van Hulten et al., 2017). In this model calcula-
tion, van Hulten et al. (2017) assumed a similar Fe/Mn
ratio for shelf porewaters and the corresponding benthic
flux. This Fe/Mn ratio was set to a value of 5 based on
Fe and Mn porewater data of North Sea shelf sediments
(Slomp et al., 1997). The benthic Mn flux in the model
was then directly calculated from that of Fe, leading to a
5-fold lower global Mn flux compared to that of Fe (van
Hulten et al., 2017). The results for our coastal sites show
that, despite nearly 5-fold higher porewater concentrations
of Fe relative to Mn, equal amounts of both metals were
released from the sediments to the overlying water
(Fig. 10). This implies that the Fe/Mn ratio of 5 used by
Fig. A.5. Results of linear combination fitting of the EXAFS spectrum
represents the fitting result and the black lines the contribution from the
van Hulten et al. (2017) may be too high. As a consequence,
the role of sediments as a source of Mn at the global scale
may be underestimated.

We find that most of the Mn in Black Sea shelf waters is
present in dissolved form, while most Fe is present as par-
ticulate Fe oxides (Lenstra et al., 2019). This implies that
Mn is more easily transported through the water column
compared to Fe. Additionally, Mn oxides are known to
scavenge trace metals (e.g. Co, Ni and molybdenum,
Shaw et al. (1990), Algeo and Tribovillard (2009)) and
phosphate (Dellwig et al., 2010) from marine waters. A par-
ticulate Mn shuttle can therefore transport trace metals and
P over the continental shelf and into deep basins (Dellwig
et al., 2010; Scholz et al., 2013; Jilbert and Slomp, 2013;
Little et al., 2015). The low concentrations of particulate
Mn in Black Sea shelf waters suggest that scavenging and
lateral transfer of trace metals and P by Mn oxides in the
water column on the shelf is largely decoupled. This is dif-
ferent at the shelf edge, where Mn oxides dominate over
dissolved Mn, and scavenging of trace metals and P from
the water column and subsequent enhanced downward
transport of metals and P into the euxinic basin becomes
a possibility.

Where the chemocline in a euxinic basin impinges on
shallower sediments, the Mn oxide content can be enhanced
in a so-called ‘‘Mn bathtub ring” (Force and Cannon,
1988). In such sediments, Mn is typically buried as Mn car-
bonates upon Mn oxide dissolution at depth in the sedi-
ment (Brown et al., 2000; De Lange et al., 2008). We find
that, at the shelf edge, surface sediments were indeed
strongly enriched in total Mn, which was mostly in the form
of Mn(IV) oxides (Figs. 4 and 7). Little of this Mn is buried,
however, as is evident from the steep decline in total Mn
with depth and the low concentrations of Mn at depth

(<20 lmol g�1; Fig. 4). At these stations the input of
organic matter is low (Lenstra et al., 2019), resulting in lim-
ited conversion of Mn oxides to Mn carbonates and subse-
quent burial of Mn. This highlights that a Mn bathtub ring
will only form in the presence of suitable organic matter
deposition, corresponding alkalinity generation and eventu-
of sediments from station 6A in the k-range 2–11 �A. The blue line
three reference spectra.
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ally Mn carbonate formation. Therefore, in the geological
record, the presence of such a redox boundary may not
always be recorded in the sediment by a Mn enrichment.
Fig. A.8. Depth profiles of porosity a

Fig. A.6. A: lXRF based elemental maps of Mn and Fe in suspended mat
at two time points. B: correlation between Mn and Fe of lXRF counts wit
in this figure legend, the reader is referred to the web version of this arti

Fig. A.7. Porewater depth profiles of alkalinity at stations 9, 13, 8, 7, 14, 6
from (Kraal et al., 2017).
Sediments overlain by permanently anoxic/euxinic bot-
tom waters typically contain little authigenic Mn (Calvert
and Pedersen, 1993; Brumsack, 2006). We find that, in the
t stations 9, 13, 8, 7, 14 and 6.

erial collected with a sediment trap located at 215 meter water depth
hin the yellow square. (For interpretation of the references to colour
cle.)

, 3 and 2. Porewater alkalinity depth profiles for station 3 and 2 are



Fig. A.9. Total Mn concentration in benthic lander chambers versus time. Fluxes were calculated using linear regression (red line). Only
regressions with R2 > 0.3 were considered following Friedrich et al. (2002).
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Fig. A.10. Two consecutively taken XANES spectra of the
sediment sample from station 6A. The measurements were highly
reproducible and no indications for photo-induced artifacts were
observed.

Table A.1
Coordinates, water depth, bottom water temperature and H2S at the 3 sta
basin in June 2013 (Kraal et al., 2017). Unit mbss is meters below sea su

Station Latitude Longitude Depth
N E mbss

6A 43�44.10 30�04.40 120
6B 43�42.80 30�05.10 130
4 43�40.60 30�07.50 377

Table A.2
Sequential extraction procedure for Mn as performed on suspended matte
extraction procedures of Poulton and Canfield (2005), Claff et al. (2010) an
be extracted in step 3 and 4, therefore concentrations of reducible (cryst

Step Extractant Time
(hours)

Target Fe

1 0.17 M sodium citrate, 24 Ferrihydri
0.6 M sodium bicarbonate
and 0.057 M ascorbic acid (pH 7.5)

2 1 M HCl 4 Easily redu
Fe carbon

3 50 g L�1 sodium dithionite solution 4 Reducible
oxides

buffered to pH 4.8 with
0.35 M acetic acid/ 0.2 M sodium
citrate

4 0.2 M ammonium oxalate 6 Magnetite

0.17 M oxalic acid (pH 3.2)
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euxinic basin of the Black Sea, sediment Mn is slightly
enriched over a detrital background (Fig. 5B). In both sed-
iment trap material and in the sediment, Mn/Al strongly
correlates with Fe/Al (Fig. 6A; Table 4). This could be
due to incorporation of Mn in pyrite in the water column.
While further work is needed, this suggests that sediments
where both Fe/Al and Mn/Al are enriched might be used
to identify periods of euxinic waters from the geological
record.
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Reducible (crystalline) Mn
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Table A.3
List of reference materials used for the linear combination fitting.

Mn phase Source Evaluation

MnO2, pyrolusite Alfa Aesar XRD
MnO2, hexagonal birnessite In house: Mn oxide formed by oxidation of EXAFS fitting

Fe(II) by Pseudomonas putida
Mn2O3, bixbyite Alfa Aesar XRD
MnOOH, manganite Waard XRD
Mn3O4, hausmannite In house: Abiotic oxidation of dissolved Mn(II) XRD
MnO, manganosite Alfa Aesar XRD
MnCO3, rhodochrosite Baker XRD
Mn(II)(aq) In house: MnSO4 solution
Mn(II) phosphate, predominately hureaulite Alfa Aesar XRD
MnS, rambergite In house: Mn(II) precipitated with S(-II) EXAFS fitting

Table A.4
Speciation of Mn in suspended matter collected through in-situ filtration at stations 9, 13, 8, 7, 14 and 6. Mn extracted as in ascorbate acid
(Asc. Mn), HCl (HCl Mn), citrate-dithionite bicarbonate (CDB Mn) and oxalic acid (Oxal. Mn) (Table A.2).

Station Depth Volume filtered Asc. Mn HCl Mn CDB Mn Oxal. Mn
m L nmol L�1 nmol L�1 nmol L�1 nmol L�1

9 10 36 6.7 0.9 2.4 8.1
25 25 64.1 69.7 19.5 52.1

13 10 78 5.0 0.5 1.2 3.8
39 91 30.8 5.9 2.4 5.3

8 10 126 3.1 0.3 0.7 2.4
25 42 2.3 0.3 1.8 6.9
35 8 11.0 1.5 11. 35.4
55 183 23.5 3.5 1.0 2.3

7 10 220 1.1 0.1 0.4 1.3
25 579 0.1 0 0.1 0.5
35 328 0 0 0.3 0.9
70 243 7.2 0.9 0.5 1.3

14 20 300 0.2 0 0.3 1.0
40 579 0.7 0.1 0.2 0.6
70 328 4.5 0.4 0.3 0.9
90 243 7.9 1.1 0.5 1.3

6 20 120 0.3 0 0.7 2.4
40 273 0.8 0.1 0.3 1.0
80 379 2.6 0.3 0.2 0.8
120 216 44.1 4.7 0.9 1.8

Table A.5
Relative contribution of Mn(IV) (birnessite), Mn(II/III) (hausmannite) and Mn(II) (rhodochrosite) (%) in the surface layer of the sediments at
stations 6A (Fig. A.1) based on EXAFS fitting for two different k-ranges.

range EXAFS
Mn(IV) Mn(II/III) Mn(II)
birnessite hausmannite rhodochrosite R factor

�A�1 (%) (%) (%) (103)

St. 6A 2–8 60 ± 1 15 ± 2 26 ± 2 20
St. 6A 2–11 62 ± 1 11 ± 2 27 ± 2 44
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APPENDIX A

A.1. Benthic lander

During the benthic lander incubation, water samples
were taken simultaneously with 30 mL plastic syringes con-
nected to inlet ports inside and outside the incubation
chamber after 2, 4, 7, 10 and 13 h. Each time a water sample
was taken from the chamber, an equivalent volume of sur-
rounding bottom water was allowed to enter the chamber.
Upon lander retrieval from the seafloor the water samples
were directly transferred to a temperature controlled labo-
ratory maintained at in-situ temperature, acidified with 10
lL 10 M suprapur HCl per mL of sample and stored at 4
�C. TdMn in the samples was determined through ICP-
MS using the SC-DX SeaFAST S2, as for water colum sam-
ples. Fluxes of Mn across the sediment–water interface were
determined by fitting a linear regression to the concentra-
tion time series from each chamber (after correction for
the dilution with the bottom water during each sampling

interval). Only regressions with R2 > 0.3 were considered,
following Friedrich et al. (2002) (Fig. A.9). Calculated
Mn fluxes for the different incubation chambers were aver-
aged for each station. At stations 8, 7, 14 and 6, the benthic
release of TdMn was determined with one chamber.

A.2. Energy calibration and data collection

Energy calibration was performed by assigning an
energy of 7112 eV to the first maximum of the derivated
spectrum of Fe(0) foil. Fe(0) foil was used for energy cali-
bration as the collection of Mn spectra was combined with
X-ray spectroscopy at the Fe K edge during the same exper-
iment. Data were collected with a step size of 3 eV, 0.3 eV,
and, with increasing energy, 1–3 eV, for the pre-edge, edge,
and post-edge region of the spectra, respectively. Two spec-
tra were collected for each sample and combined in v(E).
Two consecutive scans of sample from station 6A show
no indications for photoreduction (Fig. A.10).

A.3. Linear combination Fitting

The set of spectra from reference material, used for the
LCF of the Mn XAS spectra, is presented in Fig. A.3 and
Table A.3. Using the combinatorics option in Athena, the
best combination of reference spectra to reproduce the
XANES and EXAFS spectra from the sample was indepen-
dently identified. The strategy was to use the minimum
number of reference spectra to obtain a good fit of all sam-



Table A.7
Calculated contribution of upward diffusing Mn to the observed enrichment of total Mn at the sediment–water interface (0–0.5 cm) at station
7, 14 and 6.

Station Upward diffusive Calculated surface Surface enrichment of Contribution of
(gradient (cm)) porewater flux enrichment total Mn porewater Mn

mmol m�2 yr�1 lmol g�1 lmol g�1 %

7 (0.25–1.75) 25.6 96 232 41
14(0.25–1.75) 14.6 55 574 9.6
6 (0.75–1.75) 7.7 29 229.8 12.6

The upward diffusive porewater flux (mmol m�2 yr�1) was calculated using Eq. (A.7). The average porosity over these depth intervals was
applied (i.e. 0.89 for all stations; Fig. A.8). The calculated enrichment is based on the upward diffusive flux and the sedimentation rate at the
sediment–water interface. Upon a decrease in sedimentation rate, the role of upward diffusion of Fe(II) increases. Rates of sediment
deposition at the shelf edge stations are low (Friedrich et al., 2002). The sedimentation rate at the open shelf is assumed to be 0.1 cm yr�1

(Wijsman et al., 2002). For this calculation we assumed an even lower rate of sedimentation of 0.01 cm yr�1. The sediment enrichment (mmol
g�1) was calculated as follows,

Sed:enrichment ¼ upward diffusive flux=ð sedimentation rate � sediment density � 104Þ ð2Þ

The upward diffusive flux is expressed in units of lmol m�2 yr�1 and sedimentation rate in cm yr�1. Sediment density was assumed to be 2.65
g cm�3 (Burdige, 2006). The contribution of the porewater flux is the percentage of the calculated surface enrichment based on upward
diffusing dissolved Mn divided by the surface concentration of total Mn at 0–0.5 cm depth.
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ple spectra. For this an R factor of less than 0.05 was taken
as criterion for a sufficient good fit. Based on this proce-
dure, at least three reference spectra were required. The
optimum combination of reference spectra was the same
for fitting the XANES and EXAFS spectra, which provides
a more robust support for the interpretation of the spectra.

APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.
gca.2020.01.031.
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