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Abstract

Fluxes of dissolved forms of iron and manganese across the sediment—water interface were studied in situ in the Gulf of Finland
and the Vistula Lagoon (Baltic Sea), and in the Golubaya Bay (Black Sea) from 2001 to 2005. Fluxes were measured using
chamber incubations, and sediment cores were collected and sliced to assess the porewater and solid phase metal distribution at
different depths. Measured and calculated benthic fluxes of manganese and iron were directed out of sediment for all sites and were
found to vary between 70-4450 and 5—1000 pmole m > day ' for manganese and iron, respectively. The behavior of the studied
metals at various redox conditions in the near-bottom water and in the sediment was the main focus in this study. Our results show
the importance of bottom water redox conditions for iron fluxes. We measured no fluxes at oxic conditions, intermediate fluxes at
anoxic conditions (up to 200 pmole m > day ') and high fluxes at suboxic conditions (up to 1000 umole m > day '). Total
dissolved iron fluxes were generally dominated by iron(Il). Contribution of iron(Ill) to the total iron flux did not exceed 20%.
Obtained fluxes of manganese at all studied regions showed a linear correlation (#*=0.97) to its concentration in the porewater of
the top sediment layer (0—5 mm) and did not depend on dissolved oxygen concentrations of bottom water. Organically complexed
iron and manganese were in most cases not involved in the benthic exchange processes.
© 2007 Elsevier B.V. All rights reserved.
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the Pacific and Indian (Arabian Sea) oceans, and in
anoxic basins with oxygenated surface water such as
Framvaren Fjord (Landing and Westerlund, 1988), the

1. Introduction

It is well known that concentrations of dissolved

forms of iron and manganese undergo drastic changes
with depth in water columns with diminished oxygen
concentration such as in the oxygen minimum zones of
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Cariaco Trench (Bacon et al., 1980; Zhang and Millero,
1993), the Baltic Sea (Kremling, 1983), and the Black
Sea (Spencer and Brewer, 1971, 1972; Lewis and
Landing, 1991; Pakhomova, 2005).

These studies have demonstrated that two main
processes describe the redox cycles of iron and
manganese in any basin with a transition from oxic to
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anoxic conditions. Reduced forms of the metals are
dissolved in suboxic or anoxic seawater. Oxidation of
dissolved forms, supplied from below, occurs in the
upper part of the water column under action of oxygen
or other oxidants. As a result, oxidized particulate forms
of the metals are produced. Particulate metals sink
downwards due to gravity and are then reduced in the
suboxic or anoxic zone. Reductive dissolution of
hydrated oxides of iron(Ill) and manganese(Ill, IV)
controls the supply of dissolved reduced forms of the
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metals in the anoxic zone. The redox cycles of the
metals are vertically structured with the upper part of
water column where oxidation dominates separated
from the deeper part where reduction of iron(IIl) and
manganese(III,IV) oxides is the main process. This
vertical structure is mainly controlled by the availability
of oxygen.

Strong vertical gradients of dissolved iron and manga-
nese also exist in porewaters of most coastal and conti-
nental margin sediments. Also here, the transformation of

; " The Gulf
«Kasuuni - of Finjand

Baltic £ 200
Sea

.200
L]

Vistula
1.2001 Lagoon
1.2002

Fig. 1. Sampling locations in the Gulf of Finland (a), the Vistula Lagoon (b) and in the Golubaya Bay (c).



S.V. Pakhomova et al. / Marine Chemistry 107 (2007) 319-331 321

oxidized to reduced forms (and vice versa) is directly or
indirectly controlled by the supply of oxygen, which is
strongly coupled to the oxidation of organic matter in
sediments.

Benthic flux-chamber experiments performed in situ
have shown substantial and increasing fluxes of iron and
manganese from the sediment during the phase of the
experiment when the oxygen content of the enclosed
water was decreasing from the initial, ambient value
towards zero (e.g., Hallberg et al.,, 1972; Lindstrom,
1980; Balzer, 1982; Sundby et al., 1986; Skoog et al.,
1996). However, when oxygen was maintained at the
ambient level in the water of the chambers throughout
experiments, there was no release of iron and manganese
from the sediment. On the contrary, the metals were taken
up by the sediment from the overlying water during such
conditions (Sundby et al., 1986; Skoog et al., 1996).

The aim of this study was to further examine the in
situ rate and extent of release of dissolved iron and
manganese from different types of sediments in the Gulf
of Finland and in the Vistula Lagoon (Baltic Sea), and in
the Golubaya Bay (Black Sea) under various redox
conditions. We also determined the speciation of the
metals released from the sediment, and to what extent
the benthic fluxes could be predicted from porewater
gradients and contents of oxidized forms of these metals
in the sediment.

2. Study sites

Benthic fluxes of iron and manganese were studied in
three different regions employing two different in situ
techniques as well as traditional sediment sampling and
porewater extraction techniques.

The Gulf of Finland (GoF) is the most eutrophicated
(over-fertilized) sub-basin of the Baltic Sea and oxygen
conditions are highly variable at many locations,
depending on the water circulation and the time of the
year. In this area five locations (Fig. 1a) were visited
during four expeditions. Three of these locations, called
GF1, GF2 and GF5, were only studied in June 2002.
The other two (Kasuuni and PV1) were repeatedly
occupied during three expeditions in June—July 2003,
September 2004 and May 2005. Information about time
of sampling, water depth, sediment characteristics,
bottom water oxygen, and sedimentary metal concen-
trations is given in Table 1.

The Vistula Lagoon (Baltic Sea) is a site with very
shallow depth (1-4 m), and it has a very limited water
exchange with the open sea (Fig. 1b). It receives high
river and anthropogenic loads resulting in high biolog-
ical activity. The Lagoon is nevertheless a well-

oxygenated basin with high concentrations of suspended
particulate organic matter. Studies were carried out in
August 2001 and 2002. Additional data are presented in
Table 1.

The Golubaya Bay (Black Sea) is a well-oxygen-
ated open bay with a small inflow of Ashamba River
which dries up completely in summer (Fig. lc). Its
main feature is the presence of anoxic sediments,
occupying about 10% of the bottom area, with a high
content of organic matter. The Golubaya Bay has a
maximum depth of 20 m. Studies were carried out in
September 2000—-2002. Additional data are presented
in Table 1.

3. Materials and methods
3.1. Flux measurements

To investigate the exchange processes of iron and
manganese between the water and the sediment in the
GoF we used an autonomous chamber incubation lander
(described in detail in, e.g., Tengberg et al., 2003; Stahl
et al., 2004). This lander is equipped with four squared
(20%20 cm) incubation chambers which after careful
insertion into the sediment isolate the sediment together
with a ca. 25-cm-high column of ambient bottom water.
A more precise estimate of the incubated water volume
is obtained by injection of bromide according to the
method described in Jahnke and Christiansen (1989). A
controlled mixing inside the chamber is assured by a
horizontally placed paddle wheel which runs across the
chamber (Tengberg et al., 2004). During incubations,
which in the GoF lasted for 15-60 h, nine 60-mL
samples were automatically withdrawn from the incu-
bated water in each chamber using polypropylene
syringes. After recovery of the lander the water samples
were filtered and analyzed to obtain the concentration
changes with time, which were used together with
chamber water column height to calculate benthic fluxes
of iron and manganese. The dissolved oxygen concen-
trations inside the chambers and in the ambient bottom
water were monitored at 1-min intervals with accurate
and stable oxygen optodes (Tengberg et al., 2006). Also
suspended particle concentrations in the chambers were
monitored with turbidity sensors which signaled the
existence of any unwanted resuspension event (e.g.,
during chamber penetration or by trapped fauna) in the
chambers.

Before each expedition the entire chambers and
sampling systems (syringes and tubes) were carefully
cleaned with detergent, soaked in 1 M HCI for at least
24 h, and then rinsed and soaked in distilled water.
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Concentration of oxygen and dissolved metals in the near-bottom water (bw) and characteristics of sediments (sed) at the studied stations

Station  Date of Station ¢(O5)py c(Mn)y,,/ Redox c(Mn)eq c(Fe)sed Sediment description
sampling depth  [uM] c(Fe)pw conditions [%] [%]
[m] [uM] at interface
bw/sed
Golubaya Bay (Black Sea)
1 09.2000 10 240 0.5/0 Oxic/Oxic - - Aleuritic mud with sand
2 09.2001 12 190 0.13/0.03 Oxic/Anoxic 0.015 0.9 Pelitic mud; black semi-fluid with
3 09.2001 7 210 0.05/0.04 Oxic/Anoxic a smell of hydrogen sulfide, 10%
4 09.2001 15 210 0.05/0 Oxic/Anoxic of bay sediment
5 09.2002 10 230 0.4/0.05 Oxic/Oxic 0.03-0.08 1.4-1.6 Aleuritic mud; oxidized upper layer
6 09.2002 10 230 0.35/0.02 Oxic/Oxic 0.03-0.085 1.2-1.8 (st. 5, 0-2 cm; st. 6 0—-8 cm), from
Ashamba river
Vistula Lagoon (Baltic Sea)
1.2001  08.2001 2 220 0.2/0.24 Oxic/Oxic 0.015-0.018 1.6-1.7 Aleuritic mud with high amount
22001  08.2001 2 260 1.26/0.42 Oxic/Oxic 0.01-0.012 1.1-1.3 of sand
1.2002  08.2002 2 280 0.6/0.12 Oxic/Oxic 0.014-0.017 1.3-1.5
3.2002  08.2002 4 290 1.12/0.2 Oxic/Oxic 0.012-0.017 1.1-1.4
The Gulf of Finland (Baltic Sea)
GF1 06.2002 79 0 6.8/1.95 Anoxic/Anoxic  0.019-0.024 3.7-4.0 Pelitic mud; black, semi-fluid with a
GF2 06.2002 86 0 7.1/1.98 Anoxic/Anoxic  0.022-0.026 3.9-4.3 smell of hydrogen sulfide
GF5 06.2002 53 340 0.64/0.03 Oxic/Oxic 0.012-0.04 1.2-1.6 Aleuritic mud (with sand in horizons
1-3 cm)
PV1(03) 06.2003 76 0 2.5/0.16 Anoxic/Anoxic  0.03—0.035 3.5-4.2 Pelitic mud; black, semi-fluid with
PV1(04) 09.2004 80 120 0.58/0.03 Oxic/Anoxic 0.025-0.03 3-3.2 a smell of hydrogen sulfide
PVI1(05) 05.2005 79 10 2.6/0.1 Suboxic/Anoxic  0.031-0.036 3.1-3.7
Kas(03) 06.2003 43 150 0.75/0.03 Oxic/Oxic 0.1-0.16 3.5-3.7 Aleuritic—pelitic mud with
Kas(04) 09.2004 55 220 0.56/0.03 Oxic/Oxic 0.3-1.7 4-6.5 ferromanganese nodules
Kas(05) 05.2005 55 200 0.95/0.03 Oxic/Oxic 0.5-1.4 3.9-6.2

In parallel with the lander experiments virtually
undisturbed sediment cores, 10 cm in diameter, were
collected together with overlying water using a multiple
corer (Barnett et al., 1984). Upon recovery these cores
were sliced at in situ temperature in 0.5- to 1.0-cm-thick
slices. The sediment was placed into centrifuge tubes,
and the porewater was extracted by centrifugation (3000
RPM for 30 min). The extracted porewater was filtered
and analyzed to obtain porewater profiles of the studied
metals. Also the solid phase of the sediment was
analyzed for iron and manganese content.

In the Golubaya Bay and the Vistula Lagoon three
cylindrical (total height, 30 cm; incubated water height,
25 cm; and diameter, 25 cm) diver-operated chambers
were deployed simultaneously at every occasion. Water
in the chambers was mixed by the ambient currents
which were driving a rotor with cups, placed on top of
each chamber. This rotor is magnetically coupled to a
centrally placed stirrer (Vershinin and Rozanov, 1999,
2002). Water samples (200—300 mL) from the chambers
and from the ambient water were collected in syringes
by divers several times per day.

Two of the chambers were inserted into the sediment
and served for flux incubations. A third “blank
chamber” had a rubber membrane, which isolated it
from the sediment. It only incubated bottom water and
consequently served to obtain information and compen-
sate for mineralization processes in the water phase.

In addition, sediment samples were collected by the
divers using traditional coring techniques. Like in the
GoF, these cores were sliced and both porewater and
solid phase samples were extracted and analyzed for
iron and manganese.

3.2. Analytical methods

All water samples were filtered through pre-rinsed (with
Milli-Q water) cellulose acetate membrane filters with a
pore size of 0.45 pm prior to analysis, which was carried
out as rapidly as possible (within 1 h after sampling).
Dissolved forms of iron and manganese were determined
photometrically using ferrozine and formaldoxyme proce-
dures, respectively (Peshkova and Ovsyannikova, 1937,
Grashoff et al., 1999; Kononets et al., 2002; Pakhomova,
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2005). The investigated dissolved metal forms were Mn
(I), Fe(Il), Fe(Ill), Mny,, and Feg,. Dissolved Fe(Ill)
concentration was calculated as the difference between the
concentration of total dissolved iron (Fey, obtained after
reduction of iron(III) by ascorbic acid) and the concentra-
tion of iron(Il). Measured iron(I1I) could include colloidal
forms which passed through the filter and would then be
measured as dissolved iron (Kononets et al., 2002;
Pakhomova, 2005). Dissolved marine organic matter was
decomposed using UV irradiation with an addition of
hydrogen peroxide (50 pL of 30% H,O, per 20 mL of
sample) at pH 2 during 1 h. An 80-W high-pressure Hg
lamp was used as a source of UV radiation. Then total
dissolvable iron and manganese concentrations were de-
termined photometrically. We called the difference between
total dissolvable and dissolved metals iron and manganese
complexed with marine organic matter (Mn,,, and Fe,,).
Precision of dissolved metal analysis was typically 3%.
Detection limits were 20 and 100 nM for iron and
manganese, respectively.

Iron and manganese content in the solid phase of the
sediment was analyzed using a wet acidic dissolution
technique with HC1O4 and HF acids (Ponomarev, 1961)
followed by atomic-absorption spectroscopic determina-
tion of the metals on a graphite furnace spectrometer Perkin
Elmer 603.

3.3. Flux calculations

Linear approximation with compensation for the
withdrawn chamber water was used to calculate fluxes
of dissolved species in the chamber experiments (J.p,).
This method is described in detail in Stahl et al. (2004).
Fick’s first law was used according to Berner (1980) to
calculate diffusive fluxes from the porewater gradients
(Jpw). Molecular diffusion coefficients were obtained
from Li and Gregory (1974) with temperature correction
and were equal to 3.25 and 5.89x10°° cm? s~ ' for a
mean temperature in the bottom water of 5 °C (GoF) and
25 °C (Vistula Lagoon, Golubaya Bay).

4. Results

The selection of study sites provided the following
combination of redox conditions at bottom water/
sediment interface: oxic/oxic, anoxic/anoxic, oxic/anoxic,
suboxic/anoxic and oxic/oxic with high bioactivity
(Table 1). All the stations in the Golubaya Bay and the
Vistula Lagoon were shallow and bottom waters were
well oxygenated. Concentrations of dissolved oxygen in
the bottom water were 190—290 uM (Table 1). In the GoF
the stations were located deeper and the oxygen

conditions were variable depending on the location of
the station and when it was visited. Combined long-term
(8—10 months) measurements and modeling indicate that
bottom water oxygen conditions in large parts of the GoF
shift from anoxic to oxic and back on time scales of hours
to days (Tengberg et al., personal communication). This
was the case also in this study and for example station
PV1 was anoxic in 2003, oxic in 2004 and suboxic
(oxygen concentrations around 10 uM) in 2005. Stations
GF1, GF2 were anoxic, and the shallower stations GF5
and Kasuuni were oxic with variable oxygen concentra-
tions from 120 to 340 uM (Table 1).

The content of manganese in the solid phase of
sediment was 0.01-0.08% of sediment dry weight with
the exception of station Kasuuni, where ferromanganese
nodules were found, and manganese reached 1.7% of
sediment dry weight. The content of iron was between
1.1 and 1.8% for sediments of the Golubaya Bay and the
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Fig. 2. Distribution of dissolved manganese, iron(II) and iron(Ill) in
porewater on the stations Kasuuni (a) and PV1(b), the Gulf of Finland.
The concentration of oxygen in the near-bottom water was 240 and
10 pM, respectively.
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Vistula Lagoon. In the GoF sediments the iron fractions At the majority of stations the porewater concentra-
were generally at least twice as high reaching as much as tion of dissolved manganese of the top sediment layers
6.5% on station Kasuuni (Table 1). varied from 20 to 60 puM (Fig. 2b). Exceptions were
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Fig. 3. Fluxes of dissolved manganese out of sediment obtained by in situ chamber incubations (J.,) and from porewater gradient calculations (/)
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again station Kasuuni in the GoF (Fig. 2a) and station 6
in the Golubaya Bay, which is located near the out-
flow of the Ashamba river. Here dissolved porewater
manganese reached up to 300 puM and 120 puM,
respectively.

Porewater concentrations of dissolved iron varied
rather much between different stations and were mainly
coupled to the prevailing ambient bottom water oxygen

levels. For the majority of stations the porewater iron
concentrations in the uppermost sediment layer (0—
1 cm) were 2—6 pM. Then a maximum of up to 120 uM
of iron was observed in the porewater of oxic sediments
in the next sediment layer (Fig. 2a). On the contrary, for
the anoxic sediments concentration of iron in the
porewater of the same sediment layer decreased and
did not exceed 20 nM (Fig. 2b). In case of anoxic
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Table 2
In situ measured (Jp,) and diffusive (J,y) benthic fluxes of iron and
manganese in this and some previous studies [tmole m™ 2 day ']

Mn Fe

Jpw Jch Jpw Jch
This study 13-2000  70-4450  3-400 5-1000
Aller (1994) —10-4590 —70-3800 - -
Berelson et al. (2003)  — 3-18 - 1.3-11
Friedl et al. (1998) - 40-2300 - 0-2100
Skoog et al. (1996) - - - 19-400

Sundby et al. (1986) 93 66 20 300
Thamdrup et al. (1994) 410-1200 26-600 - -
Warnken et al. (2001)  20-370 420-2600 7-94  4-39

Negative fluxes mean fluxes directed into the sediment, and positive
out of the sediment.

sediments practically all dissolved porewater iron
occurred as iron(I) (station PV1 in the Gulf of Finland,
Fig. 2b, and stations 3 and 4 in the Golubaya Bay). In
case of oxic sediments iron(Ill) constituted 20—-30% of
total dissolved porewater iron (Fig. 2a), but occasionally
reached up to 50—60% at some stations, e.g., station 6 in
the Golubaya Bay.

Measured and calculated benthic fluxes of manganese
(Fig. 3) and iron (Fig. 4) were directed out of sediment for
all sites and were found to vary between 70—4450 and 5—
1000 pmole m™ 2 day ' for manganese and iron, respec-
tively. These values are in a range of previously reported
flux measurements (Table 2) for shallow coastal regions,
mostly oxic, by Sundby et al. (1986), Aller (1994),
Thamdrup et al. (1994), Skoog et al. (1996), Friedl et al.
(1998), Warnken et al. (2001), and Berelson et al. (2003).

5. Discussion
5.1. Manganese

Manganese fluxes at all the sites were found to be
independent of prevailing bottom water oxygen condi-
tions (Fig. 5a) as well as of organic carbon oxidation
rates (Andersson et al., personal communication), which
were obtained from in situ measurements of benthic
oxygen and dissolved inorganic carbon fluxes, respec-
tively. Similar values of manganese fluxes were
obtained for many stations in the Gulf of Finland
although the redox conditions in the near-bottom water
at these stations were different. For example, both
manganese fluxes and manganese porewater concentra-
tions at the station GF2 were similar to those at PV1(04)
(Fig. 3c) in spite of the fact that GF2 had anoxic bottom
water and PV1(04) — oxic. The highest fluxes of
manganese and the highest concentrations of manganese
in porewater in 2003, 2004 and 2005 were measured at

the station Kasuuni (Fig. 3c). Similar values of man-
ganese fluxes were also obtained in the Golubaya Bay
for stations with different oxygen fluxes. At stations 1, 2
and 4, 5 in the Golubaya Bay oxygen had equal initial
bottom water concentrations and different (up to factor
of 4) oxygen fluxes, but manganese fluxes were similar
(Fig. 3a) and porewater manganese concentrations were
also similar at these stations. All this suggests that the
flux of manganese did not depend neither on bottom
water oxygen concentration nor on oxygen flux at the
study sites.

Regardless of the region, the flux of manganese
strongly correlated with the manganese concentration in
the porewater of the top sediment layer. The flux of
manganese is generally controlled by the concentration
difference between porewater and bottom water (the
gradient), but in our case bottom water concentrations of
manganese were insignificant compared to porewater
concentrations.

A good linear correlation between chamber manga-
nese flux and porewater manganese concentration in the
top sediment layer (0—1 cm) was observed for all
studied regions (Fig. 6). The good agreement indicates
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Fig. 6. Correlation of dissolved manganese flux to concentration
gradient of manganese in porewater of the top sediment layer (0—1 cm)
and in bottom water. Correlation equation: J(Mn)[umole m > day ']=
(13.8£0.6) x Ac(Mn)[uM], #=0.97 (n=19, P=0.05).

that the equation of this line may be used to estimate the
magnitude of manganese fluxes from other sediments
using the porewater concentration in the surface
sediment. Previously reported data (Sundby et al.,
1986; Fones et al., 2001; Warnken et al., 2001) also
agree well with the observed correlation reported here
(Fig. 6).

Aller (1994) described seasonal variability of
manganese fluxes. The highest fluxes observed in
summer decreased down to nearly zero in winter.
Bottom water became suboxic during autumn, and
manganese released into the water column and gradually
decreased in the porewater of the top sediment layer. In
winter manganese concentration in the porewater
became the same as or even lower than in bottom
water, and the flux was close to zero or directed into the
sediment. Then bottom water became oxic again and
dissolved manganese was oxidized and precipitated. In
spring precipitated manganese in sediment started to
dissolve resulting in a flux of dissolved manganese from
porewater into bottom water. Thus, on a large timescale,
the flux of manganese depends on redox conditions in
bottom water which lead to a change of dissolved
manganese content of the porewater. However, on a time
scale of a single chamber incubation, the manganese
flux does not depend on the concentration of oxygen
(redox conditions), because for manganese the rate of
oxidation is much lower than the rate of release from the
sediment. The manganese flux is controlled by the
porewater manganese concentration of the top sediment
layer and released manganese can remain unchanged
under oxic open-sea conditions for up to 8 days (Tebo,
1991). In shallow coastal regions oxidation of manga-
nese may be strongly promoted by bacteria (Tebo,
1991). In that case the rate of manganese oxidation

becomes comparable to or even exceeds the rate of
dissolved manganese release from the sediment. This
behavior of manganese was observed both previously
(Thamdrup et al., 1994) and in the present work in the
Vistula Lagoon.

The Vistula Lagoon was particular in that the
decrease of manganese concentration in the chamber
water followed its initial release during incubations.
Thus, manganese fluxes eventually changed direction to
be from bottom water into the sediment in spite of the
fact that oxygen concentration decreased linearly. This
effect was more distinctly observed at the stations in the
middle of the Lagoon where the biological activity in the
water was highest, detected through intense consump-
tion of oxygen measured in “the blank chamber” at
stations 1.2001 and 1.2002 (Yudin et al., 2005). We
speculate that the change of direction of the manganese
flux was a result of fast oxidation in the water of the
metal released from the sediment, and the oxidation may
have been promoted by bacteria. The worst correlation
between manganese flux and its concentration in
porewater for the Vistula Lagoon (+*=0.68) in compar-
ison with the other studied regions (+*=0.96 and 0.99 for
the GoF and the Golubaya Bay respectively) may
indicate that manganese fluxes on stations 1.2001 and
1.2002 were slightly underestimated. The same can be
stated for station GF5 in the GoF. However, the good
correlation between fluxes and porewater concentrations
for all sites suggest that manganese oxidation in the
water did not have a significant influence on the
manganese fluxes measured at studied sites.

The correlation between manganese flux and con-
centration of manganese in porewater may be not
observed if ferromanganese nodules, crusts and manga-
nese oxides occur at the sediment surface. In this case
dissolved manganese in the porewater may be adsorbed
and trapped in the surface layer of sediment, and
manganese flux may be much lower than a value
predicted from its concentration gradient or may even be
equal to zero (Canfield et al., 1993). Such a behavior of
manganese was not observed for the sites studied in this
work. In spite of the presence of ferromanganese
nodules at stations Kasuuni (03)—(05), adsorption of
dissolved manganese did not occur and manganese
fluxes were still high. A possible explanation is that
these nodules were decomposing, inert and/or had their
adsorption sites saturated.

Chamber measured fluxes of total dissolved manga-
nese were dominated by Mn(II). Dissolved manganese
obtained by the formaldoxyme method may exist as Mn
(II) and Mn(III). It is known that Mn(IIl) compounds
exist only under suboxic conditions where ¢(0,) <3 uM
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and c¢(H,S) <0.2 uM (Trouwborst et al., 2006). In our
study such conditions were clearly observed only at the
station PV1(05) and changed very fast (during about
6 h) to anoxic. Therefore, the presence of dissolved Mn
(IIT) may be neglected, and we supposed that in this
work dissolved manganese was present as dissolved Mn
(II) only. Manganese complexed with organic matter
was in most cases not involved in the exchange: its
initial concentrations in the bottom water could be equal
to practically zero or up to 4.5 uM (in the Vistula
Lagoon), and initial levels remained mostly constant
during incubations. Fluxes of organically complexed
manganese were observed only at stations 1.2001 and
1.2002 in the Vistula Lagoon and reached 20% of the
total manganese fluxes.

The manganese fluxes obtained from the chamber
incubations were in all cases higher than those cal-
culated from the porewater gradients. The calculated
fluxes represent diffusive fluxes while chamber incuba-
tions provide the total flux, which is the sum of the
diffusive flux and the flux related to faunal activities
such as bioirrigation and depend on processes occurring
in the near-bottom water (e.g., Rutgers van der Loeff
et al., 1984; Glud et al., 1994; Tengberg et al., 2004). In
case when Jo/J,y > 1, the biogenic transport, bioirriga-
tion or reactions at the interface leading to an additional
release of manganese become very important. When
Jen/Jpw<1, a large proportion of the upward diffusing
manganese is oxidized or adsorbed. The first case was
observed in the study of Warnken et al. (2001) where
diffusion constituted 5-38% of the flux across the
sediment—water interface. Thamdrup et al. (1994) found
that calculated diffusive Mn fluxes towards the sediment
surface were 3—16 times higher than the benthic
effluxes, which demonstrated high rates of manganese
oxidation in the thin oxic surface layer. In the study of
Aller (1994) both cases were observed with the high
variations: 0.5 <Jp/Jp, <3 with a mean value of 0.9.

In this study diffusive exchange of manganese
constituted only 25-70% of the measured flux deter-
mined using chamber incubations. For the Golubaya
Bay the diffusive manganese fluxes were on average 3.3
times lower than chamber measured fluxes (Fig. 3a). For
the Vistula Lagoon and the GoF, the diffusive fluxes
were 2.8 times lower than the fluxes measured in
chambers (Fig. 3b, c). The highest chamber and
diffusive fluxes were found at the same station (station
Kas(05) in the GoF). Likewise the lowest chamber and
diffusive fluxes were obtained at the same station
(station 3 in the Golubaya Bay).

There was nevertheless a good correlation between
chamber and diffusive fluxes which supports the sug-

gestion that for the studied stations the manganese flux
was mainly controlled by its concentration in the
porewater of the top sediment layer and did not depend
on redox conditions and processes in bottom water and
at the top layer of sediment.

5.2. Iron

The chamber measured and diffusive fluxes of total
iron differed much more than for manganese, 0.01 <J,/
Jow<50 (Fig. 4). The anoxic/oxic boundary at the
sediment—water interface was efficient in oxidizing and
precipitating (or trapping) the iron. If the concentration
of oxygen in the chambers did not drop below
approximately 100 pM, practically no release of iron
was observed, even if the porewater gradient predicted a
high efflux. Chamber fluxes of iron in these cases did
not exceed 10 (this study) — 17 pmole m 2 day '
(Warnken et al., 2001; Berelson et al., 2003). Processes
such as bioirrigation, sediment resuspension and reac-
tions at the interface appeared much more important for
iron fluxes than for manganese fluxes. This resulted in
much more intensive release of iron (up to an order of
magnitude higher) from the sediment than it is possible
due to diffusion only.
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Fig. 7. The dynamics of concentrations of oxygen and hydrogen
sulfide (a) and iron (b) inside incubation chambers on stations 2 and 5,
the Golubaya Bay (Black Sea).
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As expected the total iron fluxes were significantly
influenced by the prevailing bottom water redox
conditions. This can be illustrated by the measurements
in the GoF (Fig. 4). At the oxic stations the con-
centration of iron in the chamber water was below the
detection limit, and fluxes of iron could consequently
not be detected. At the anoxic stations (GF1, GF2) iron
fluxes were observed, but at rather low rates (J.,=100—
200 pmole m > day !, Fig. 4). At the occasionally
suboxic stations PV1(03) and PV1(05) the oxygen con-
centrations in the bottom water were around 0—10 uM at
a couple of deployments, and then high fluxes of iron
were measured (1000 pmole m™~ 2 day™ ', Fig. 4).

The same tendency was observed for the stations in
the Golubaya Bay. While the concentration of oxygen
was high, there was no detectable flux of iron (Fig. 7,
station 5, the first half of incubation). When concentra-
tion of oxygen had dropped below 100 pM and before
the appearance of hydrogen sulfide in the chamber, an
intensive release of iron was triggered (Fig. 7). When
hydrogen sulfide started to appear in the chamber water,
the total iron flux decreased (Fig. 7, station 2, the second
half of incubation). A positive linear relation was found
between iron and oxygen fluxes for the stations in the
Golubaya Bay (Fig. 5b).

In contrast to manganese, for which no regional
particularities were detected, each region had its specific
character for iron (Fig. 8). We hypothesize that in case of
iron not only porewater was involved in the exchange
processes, but also the solid phase of the top sediment
layer. This was supported by results from the sediment
resuspension experiments in the GoF (Almroth et al.,
personal communication), where on station PV1(03)
concentration of iron in the chamber water sharply
increased by the factor of 10 and exceeded the porewater
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Fig. 8. Correlations of dissolved iron flux to concentration of dissolved
iron in porewater of the top sediment layer (0 — 1 cm). #=0.991,
0.999, 0.976 (n=4, P=0.05) for the Golubaya Bay, the Vistula Lagoon
and the Gulf of Finland, respectively.

concentration twice as much right after the surface
sediment layer was resuspended. It appeared that
resuspended iron particles rapidly dissolved in the
chamber water. These particles could not be iron
oxyhydroxides because no oxygen was found in the
bottom water. Another possible reason of such a sharp
increase of iron concentration could be a release of
dissolved iron compounds which were reversibly
adsorbed at the surface of sediment. The reversible
adsorption—desorption is a fast process and is possible
not only in case of resuspension. At station PV1(05) an
increase of iron concentration (cch/cpw up to 5) was
observed without sediment resuspension. This could be
a dissolution of iron oxyhydroxides from the surface
layer of sediment when initially present oxygen was
completely depleted and reducing conditions in bottom
water were created or, again, a desorption of reversibly
adsorbed compounds of iron. Analysis of iron species at
this station showed that the flux of iron(IIl) constituted
only 7% of the total iron flux. This means that either
reduction of iron(IIT) oxides went very fast and resulted
in the observed iron(Il) flux or some iron(Il) compounds
were dissolved or desorbed during incubation as at the
station PV1(03). Such a phenomenon was never
observed for manganese, for which ¢, <cp,, during all
incubations. The content of iron in the sediment solid
phase was similar, 0.9—-1.8% and 1.1-1.7% of sediment
dry weight for the Golubaya Bay and the Vistula
Lagoon, respectively. In the GoF the iron levels were
higher, generally about 4% of sediment solid phase. This
difference explains probably the disagreement for iron
fluxes in different regions (Fig. 8) and supports the
supposition that the solid phase of the top sediment layer
is involved in the exchange of the dissolved iron across
the bottom water—sediment interface.

In case of the Golubaya Bay and the Vistula Lagoon
the regression lines passed through origin of coordinates
(Fig. 8), which, as well as in case of manganese,
indicates that the absence of iron in the porewater will
result in a zero flux. In case of the GoF, a zero flux of
iron corresponds to an iron porewater concentration of
1.5 pM. At lower concentration the flux will be directed
into sediment. A plausible explanation is that the sites in
the GoF at which we detected iron fluxes were reduced,
and bottom water was either anoxic or suboxic. This
implies that when the concentration of iron exceeds
some saturation level, iron sulfides start to precipitate
inducing sediment uptake. Such situations are unlikely
in the Vistula Lagoon and for the majority of stations in
the Golubaya Bay, because both bottom water and top
layers of sediment remained oxic. It should however be
noted that for some stations rich in organic silt in the
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Golubaya Bay, conditions in the chamber water during
incubations rapidly changed to anoxic which resulted in
a flux of iron(Il) directed into the sediment (Fig. 7,
station 2), indicating precipitation of iron sulfide.

The proportion of iron(Il) and iron(IlT) chamber
measured fluxes reflected the proportion of dissolved
iron(I) and iron(IlI) concentrations observed in porewater
of'the top sediment layer. Flux of iron(Il) dominated for all
studied stations. The contribution of iron(III) to the total
dissolved iron flux did not exceed 20%.

Data on fluxes of organically complexed iron obtained
by the two methods (chamber experiment and porewater
analysis) mostly did not agree. The behavior of
organically complexed iron at the sediment—water
interface was similar as for organically complexed
manganese. The measured fluxes were in most cases
low to insignificant. It has been reported that a large
fraction of total iron in seawater can be represented by the
organically complexed form (Lewis et al., 1995; Liu and
Millero, 2002; Powell et al., 1995), which results in an
increased concentration of dissolved iron in the sea water
under oxic condition. An indication of this was noticed in
the organic-rich waters of the Vistula Lagoon where
dissolved iron(Il) was present at concentrations of up to
0.2 uM even in oxygen-rich bottom water, the concen-
tration of organically complexed iron was up to 1.1 pM,
and the flux of organically complexed iron reached up to
70% of the total iron flux on stations 1.2001 and 1.2002.
This also supports a supposition of strong bonding of iron
by organic matter in contrast to manganese. Furthermore,
at this site a release of iron(Il) from the porewater was
observed at oxygen levels that exceeded 100 uM. This
was not the case for the Golubaya Bay and the GoF.

6. Conclusions

Benthic fluxes of manganese were found to correlate
with manganese concentration in the porewater of the
top sediment layer positively. The manganese fluxes
were not influenced by redox conditions in the near-
bottom water. On a large timescale manganese fluxes
depend on redox conditions in bottom water, because a
change of redox conditions would lead to a change of
dissolved manganese content of the porewater. Howev-
er, on a timescale of a single chamber incubation
manganese fluxes did not depend on oxygen concen-
tration (redox conditions), because for dissolved
manganese the rate of oxidation is much lower than
the rate of release from sediment. Diffusive flux of
manganese constitutes 25—-70% of the measured flux
determined with the chamber incubation (on average
JewJpw=3). This indicates that another process such as

bacterial dissolution or bioirrigation also plays an
important role in manganese benthic flux formation.
Our results showed the importance of bottom water
redox conditions for benthic iron fluxes. We measured
no fluxes at oxic conditions, intermediate fluxes at
anoxic conditions and high fluxes at suboxic conditions.
Oxidation of released dissolved iron occurred very
rapidly under oxic conditions right after its release from
the sediment. Under suboxic and anoxic conditions in
the bottom water, the iron flux was dependent both on its
concentration in porewater of the surface sediment and
on the content of iron in the solid phase of sediment. The
chamber measured and diffusive fluxes of total iron
differed much more than for manganese, 0.01<J/
Jow<50. Thus, bioirrigation, sediment resuspension and
chemical processes at the interface are much more
important for iron fluxes than for manganese fluxes.
The flux of iron was dominated by iron(II) under the
studied conditions. Contribution of iron(III) to the total iron
flux did not exceed 20%. In the Vistula Lagoon metal—
organic complexes contributed up to 20% of the total
manganese flux and up to 70% of the total iron flux.
Organically complexed manganese and iron at the other
stations were mostly not involved in the benthic exchange.
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