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Abstract

Sediment cores collected in several areas of the southern Baltic were analysed for
total mercury (Hgror) and five operationally defined mercury fractions: Hga —
contained in pore waters, Hgr — bound to fulvic acids, Hgy — bound to humic
acids, Hgs — bound to sulphide, and Hggr — residual. An effort was made to
quantify mercury fluxes at the sediment/water interface in the study area. Net
mercury input, calculated on the basis of sedimentation rate and concentration
in the uppermost sediments, ranged from 1 to 5.5 ng cm~2 year—!'. Mercury
remobilisation from sediments due to diffusion and resuspension was calculated
from the proportion of labile mercury and the velocity of near-bottom currents.
The results showed that the return soluble and particulate fluxes of mercury from
the sediments to the water column constitute a substantial proportion of the input

* The study was performed under the auspices of IO PAS statutory research grant
No. 11.2.3/2004 11.2.3 2005 and the TROIA-Net Science network.

The complete text of the paper is available at http://www.iopan.gda.pl/oceanologia/
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(20-50%), and are slightly higher than those found in pristine areas, although they
are less than the values recorded in areas with a history of mercury contamination.
In addition, an index was developed to assess the methylation potential of mercury
in sediments. Mercury contained in pore waters, and mercury bound to fulvic
and humic acids together with Loss on Ignition were used to calculate the semi-
quantitative methylation potential (Py,). Despite the simplicity of this approach,
P, correlates well with methyl mercury in fish from the study area.

1. Introduction

Mercury is a highly toxic metal. Because of its affinity to thiol
groups it may react with proteins, affecting cellular membranes, inhibiting
enzymes or damaging DNA and RNA helixes. It is characterised by high
bioaccumulation, and its organic species (i.e. methyl mercury) may be
subject to biomagnification in food chains (Boening 2000). In the marine
environment mercury, owing to its affinity for particulate matter, is readily
scavenged from the water column (Laurier et al. 2003) and transferred to
the bottom sediments (Forstner & Wittmann 1981, Cossa & Gobeil 2000).
This is particularly evident in coastal regions, where concentrations of
suspended matter — both biotic and abiotic — are high. One such area is the
Baltic Sea.

In previous studies a sharp decrease in mercury concentration in the
uppermost sediment layers in relation to subsurface sediments was reported
(Beldowski 2004). This may be attributed to the reduced mercury load
in recent decades, changes in the sedimentation regime or remobilisation of
mercury from sediments to the water column. However, the roughly twofold
reduction in concentration recorded in this region is greater than the known
decrease in mercury emissions to the environment there (Borg & Jonsson
1996), and analyses of 2!°Pb activities do not show significant changes in
the sedimentation rate (Betdowski & Pempkowiak 2008). Therefore, the
observed concentration changes are likely to have resulted from the upward
diffusion of labile mercury species from the uppermost sediment layers. As
yet the process has been neither quantified nor investigated.

Remobilisation of mercury can be estimated mathematically. This
requires that the concentrations of mobile mercury in the sediments be
known (Boudreau 1997). Mercury is present in the bottom sediments in
several physicochemical forms, differing in bioavailability and remobilisation
potential. The latter can be readily assessed from mercury speciation studies
(Betdowski & Pempkowiak 2003). The major mercury species in marine
sediments were operationally divided into the fractions contained in the pore
waters (< 0.45 pm) (Hga), bound to fulvic acids (Hgr), bound to humic
acids (Hgg), bound to sulphides (Hgg) and residual (Hgr) (Wallschlager
et al. 1998a, Betdowski & Pempkowiak 2003).
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This paper gives the results of total Hg concentration measurements
and of operationally defined mercury species in a series of sediment samples
collected in the southern Baltic. On the basis of mercury concentration
and speciation, bioavailability and fluxes resulting from diffusion and
resuspension were calculated.

2. Material and methods

Surficial sediments were collected in several areas of the southern Baltic
Sea in the period 1999-2002. Figure 1 shows the location of the sampling
stations.

Samples from stations Gd1, Gd2 and Gd3 were collected with a Reineck-
type box corer; those from the other stations were collected with a gravity
corer. The top centimetre of sediment was sampled by cutting it away with
a stainless steel blade, whereas the fluffy layer suspended matter covering
the sediments was collected with a syringe.

Water samples for mercury analysis were obtained by siphoning near-
bottom water onboard with an all-Teflon pump and passing it through
ignited glass filters (pore size 0.45 um). Samples were stored in borosilicate
bottles with Teflon caps, pre-cleaned by storing 4M nitric acid in them for
a week, then rinsed with 1% HNO3 in MilliQ water.
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Figure 1. Location of sampling stations
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Before mercury analysis all the sediment samples were homogenised
and portions taken for the determination of moisture, organic matter and
grain size distribution. Sediment cores from the sampling stations were
210ph dated (Pempkowiak 1991). Sedimentation rates were calculated from
the 219Pb profiles using the least squares procedure (Robbins 1978). The
geochronology of the cores is dealt with elsewhere (Beldowski & Pemp-
kowiak 2008).

For total mercury analysis the samples were digested with acids
(HNO3:HClO4:HF) and the digests diluted with MilliQ water prior to
analysis (for details — see Pempkowiak et al. 1998).

To assess the speciation of mercury in the samples, sequential extraction
was performed employing a procedure adapted from Wallschlager et al.
(1998a) (see Figure 2). As a result of the sequential extraction procedure
solutions containing the following mercury fractions (either labile or stable)
were isolated:

Hga — Hg contained in pore waters (‘dissolved’ — labile);
Hgr — Hg bound to fulvic acids (fulvic — labile);

Hgy — Hg bound to humic acids (humic — labile);

Hgs — HgS and Hg bound to sulphides (sulphidic — stable);

Hgr — Hg bound to humins and contained in a mineral matrix (residual —
stable).

Quality assurance was provided by including attested samples (ABSS
— Baltic sediment — obtained from the Baltic Sea Research Institute,
Warnemiinde, Germany) in each extraction run. The analyses of reference
material NIES-2 (obtained from the National Institute of Environmental
Studies, Japan Environmental Agency) proved satisfactory in terms of
accuracy and precision of determination (recovery 92.5 4+ 9.5%, n = 5).
For a detailed description of method validation against model compounds,
see Wallschlager et al. (1996, 1998a,b); more information on the QA/QC
procedures employed in this study has been published elsewhere (Betdowski
& Pempkowiak 2007).

Cold vapour atomic absorption spectrophotometry and cold vapour
atomic fluorescence spectrophotometry were used to determine Hg in the
extraction solutions. LODs were 2 ng g~ d.w. for CV-AAS and 0.5 ng g~ *
d.w. for CV-AFS.

Water samples for mercury analysis were oxidised by the addition of
BrCl and pre-reduced with hydroxylamine hydrochloride solution 1 hour
prior to analysis by CV-AFS, according to US EPA method 1631 (US EPA
2002).
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Figure 2. The major steps in the sequential extraction procedure

To determine environmental parameters and to produce correlation
and variability graphs (Figure 7), the following data sources were used:
Korzeniewski (ed.) 1993, Siebert et al. 1999, Falandysz et al. 2000, Fant
et al. 2001, Boszke et al. 2002, 2003, Voigt 2004, Ciesielski et al. 2006,

IOW 2008, Millat 2008, SFT 2008.

The total mercury concentration in surface sediments, dry matter
content in surface sediments and sediment accumulation rate were used
to calculate the net mercury input, which is given by the following formula:

w W
AHgpor = 0 % (1 - ﬁ) ds Hgror,

where

AHgror — net mercury input to bottom sediments [ng year™

w — sedimentation rate [mm year—!];

b em™;
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W — water content in sediments [%];

ds — sediment density (for the study area the value of 2.45 g cm™
used);

Hgror — total mercury concentration in surface sediments.

3 was

One of the chief mechanisms responsible for mercury remobilisation from
sediments is diffusion of mercury contained in pore waters. In the speciation
scheme used in this study the pore water mercury was extracted as the first
fraction — Hga . Diffusion, calculated according to Fick’s first law of diffusion
in porous media, is given by the following formula:

dC
J = - DS <E>7

where
J - diffusive flux [ng em=2 s71J;
¢ — porosity [dimensionless];

Dg - diffusion coefficient [em? s~1];

dC — concentration difference of soluble mercury (Hga) in the uppermost
sediment layer and in near-bottom water [ng g~ !];

dz — depth difference between uppermost sediment layer and near-bottom
water [cm)].

The diffusion coefficient was calculated according to Ullmann & Aller
(1982), the assumptions for sediments of porosity < 70% being that
Dg = 62Dy, where 6 — sediment tortuosity [dimensionless] and Do — molecular
diffusion coefficient for mercury in seawater (= 5 x 1075 ecm? s71) (Gobeil
& Cossa 1993). The tortuosity of the sediments was calculated according
to Beekman’s (1990) model:

0 =p/(1—(1-¢)'"),

where ¢ — porosity [dimensionless].

The mercury concentrations in near-bottom water required to calculate
the force driving diffusion were measured in filtered near-bottom waters
collected from the Bornholm Deep, the Gdansk Deep and the Vistula mouth
(Figure 1).

3. Results and discussion

3.1. Mercury input

Mercury delivered to the bottom sediments may be released to overlying
water as a result of diagenetic speciation changes and physical processes
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Figure 3. Net mercury input [ng cm™2 year~!] to sediments in the study area

such as sediment mixing and resuspension, diffusion and dispersion. In
order to demonstrate the importance of mercury remobilisation from the
sediments, it is usual to relate it to the net mercury input to the sediments
(Gagnon et al. 1997, Covelli et al. 1999). The ‘net input’ is the amount
of mercury retained in the sediments in a given time period. Figure 3
presents the net mercury input to sediments in selected cores from the
study area.

The highest net mercury inputs were recorded in sediments from the
Arkona Deep. In Gdansk Basin sediments, values similar to those from
the Arkona Deep were found on the western slope of the Gdansk Deep,
an area fed with suspended matter carried by the bottom current flowing
away from the Arkona Deep (Beldowski & Pempkowiak 2007). Mercury
input to sediments from both the central and eastern parts of the Gdansk
Deep is in the range of 1-2 ng cm™?2 year™!, and is similar to that in the
Bornholm Deep. Such a low value could be the consequence of mercury
remobilisation from the uppermost sediment layer.

3.2. Mercury remobilisation

Mercury can be remobilised from sediments as a result of physical
processes like diffusion or sediment resuspension. Moreover, mercury can
be extracted by benthic organisms, which may be consumed by pelagic
predators, in which case mercury is removed from the sediments (macro-
zoobenthos, macrophytobenthos); these organisms may also move mercury
within the sediments (bacteria, deposit feeders). Mercury remobilised from
sediments can enter the food chain. In this paper physical processes are
described quantitatively, whereas the potential transfer of mercury to the
food chain is represented by an index related to the bioavailability of
mercury in the uppermost sediments.



270 J. Beldowski, M. Miotk, J. Pempkowiak

3.2.1. Diffusive fluxes

Tables 1 and 2 respectively list mercury concentrations and environmen-
tal parameters in near-bottom waters.

Table 1. Mercury concentration in the
near-bottom water layer in the study
area [ng dm~?]

Area Concentration
fng dm )
Bornholm Deep 2.5
Central Gdansk Deep 1.8
Vistula mouth 1.9

Table 2. Salinity and oxygen concentrations of surficial sediments in the near-
bottom water layer and loss on ignition (LOI) in the study area

Region Salinity Oxygen LOTI* References
[PSU] [em® dm™3] (%]
Puck Bay 7.65 7.38 0.48-41.67  Korzeniewski (ed.) 1993
Gulf of Gdansk 9.34 0.25-3.95 18.11-23.54 SFT 2008
Gdansk Deep 11.94 0 0.32-22.50  SFT 2008
Bornholm Deep 15.74 0.53 16.84 SFI 2008
Arkona Deep 15.46 3.42 14.92 IOW 2008

* — this study.

-6
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4

-39

24

AHg [ng cm™ year™']
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Figure 4. Diffusion of mercury from sediments to overlying water shown as
a negative flux [ng cm~2 year—!]
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Fluxes were calculated only for the sediments in which Hga concentra-
tions in the uppermost sediment layer exceeded LOD (see Figure 4).

The fluxes calculated in this manner are significantly smaller than those
found in areas heavily polluted with mercury, such as the Gulf of Trieste
(an area receiving a mercury load from a now closed mercury mine —
1.78 pg cm~2 year—!; Covelli et al. 1999) or Bellingham Bay (polluted
by effluents from a chlor-alkali plant) — 3.65 ug cm~2 year~!; Bothner et al.
(1980). However, fluxes calculated for the Baltic Sea exceed those calculated
for the remote area of the Laurentian Trough — 0.95 ng cm ™2 year—! (Gobeil
& Cossa 1993). This could indicate that the study area is to some extent
polluted with mercury.

The high values recorded at station Gd2 are due to the considerable
mobility of mercury in the sandy sediments prevalent in this area. The
substantial remobilisation in sediments from station M5 is due to the large
proportion of the mercury fraction Hgs contained in these sediments. The
diffusive fluxes in sediments from the Arkona Deep and from the western
slope of the Gulf of Gdansk make up an important part of the input.
This suggests that the input of mercury to these sediments is 50% higher
in the Arkona Deep and even 100% greater at station M5 than the net
input. The diffusive flux at station Gd2 exceeds the net input for the Gulf
of Gdansk (based on values for station Gd4). This can be attributed to
both the grain size composition of the sediments from this station and to
proven mercury transport to the sedimentation basin from those sediments
(Betdowski & Pempkowiak 2003).

3.2.2. Resuspension

Apart from diffusion, resuspension of the uppermost sediments is
an important process causing remobilisation of metals from sediments
(Boudreau 1997). Resuspension occurs when a shear stress exerted by water
movement exceeds a critical value for a given sediment type. The upper
layers of cohesive sediments are resuspended as a result of a fast bottom
current, but resuspension of the fluffy layer suspended matter (FLSM)
covering the sediments in the study area is also possible in the presence
of currents with velocities of 4-6 cm s~! (Pempkowiak et al. 2002).

The rate of sediment erosion can be roughly approximated by the
following formula (Pruszak 1998, Lick 2008):

Vg = M(Tb - Tcrit)a

where
Vg — sediment erosion rate [g cm ™2 s71];
M - proportionality parameter (from 10~% to 2 x 1073);
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2].

)

Th — bottom shear stress [dyne cm™
Terit — critical shear stress for a given sediment type [dyne cm™2].

The bottom shear stress was calculated according to Lund-Hansen et al.
(1997) and, following conversion of units, was substituted in equation (5.6):

7 = C4q pw U2)
where
7, — bottom shear stress [N m~2];
Cq — bottom resistance coefficients = 1.1 x 1073;
pw — seawater density (assumed 1.0025 g cm~3);
U - current speed [cm s71].

The critical shear stress (7¢it) for FLSM in the southern Baltic was
obtained experimentally by Christiansen et al. (2002); it was > 0.023 N m~2.

Calculations of bottom shear stress used the approximate bottom
current velocities at the stations from which FLSM samples were collected.
The velocities were averaged for each month. The Princeton Ocean Model
based on density fields, adopted by Jankowski (2002), was used to compute
current speeds (Table 3).

Table 3. Average bottom current velocities at sampling stations, calculated for
each month using the POM model

Month Bottom current velocities [cm s™'] at sampling stations

Al M3 B1 M1 Gd4 M5 Gd2
January 5.0 4.6 4.2 9.9 2.9 5.5 2.8
February 1.7 2.5 14.5 4.6 5.8 2.2 1.7
March 3.1 8.4 1.7 12.8 0.2 4.4 1.7
April 6.2 6.8 4.5 4.0 1.0 10.3 3.4
May 1.7 1.2 7.3 3.8 3.5 2.6 4.1
June 1.2 6.5 8.8 5.4 2.9 2.3 2.4
July 6.7 8.0 9.5 12.4 10.0 2.0 4.5
August 2.8 5.3 8.1 4.9 2.7 5.3 1.9
September 6.0 6.0 3.9 5.5 2.9 5.8 0.6
October 2.8 1.6 13.8 6.3 2.9 3.4 3.0
November 1.5 3.1 10.7 5.4 2.1 6.2 2.3
December 3.4 3.2 7.3 9.5 3.2 4.2 1.78

The mass of resuspended FLSM calculated on the basis of computed
current velocities must be regarded as a potential value. It indicates that
the current is capable of raising the solid particles contained in the FLSM
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Table 4. Potential mass of fluffy layer suspended matter (FLSM) resuspended
monthly in successive resuspension events at each station

Month Mass of FLSM resuspended monthly at sampling stations
[mg cm™2 month™]

Al M3 B1 M1 Gd4 M5
January 126 23 2279 268
February 5118 17 332
March 1483 4209
April 533 760 71 2489
May 993
June 628 1641 223
July 731 1319 2052 3909
August 210 1305 92 198
September 455 465 289 362
October 4912 529
November 2826 238
December 936 2001

A Hg [ng cm™]

Ko™
12 GaaM e

Figure 5. Fluxes of mercury [ng cm~2] released each month from sediments as
a result of resuspension
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in a single resuspension event. Resuspension equalling the calculated value is
only possible as the sum of several resuspension/deposition events (Table 4).

To assess the amount of mercury released during resuspension, the
partition coefficient (Kp) between the particulate and dissolved mercury
concentrations in the FLSM was used. The coefficient was calculated during
experiments with resuspended sediment: log Kp = 5.35 (Kim et al. 2004);
for these calculations, the total mercury concentrations (Hgror) in FLSM
were used. These fluxes, based on the calculated mass of resuspended FLSM,
represent potential maximum monthly values (see Figure 5).

Monthly fluxes of mercury released in the course of resuspension
varied from 0 ng cm™2? month™', when no resuspension took place, to
1.9 ng cm ™2 month~! at station M5 in April. In the Gdansk Basin larger
fluxes were recorded in autumn, as a consequence of the faster current
speeds in that season. The sediments collected from the southern rim of the
Gdansk Deep (M1) contained the greatest sum of remobilised mercury fluxes
(3.33 ng cm™2 year™1); this is the effect of frequent resuspension. Fluxes
for the central part of Gdansk Deep (M3) were comparable in magnitude
and variation to those from the Bornholm Deep.

3.2.3. Mercury bioavailability

The bioavailability of mercury depends on the proportion of labile
species, which in turn, is a function of environmental and biological factors.
Methyl mercury (CHsHg) is considered to be the most readily bioavailable
mercury species. Mercury is methylated by microbial activity during
the degradation of organic matter, mainly in bottom sediments (Jensen
& Jernelov 1969, Compeau & Bartha 1985, Benoit et al. 1999). Quantitative
relationships between the methylation rate and mercury speciation have
not been unequivocally defined. The methylation rate is governed by
several factors, including sulphide availability, pH and temperature (Jackson
1998). Since the pH in sediment pore waters of the study area is stable
and close to that of seawater (= 8.1), whereas sulphide availability is
a function of Eh in sediments (Emylyanov 1995, Sternbeck & Sohlenius
1997), the redox potential Eh appears to be a crucial parameter for mercury
methylation. In southern Baltic sediments, the reducing environments
required for mercury methylation are associated with high concentrations
of organic matter (Pempkowiak 1994). Therefore, it can be safely assumed
that the methylation rate is directly proportional to the concentration of
organic matter, a factor closely related to the microbial activity. The latter
is not only directly responsible for mercury methylation, but also controls
Eh, O3 concentration and sulphide production.



Mercury fluxes through the sediment water interface ... 275

The pool of mercury available for methylation comprises both inor-
ganic, dissolved mercury and mercury in complexes with organic matter
(Wallschliger et al. 1998). The methylation rate is faster in anoxic condi-
tions, but is limited by the presence of free sulphide ions, which react with
mercury to form highly stable, insoluble HgS (WHO 1987).

Mercury methylation in bottom sediments is adequately described in the
literature (Forstner & Wittmann 1981, Jackson 1998, Boening 2000), but
a mathematical description of this process is lacking. In this study, an at-
tempt was made to conceive a quantitative measure of the phenomenon. For
this purpose, a semi-quantitative index — the ‘methylation potential (Py,)’ —
is proposed to describe potential mercury methylation in the uppermost
sediments. As a ‘potential’ this index does not include demethylation.
Since the study area is limited in space, and the environmental conditions
(salinity, temperature and material input) varied within a narrow range, it
was assumed that the demethylation rate remains in constant proportion
to methylation. The methylation potential was calculated according to the
following formula:

(Hga + Hgp + Hgy) LOI

Pm = )
100

where

P, — methylation potential [dimensionless];
Hga — dissolved mercury [ng g~ !];

Hgp — fulvic-bound mercury [ng g~ !J;

Hgy — humic-bound mercury [ng g~ ;

LOI - loss on ignition [%].

It was assumed that the species obtained by sequential extraction
(Hga, Hgr and Hgp), representing dissolved, fulvic-bound and humic-
bound mercury, are a substratum for methylation, and the concentration
of organic matter (represented by loss on ignition — LOI) served as an index
of microbial activity. The choice of LOI as a proxy for organic matter
was possible because of the similar mineral composition of the sediments
of the study area, and hence, the similar LOL:TOC ratio (Emylyanov 1995,
Pempkowiak et al. 2006). It was assumed that free sulphide ions, mercury
sulphide and ionic mercury(II) were in equilibrium. Since HgS and mercury
bound to sulphides were included in a discrete fraction, it was assumed
that sulphide ions had no limiting effect on the labile fractions used in
the equation as a substratum for methylation. Figure 6 shows calculated
methylation potentials for the topmost sediments.
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Figure 6. Methylation potential (Py,) of sediments in the study area
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The highest potentials were recorded for sediments from Puck Bay (P3)
and from the western slope of the Gdansk Deep (M4, M5). The methylation
potentials of sandy sediments (P2, P4, P5, Gd1 and Gd3) and muddy sand
sediments (Gd2) are clearly lower than those in most muddy sediments.
This is due to the natural conditions in sandy sediments where, because of
their oxic character and lower organic matter content, mercury methylation
is limited (Jackson 1998). Sediments with high P, come from deeper areas,
where the toxicity and bioavailability of methyl mercury are less important
as the biomass of the zoobenthos is low in these areas (HELCOM 2003).
However, methyl mercury released from the sediments in this area has been
recorded in water tens of meters above the sea bed (Pempkowiak et al.
1998). The abnormally high methylation potentials recorded at station P3
could be due to the specific pollution caused by the wreck of the German
ship ‘Stuttgart’ lying nearby (BHMW 2001).

There was a significant (r = 0.9075) positive linear correlation between
P, and mercury in fish muscles (Figure 7a).

Because of the scarcity of data for zooplankton and marine mammals,
only the correlation for fish is shown. A comparison of mercury concentra-
tion change in zooplankton and marine mammals with Py, change for areas
where such data are available is shown in Figure 7b. The variability of Hg
values in zooplankton from Puck Bay and in marine mammals from the
Gdansk Basin, Bornholm Basin and Arkona Basin was similar to P,,. Both
the high correlation with MeHg in fish and the similar variability of Py, and
methyl mercury in other environmental compartments suggest that despite
its simplicity, this index could be used for a semi-quantitative comparison of

140
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Figure 8. Bioavaliable mercury fraction concentrations [ng g=! d.w.] in sediments
in the study area



278 J. Beldowski, M. Miotk, J. Pempkowiak

methyl mercury exposure of marine organisms, at least in areas not differing
much in term of sediment origin and environmental parameters.

Inorganic forms of mercury(II) are also bioavailable, but to a lesser
extent than methyl mercury (Jackson 1998). This refers to dissolved
mercury(IT) and mercury(II) bound to fulvic acids, and to some extent
also to mercury bound to humic acids (Wallschldger et al. 1998a,b, Boening
2000). Figure 8 gives the concentrations of these species.

The highest concentrations of easily bioaccumulated mercury species
were recorded in Puck Bay (P1, P2, P3, P6), in the vicinity of the Vistula
mouth (Gd2) and on the western slope of the Gdansk Deep (M4, M5). Apart
from the last area, mercury in sediments located closer to the shore is more
readily bioavailable than that in offshore sediments.

3.3. Scenarios

Calculated methylation potentials, diffusive fluxes and fluxes caused by
resuspension were used to predict changes in mercury remobilisation and
bioavailability in response to increased input of mercury to the sediments.
Two scenarios were considered —

1. Input up by 10%
2. Input up by 50%

In both cases, the concentrations of total mercury and mercury species in
the uppermost sediments were calculated on the assumption that mercury
speciation remains the same. From these P, and remobilisation potential
were calculated.

3.3.1. Mercury bioavailability change (P,,)

Methylation potential is a function of mercury species concentration,
hence an increase in input (spread between species according to the
proportions measured) will result in a higher value of this index. Figure 9
presents the calculated values.

The changes in methylation potential at the southern rim of the Gdansk
Deep (M1) and in the Bornholm Deep (B1) resemble the input changes.
In sediments from the western slope of the Gdansk Deep (M5) and from
the Gdansk Basin (Gd4), changes in P, are greater than the input change:
they are respectively equal to 22% and 16% for an input increase of 10%,
and to 77% (M5) and 58% (Gd4) for a 50% increase. This indicates that
an elevated mercury input will induce greater bioavailability of mercury, in
some cases greater than the input change.
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Figure 9. Methylation potential changes [%] due to mercury input increases of
10% (110%) and 50% (150%)

3.3.2. Remobilisation change

Diffusive fluxes changes were calculated only for sediments fulfilling two
conditions: 1) Hga concentration above the detection limit; 2) Net input
values calculated (see Figure 10).
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Figure 10. Mercury diffusion fluxes from surface sediments (100%), and the
change in mercury diffusion fluxes due to input increases of 10% (110%) and 50%

(150%)

Mercury diffusion from the Arkona Deep sediments (Al) changed in
proportion to input change — by 10% and 50%, respectively. Values of 30%
and 77% were calculated for sediments from the western slope of the Gdansk
Deep (M5). This indicates that increased input may cause some sediments
to become important sources of dissolved mercury.
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Changes of fluxes associated with resuspension were calculated for
sediments A1, B1, M1 and M5 (see Figure 11). Changes in remobilisation
are in most cases proportional to input changes; in some areas (the western
slope of the Gdansk Deep), however, re-emission was stronger than the input
change.

giﬂﬂﬂ

Figure 11. Mercury fluxes due to sediment resuspension (1), and flux change due
to input increases of 10% (1.1) and 50% (1.5)
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4. Conclusions

The yearly load of mercury deposited in the southern Baltic sediments
is highly variable (Gdansk Deep ~6 ng cm~? year !, Gdansk Basin
~3 ng cm~ 2 year—!, Arkona Deep =~ 6 ng cm~?2 year~!). Mercury contained
in the sediments is involved in a number of processes (biochemical trans-
formations, diffusion and resuspension) causing its release to the overlying
water. The return flux of mercury (according to calculations) may account
for up to 50% of the mercury load deposited annually in the muddy
sediments of the Gdansk Deep (western slope) and Arkona Deep. A similar
magnitude of the return flux has been calculated for sandy sediments (Gd2)
from the Gulf of Gdansk. It is clearly higher than the mercury inputs
calculated for other muddy sediments from this area (Figure 12).

Mercury speciation analysis enabled different phenomena related to the
presence of mercury in the environment to be modelled mathematically.
Knowledge of labile mercury species concentration enabled the quantifi-
cation of mercury bioavailability and mobility in the study area. Two
indices are proposed in this respect: one, indicating the concentration of
bioavaliable mercury species, takes the highest values in areas close to
anthropogenic mercury sources — in sediments in the vicinity of urban areas
and close to the mouth of the River Vistula, and the other, representing the



Mercury fluxes through the sediment water interface ... 281

6 -

— O input ] T
37 O diffusion

W resuspension

44
3 -
2 -
| H H I
0 T I T T T

Gd2 Gd4 Ml M3 M5 Bl Al

Figure 12. A summary of mercury input and release fluxes in the study area

potential of mercury to be methylated in sediments. This second index takes
higher values in deeper areas, especially in sediments below the halocline. In
the sediments of the study area, the highest values were calculated for the
bottom sediments of Gdansk Deep. Our calculations showed an increase
in bioavailability (given by the methylation potential) and return fluxes
(by both diffusion and resuspension) exceeding the simulated increase in
mercury load reaching the study area.

References

Beeckman J. W., 1990, Mathematical description of heterogeneous materials, Chem.
Eng. Sci., 45 (8), 2603-2610.

Betdowski J., 2004, Uwarunkowania oraz znaczenie steien ¢ specjacji rtect
w osadach dennych zachodniej czesci Basenu Gdanskiego, Ph. D. thesis, Dept.
Biol. Geogr. Oceanogr., UG, Gdansk, 164 pp.

Betdowski J., Pempkowiak J., 2003, Horizontal and vertical variabilities of mercury
concentration and speciation in sediments of the Gdansk Basin, Southern
Baltic Sea, Chemosphere, 52 (3), 645-654.

Betdowski J., Pempkowiak J., 2007, Mercury concentration and speciation changes
along source/sink transport pathway (Southern Baltic), Estuar. Coast. Shelf
Sci., 72 (1-2), 370-378.

Beldowski J., Pempkowiak J., 2008, Mercury concentration and solid phase

speciation changes in the course of early diagenesis in marine coastal sediments
(Southern Baltic Sea), Mar. Freshwater Res., (in press).

Benoit J.M., Gilmour C.C., Mason R.P., Heyes A., 1999, Sulfide controls on
mercury speciation and bioavailability to methylating bacteria in sediment pore
waters, Environ. Sci. Technol., 33 (6), 951-957.



282 J. Beldowski, M. Miotk, J. Pempkowiak

BHMW (Biuro Hydrograficzne Marynarki Wojennej), 2001, Locja Baltyku No. 502,
Hydrographical Office of the Polish Navy, Gdynia, 180 pp.

Boening D. W., 2000, Ecological effects, transport, and fate of mercury: a general
review, Chemosphere, 40 (12), 1335-1351.

Borg H., Jonsson P., 1996, Large-scale metal distribution in Baltic Sea sediments,
Mar. Pollut. Bull., 32 (1), 8-21 .

Boszke L., Glosinska G., Siepak J., 2002, Some aspects of speciation of mercury in
a water enviroment, Pol. J. Environ. Stud., 11 (4), 285-298.

Boszke L., Siepak J., Falandysz J., 2003, Total mercury contamination of selected
organisms in Puck Bay, Baltic Sea, Poland, Pol. J. Environ. Stud., 12 (3),
275-285.

Bothner M. H., Jahnke R. A., Peterson M. L., Carpenter R., 1980, Rate of mercury
loss from contaminated estuarine sediments, Geochim. Cosmochim. Ac., 44 (2),
273-285.

Boudreau B.P., 1997, Diagenetic models and their implementation: Modelling
transport and reactions in aquatic sediments, Springer-Verlag, Heidelberg,
414 pp.

Christiansen C., Edelvang K., Emeis K., Graf G., Jahmlich S., Kozuch J.,
Laima M., Leipe T., Loffler A., Lund-Hasen L.C., Miltner A., Pazdro K.,
Pempkowiak J., Shimmield G., Shimmield T., Smith J., Voss M., Witt G.,
2002, Material transport from the near shore to the basinal environment in
the Southern Baltic Sea: I. Processes and mass estimates, J. Marine Syst.,
35(3-4), 133-150.

Ciesielski T., Szefer P., Bertenyi Zs., Kuklik I., Skéra K., Namiesnik J., Fodor P.,
2006, Interspecific distribution and co-associations of chemical elements in the

liver tissue of marine mammoals from the Polish Economical Fxclusive Zone,
Baltic Sea, Environ. Int., 32 (4), 524-532.

Compeau G., Bartha R., 1985, Sulfate reducing bacteria: Principal methylators
of mercury in anozic estuarine sediments, Appl. Environ. Microb., 50 (2),

498-502.

Cossa D., Gobeil C., 2000, Mercury speciation in the Lower St. Lawrence Estuary,
Can. J. Fish. Aquat. Sci., 57 (S1), 138-147.

Covelli S., Faganeli J., Horvat M., Brambati A., 1999, Porewater distribution
and benthic flur measurements of Mercury and Methylmercury in the Gulf
of Trieste (Northern Adriatic Sea), Estuar. Coast. Shelf Sci., 48 (4), 415-428.

Emelyanov E.M., 1995, Baltic Sea: Geology, geochemistry, paleo-oceanography,
pollution, Acad. Nat. Sci., RF, Kaliningrad, 119 pp.

Falandysz J., Chwir A., Wyrzykowska B., 2000, Total mercury contamination of
some fish species in the firth of Vistula and the lower Vistula River, Poland,
Pol. J. Environ. Stud., 9(4), 335-339.

Fant M. L., Nyman M., Helle E., Rudback E., 2001, Mercury, cadmium, lead and

selenium in ringed seals (Phoca hispida) from the Baltic Sea and from Svalbard,
Environ. Pollut., 111 (3), 493-501.



Mercury fluxes through the sediment water interface ... 283

Forstner U., Wittmann G., 1981, Metal pollution in the aquatic environment,
Springer, Berlin, 485 pp.

Gagnon C., Pelletier E., Macci A., 1997, Behaviour of anthropogenic mercury in
coastal marine sediments, Mar. Chem., 59 (1-2), 159-176.

Gobeil C., Cossa D., 1993, Mercury in sediments and sediments pore water in the
Laurentian Trough, Can. J. Fish. Aquat. Sci., 50 (8), 1794-1800.

HELCOM (Helsinki Commission), 2003, Hazardous substances, [in:] The Baltic
marine environment 1999-2002, BSE Proc. No. 87, 24-43.

IOW (Institut fiir Ostseeforschung Warnemiinde), 2008, Meereswissenschaftliche
Berichte/Marine Science Reports No. 72, http://www.io-warnemuende.de
/tl files/forschung/meereswissenschaftliche-berichte/mebe722007 -zu/ stand -
hc-und-schwermetalle.pdf.

Jackson T. A., 1998, Mercury in aquatic ecosystems, [in:] Metal metabolism in the

aquatic environment, J. Langston & M. J. Bebiano (eds.), Chapman & Hall,
London, 178-249.

Jankowski A., 2002, Variability of coastal water hydrodynamics in the southern
Baltic — hindcast modelling of an upwelling event along the Polish coast,
Oceanologia, 44 (4), 395-418.

Jensen S., Jernelov A., 1969, Biological methylation of mercury in aquatic
organisms, Nature, 223 (5207), 753-754.

Kim E. H., Mason R. P., Porter E. T., Soulen H. L., 2004, The effect of resuspension
on the fate of total mercury and methyl mercury in a shallow estuarine
ecosystem: a mesocosm study, Mar. Chem., 86 (3—4), 121-137.

Korzeniewski K. (ed.), 1993, Zatoka Pucka, UG, Gdansk, 259-262.

Laurier F. J. G., Cossa D., Gonzalez J. L., Breviere E., Sarazin G., 2003, Mercury
transformations and exchanges in a high turbidity estuary: The role of organic
matter and amorphous oxyhydrozides, Geochim. Cosmochim. Ac., 67 (18),
3329-3345.

Lick W.J., 2008, Approzimate equations for erosion rates, [in:] Sediment and
contaminant transport in surface waters, CRC Press, Boca Raton, London,
New York, 90-92.

Lund-Hansen L.C., Valeur J., Pejrup M., Jensen A., 1997, Sediment fluzes, re-
suspension and accumulation rates at two wind-exposed coastal sites and in
a sheltered bay, Estuar. Coast. Shelf Sci., 44 (5), 521-531.

Millat J., 2008, Projekt dla elektrowni opartej na weglu kamiennym w Greifswaldzie.
MoZliwe oddzialywanie na Srodowisko naturalne bedgce skutkiem emisji rteci
i jej zwigzkéw, http://bipgdos.mos.gov.pl/doc/2009/Greifswalder 2009 /spis_
tresci_segregator /segregator_3_4_%20zalacznik/Aneks_II/zalacznik_16_Mozliwe
_oddzialywanie_na_srodowiskonaturalne_bedace_skutkiem.pdf.

Pempkowiak J., 1991, Enrichment factors of heavy metals in the Southern Baltic
surface sediments dated with *'° Pb and 137 Cs, Environ. Int., 17 (5), 421-428.



284 J. Beldowski, M. Miotk, J. Pempkowiak

Pempkowiak J., 1994, Zmiany potencjalu oksydacyjno-redukcyjnego, pH oraz
stezenia wegla organicznego w osadach wewnetrznej Zatoki Puckiej, lipiec—
paZdziernik 1988 rok, [in:] Zatoka Pucka. MoZliwosci rewaloryzacji, L. Kruk
Dowgiatto & P. Ciszewski (eds.), Inst. Ochr. Srod., Warszawa, 53-64.

Pempkowiak J., Betdowski J., Pazdro K., Staniszewski A., Leipe T., Emeis K. E.,
2002, The contribution of the fine sediment fraction to the Fluffy Layer
Suspended Matter (FLSM), Oceanologia, 44 (4), 513-527.

Pempkowiak J., Cossa D., Sikora A., Sanjuan J., 1998, Mercury in water and
sediments of the southern Baltic Sea, Sci. Total Environ., 213 (1-3), 185-192.

Pempkowiak J., Tylmann W., Staniszewski A., Golebiewski R., 2006, Lignin
depolymerization products as biomarkers of the organic matter sedimentary
record in 2°Pb-137Cs-dated lake sediments, Org. Geochem., 37 (11), 1452

—1464.
Pruszak Z., 1998, Dynamika brzegu i dna morskiego, IBW PAN, Gdansk, 393-418.

Robbins J. A., 1978, Geochemical and geophysical application of radioactive lead,
[in:] The biogeochemistry of lead in the environment, J.O. Nriagu (ed.),
Elsevier, Amsterdam, 285-393.

SFI (Sea Fisheries Institute in Gdynia), 2008, Cruise Report r/v Baltica, http:
//www.mir.gdynia.pl/no/docuents/baltica_short_cruise_report_11-2008.pdf.

Siebert U., Joiris C., Holsbeek L., Benke H., Failing K., Frese K., Petzinger E.,
1999, Potential relation between mercury concentrations and necropsy findings
in cetaceans from German waters of the North and Baltic Seas, Mar. Pollut.
Bull., 38 (4), 285-295.

Sternbeck J., Sohlenius G., 1997, Authigenic sulfide and carbonate mineral
formation in Holocene sediments of the Baltic Sea, Chem. Geol., 135 (1-2),
55-73.

Ullman W.J., Aller R.C., 1982, Diffusion coefficients in mnearshore marine
sediments, Limnol. Oceanogr., 27 (3), 552-556.

US EPA (US Environmental Protection Agency), 2002, Method 1631, Revision
E: Mercury in water by oxidation, purge and trap, and cold vapor atomic
fluorescence spectrometry, US Environ. Prot. Agency, Office of Water 4303,
EPA-821-R-02-019, 46 pp.

Voigt H.R., 2004, Concentrations of mercury (Hg) and cadmium (Cd), and the
condition of some coastal Baltic fishes, Environment. Fennica, 21, http://

ethesis.helsinki.fi /julkaisut /bio/bioja/vk/voigt/concentr.pdf.
Wallschlager D., Desai M.V.M., Spengler M., Wilken R.-D., 1998a, Mercury

speciation in floodplain soils and sediments along a contaminated river
transect, J. Environ. Qual., 27 (5), 1034-1044.

Wallschlager D., Desai M. V.M., Spengler M., Windmoéller C.C., Wilken R.D.,
1998b, How humic substances dominate mercury geochemistry in contaminated
floodplain soils and sediments, J. Environ. Qual., 27 (5), 1044-1054.



Mercury fluxes through the sediment water interface ... 285

Wallschlager D., Desai M. V. M., Wilken R.-D., 1996, The role of humic substances
in the aqueous mobilisation of mercury from contaminated floodplain soils,
Water Air Soil Poll., 90 (3—4), 507-520.

WHO (World Health Organisation), 1987, Review of potentially harmful substances:
arsenic, mercury and selenium, WHO Rep. Stud., 28, 74-133.



