
Available online at www.sciencedirect.com

1 (2008) 77–89
www.elsevier.com/locate/marchem
Marine Chemistry 11
Vertical distribution of mercury species at two sites in the
Western Black Sea

Carl H. Lamborg a,⁎, Oğuz Yiğiterhan b, William F. Fitzgerald b, Prentiss H. Balcom b,
Chad R. Hammerschmidt a, James Murray c

a Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, MS #25, Woods Hole, MA 02543, USA
b Department of Marine Sciences, University of Connecticut, 1080 Shennecossett Road, Groton, CT 06540, USA

c School of Oceanography, University of Washington, Box 355351, Seattle, WA 98195-5351, USA

Received 14 June 2006; received in revised form 18 January 2007; accepted 18 January 2007
Available online 3 February 2007
Abstract

The Black Sea is a unique natural laboratory for studying the biogeochemical cycling of mercury (Hg), a toxic metal present at
trace levels in natural waters. The strong vertical density gradient in the Black Sea results in little ventilation of deep waters and
therefore anoxic and sulfidic conditions at depth. In this way, the water column of the Black Sea resembles the geochemical
transition that is observed in coastal sediments. This is of relevance to Hg studies, as coastal sediments are known to be locations of
vigorous Hg methylation. Furthermore, the Black Sea supports a rich commercial fishery that could be at particular risk for
accumulation of Hg as a result of its unique hydrography and anthropogenic inputs.

The concentration of monomethylHg (CH3Hg
+) was highest at the top of the suboxic zone in the Black Sea, where dissolved

oxygen and sulfide were very low. This is circumstantially consistent with the hypothesis that it is the chemical form of Hg which
determines bioavailability and therefore methylation rate and not the activity of sulfate reducing bacteria.

Hg concentrations below the suboxic zone increased in tandem with increasing sulfide, and appear to be approximately
consistent with cinnabar solubility control. These concentrations (ca. 12 pM) are among the highest reported for an open ocean
environment.

A preliminary mass balance for Hg in the Black Sea, including source terms such as precipitation, river and Mediterranean
water inflow as well as the evasional sink and Bosphorus outflow indicates that a large additional input term is required that is
greater than 68 kmol year− 1. Potential candidates include tectonic-related sources and river-derived pollution. Scaling the total
inputs to the Black Sea by area of the basin indicates that this system is comparably impacted by Hg as an urbanized embayment
such as Long Island Sound or Chesapeake Bay.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mercury (Hg) is a toxic metal present at trace con-
centrations (pM) in the ocean. It is typically found in 4
chemical forms in the ocean: dissolved and particulate
divalent mercuric ion (Hg2+) in a variety of inorganic
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and organic complexes, dissolved elemental Hg (Hg°),
dissolved and particulate monomethylHg (CH3Hg

+) and
dissolved dimethylHg ((CH3)2Hg). Through bioaccu-
mulation and magnification, organisms that occupy
top predator niches in aquatic foodwebs (including hu-
mans) are often exposed to levels of Hg, particularly as
CH3Hg

+, that represent a potential health threat. As
conversion of Hg to CH3Hg

+ is necessary to result in
significant foodweb accumulation, the biogeochemical
methylation of Hg2+ in the ocean is a process of par-
ticular concern. To date, most research on Hg methyl-
ation has focused on freshwaters, but attention to the
marine environment is growing. This is appropriate, as
the majority of fish consumed worldwide are marine
species (Fitzgerald and Clarkson, 1991).

Methylation of Hg within coastal sediments is quite
vigorous and increasingly well documented (e.g., Mason
et al., 1999; Conaway et al., 2003; Hammerschmidt and
Fitzgerald, 2004; Hammerschmidt and Fitzgerald,
2006a). In these systems, methylation is generally at-
tributed to the metabolic activity of sulfate-reducing
bacteria (SRB; Compeau and Bartha, 1985). Recently,
however, it has been suggested that biological Hg meth-
ylation is not limited solely by SRB metabolic activity
but by the bioavailability of Hg2+, which is controlled
principally by speciation (Benoit et al., 1999a,b). Benoit
and colleagues (Benoit et al., 1999a) have hypothesized
that the dissolved, zero charged ion pair, HgS°, is the
chemical species most able to passively diffuse across
Fig. 1. Map of the Black Sea and surrounding region, indicating th
cell membranes. Their work also suggested that HgS° is
the dominant dissolved form of Hg in seawater and
marine porewaters under conditions of moderate sulfide
concentrations (ca. b 10 μM), whereas at higher con-
centrations, charged and therefore less bioavailable
forms become the most abundant. At very low unbound
sulfide concentrations (i.e., less than Hg concentrations),
charged chloride or large organic complexes of Hg2+ are
the principal chemical forms and likewise less bioavail-
able than HgS° (e.g., Lamborg et al., 2004; Han and Gill,
2005).We suggest a corollary to the hypothesis of Benoit
and colleagues, namely that Hg methylation is not
necessarily carried out by the SRBs themselves, but it is
the chemical environment generated by their metabolism
that makes Hg more bioavailable to the entire microbial
community and therefore promotes methylation. Thus,
one would predict that maximal Hg methylation should
be observed under optimal chemical speciation condi-
tions and not necessarily in locations of greatest SRB
activity. Such a hypothesis is difficult to test in coastal
sedimentary environments, as the depths in the sediment
over which the progression of microbial metabolisms is
to be observed (from aerobic to the use of anaerobic
electron acceptors, such as nitrate, manganese, iron and
sulfate) are exceedingly small. In the permanently
stratified and anoxic basin of the Black Sea, however,
the loss of oxygen and the progression of metabolic
pathways occurs through a “suboxic zone” that may be
tens of meters in thickness. Such a system represents an
e locations of the two sampling sites occupied in this study.



Table 1
Results of Hg species analysis of individual samples, arranged by site and depth

Station CTD cast
#

Bottle Depth
(m)

Sigma-
θ

Diss. O2

(mmol kg− 1)
Potential T
(θ; °C)

Salinity %
Transm.

Total Hg
(pM)

Hg°
(fM)

CH3Hg
+

(fM)
(CH3)2Hg
(fM)

%
Hg°

%
CH3Hg

+
%
(CH3)2Hg

% Hg2+

CS 3 1 9.15 13.94 247.87 8.66 18.07 83.90 3.1 327 b D.L. b D.L. 10.6 b D.L. b D.L. 89.4
CS 4 1 30.08 14.14 239.59 7.77 18.20 85.33 1.8 417 30 b D.L. 23.2 1.7 b D.L. 75.0
CS 4 2 75.67 14.53 195.41 7.50 18.66 87.46 10.4 358 79 5.7 3.4 0.8 0.06 95.7
CS 3 2 143.40 16.03 30.29 8.30 20.69 75.42 3.8 415 b D.L. b D.L. 10.9 b D.L. b D.L. 89.0
CS 23 2 151.08 15.56 60.95 8.06 20.06 82.59 3.4 n/a 110 b D.L. n/a 3.2 b D.L. n/a
CS 23 1 152.26 15.67 64.08 8.13 20.21 82.23 4.8 n/a 112 b D.L. n/a 2.3 b D.L. n/a
CS 23 4 156.42 16.10 15.08 8.36 20.79 72.42 1.7 893 106 9.2 52.6 6.3 0.54 40.6
CS 23 3 157.00 16.10 19.17 8.36 20.80 72.52 1.6 529 88 b D.L. 33.0 5.5 b D.L. 61.4
CS 3 3 167.64 16.29 19.65 8.41 21.05 67.04 4.6 251 74 b D.L. 5.5 1.6 b D.L. 92.9
CS 4 3 196.37 16.43 3.45 8.55 21.25 84.37 6.6 290 b D.L. 4.6 4.4 b D.L. 0.07 95.5
CS 4 4 207.40 16.50 3.32 8.58 21.35 82.28 7.6 509 1043 b D.L. 6.7 13.7 b D.L. 79.6
CS 3 4 238.25 16.60 2.62 8.66 21.49 85.44 4.2 399 461 b D.L. 9.5 11.0 b D.L. 79.5
WG Hand 6 10 n/a n/a n/a n/a n/a 3.0 760 b D.L. b D.L. 25.3 b D.L. b D.L. 74.7
WG Hand 6 10 n/a n/a n/a n/a n/a 1.9 n/a n/a 19.5 n/a n/a 1.0 n/a
WG 6 1 9.99 14.30 246.44 7.72 18.39 84.72 3.3 405 b D.L. 10.3 12.3 b D.L. 0.31 87.4
WG 6 2 29.82 14.38 245.33 7.13 18.42 84.89 3.0 327 97 8.0 10.9 3.2 0.27 85.6
WG 9 1 60.75 15.00 158.78 7.62 19.28 78.19 n/a 359 33 b D.L. n/a n/a n/a. n/a
WG 6 3 61.16 14.86 202.78 7.48 19.08 73.93 2.7 529 108 12.6 19.6 4.0 0.47 75.9
WG 6 4 68.55 15.27 50.17 7.91 19.66 88.24 3.1 463 b D.L. 10.3 14.9 b D.L. 0.33 84.7
WG 9 2 71.37 15.48 22.86 8.06 19.95 88.13 5.4 n/a b D.L. b D.L. n/a b D.L. b D.L. n/a
WG 9 3 76.58 15.60 11.60 8.13 20.13 88.02 2.8 287 88 5.7 10.3 3.1 0.21 86.4
WG 7 1 84.32 15.81 5.46 8.23 20.40 87.63 4.0 432 b D.L. b D.L. 10.8 b D.L. b D.L. 89.2
WG 7 2 89.70 15.93 4.17 8.29 20.57 88.63 2.7 439 85 b D.L. 16.3 3.1 b D.L. 80.6
WG 7 3 94.41 16.01 3.78 8.33 20.67 88.62 2.3 310 47 10.3 13.5 2.0 0.45 84.0
WG 9 4 96.45 15.96 3.43 8.30 20.61 87.81 5.5 232 323 b D.L. 4.2 5.9 b D.L. 89.9
WG 7 4 102.98 16.11 3.41 8.38 20.81 88.96 3.6 333 246 b D.L. 9.3 6.8 b D.L. 83.9
WG 27 1 115.65 16.21 3.23 8.43 20.95 87.62 3.3 453 173 41.4 13.7 5.2 1.25 79.8
WG 27 2 127.60 16.31 2.99 8.48 21.08 87.59 3.7 n/a 140 n/a n/a 3.8 n/a n/a
WG 27 3 143.95 16.42 2.81 8.55 21.23 87.67 5.2 1161 b D.L. 17.2 22.3 b D.L. 0.33 77.4
WG 27 4 162.53 16.51 2.69 8.61 21.36 87.82 11.8 750 139 14.9 6.4 1.2 0.13 92.3
WG 10 5 495.69 17.03 2.54 8.84 22.07 90.19 5.8 n/a b D.L. n/a n/a b D.L. n/a n/a
WG 10 4 495.72 17.03 2.57 8.84 22.07 90.19 6.2 n/a 83 n/a n/a 1.3 n/a n/a
WG 8 1 496.22 17.03 2.78 8.84 22.07 89.70 6.7 270 b D.L. b D.L. 4.0 b D.L. b D.L. 95.9
WG 8 2 987.25 17.19 2.65 8.86 22.29 89.65 9.7 329 b D.L. b D.L. 3.4 b D.L. b D.L. 96.7
WG 8 3 1477.37 17.21 2.69 8.89 22.33 89.45 10.9 332 b D.L. b D.L. 3.0 b D.L. b D.L. 96.9
WG 14 4 1765.33 17.21 2.68 8.90 22.33 89.54 9.7 206 34 4.6 2.1 0.3 0.05 97.5
WG 14 2 1793.20 17.21 2.71 8.90 22.33 89.55 10.4 404 b D.L. b D.L. 3.9 b D.L. b D.L. 96.1
WG 8 4 1928.41 17.21 2.79 8.90 22.33 89.22 11.5 326 b D.L. b D.L. 2.8 b D.L. b D.L. 97.2

Sea-Bird CTD temperature, depth, oxygen, salinity and percent transmission at the time of bottle triggering are also included. “b D.L.”=below detection limit; “n/a”=not available.
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ideal field laboratory to examine the speciation of Hg
among its methylated and inorganic forms and the
control that speciation may play on methylation. Here,
we present Hg speciation results at two locations in the
Black Sea, and suggest that these findings offer
substantial support for this view of the biogeochemical
cycling of Hg. Furthermore, our speciation measure-
ments from the Black Sea represent circumstantial
evidence for the process of Hg methylation within
oceanic water columns, which has been suggested to be
an important source of CH3Hg

+ to the global ocean (e.g.,
Topping and Davies, 1981; Mason and Fitzgerald, 1993).

2. Methods

Samples were collected aboard the R/V Endeavor,
during cruise number EN-403 in March/April of 2005.
Stations occupied, where Hg samples were collected,
included a Western Gyre (WG) site centered at 42°
30.02′N 30° 44.75′E, with a water depth slightly greater
than 2000 m, and a more coastal site (CS) located at
approximately 41° 25.43′N 29° 34.63′E with a water
depth of ca. 300 m (Fig. 1).

Water column samples were collected by rosette-
mounted Go-Flo Niskin bottles. The rosette weights
were shifted away from these bottles so that the Go-Flos
would sample water that had flowed over just the epoxy-
sealed rosette frame. The samples were collected on
downcasts at a slow wire speed and processed imme-
diately upon recovery. Table 1 provides a detailed sum-
mary of the physical properties of the samples collected.
For comparison to the rosette mounted samples, two
shallow samples were collected by deploying a previ-
ously unused Go-Flo bottle by hand using a length of
Kevlar line to a depth of about 10 m. As shown in
Table 1, results from the hand casts were quite com-
parable to surface samples collected by rosette.

From each Go-Flo, two 2-L samples were withdrawn
into rigorously acid-cleaned Teflon bottles following
ultraclean sample handling protocols (e.g., Gill and
Fitzgerald, 1985). One of the two samples was sparged
using UHP N2 in a custom glass vessel for 30 min to
collect the volatile Hg species (Hg° and (CH3)2Hg).
Tenax and gold-coated glass bead traps were placed
on the sparger outlet in series (Tenax first, to collect
(CH3)2Hg; Mason and Fitzgerald, 1993; Tseng et al.,
2001; Horvat et al., 2003). The traps were then sealed
with vinyl endcaps and Teflon tape. In addition to the
samples, unused and sparged blanks (a second 30 min
bubbling of a previous sample) traps were also col-
lected. The traps were heated to blank them just prior to
their use.
The second of the two samples was analyzed for
dissolved total Hg and CH3Hg

+. Promptly after re-
covery of the samples, they were vacuum filtered
through acid-washed 0.2 μm polycarbonate filters. One
filtrate aliquot (ca. 100 mL) was immediately acidified
to pH b 2 with trace metal grade HCl for “total dissolved
Hg” determination, while another aliquot (ca. 250 mL)
was frozen for “dissolved CH3Hg

+” determination. In
both cases, the filtrates were stored in rigorously cleaned
Teflon bottles.

All samples were determined for Hg species on
shore. Of the two dissolved volatile species preconcen-
trated at sea, the [(CH3)2Hg] was taken as the (CH3)2Hg
collected on the Tenax trap, while Hg° was taken as the
amount of total Hg recovered from the gold trap. The
details of dissolved total Hg and CH3Hg

+, as well as the
analysis of the preconcentrated volatile species is de-
scribed elsewhere (e.g., Fitzgerald and Gill, 1979; Kim
and Fitzgerald, 1986; Bloom and Fitzgerald, 1988;
Mason and Fitzgerald, 1993; Tseng et al., 2004). The
[Hg2+] was determined by difference of Total Hg and
the sum of the directly determined species. The nomi-
nal detection limits for the Hg species analyses were:
Total dissolved Hg=0.5 pM; dissolved Hg°=50 fM;
(CH3)2Hg=3.5 fM; CH3Hg

+=25 fM.
Nitrate concentrations were determined at the

University of Washington by an autoanalyzer using
standard methods. The sulfide concentrations at WG
were determined by Sergei Konovalov using a flow-
through electrochemical method (e.g., Glazer et al.,
2006). These data are available at: www.ocean.
washington.edu/cruises/Endeavor2005.

3. Results

3.1. Hydrography

Fig. 2 displays representative vertical profiles of
temperature, salinity, dissolved oxygen and percent light
transmission at both sites. The fraction of light trans-
mission (%T) is a proxy for suspended particulate matter,
with low values of %T representing higher particle
concentrations. Temperature ranges at both sites were
relatively small (from ca. 7.00 to 8.90 °C), with relatively
large changes in salinity with depth (from 18.07 to
22.30). Thus, and as is typical in the Black Sea, the
vertical density gradient is driven almost entirely by
salinity. The relatively low salinity and large vertical
gradient, are the result of riverine inputs to the Black Sea
and slow exchange through the narrow Bosphorus with
the Sea of Marmara and the wider Mediterranean.
Indeed, in the Bosphorus, a striking two-layer flow is



Fig. 2. Hydrographic profiles of the two sites in this study. The site properties are displayed as a function of both depth and density. The gyre site
(WG) is also shown using two depth scales, to better illustrate the properties of the upper water column.
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observed, with the surface water of the Black Sea flowing
southward at the surface, and much saltier Mediterranean
flowing north. The more dense Bosphorus inflow sinks to
depth in the Black Sea basin, setting up the strong salinity/
density gradient. This is most apparent at the WG site,
where a seasonally mixed layer down to ca. 60 m of
relatively uniform salinity water is established, and with
rapidly increasing salinity/density just below. Because of
this gradient there is very little vertical mixing and
therefore ventilation of waters deeper than ca. 60 m in
most of the basin. As a result, the deep waters are anoxic
and sulfidic. The inflow water mixes with water from the
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Cold Intermediate Layer (CIL), the deeper/colder portion
of the surface layer between about 25 and 60 m depth at
WG, establishing the density/salinity properties of the
deep waters. As the inflow water flux is approximately
312 km3 year− 1, deep water residence times have been
estimated to be about 387 years (Murray et al., 1991).

There is some vertical mixing and chemical
diffusion below the winter mixed layer, and even at
Fig. 3. Total Hg and Hg species concentrations at the two sites as a function
detection limit for each species.
the gyre site the disappearance of dissolved oxygen is
not immediate. At the gyre site, anoxia is reached
at approximately 100 m depth, while at the more
dynamic and riverine influenced coastal site, oxygen
persists down to ca. 175 m, giving suboxic zones
(where both dissolved oxygen and sulfide are very low)
ranging in thickness from 40 to 100 m at WG and CS
respectively.
of depth. In each panel, a dashed vertical line indicates the analytical
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3.2. Hg species concentrations

Table 1 includes the Hg analysis and CTD data from
the individual samples collected from each site. The
depths of the samples are also shown as horizontal
dotted lines in Fig. 2. Total Hg ranged from 1.6 to
10.4 pM at the coastal site and 2.3 to 11.8 pM at the
gyre site (Fig. 3). At both sites, the highest total
Fig. 4. Percentage of Hg species as a function of depth and density at both site
oxygen are also displayed for comparison to the Hg speciation trends.
dissolved Hg concentrations were observed subsurface,
at ca. 75 m (CS) and 162 m (WG). At the WG site,
however, the entire sulfidic zone showed very high
concentrations, greater than 8 pM and reaching nearly
as high as the maximum. At the CS site, except for the
maximum, all samples had total dissolved Hg con-
centrations below 8 pM. The surface water con-
centrations at both locations were consistent with
s. At the gyre site, the vertical profiles for dissolved Fe, Mn, sulfide and
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measurements of Hg in coastal or impacted ocean
settings (typically 2–5 pM; e.g., Mason et al., 1993;
Conaway et al., 2003; Balcom et al., 2004), however
the deeper samples are all substantially elevated above
other deep oceanic samples. The range and trend of the
total dissolved Hg results are also consistent with the
study of Hg in the Black Sea by Daniel Cossa and
colleagues (Cossa and Coquery, 2005). The depth/
density of the maximum total Hg value observed at the
WG site is also consistent with the depth/density and
magnitude of the peak in total Hg (as well as in Fe)
reported by Cossa and Coquery, but our sampling
depths were unfortunately inadequate to resolve the
peak as well their study. We therefore suggest that this
single high value in the suboxic zone is not an
aberration, but a single sample from a real peak in
Hg concentration.

Fig. 3 also show the results of Hg species analyses
with depth at both sites. At all depths and both loca-
tions, the trend in Hg species abundance was [Hg2+]N
[Hg°]N [CH3Hg

+]N [(CH3)2Hg]. This is in contrast to
other oceanic Hg speciation studies, where CH3Hg

+

concentrations are often below detection and less
than (CH3)2Hg (e.g., Mason et al., 1998; Mason and
Sullivan, 1999).

Hg° concentrations ranged from 251 to 893 fM (CS)
and 206 to 1161 (WG). This entire range of values is
supersaturated with respect to typical Hg° concentra-
tions in the atmosphere (74 fM, assuming 2 ng m− 3 in
Mediterranean Basin air; Sprovieri et al., 2003). Con-
centrations of Hg° in the surface waters of both sites
averaged about 300 fM, and were fairly uniform with
depth. Using gas exchange models, such surface water
concentrations are estimated to support an evasional
flux to the atmosphere of about 600 pmol m− 2 day− 1,
assuming wind speeds of 5 m s− 1 at 10 m height (e.g.,
Rolfhus and Fitzgerald, 2001). Subsurface peaks in
Hg° concentration (and percent of total; Fig. 4) were
observed at about 150 m depth at both sites. These mid-
water Hg° concentration maxima, as well as those of
CH3Hg

+ and (CH3)2Hg will be discussed below.
CH3Hg

+ concentrations ranged from b 25 to 1043 fM
(CS) and b 25 to 323 fM (WG), with concentrations
below detection at the surface at both locations. A similar
trend was observed in the permanently stratified and
anoxic Pettaquamscutt River estuary (Mason et al.,
1993), and may be the result of CH3Hg

+ photolability,
which has been demonstrated in freshwaters (Sellers
et al., 1996; Hammerschmidt and Fitzgerald, 2006b) but
not verified in saltwaters. Subsurface maxima in
CH3Hg

+ concentrations were observed at both sites, at
100 m and 200 m depths at WG and CS, respectively.
These maxima were lower than those observed in either
the Pettaquamscutt or the Equatorial Pacific (Mason and
Fitzgerald, 1993), but comparable to the Mediterranean
(Horvat et al., 2003). As mentioned however, most
oceanic waters have very low concentrations (≤ 50 fM
detection limits) of CH3Hg

+ (e.g., Mason et al., 1995b;
Mason and Sullivan, 1999).

(CH3)2Hg concentrations ranged from b 3.5 to 9.2 fM
(CS) and b 3.5 to 41.4 fM (WG), with most samples
being below detection. The gyre site had detectable
(CH3)2Hg concentrations at the surface (ca. 10 fM),
while the coastal site did not. Both sites also had sub-
surface maxima, and these are discussed below.

No particulate Hg species concentrations are reported
here. Concentrations of total Hg and CH3Hg

+ in marine
particles are often of the same order as the dissolved
phase (e.g., Balcom et al., 2004). Thus, the entire
amount of these two species in the water column of
the Black Sea could easily be twice the values reported
here.

3.3. Fe, Mn, HS2−, NO3
− and O2 data at WG

Fig. 4b includes data for dissolved Fe, Mn, total
sulfide, NO3

− and dissolved O2 at the gyre site. The Fe
and Mn data are taken from Station BS3-2 which was
located near our gyre site (Lewis and Landing, 1991).
The concentration profiles from this previous study can
be expected to be qualitatively relevant for comparison
to the current Hg data, particularly when compared on a
density scale. Isopycnals in the Black Sea dome upward
in the basin with slightly fresher and less dense waters to
be found near the margins at most depths due to gyre
circulation. Thus, site to site comparisons within the
basin are best made on a density rather than depth basis.
The depth/density relationship of our gyre site is very
much like that of Lewis and Landing's site BS3-2,
however, so comparisons in Fig. 4 are also made on a
depth vertical scale.

The dissolved Fe, Mn, HS2−, NO3
− and O2 data reveal

the archetypal chemical changes that occur as micro-
organisms shift from one electron acceptor species to
another. As the usual progression is O2→NO3

−→Mn4+→
Fe3+→SO4

2−, it is not surprising to see O2 depleted first,
then NO3

− disappear, followed by a buildup of dissolved
Mn and Fe (supplied from their less soluble, more
oxidized forms) and finally HS2− as a result of SO4

2−

reduction. The NO3
− concentrations are below detection at

the surface, due to biological uptake and then initially
increase following sinking and remineralization of organic
matter. Following O2 depletion, the NO3

− concentrations
decrease. Dissolved Fe and Mn profiles show a similar
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trend, with increasing concentrations with depth as
biological Fe and Mn reduction take place in turn.
Then, both species reach maxima in concentrations
(the Fe peak is sharper than for Mn) at around 150 m
depth (σθ=16.5), and then decrease as they are scav-
enged as insoluble sulfides (Lewis and Landing,
1991).

Sulfide concentrations are slow to increase initially
below the oxic layer, but then rise steadily to a maxi-
mum of around 400 μM at approximately 1000 m
depth. Sulfate reduction, which generates the sulfide,
has been shown to be most vigorous below the depth
of the first onset of significant sulfide concentrations,
but also quite significant below this and in the sedi-
ments (Albert, 1988; Jannasch, 1989; Lein and Ivanov,
1989).

3.4. Hg species cycling in the chemocline at WG

As noted, there are subsurface maxima in the minority
Hg species at the gyre site, and these maxima coincide
with other biogeochemical processes. For example, in
Figs. 3 and 4, maxima in the concentration of CH3Hg

+ as
well as the percent of total Hg as CH3Hg

+ appear near the
top of the suboxic zone, at depths ranging from 90 to
150 m and σθ's ranging from 15.75 to 16.5. This sug-
gests that it is this location where the speciation of Hg2+

results in maximized methylation. These depths coincide
most closely with the disappearance of NO3

− and the
initial appearance of dissolved Mn and Fe, and not the
buildup of sulfide. Indeed, this region of the water
column is estimated to be relatively weak for SRB
activity (e.g., Jannasch, 1989; Neretin et al., 2001).
These profiles are strong circumstantial evidence in
support of the speciation/methylation hypotheses of
Benoit and colleagues (1999a). It must be noted that
maxima in CH3Hg

+ concentration or relative abundance
in the dissolved phase do not necessarily translate into
enhanced methylation of Hg in situ. As the particle-
phase is not included in these discussions, it is possible
that changes in the dissolved-phase could be due to
alterations in the partitioning of Hg between the two
phases. Though CH3Hg

+ is generally more soluble than
Hg2+, it follows similar trends in sorption site affinities
with the inorganic form, and thus forces that act to
change Hg2+ partitioning are likely to affect CH3Hg

+ in a
similar manner, resulting in no change in the percent of
total as CH3Hg

+ in the dissolved phase. Thus, the peak in
percent of total as CH3Hg

+ is consistent with in situ
methylation, but not with changes in partitioning. In a
consistent way, the concentrations of CH3Hg

+ drop off
below this zone as sulfide concentrations build up, and
remain very low in general throughout the deeper depths.
Under these sulfide conditions, the majority of Hg in
solution should be present as the relatively non-bio-
available HgHS2

− species (see below). This is in spite of
the observation that total dissolved Hg remains
elevated at these depths and that SRB activity is
known to continue as well (e.g., Jannasch, 1989). This
trend suggests that it is Hg speciation, and not primarily
SRB activity, that controls Hg methylation in this (and
probably other) marine systems. Furthermore, these
data circumstantially indicate that Hg methylation is
occurring in the suboxic zone of the Black Sea, adding
this location to the list of examples of Hg methylation
in the oceanic water column (e.g., Topping and Davies,
1981; Mason and Fitzgerald, 1993). However, as
neither microbial activity nor methylation/demethyla-
tion rates were included in this study, the evidence we
present remains only a circumstantial support for
speciation control of methylation in the Black Sea
suboxic zone.

(CH3)2Hg also shows maxima in concentration and
percent of total in this zone, but at a slightly deeper
depth/greater density. The peak is comprised of only one
sample, with a few samples below that are much less
elevated, and is thus less convincing. If accurate, the
peak appears to coincide not with the same process of
CH3Hg

+ formation (low sulfide, advent of Fe and Mn
reduction), but the first appearance of detectable sul-
fide. This is interesting as the exact relationship be-
tween (CH3)2Hg and CH3Hg

+ is not well understood.
(CH3)2Hg has been suggested to be the primary product
of Hg methylation, which then rapidly decomposes to
CH3Hg

+ (e.g., Mason and Fitzgerald, 1993). The ob-
servation that the peaks in (CH3)2Hg and CH3Hg

+

concentrations in the Black Sea water column does not
preclude this possibility, as concentrations are the result
of both formation/decomposition and sorption/desorp-
tion processes, but is suggestive that these two species
may be decoupled from one another in their formation in
this location.

Both (CH3)2Hg and CH3Hg
+ also have shallower

maxima centered around 45 m and σθ=14.5. This re-
gion corresponds to the CIL and is bounded on the top
by an abrupt temperature decrease from the surface
mixed layer and bounded on the bottom by the main
pycnocline and a particle layer. This peak is much
smaller in concentration and percent of total. Production
of methylated Hg species in the oxic water column has
been suggested (Topping and Davies, 1981), but not
been widely reported. An additional possibility is trans-
port of methylated Hg species from the broad and
shallow northwestern shelf of the Black Sea.



Fig. 5. Total Hg and sulfide relationships in the deep Black Sea. Panel
A displays the vertical profiles of Hg and sulfide at the gyre site,
illustrating their similar behavior below the suboxic zone. Panel B is
the correlation of Hg and sulfide at the gyre. The open symbols are two
samples taken within the suboxic zone.
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Furthermore, the CIL has been suggested to be formed
on this shelf, but it is more likely a remnant mode water
formed during extreme winter mixing events (Murray,
1989). The shelf is at the appropriate depth/density to
feed material into this layer, regardless of its mode of
formation. Continental shelves have recently been
demonstrated to be locations of Hg methylation, and
their potential importance as a source of CH3Hg

+ to
ocean basins has been hypothesized (Hammerschmidt
and Fitzgerald, 2006a).

The most abundant minority species, Hg°, shows
nearly uniform concentrations throughout the water
column (ca. 300 fM), with a maximum in the suboxic
zone (1161 fM), coincident with the peak in dissolved
Fe. It is thermodynamically possible for dissolved Fe to
reduce Hg2+ through the following reaction (Stumm and
Morgan, 1996):

2Fe2þ þ Hg2þ ¼ 2Fe3þ þ Hg-ΔGrxn ¼ −15:9 kJ mol−1

However, the reaction is not favorable if Hg is
complexed in any form, and the amount of “free” Hg2+

can be expected to be vanishingly small. Thus, reduction
by Fe2+ is not the likely explanation for the peak of Hg°.
Hg2+ reduction can be biologically mediated, and in the
active microbiological region of the suboxic zone, this
is the more likely explanation (Mason et al., 1995a;
Rolfhus and Fitzgerald, 2004).

3.5. Hg species cycling at CS

The Hg speciation at the more dynamic coastal site
is more complex. Figs. 3 and 4 show the concentration
and species distributions for the CS, and indicate
peaks for total Hg located around 75 m/14.25 σθ and
200 m/16.5 σθ. These locations coincide with the core
of the CIL and top of the anoxic zone, respectively.
Alternatively, the total Hg profile could be interpreted
as exhibiting a mid water minimum at 150 m/16.0 σθ

associated with the particle layer at the bottom of
the oxic layer. The deep water T, S properties have
already been established in this location, but do not yet
have the very high total Hg concentrations, peak-
ing at only about 8 pM. This close to the mouth
of the Bosphorus, the deep water represents the ca.
3:1 mixture of Bosphorus water with CIL water that
is suggested to represent Black Sea water (Murray
et al., 1991). Thus, we would predict that inflowing
Bosphorus water has a total Hg concentration of
about 24 pM, assuming little loss of Hg during
mixing. This value is used later in the mass balance
section.
Hg speciation at the CS show a few interesting fea-
tures. The first is the distribution of Hg°, which is quite
uniform with a large peak at the particle layer. The Hg°
here are among the highest observed in a subsurface
sample, approaching 50% of total Hg. At this depth, and
following the arguments made above, this peak is also
likely to be microbially derived. Taking this peak as
circumstantial evidence for this bacterial activity, it is
interesting to note that there is a small associated peak in
CH3Hg

+ at the same location. There is still measurable
dissolved oxygen at this depth, and suggests that meth-
ylation can occur under oxic conditions in the Black
Sea, and offers some evidence to suggest that the peak in
CH3Hg

+ that occurs in the oxic layer of at the WG site
may be produced in situ. There is a much more promi-
nent CH3Hg

+ peak near the bottom at the CS, and this



87C.H. Lamborg et al. / Marine Chemistry 111 (2008) 77–89
is suggestive of sedimentary production and diffusion.
If it is occurring in the sediments at the CS, it is
curious that a similar CH3Hg

+ peak is not observed at the
WG site. Perhaps this is CH3Hg

+ that has been produced
in sediments elsewhere, where bottom waters are still
oxic, and transported with the rim current to this location.

3.6. Hg solubility in the deep Black Sea

As shown in Fig. 5A, Hg and sulfide profiles at the
gyre site parallel one another in the anoxic/sulfidic zone,
both showing a relatively rapid increase in concentra-
tion with depth to an asymptotic value. Such behavior
is consistent with solubilization of cinnabar (HgSs) in
the sediments, and slow diffusion of Hg (and sulfide,
controlled by other solids and sulfate reduction in the
sediment) upward. If this were occurring, then the
concentration of Hg in the deep Black Sea should be that
expected from cinnabar solubility. Cinnabar control of
Hg solubility in sulfidic waters can be examined using
the following speciation model (Paquette and Helz,
1997; Benoit et al., 1999a):

HgSðsÞ þ Hþ ¼ Hg2þ þ HS− logK ¼ −36:5 ð1Þ

Hg2þ þ HS− ¼ HgS-aq þ Hþ logK ¼ 26:5 ð2Þ

Hg2þ þ 2HS− ¼ HgHS−2 þ Hþ logK ¼ 32:0 ð3Þ

Hg2þ þ 2HS− ¼ HgS2−2 þ 2Hþ logK ¼ 23:5 ð4Þ

This model suggests that below total sulfide con-
centrations of about 10 μM, the dominant form of Hg
will be as HgS° (the most bioavailable form), while
Table 2
Initial Hg budget for the Black Sea

Terms Flux (kmol year−1) Derivation

Inputs
Precipitation 8 Precipitation flux=300 km3 year− 1; [Hg
River runoff 8 Areal rain flux from above; watershed a

25% delivery factor from watershed
Bosphorus 7 [Hg] in inflow=24 pM; water inflow flu
Cinnabar

dissolution
4 [Hg] in deep water=12 pM; deep water

rate=312 km3 year− 1

Outputs
Evasion 93 Hg° evasional flux=600 pmol m− 2 day

Basin area=4.23×105 km2

Bosphorus 2 [Hg]=3 pM at surface; water outflow flu
Imbalance N 68 Difference. “greater than” because no se

sink included in analysis
above this, HgHS2
− will dominate. Given the equilibrium

constant values listed, total dissolved Hg at sulfide
concentrations around 100 μM are set at ca. 1000 pM.
However, the solubility constant (first reaction) listed
above is roughly 2 orders of magnitude higher than
suggested by Dyrssen and Wedborg (1991), which
would set total dissolved Hg concentrations in the deep
Black Sea at 30 pM. Both of these situations are higher
than the values that were observed (ca. 12 pM). We can
further test the cinnabar control of Hg concentrations
by examining the Hg/sulfide ratio in the deep water
(Fig. 5b). This figure includes all samples from the gyre
site where both Hg and sulfide were determined, and
includes two points (open circles) that lie in the transition
zone and appear to have their Hg concentration
controlled by other forces. Other than these two val-
ues, Hg concentrations are significantly correlated with
those of sulfide, with a slope value of about 2×10− 8

(mole:mole). Using the equilibrium constants listed
above, a Hg/sulfide slope with a significantly higher
slope (ca. 10− 5) is predicted, suggesting that some of
their solubility and speciation equilibrium constants
could be inappropriate, if cinnabar is indeed controlling
Hg solubility. For example, we found that lowering the
logK for Reaction (1) to − 39.5 and adjusting the logK's
for Reactions (3) and (4) to 31.5 and 22.5, respectively,
was needed to obtain the appropriate concentration of
Hg for the Black Sea sulfide concentrations and the
right ratio of Hg/sulfide. Thus, with slight modification
to tabulated data and favoring the solubility constant
suggested by Dyrssen and Wedborg, the Hg concentra-
tions and behavior in the deep Black Sea appear con-
sistent with cinnabar solubility.

It should be noted that cinnabar control of Hg
solubility, as described by the model outlined in the
References

]=25 pM Ozsoy and Unluata (1997), Balcom et al. (2004)
rea=1.87×106 km2; Ozsoy and Unluata (1997), Balcom et al. (2004)

x of 312 km3 year− 1 This work; Ozsoy and Unluata (1997)
ventilation This work; Murray et al. (1991)

− 1; Ozsoy and Unluata (1997), Rolfhus and
Fitzgerald (2001)

x of 612 km3 year− 1 This work; Ozsoy and Unluata (1997)
dimentary
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reactions above, would result in an essentially constant
concentration of HgS° with depth in the anoxic zone
(the value being set by the product of K1 and K2; as
noted by Benoit et al., 1999a). This would predict a
constant amount of bioavailable Hg and a subsequently
constant specific Hg methylation rate, if speciation is the
primary control on that transformation. However, the
percentage of total Hg in this bioavailable form would
decrease as sulfide concentrations increase, as it does in
the deep Black Sea. At least two alternatives could also
be invoked as explanations of deep Hg concentrations.
The first has been used during studies of Hg in coastal
sediments and is that cinnabar is not the controlling solid
phase, but rather sedimentary organic matter (Benoit et
al., 1999a; Hammerschmidt and Fitzgerald, 2004),
resulting in dissolved Hg concentrations that are less
than those predicted by cinnabar dissolution. Another
alternate explanation is that Hg concentrations are not
controlled by a sediment solid phase at all, but by
particle scavenging/remineralization processes, giving
Hg a “nutrient-like” profile which happens to be
coincidentally parallel that of sulfide. Without further
study, especially of the geochemistry of Hg in Black
Sea sediments, it is difficult to discern between these
possibilities.

3.7. Total Hg “mass balance” for the Black Sea

Table 2 summarizes a preliminary attempt to recon-
cile inputs and outputs of total Hg to the Black Sea basin.
Estimated inputs include direct wet deposition to the sea
surface, riverine inputs based on runoff of precipitation
on the watershed, the inflow of Mediterranean water at
the Bosphorus and diffusion of Hg from sediments
driven by cinnabar dissolution (needed to maintain
steady state in the deep water). Outputs include evasion
of Hg° and outflow of Black Sea water through the
Bosphorus. Not included, but certain to be important is
the output of Hg associated with particulate burial in
sediments. Even with these initial and incomplete es-
timates, it is clear that a large and undescribed inflow of
total Hg is needed. This unknown input would have to be
greater than 68 kmol year− 1 if sedimentation burial is
significant. As the atmospheric depositional flux is a
relatively small part of the overall inputs, it is unlikely
that inaccuracies in that term could explain much of the
imbalance. Of the unmeasured terms in Table 2, the
riverine input is the most likely candidate for a sub-
stantial underestimate. This flux is a minimum estimate
made through analogy to the Connecticut River system
in the northeastern U.S., where most of the Hg to be
found in the river appears to come from runoff of
atmospheric deposition to the watershed. The Black Sea
rivers, including the Danube and Dneiper, flow through
heavily populated and industrialized areas of Eastern
Europe and are sure to include numerous anthropogenic
inputs of Hg. Were the whole imbalance of Table 2
explained by higher river fluxes than those estimated, the
waters would have to possess a total Hg concentration
of N 190 pM, which is greater than 19× the con-
centrations of the Connecticut River (Balcom et al.,
2004). If this is indeed the closure source in the budget, it
would indicate a substantial pollution impact on the
Black Sea tributaries and the basin as a whole. Scaling
total apparent loadings (required to balance outputs)
suggests N 0.22 μmol Hg m− 2 year− 1 are being deliv-
ered to the Black Sea. This is comparable to, or greater
than the loading to Long Island Sound, estimated at
0.35 μmol Hg m− 2 year− 1 (Balcom et al., 2004) and
0.38 μmol Hg m− 2 year− 1 for Chesapeake Bay (Mason
et al., 1999). Thus, for Hg, the Black Sea receives an
impact comparable to that of an urbanized embayment.
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