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The Black Sea Sulfide: lnventory, Distribution, Sources, and
Budget

1. lntroduction
The Black Sea experienced at least eight marine flooding events in the past
three million years, the last Holocene event being the biggest (Ryan et al.,
2003). During the last glaciation the Black Sea was a freshwater lake with a
minimum water level at least below ,l30 m relative to present seawater level
and the modern shelf represented coastal plains (Fig. ,l .1). Deep
Pleistocene deposits of limnic origin (Unit 3) are found today
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Fig- 1.1. Changes of the Black Sea level during Late Pleistocene-Holocene, The arrow
indicates th€ timing ofthe Bosphorus breakthrough (after Balabanov ct al., lg8l)

below one or more meters below the surface (Fig. 1 -2, Hay et al., 1 991).
Due to melting of glaciers on the northern Eurasian continent and the post-
glacial rise of the global sea level a seawater connection across the
Bosphorus was achieved ca. 7,150 yrs B.P. (Before Present) (Ryan et al.,
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1997) or earlier (Fig. 1,'l). However, the first evidence of the appearance of

the Mediterranean water in the Black Sea dates some 9.800 yrs B.P.
(Jones and Gagnon, 1994).

Models for evolving Black Sea salinity
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after the opening of Bosphorus show
that saiinity in bottom waters reached
90% of present-day values about 2,5O0
yrs after the opening (Karaca et al.,

1999) or indicate that the freshwater
content of the Black sea became
depleted over a period of about 3,700
yrs after the opening (Lane-Serff et al.,
1 997). Due to the stable stratification,
anoxia developed below the pycnocline,
which corresponded to the deposition of
an organic-rich sapropel after 7,540 yrs
B.P. through the entire Black Sea area
(Jones and Gagnon, 1994), Since that
time the Black sea bottom waters are
anoXiC.
At present, the Black Sea is the largest
meromictic basin in the World. Despite
its relatively large surface area of
423,500 km2 and water volume of
537,000 km3, only about 10% of the
Black Sea have eukaryotic life.
Depending on the location, the Water
mass below 1OO to 25O m is anoxic.
Such anoxjc conditions caused by a
ı,estı,ictec exchange between oxic and
anoxic waters makes the Black sea
extremely vulnerable for the
anthropogenic influence
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Fig. 1.2, Stratigraph}, o f the Black Sea
sediments rvith radiocarbon dating (yrs.

BP) (ııodilied alier l ]a}, et al., l99l)

ln the 197Os and 198Os. increased nutrient input via major rivers (the

Danube, Dnieper, and the DniesteQ resulted in strong eutrophication of the

shallow northwestern area with a depth less than 200 m (Zaitsev, 1991 ),

Changes in nuİrients load were accompanied by changes in the
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composition and quantity of pelagic and benthic communities (Zaitsev,
1992). The deterioration of the Black Sea ecosystem in '1980s-90s was the
result of two principal factors: eutrophication and invasion of the comb jelly
lvlnemiopsis leydyi (Mee, 'l992), However, since the mid-'l990s the Black
Sea has returned to a healthier state (Kideys et al., 2002). Hydrogen
sulfide, H2S, produced during bacterial sulfate reduction in the water
column defines the direction and origin of carbon, sulfur, nitrogen, iron,
manganese and etc. biogeochemical processes in the anoxıc part of the
Black Sea water column. Our knowledge about anoxic zone in the Black
Sea are of a great importance for understanding of the functioning of the
Black Sea ecosystem as a whole, The goal of this review is to present an
overview of the processes occurring in the anoxic zone of the Black Sea
with an emphasis on sulfur cycle. l particularly emphasized recent results
obtained during the last 10 years that significantly advanced our knowledge
about the Black sea anoxic zone.

2. H25 inventory
At present the Black Sea is the largest anoxic basin in the world. The total
sulfide ınventory of the contemporary Black Sea is about 4.6 x 1O3 Tg, the
main part being located between 500 and 200O m (Table 2.'1, Neretin et al.,
2001 ).
The H2S vertical distribution is quasi-linear above 500-600 m in the entare
Black Sea and its concentration increases gradually with depth (Fig, 2.1),
The vertical gradient above 500 m is about 0.5 mmol m-4. The average
H2S concentration in the Black Sea water column is about 270 pM , The
annual average H2S concentration in bottom waters is 37O pM (Neretin,
1996 )

Laycr (nı) We ighte d average
IH2S (gmol l ])

IHrS
(ıııol nı ])

ıI|.S
xü09(0

]00-200
200-300
300-500

500- I000
l0o0- l500
]500-2000
2000-2200

0.022
0,061]
0.283
l.jl5
L469
1.220
0.2 l0

2l'
66
l40

3]9
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3 68'

2.0
6.5

28.1
l]2. I

l59. l
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1'otal
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l'able 2.1. Iiydrogen sulfide inventory in the Black Sea
Anürotations: " for the lal,er J50-200 m and ' the laver ]500-2000 m.
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3. H2S vertical distribution and mixing processes
Vertical distributions of temperature, salinity, and density in the Black Sea
correlate with the sulfide Vertioal distribution. As a consequence, the H2S
Veriicai distribution Vs. temperature (T/H2S curve) is consistent With the TiS
curve for deep Waters that indicates that hydrophysical structure of the
water column defines the Vertacal distribution of hydrogen sulfide (Neretin
and Volkov, 1995),
our 605 simultaneous measurements of H2S concentrations and density
(451 data points in summer and 148 data points in winter) show the
following regression curve between H2S (mM) and density ot (r.u.) (Fig.
3.1 , Neretin, 1996):
H2S = 0.261ot3 _ 12.716o12 + 206.573ot _ 1,1 19.01
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ln the upper part of the sulfide
zone the correlation between
H2s and ot is smaller due to a
larger hydrophysical
inhomogeneity of the upper 30O
m. The location of the upper
suifide boundary and
dıstribution of other chemical
parameters in the Black Sea
water column is density
dependent (Fig, 3.2; Vinogradov
and Nalbandov, '1990, Murray et
al., 1995), On average, the
upper sulfide boundary
corresponds to a density
surface of about 16.2 r.u.
independent of geographical
position and a season. This
density surface corresponds to
the lower pycnocline and was
used as an independent
estjmate for the location of the
sulfide onset an many Black Sea
studles
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Fig. 3. l. H]S vs. dcırsitrl, relationship in the Black
Sea rı,atcr co]unln (alter Neretin. l996)
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Below 1740-1B0O m hydrogen Sulfide concentrations are rather uniform

throughout the basin. The existence of homogeneous bottom water mass
(bottJm convection layer) at these depths was first reported by l\iurray et al,

iı oo-ı 1 naseo on detailed CTD prof iling. This water maSs is characterized

Üy the following parameters: potential temperature 0=B.9057t0,0012oC,
siıinıty s=zz.aznlo.oo2o p.s.u,, potential density oe=17.2233İ0,0015
p.u- Recent Studies have shown that H25 concentrationS in bottom Waters

below 167O m are also uniform independent from geographical location,
H2S concentration in these waters was 380t3 pM(o). The relative increase
in the H2S Vertical gradient was observed at the boundary between the

intermediate water mass and bottom waters below 1640-1750 m (Fig, 3,3;

Volkov et al-,2002\.
The transport between the bottom convection layer and the overlying
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waters occuTS Via a single diffusive interface. A destabilizing geothermal
heat flux at the bottom acts against stable salinity stratification, a
phenomenon known as "double diffusion" (Murray et al., 1991 , Özsoy et al.,
2OO2). lt is the main mixing mechanism in bottom waters of the BIack Sea.

lnterestingly
ı /rı 2o0 Jo? l,r,
/İ /, 20 2/ z? 5,%., 2l

enough, the
bottom

convection layer
in the Black Sea,
covering the
entire abyssal
plain, is the
largest known
example in the
world ocean
(Özsoy et al.,
2002), The
mixing inside the
bottom

Ir5

t'ig. ].]. Deplh dislributionS ofthe avcrage, saliılit),and Il]S
(lcli panc1.1 ancl ll.S l,ertical gradieıl1 (ıııı nl '1(rigllt panc1.1 in
thc l}lack Sea rr,alcr coIunın (ajier Volkoı,el al..2002)

convection layer occurs Within about 40 yrs (ozsoy et al., 1991), The
existence of the bottom homogeneous layer has important implications for
the exchange at the sediment/water interface and at the interface between
intermediate and bottom water maSSeS. These mixing processes are
particularly important for hydrogen sulfide, because about 30% of the Black
Sea sulfide is concentrated between 15OO and 2200 m.
Overall, the average H2S vertical pro{iles look rather similar over the enlire
Black Sea area, However, there are exceptions that will be presented
below. Rather exotic case of the irregular H2S vertical distribution was
observed in the water column in the area adjacent to Sakarya Canyon.
Results of the RV "Bilim" expedition conclusively showed the presence of
oxygen intrusions at depths 1 58 and 190 m, well below the sulfide onset.
Hydrogen sulfide disappearance at these depths Was accompanied by
decreased ammonium and Mn(ll) concentrations and increased turbıdity
values (Bastürk et al,, 1998; Fig. 3.4). The authors attributed the presence
of oxygen intrusions below the upper H2S boundary with specific
hydrophysical structure in this area. This structure was explained by the
existence of strong Vertical and horizontal water mixing caused by

j9



meandering of the Main Rim Current aIong the steep Sakarya Canyon with
a complicate topography.
This was not until spring 2003 when the expedition of RV "Knorr" reported
the presence of oxygen intrusions below the upper sulfide boundary in the
Bosphorus area (Fig- 3.5). Based on T/S analysis, however, the presence
of modified saline Mediterranean wateTs below to 500-600 m was reported
already in 1960s (Bogdanova, 1961),
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Station l72-5 in thc Bosphorus arca (Yakushev et al., unpublished data)

The dense Mediterranean water
after passage over a Bosphorus
sill flows over a wide continental
shelf and entrains wath the
ambient Black Sea water. The
Mediterranean effluent follows
along the canyon and the shelf,
representing a delta-like structure
on the shelf region (Fig. 3.6). The
Vertıcal spread in the interface
region between shelf and
continental slope is the result of
mixing of Bosphorus waters with
ClL (e.g., Di lorio and Yüce, 1999
and references herein)- Upon

Fig,3.6, Passage ofthe McditcıTancan watcrs iı] the
near-bottonr lal,er fronı the BoSphuruS eXit across the
shelf. Nuınbers show saliı,ıity Values in bottoın u,ater
(after t.atil ]99])
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paSSage over the shelf Mediterranean Water (MW) is altered to "shelf-
modified [/W'(SMMW) (terminology suggested by Özsoy et al.,
1993) obtaining a signature distinctIy different from the initially warm, saline
characteristics of Mw. cascades of dense sM[/w sink down the
continental slope down to 500-600 m where they can still be distinguished
from the ambient waters by a cold anomaly (Özsoy el al., 1993). To our
knowledge, there is no quantitatiVe estimate of SMMW intrusionS to the
anoxic part of the basin in the literature.

4. H2s spatial distribution and coastal dynamics
Close correlation between sulfide vertical distribution and density is also
reflected in the whole-basin hydrogen sulfide spatial distribution. The Black
Sea general circulation pattern and topography of the upper suIfide
boundary are presented in Fig. 4.1 and 4.2, respectively,
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t]ig. 4.1. General circulation patterns in thc Black Sea surfaçe wateIs (after oguz et al..
l993)
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lvlain circulation structures of the Black Sea (Main Rim Current (MRC),
eastern and western Gyres, and anticyclonic eddies around Crimea and
Batuma) are ViSible on the H2S map. ln the Centers of cyclonic gyres, the
location of the H2S upper boundary decreases to 90-110 m, whereas ai the
periphery of the basin and in the centers of anticyclonic gyres it can deepen
up to 160-240 m (Fig. 4.2). The spatial differences of the H2S topography
can be traced below to 1000 m or even deepeı, (Neretin, 1996).
Recent advances in oUr understanding of the Black Sea coastal zone, and
in paflicular, of the Rim Current and tranSVerse water transport point to
crucial role of mesoscale eddıes in the ventilation of the suboxic and upper
anoxic zone (Ovchinnikov et al-, 1993). Oguz et al. (1993) analyzed all the
available published hydrophysical data up to 1990 and concluded that
about nine meSoSCale anticyclonic eddies propagate cycIonically at the
outer periphery of the MRC around ihe basin at a given time. Mesoscale
cyclonic eddies exist usually at the inner periphery of the Rim Current (Fig.
4.3, left panel). ln some of the very deep anticyclonic gyres, downwelling of
the Cold lntermediate Waters can be traced to depths up to 1OO0-1200 m

(Andrianova and ovchinnikov, 1991 ), The diameter of large anticyclonic
eddıes can attain 50-100 miles with the current velocity of 30-40 cm s-1 at

Fig. 4.2. 'l opograph! ol'the Il:S upper bounclar1, in sunrnrer l985 (atier Rızhorodov ınd
Erenıccv. l993)
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their peripheries. They can persist for about three to six months (Oguz et
al., 1993). The anticyclonic eddies form a joint hydrodynamic convergence
zone along the periphery of the basin that represent a natural
physiochemical barrier between warm and less SaIine coastal waters and
the open sea waters over the slope edge (Ovchinnikov et al,, 1 993).
The mesoscale dynamics strongly influences H2S spatial and vertical
fields, the fact that was underestimated in previous studies. Descending
water in the centers of anticyclonic eddies influences not on|y thermohaline
characteristics of the water column, but also the H2S spatial field. H2S
boundary deepens 10-20 m in the centers of these structures compared
with adjacent waters (Fig_ 4.3,, right panel, Neretin, 1996).

\'
n\

cE \

IcE 1

--i,
\\

Fig. 4.3. Ceneralized scheme ofncar-slrore mesoscale eddies propagating along the Main
Rim Current (left panel) (nıodificd after ovchinıikov et a].. l99j) and kıptıgıaphi, ofthe

H25 upper boundar1,(right panel) (after Neretin. l996)

lsopycnal analysis of the H2S field showed that in the convergence zone
between the MRC and propagating anticyclonic gyres, an intensjfied
exchange between oxic and anoxjc waters may happen down to 5O0 m
(Neretin, 'l996). Such mesoscale mixing processes can significantly
intensify sulfide oxidation at the anterface and contribute in ventilation of the
anoxic zone as a whole.

5. Temporal trends in the location of the upper sulfide boundary
The problem of stability of the oxic/anoxic interface attracted attention of
scientists for many years. Reports appeared at the end of 'lg8os claimed a

11
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shoaling of the upper sulfide boundarY al 15-25 m (Zhorov and
Boguslavsky, 1985, Murray et al., 1989). Combination of different factors
such as long{erm climate changes, anthropogenic

30' 3' 33" E 3c 34.

Fig. 5.1. Mean long-term topography ofthe upper H2S boundary (m) in l920s (left panel)
and in l980s (right panel) (after Bezborodov and Erenıeev. l993)

influence (irrigation and eutrophication) were mentioned as driving forces.
The shoaling of the ınterface observed at the end of 1980s was supported
by the shoaling of the density surface 16.2 r.u. (Buesseler et al., 1994). ln
RV "Knorr" expedition of 1998 the upper boundary of sulfide was recorded
at ca. 80 m in the central western Black Sea, the lowest depth of the H2S
interface ever observed.
However, detailed spatial studies of the H2S field using all available
historical data do not prove the hypothesis about the shoaling of the
interface. Comparison of the mean long{erm topography of the H2S
boundary between -l920s and 1980s showed that H2S spatial fields are
essentialIy the same over the entire perjod (Fig, 5,1, Bezborodov and
Eremeev, 1993). More recently, Chasovnikov (2002) also showed thal lhe
upper H2S boundary was quasi-stable during the period 1989-1997 in the
eastern Black Sea. only after 1999 the author reports a tendency towards a
shoaling of the interface. However, there is no proof that the shoaling is
unidirectional.
Detailed analysis of winter hydrological structure in the Black Sea during
the period of 1 872-'1998 indicated that the location of the upper sulfide
boundary is strongly dependent on climatic variability (Titov, 2O0O).
Anomalous cold winters with intensified general cyclonic circulation lead to
the shoaling of the oxic/anoxic interface in the central part of the basin up to
10-20 m and its deepening at the periphery up to 70-80 m compared with
the situation observed during anomalous warm winters.

45
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Fig. 5.2. Diurnal variations of isosulfidcs in the central u,estern g},re (after Bezborodov
and Ercmcev, l99])

6. Sulfur isotopes as indicators of the processes within the sulfur
cycle
Sulfur has four stable isotopes that are distributed as the following: 32S -
95,1%, 33S - 0.74%, 34S - 4-2o^, and 365 - 0,0,16%. During physical and
chemical proceSses, sulfur isotopes are redistributed (fractionated), ln
geochemistry, ratios between 32S and 34S are usuaIly measured. Sulfur
fractionation occurs during isotope exchange reactions (thermodynamic
fractionation) and directional chemical reactions (kinetic fractionation).
Natural processes are usually related to kinetic effects. The general
principle of fractionation is that the lighter sulfur isotope (32S) is more
reactive in chemical transformations than the heavier sulfur isotope (34S).
Numerous experimental data indicate that maximum sulfur isotope
fractionation is observed during bacterial sulfate reduction. Sulfate-reducıng
bacteria produce sulfide depleted in 34S compared to the initial sulfate. For
pure cultures of su lfate-reducing bacteria a broad range of fractionation
factors between 2oko and 47o/oo has been measured (Kaplan and Rittenberg,
'l 964), However, the observed isotope difference between dissolved sulfate
and sedimentary ' pyrite in modern and ancient sediments of 51t10%o on

16

Another factor, which was underestimated in previous studies of the
İemporal dynamics of the oxic/anoxic interface is its diurnal dynamics (Fig,
5.2). These data Showed that vertical changes in the locatlon of the upper
anoxic boundary during a day caused by local synoptic processes and
internal waves may strongly override annual Variations.



average usually extends beyond the fractionation factors observed in pure
bacterial cultures (Canfield and Teske, 1996). Discrepancies between the
isotope fractionations have been attributed to oxidation processes within
the sulfur cycle (Jorgensen, 199O; Canfield and Thamdrup, 1994), The
disproportionation reactions between sulfur intermediates such as
elemental sulfur S0, sulfite SO32-, and thiosulfate S2O32- lead to

enrichment of lighter isotope in sulfide and heavier isotope in sulfate.
Several studies showed that sulfur isotope difference between sulfate and
co-existing sulfide in the Black Sea water column of about 607o" is close to
the maximum observed in nature (Vinogradov et al., '1962; Sweeney and
Kaplan, 198O; Fry et al., 'l991; Neretin et al., 2OO3). Neretin et al. (2003)
reported the largest data set for the dissolved sulfide ö34S values in the
Black Sea water column. ln total, 1 18 measurements were performed from
a diverse array of Settings and spanning different Seasons (Fig. 6.1).

t ig. 6.1. ör]S (IJlS) vs, HlS çonccntration in the Black Sea çatcr coluıın (n: l05). Tııo
dottcd lines repreSent thc arbilritry defined thc two Zones ıvhcrc tendencieS toward

isiıtopically heaviel,sulfidc are observed (alicr Neretin et al..2003)

The isotope composition of dissolved sulfide Varied between 42,0o/oo and -
32-6V*- averaging -39.6t1.3%" (o). The average sulfide isotopic
compositions determined separately for the coastal and slope stations with
water depths above 1800 m and for stations in the central basin were
essentially identical. However, two trends towards higher ö34S values were
observed ın the uppermost and lower parts of the water column- The
uppermost trend may result from (i) chemicaI oxidation with metalS or 02;
(ii) small fractionation during biological sulfide consumption, and/or (iii)
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decreased isotope fractionation due to higher sulfate reduction rates in

these layers (Albert et al., 1995). The lower trend is most probably related
to the mixing with 34S-enriched sulfide diffused from pore waters (Neretin
et al., 2O03). Neretin et al. (2003) hypothesized that a combination of very
low suifate reduction rates throughout most of the water column (<< 1 nM
d-1 , Albert et al,, 1 995) and efficient
mixing mechanisms below the chemocline producing sulfur intermediates
are the factors that cause high isotope depletion in sulfide observed in the
Black Sea, A range of physical processes such as intensified winter mixing
and coastal dynamics together with oxygen intrusions carried by the
modified Mediterranean Water can facilitate formation and/or transport of
sulfur intermediates into the anoxic interior.

7. Sulfide budget in the Black Sea
Sulfur budget for the Black Sea was considered in several papers
(Skopintsev, 1975, Lein et al., 199O; Lein and lvanov, '1991. Bezborodov
and Eremeev, 1993; Albert et al,, 1995, Neretin et al,, 2001). The main
budget components to be considered are. sulfide production in sediments
and sulfide flux at the Sediment/water interface, sulfide production in the
water column, sulfide oxidation at the oxic/anoxic interface and in the basin
interior by dissolved oxygen of the modified Mediterranean water, and iron
su|fıde formation in the water column.

7.,t. Sulfide production in deep-sea sediments
First measurements of sulfate reduction rates (SRR) in sediments of the
Black Sea by Sorokin (1962) showed significant spatial variability with
maximum rates at the periphery of the basin between 475 and 1241 mmol
m-2 yr-1 and rates between 11 and 44 mmol m-2 yr-1 in the Central parts.
The intermediate zone between two main Black Sea gyres was
characterized by values between 146 and 256 mmol m,2 yr-1 - Based on
these measurements, Deuser (1971) calculated an average annual sulfide
production in Black Sea sediments of 3.6 Tg. No sulfate reduction was
measured below the uppermost 5 cm of sediment (Sorokin, 1962). Unlike
these first data, Vainshtein and co-authors (1986) showed for the western
Black Sea that sulfate reduction takes place throughout the whole
Holocene and upper Pleistocene sediment sequence. Measured SRR
varied between 52 and 85 mmol m-2 yr-1 depending on the sediment and
water depth. Lein et al. (1990) used these and new data to calculate the
average hydrogen sulfide production in the anoxic sediments of the Black
Sea of about 560 mmol m-2 yr-1 , or 5.9 Tg yr-1 , This estimate is higher
than Deuser's because the whole Holocene sequence was considered.
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Recent measurements by Albert and co-authors (1995) gave an average
sulfide production in the upper 20 cm (includıng 2 cm flufiy layer) of about
5,2 rg yr-I .

Critical for the hydrogen sulfide budget of the water column is the amount
of sulfide diffusing from the pore waters into the bottom waters, which
depends on the concentration gradient at the sedimenvwater interface. The
balance between sulfate reduction rates, input of reactıve iron, rate of
pyritization, and physical factors (e.g., sediment slides and turbidites at
continental slope, and advective pore water exchange in situ) will influence
sulfide concentratıon ln pore water and the slope of the Concentration
gradient. Significant spatial Variability of all mentioned parameters (e.g., of
reactive iron content (e.g., RozanoV et al., 1974) yields dıfferent fluxes at
different locations. Spatial variability of sulfide concentrations in sedıment
pore waters also confirms the fact that sulfide flux at the sedimenvwater
interface will have different magnitudes and direction depending on the
geographical location (Volkov, 1984).
Lein and lvanov (1983) estimated total sulfide burial in the Black Sea to be
2-4 rg yr-1, including about 1 Tg yr-l that is buried in the anoxic zone.
Reduced sulfur accumulation in the Black Sea sediments comprises two
components: diagenetic and syngenetıc (originated from the water column).
The maXimum estimate for the hydrogen sulfide flux from Sediments into
water column can be made assuming that most of the buried sulfur comes
from the water column: syngenetic sulfur (e.g., Lyons, 1997).
For the upper 20 cm of sediments an average annual SRR in the Black Sea
fall in the range 3-2-5-2 Tg (Lein et al,, ,l990; Albert et al., 1995). lf all
produced in the sediment sulfide Will dıffuse upward, the resulting annual
sulfide flux into the water column will be between 3 (3,2-0.2) and 5 (5-2-0.2)
Tg, where 0,2 Tg is the average estimated diagenetic sulfur component.
However, this value is likely less, because the contribution of diagenetic
pyrite into the total pyrite pool of Black Sea anoxic sediments can vary from
site to site, and sulfide diffusion downward in the deeper sediment layers
was neglected in the calculation,
ln the preceding discussion we did not consider specific situations, which
are observed on the steep continental slopes of the Black Sea bordering
the Caucasus and Anatolia. At some Sites in these areas exposed to the
surface limnic Late Pleistocene clays have hıgh concentrations of reactive
iron and low concentrations of dissolved sulfide in pore Waters below 30 pM
(Volkov et al-, 1971)- These sediments may serve as an additional sink for
hydrogen sulfide formed in the deep sea. The opposite situation, diffusion
of sulfide from deeply buried sediments into the water column may happen
where the deep zone of anaerobic methane oxidation ıs exposed to the
surface by slide or turbidite erosion (Neretin et al., 2004). However, the
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influence of these non-stationary sedimentary processes is supposedly
insignificant for the total sulfide budget.

7.2. Hydrogen sulfide production in the Black Sea water column
All measurements of sRRs in Black sea water column are summarized in

Table 7.1 .

Generatly, a maximum in sulfate reduction rates was observed in the upper
(2O0-3O0 m down to 600-700 m) part of anoxic column and in the layers
adjacent to the bottom. The highest rate measured for the upper anoXic
zone so far is 1569 nmol 1-1 day-1 (ll'chenko and Sorokin, 1991), The
lowest SRRs in the water column were reported by Albert et al, (1995) and

did not exceed 3.5 nmol 1-1 day-1. With a sensitivity of the method of about

0.2-0.6 nmol 1-1 day-1 (Lein et al.. 199O, Albert et al., 1995), reduction of

sulfate in the intermediate zone (600(700)-2000 m) comprising the main
part of the Black Sea hydrogen sulfide pool is not revealed at all (Sorokin,

1962. Lein et al., 1990), or SRRs in lhese layers are ]-2 orders of

magnitude lower than in the proximity to the upper anoxic boundary (Gulın,

1991. Albert et al., 1995). ln general, vertical profiles of SRRs are

characteriZed by significant variability, suggesting that this process (or

maximum intensity) may be associated largely with sinking organic detritus

or sampling Variability. Excluding the data reported by Albert and co-

authors (19-95) 0,9-4.6 Tg H2S yr-1, most other data fall in the range 8-200
Tg yr-1. The question about seasonal variability of sulfate reduction in the

witer column is still unresolved. The only data acquired in Wintertime by

Sorokin et al. (1992) showed measurable SRR in the upper 2O0-30O m only

at three of nine sampling stations, The authors attributed the absence of

SR at the other stations during this season to the disappearance of

anaerobic bacterial community in the central parts of the basin due to

intense mixjng at the chemocline during winter convection. A Comparison of

the published data and methods suggests that the variability in the SRR is

not in analytical artifact. All these data sets, in spite of the fact that they did

exhibit
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significant seasonal variations, yield the average sulfide production in the

water column of 41-31 (95%Cl) Tg yr-1.
Sulfate reduction in the deeper parts of the anoxic zone may be particle-
associated. Vertical djstribuiion of this process is related with sinking rate
and size of the particles, and can have pronounced seasonal pattern and
spatial patchıness. Concentrations and turnover times of potentially
important substrates for su lfate-reducers (acetate, lactate, formate) in the
anaerobic layers are welI above the threshold levels and additionally
support particle-associated processes (Albert et ai., 1995), Competition
with acetoclastic methanogens or iron limitation were considered as limiting
factors for the active development of sulfate reducers in anoxic layers
(AIbert et al., 1995). Molecular fingerprinting of microbjal communities from
İhe Black Sea water column revealed the presence of ö-Proteobacteria
related to known suIfate reducers involved in anaerobic degradation of
hydrocarbons and/or methane (ANME groups) (Vetriani et al , 2003).
Detailed studies made by Albert and co-authors with high resolution
sampling in the chemocline clearly showed that the upper 10-15 m band of
high SRRs just below the interface was characterized by an order of
magnıtude greater activity compared with deep SR (36 nM day-1 and 3.5
nM day-1, respectively), but when expressed on a depth-integrated basis,
deep SR accounted for the 85% of total water column activity.
Because of the shortcomings, ınvolved in direct determination of SRRs
giving gross sulfide production, an alternative approach based on
Concentration profiles and residence time of sulfide in the anaerobic zone
can be used to estimate a net water column sulfide production. This
method gives an estimate of sulfide accumulation ln the water column for a
complete cycle of the anoxic zone which lasts between 1OO and 200 yrs
(Skopintsev, 1975; Ovchinnikov et al., 1993) - the time of water exchange
between oxic and anoxic parts. The production rate derived by this method
giVeS net sulfide production. Bezborodov and Eremeev (1993) applied this
approach using the decrease in the SO42JCl- ratios with depth and
calculated sulfide production in different layers of the anoxic zone. They
demonstrated that most sulfide production takes place in a layer between
50O and 2200 m water depth, with an average annual production of 20-40
Tg, compared to 2-4Tg in the upper 200-500 m. Neretin and Volkov (1999)
came to the same figure by using the total inorganic carbon accumulation in

the Black sea water column.
Summarizing data on SRRs and results of the net sulfide calculations, the
total sulfide production in the Black Sea water coıumn could be estimated
to be wjthin the range of 30 to 40 Tg yr-1. This is one order of magnitude
higher than the poteniial flux of hydrogen sulfide from bottom sediments.
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The important concIusion drawn from the above discussion is that most of
the hydrogen sulfide is produced in the entire water column (below 5O0 m).

Despite the fact that the highest activity is observed in the vicinity of the
chemoclane, on a depth-integrated basis most of the water column sulfide
production occur in the middIe and lower parts of the sulfidic zone.

7.3. Sulfide oxidation at the oxic/anoxic interface
Measurements of sulfide oxidation rates in the Black sea chemocline
yielded integrated values between 53 and 125 Tg yr-'l (Sorokin, 1972,
19B3, JorgenSen et al., 1991). The range agrees with data by Sorokin et al,
(1992, 1995) and Bezborodov and Eremeev (1993). These authors showed
that the zone of active oxidation does not exceed 10-20 m and its lower
boundary iS located as a maximum at 10-1 5 m below the upper anoxic
boundary. Most of the sulfide is oxidized at or above the boundary
(Bezborodov and Eremeev, '1993, Rozanov et al., 1998).
Mechanisms controlling sulfide oxidation in the B|ack Sea chemocline are
still unresolved, Sorokin (1972, 1983) suggested that sulfide oxidation
occurs in two stages. in the first step sulfide is chemically oxidized to
elementaI sulfur and thiosulfate, and in a Second step thiosulfate oxidation
to sulfate iS mediated by baCteria. obligately chemolithoautotroph ic
bacteria were isolated from the Black sea chemocline that are related to

the genus Thiomicrospira sp. When present in sufficiently high cell density,
these organisms may be able to compete with abiological sulfide oxidation
(JannaSch et al., 1991). Recent molecular data confirmed that
ThiomicroSpira related microorganisms belonging to s-Proteobacteria
indeed are the most abundant group in the Black Sea chemocline (Vetriani
et al., 2003). Thiomicrospira species are able to oxidize reduced sulfur
species (hydrogen sulfide, thiosulfate, elemental sulfur and tetrathionate) to
sulfate (e.g,, Brinkhoff et al., 1999), Oxidation of reduced sulfur species to

sulfate was also demonstrated with heterotrophic strains isolated from the
Black 3ea interface zone (Sorokin and Lysenko, 1993). The colorless sulfur
bacteria Thiovulum sp. was suggested as possible candidate for
microbiolog ically mediated sulfide oxidation (Zubkov et al,, 'l992).

There is also strong evidence for the anaerobic photosynthesis in the Black
Sea chemocline, lncreased concentratjons of bacterioch lorophyll-e occur at
the oxic/anoxic interface (Repeta et al,, 1989), and diurnal monitoring of
chlorophyll fluorescence (Karabashev, 1995) pointed to the potential
contribution of this process to sulfide oxidation. Overmann et al, (1992)
isolated five strains of the phototroph Chlorobium phaeobacteroides from
the chemocline. All together, these data suggest that chemolithoautotrophic
and/or heterotrophic oxidation ,in the Black Sea chemocline may
succeSsfully compete with abiological oXidation.
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Chemical oxidation of sulfide by manganese (iron) oxides can also not be
neglected (Luther lll et al., 1991 ; Yao and Millero, '1995). However, in a
simple vertical steady-state model of electron gradients at the oxic/anoxic
interface, Murray et al. (1995) showed that electron flux of Mn (ll) and Fe(Il)
would not produce sufficient particulate metal oxides to oxidize sulfide. The
oxide deficit could be compensated only when particulate metal (Fe, Mn)
oxides are produced at the boundaries of the basin and transported into the
intefior. lt is reasonable to suspect that the average contribution of reactlve
manganese and iron SpecieS Varies strongly with the diStance from the
shore. Thus, in the overall budget of sulfide the contribution of metals in its
oxidation can have significant spatial aspect.

7.4. Fe sulfide formation in the Black Sea water column
Pyrite formation in the water column of the Black Sea was the subject of
several studies (Tambiev and Zhabina, 1988; Muramoto et al,, 1991;
Volkov, 1995. Cutter and Kluckhohn, ,1999). Muramoto et al. (1 991 )

suggested that most syngenetic pyrite (Fig. 7.1) forms in the upper part of
anoxic zone (below to 200 m) Where the auİhors observed non-
conservative (relative to salinity) sulfide distribution.
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This argument is Supported by the similarity in the isotopic composition of
pyrite sulfur in surface sediments of the central BIack Sea and of hydrogen
sulfide in the upper anoxic column (Calvert et al., 1996; Lyons, 1997),

|'ig.7.1, SI]M offranrboidal S},ngenetic py.itc lronl the Black Sea water column
(after Muramoto et al., l99l)

c
:
ı.i

J.,

1

a

,

}i'ı
,..if.lİr.ı(
,ğrij*ı

5,1

Ğs,:



However, there is some evidence that the zone of pyrite formation in the
water column is wider and may take place down to 1000-1500 m water
depth (Tambiev and Zhabina, 198B).
For the particulate sulfur flux in the Black Sea water coIumn, Tambiev and
Zhabina (1988) reported value of 39 to 50 mmol m-2 yr-1, corresponding to

0-4-0.5 Tg yr-1 . The data by Muramoto et al. (1991 ) are slightly lower - 0.1-

0.4 Tg yr-,l. Since the total sulfur burial in the anoxic Black Sea sediments
is about '1 Tg yr-1 (Lein and lvanov, '19B3), about 10-50% of the sulfur
buried in sediments may come from the syngenetic
component.

7.5. Sulfide removal by the Lower Bosphorus Current
The annual Bosphorus flux into the Black sea is estimated to be 120-312
km3, the highest value being the latest estimate by Ünlüata et al. (1990),

The BoSphorus Current operates in two-directional transient fluXes,

occasionally changing direction even within one day (Latif et al., 1991).

Temporary blockage of the Mediterranean flow into the Black Sea can
occur in spring and summer during periods of high freshwater discharge.
otheMise, the blockage of the Black Sea outflow can be observed during
southwesterly winds in winter (Özsoy et al., 1993).
ln regard of the signifıcant variability in the magnitude and direction of water
exchange through the Bosphorus, and the absence of quantitative
information on the volumes of SMMW entrainment during the cascade-like
intrusions to the anoxic zone, estimates of sulfide removal rates by the
Lower Bosphorus Current are only approximate at the moment, Assume
that SMMW intrudes more likely into the anoxic zone when the ratio

between ClL and MW is low, which will mean higher density of the resulting
flux and deeper sinking. Reported ratios for SMMW:MW in the literature are
between 3:1 and 6;1 (Murray et al., 1991, Özsoy et al., 1993), which gives
total fluxes of 936 km3 yr-1 and 1872 km3 yr-1, respectively. The oxygen

content in the core of the ClL is about 30Ot5O pmol 1-1 (Neretin,

unpublished data). Skopintsev (1975) reports an average concentration of

2OO gmol I-1 for the Mediterranean water. Thus, the resulting oxygen
concentrations of modified Bosphorus waters (SMMW) are 267 pmol 1-1

and 2B3 pımol l-,l for the two - low and high - entrainment ratios,

respectively. The corresponding oxygen fluxes are 2.5ı.1O11 mol 02 yr-1

(SMMW,MW=3:1) and 5.3x 1 01 1 moI 02 yr-1 (SMMW:MW=6:1).
our budget caIculations are influenced by two possibilities, (1) SMMW
intrudes into the anoxic zone which will be the case for high entrainment
ratio or (2) spread above the oxic/anoxic boundary in the case of low

entrainment ratios. The clL of the Black sea on the continental shelf occurs
between 50 and 75 m (Özsoy et al., 1993), which is far above the upper
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anoxic boundary at 'l20-160 m at the periphery of the basin (Neretin. 1 996),
Temporal and Spatial Variability in the SMMW flow and its relation to
atmospheric and sea level changes in the Bosphorus are well documented
(e.g., Di lorio and Yüce, '1999). These data provide evidence for significant
annual changes in the transformed Bosphorus waters as well as sinking
depths even at a given SMMW,MW ratio.
lf sulfide is oxidized according to the following equation:
H2s+2o2=So42-+2H+,
then the sulfide consumption for the entrainment ratios of 3:,1 and 6:1
should be about 1.3 aod 2_7 1011 mol yr-1, corresponding to 4.4 and 9.2
Tg yr-1, respectively. This estimate is roughly about 10-2O% of the sulfide
oxidation at the oxic/anoxic interface. As discussed earlier, the lower
estimate is a more realistic value as it is based on the lower entrainment
ratio. fluxes is presented ın Fig. 7.2. Summarizing, the most important
reactions within the sulfur cycle of the Black Sea are sulfıde formation from
bacterial reduction jn the water column and hydrogen Sulfide oxidation at
the oxic/anoxic interface. The annual fluxes are estımated to be in the
range 30-50 Tg. The maximum contribution of modified Bosphorus waters
carrying dissolved oxygen into sulfide zone does not exceed 10-2Oo/a of lhe
total sulfide production (4_4-9.2 r9 yr-1); significantly less is consumed by
iron sulfidization in the water column (up to 0.5 Tg yr-1) The most
reasonab|e average estimate for sulfıde flux at sediment/water anterface is
about 1-3 Tg yr-1. A general scheme of the processes within the sulfur
cycle with their assigned annual
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8. Conclusions
The estimated annual accumulation of total reduced sulfur, derived mostly
from dissimilatory sulfate reduction, in ocean sediments is in the range of
97-1 1B Tg (Volkov and Rozanov, 19B3; Volkov, 1984), and additionally less
than 18% of this amount (ca. 17-21 Tg yr-1) may participate in the internal
Sulfate turnover. Therefore the total sulfur budget for the world ocean
sediments is about 120-140 Tg yr-1. The Black Sea sulfide production itself
comprises about one third of the global sedimentary sulfur budget, These
figures being rather flexible clearly show the significance of the Black Sea
for the global ocean sulfur cycle.
Hydrogen sulfide production in the BIack Sea water column is the main
Source of sulfide, and anoxic sediments contribute to only a minor extent to
the water column H2S pool. lf the average sulfide production in the Black
Sea is 30-50 Tg yr-1 and represents an average annual figure and the total
sulfide inventory of about 4.6x103 Tg, the residence time of hydrogen
sulfide an the water column of the Black Sea is about 90-150 yr. This Value
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is comparable to the water exchange rate between oxic and anoxic layers
(e.g,, Skopintsev, 1975).
Temporal variations in the average depth of the chemocline in the BIack
Sea are mainly the result of climatic changes in the density Structure of the

water column. The upper anoxic boundary location Versus density for this
basin did not change over the period from 19'|O to 1995 (Bezborodov and
Eremeev, 1993). However, recent data have shown a prominent increase in

sulfide concentrations. as well as nutrient levels, withjn the anoxic zone (at

1OO0-2OOO m) supposedly due to anthropogenic impact (Konovalov et al.,

1999). Future research is needed to reveal does this change signifjcant or

may reflect a statiStical artifact.
This review puts forth the importance of ventilation pTocesses in the Black
Sea anoxic zone. The Bosphorus flux cannot be considered a main factor
for deep basin ventilation as suggested by the sulfide budget. Nilore

attention in future studies should be paid to near-shore mesoscale
dynamics and theır influence on chemocline processes and transversal
exchange between shore and open Waters (e,g., Kempe et al-, 1991.

Rozanov et al., 1 998). Severe winter conditions accompanied by strong
horizontal and veılical mixing can initiate pronounced erosion of the
pycnocline. Along with the coastal processes occurring in wintertime may
determine dynamics of the hydrogen sulfide zone (e.g., Ovchinnikov et al,,

1993), Field data for the winter season are critical to progress in our

understanding of the Black Sea ecosystem. These processes are important
for the specific biogeochemical pathways within the sulfur cycle in the Black
Sea, particularly for the production of sulfur intermediate species. Although
not covered by the present review, intermediate sulfur species in the Black
Sea water column are key compounds for the understanding the isotopic
composition of hydrogen Sulfide and microbial ecology of microorganisms
involved in sulfur cycle.
We did not cover in the review alarming processes occurring in the
northwestern shelf of lhe Black Sea With a quasi-permanent anoxia in the

bottom water during summer seasons. Annual hypoXja and anoxia in this
area have pure anthropogenic origin and influences strongly pelagic and
benthic ecosystems. The impact of these rather Iocal processes on the

whole Black Sea ecosystem needs to be studied,
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