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Abstract—The main terminal processes of organic matter mineralization in anoxic Black Sea sediments
underlying the sulfidic water column are sulfate reduction in the upper 2—4 m and methanogenesis below the
sulfate zone. The modern marine deposits comprise a ca. 1-m-deep layer of coccolith ooze and underlying
sapropel, below which sea water ions penetrate deep down into the limnic Pleistocene deposit9@im

years BP. Sulfate reduction rates have a subsurface maximum at g7eC3q) transition where BS reaches
maximum concentration. Because of an excess of reactive iron in the deep limnic deposits, most of the
methane-derived }$ is drawn downward to a sulfidization front where it reacts with Fe(lll) and wifti Fe
diffusing up from below. The KB-F&™ transition is marked by a black band of amorphous iron sulfide above
which distinct horizons of greigite and pyrite formation occur. The pore water gradients respond dynamically
to environmental changes in the Black Sea with relatively short time constants of ca. 500 yzfoa@®10

yr for H,S, whereas the FeS in the black band has taken ca. 3000 yr to accumulate. The dual diffusion
interfaces of S& -CH, and H,S-F€* cause the trapping of isotopically heavy iron sulfide withS = +15

to +33%o at the sulfidization front. A diffusion model for sulfur isotopes shows that thg Sfiffusing
downward into the S& -CH, transition has an isotopic composition ©fL9%., close to thet23%. of H,S
diffusing upward. These isotopic compositions are, however, very different from the porew3te(-5€B%o)

and H,S (—15%o) at the same depth. The model explains how methane-driven sulfate reduction combined with
a deep HS sink leads to isotopically heavy pyrite in a sediment open to diffusion. These results have general
implications for the marine sulfur cycle and for the interpretation of sulfur isotopic data in modern sediments
and in sedimentary rocks throughout earth’s histor@opyright © 2004 Elsevier Ltd

1. INTRODUCTION After the Bosporus connection, a stable pycnocline developed
in the Black Sea between the brackish surface water, influenced by
The Black Sea has a surface area of 423,006 knd a the large riverine inflow, and the more saline bottom water of
maximal depth of 2212 m and is today the largest anoxic basin pediterranean origin. Due to the stable stratification, anoxia de-
on earth (Ross and Degens, 1974). The surface water has &;e|oped below the pycnocline, and frer7500 yr ago an organic-
salinity of 17.5-18.5, whereas the deep water salinity is 22.3 (jch sapropel started to accumulate, dominated by diatoms and
(Murray et al., 1991). About 35% of the fresh water inflow  ginsfiagellates. The coccolithophoriimiliania huxieyi, invaded
comes through the Danube river which also carries half of the the Black Sea only~3000 yr ago, and since then a varved

_total sed?ment load from land. Much of this terr_estrial material coccolith ooze has been deposited (Calvert et al., 1987; Lyons,
is deposited on the broad shelf and slope region of the north- 1991; Hay et al., 1991; Arthur and Dean, 1998).

western Black Sea from where samples were taken for this
study (Fig. 1; Hay et al., 1991).

During the last glaciation the Black Sea was a freshwater
lake with a minimum water level at 130 m relative to present
seawater level and, thus, with the modern shelf exposed as
extensive coastal plains. Deep Pleistocene deposits of limnic
origin are today found everywhere below 1 meter subsurface or
deeper in the slope and deep sea sediments (Hay et al., 1991)
Due to the melting of glaciers on the northern Eurasian conti- . ) 3 .
nent and the postglacial rise of the global sea level, a seawater'" organic matter, 5_2,0% (;:g,.mostly Of. marlne origin (Hay,
connection across the 34-m-deep sill of the Bosporus was 1988). The accumulation of high-organic sediments may be due

established at least 7150 yr ago (Ryan et al., 1997; Aksu et al., {0 €ither enhanced preservation during anoxia (Brumsack,
1999; Gair et al., 2001). The first evidence of seawater intru- 1989; Wilkin et al., 1997; Arthur and Dean, 1998), to enhanced

sion dates earlier, however, some 9800 yr ago (Jones andPrimary productivity during the time of sapropel fprmation
Gagnon, 1994; Arthur and Dean, 1998). (Calvert and Fontugne, 1987), to lower sedimentation rate of
other bulk components (Calvert and Karlin, 1998), or to a
combination of these factors. The limnic Unit Il is very uni-
*Author to whom correspondence should be addressed. form, and the absence of varving shows that a bioturbating
(bjoergen@mpi-bremen.de). fresh water fauna was present in the oxic lake sediment.
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In the chronological description of Black Sea sediments,
three depositional periods are recognized (Ross and Degens,
1974; Arthur and Dean, 1998): the modern coccolith ooze (Unit
1), the marine sapropel (Unit Il), and the deep limnic sediment
(Unit 111). Unit | has very high carbonate content, up to 65%
CaCQ, and relatively high organic content, ca. 4%,
(Volkov, 1973; Hay, 1988). The Holocene sapropel of Unit Il
has a lower carbonate content of ca. 16% but is extremely rich
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Fig. 1. Map of the Black Sea showing the positions of Stations 4 to 7 on a transect across the NW slope.

The modern Black Sea sediments below ca. 150 m water
depth are overlain by a sulfidic water column, and sulfate
reduction is consequently the dominant mineralization process
right up to the sediment surface (Jargensen et al., 2001). Sulfate
today penetrates down through the Holocene deposits and afew
meters into the limnic sediments of Unit 11l in which metha-
nogenesis takes over as the terminal process of organic carbon
degradation (Egorov, 2000). The methane partial pressure
builds up to >1 bar at 0.5-1 m below the sulfate zone, and
methane diffuses up into the transition zone where anaerobic
methane oxidation drives an enhanced sulfate reduction. Meth-
ane oxidation provides the energy substrate for 7-18% of the
total sulfate reduction in the sediment column and is the main
source of H,S formation at depth (Jergensen et a., 2001).

Following the onset of seawater intrusion into the Black Sea,
the high sulfate concentration has supported an enhanced pro-
duction of sulfide and resulted in a progressing penetration of
H,S into the Pleistocene deposits. The sulfidization front is
today visible at 2—4 m subsurface as a distinct black band in
slope sediments or as many fine black layersrichin iron sulfide
in the central basin (Volkov, 1961, 1984; Berner, 1974). A
similar sulfidization is known to occur aso in sediments of
other marginal seas which were limnic during the last glacia-
tion, e.g., the Baltic Sea (Boesen and Postma, 1988; Bottcher
and Lepland, 2000). Even in pelagic marine sediments with
non—steady-state deposition such sulfidization fronts may occur
(Kasten et al., 1998; Pruysers, 1998).

The mechanisms and the products of this widespread sul-
fidization process are therefore important to understand. The
reaction between downwards migrating H,S and deeply buried
iron leads initially to an amorphous iron monosulfide and
subsequently to greigite, and possibly mackinawite, in the
sulfidized sediment (Bonev et al., 1989). These mineral phases

are metastable and are gradually converted into or replaced by
pyrite, provided that sufficient sulfide and intermediate sulfur
species are present (Luther, 1991; Rickard and Luther, 1997;
Wang and Morse, 1996).

The pathways and mass balance of sulfur in the sediment are
aso reflected in the isotopic composition of the reacting and
produced sulfur species. Sulfate reducing bacteria discriminate
dightly against the heavy sulfur isotope, 3*S, and the resulting
H,S is, accordingly, enriched in the light isotope, 32S. The
experimentally determined fractionation factor during sulfate
reduction is generally 15-30%o0 in pure cultures (maximum
49%o; Bolliger et al., 2001) and up to 40%. in sediments
(Habicht and Canfield, 2001; Canfield, 2001). In the sea floor,
however, the isotopic difference between sulfate and sulfide is
generaly larger, 40—65%o and the resulting sulfide has been
found to have an isotopic value of up to 72%. (Bottcher et al.,
in press). The additional fractionation may be generated by a
concurrent recycling of H,S via an intermediate oxidation to
elementa sulfur or thiosulfate by buried Fe(l11) and a dispro-
portionation of these intermediates to SO3~ and H,S (Jar-
gensen, 1990; Canfield and Thamdrup, 1994; Cypionka et a.,
1998; Habicht et al., 1998). The disproportionation shunts
produce **S-enriched SO2~ and **S-depleted H,S and thereby
increase the resulting isotopic difference between SO~ and
H,S in the sediment pore water.

Black Sea surface sediments have an isotopic difference,
A3*S, between SO2~ and H.,S of around 60%o. It has long been
an enigma how this large isotope fractionation is possible in
such a highly reducing environment as the Black Sea basin
where reactive iron and other potential oxidants for an oxida-
tive recycling through the disproportionation shunts would
appear to be exhausted. Although a large part of the sediment-
ing pyrite may originate from the water column near the che-
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Table 1. Station positions in the northwestern Black Sea with water
depths and O, or H,S concentrations in the overlying bottom water.

Station Position Depth (m) O, (M) H,S (uM)
4 43°43'08N, 030°05'90E 130 <5 0
5 43°42'63N, 030°06'12E 181 0 8
6 43°40'47N, 030°07'54E 396 0 75
7 43°31'61N, 030°13'33E 1176 0 295

mocline and is thereby deposited with a strongly **S-depleted
signal (Muramoto et al., 1991), also the SO3~ and H,S in the
sulfidic bottom water have this large isotopic difference be-
tween 8>S values of ca. +20%. in SO3~ and —40%o in H,S
(Fry et a., 1991; Neretin et al., 1998b).

In the deep limnic deposits the §*S of pyrite increases
steeply with depth up to ca. +20%. (Vinogradov et al., 1962;
Calvert et al., 1996). The sulfur isotopic composition of iron
sulfide, elemental sulfur, and pyrite at the sulfidization front
may even reach values as high as +25 to +38%. (Lie, 1994;
Nicolaev, 1995). The formation of extremely heavy pyrite was
explained as aresult of: A) very high sulfate reduction rates at
the time of deposition, whereby the isotopic fractionation was
negligible and the §3*S of H,S would be close to the +20%. of
seawater SO3™; or B) closed system conditions, by which the
pyrite was formed from a **S-enriched sulfate pool (Vino-
gradov et al., 1962; Calvert et a., 1996).

The present paper concludes a very different mechanism of
heavy sulfide formation. Our study was undertaken to better
understand the geochemistry and dynamics of sulfur cycling in
the deep Black Sea sediments, especially of the sulfidization
front in the limnic part. We wanted to explain the shift from
isotopically very light sulfides near the surface to extremely
34S-enriched sulfur below the sapropel. The results will show
that interactions with methane and iron diffusing up through the
Pleistocene deposits provide the key to the formation of heavy
sulfides and that the mechanisms involved are probably oper-
ating widely in marine sediments.

2. MATERIAL AND METHODS
2.1. Sampling

Sediment cores were taken during a research cruise of the
Russian R/V Petr Kottsov in the western Black Sea in Septem-
ber 1997. Four stations were sampled from the Romanian shelf
break and into the western basin at water depths ranging from
130 to 1176 m (Fig. 1; Table 1). The two shallower stations
were situated just above and just below the depth where the
oxic—anoxic interface of the water column impinged on the sea
floor at 140—150 m depth. The two other stations were situated
deep within the sulfidic zone. At each station, 1-2 cores of 5-8
m length and 12 cm |.D. were taken by gravity corer and a set
of 40-50 cm deep and 10 cm |.D. surface cores were taken by
multicorer. Care was taken to return to the same satellite
position for repeated sampling. For each station, all data are
derived from asingle gravity core. Accurate depth alignment of
gravity cores and multicores was done by comparing sapropel
depths and from characteristic pore water and solid-phase gra-
dients. In this paper, mostly results from the gravity cores will
be presented. Concurrent studies of the biogeochemistry and

microbiology in the surface sediments are described elsewhere
(Rosello-Moraet a., 1999; Thamdrup et al., 2000; Weber et al.,
2001; Wenzhofer et a., 2002).

A hydrocast and a Conductivity-Temperature-Depth (CTD)
profile were taken at each station. The temperature of the
bottom water increased with water depth from 8.6°C at Station
410 9.1°C at Station 7.

2.2. Pore Water Analyses

Subcores of 36 mm |.D. were taken in acrylic coring tubes
from the multicores and were subsequently sectioned for anal-
yses of pore water and solid-phase chemistry. Gravity cores
were kept nearly horizontal on the deck in 3-5 m lengths within
the core liners and, within a few hours after retrieval, were
pushed out stepwise at the upper core end by a large piston.
This procedure was adapted to minimize |oss of dissolved gases
(CH, and H,S) or oxidation of redox-sensitive solutes such as
Fe?". For each 10 or 20 cm, the piston was stopped, the core
end was cut clean, and a set of subsamples was immediately
taken from the central part of the core by syringes with cut-off
ends. Different samples were used for pore water and solid-
phase analyses. Further details of this sampling procedure are
given in Jergensen et a. (2001).

Pore water was sgqueezed, within 30 min after sampling,
through 0.45-um cellulose acetate membrane filters under 3-5
bar N, pressure. The pore water was led directly into dilute
ZnCl, to fix H,S as ZnS. Sulfide was measured by the photo-
metric methylene blue method (Cline, 1969) after appropriate
dilution of the ZnCl,-preserved samples. (The total dissolved
sulfide is in this paper caled sulfide or H,S; when the dis-
solved, nondissociated or dissociated form is specifically
meant, these are written in italics: H,S or HS™). Dissolved
ferrous iron was measured by inductively coupled plasma op-
tical emission spectroscopy (Perkin Elmer Optima 3000 XL). A
minor blank contribution from the added zinc chloride was
subtracted. Sulfate was analyzed by nonsuppressed ion chro-
matography and methane by gas chromatography using aflame
ionization detector and a Porapak-Q 80/100 column as de-
scribed by Jergensen et al. (2001).

2.3. Solid-phase Analyses

Total carbon (TC) was measured on freeze-dried samples
using a LECO SC-444 instrument. Total inorganic carbon
(TIC) was measured on a CM 5012 CO, coulomat with a
CM5140 acidification device. The TIC was recalculated to the
equivalent amount of CaCO, (although other carbonates also
may be present). TOC contents were obtained from the differ-
ence between TC and TIC.

Sediment samples used for determination of acid volatile
sulfur (AVS = H,S + FeS + partly Fe;S,) and chromium
reducible sulfur (CRS = FeS,, S° and remaining part of Fe;S,)
were preserved in 1:1 (v/v) of 20% ZnAcetate (w/v). Sub-
samples of 0.5 g were treated with the two-step acid Cr(ll)
method (Fossing and Jergensen, 1989) and the trapped sulfide
from each step (AVS and CRS) was analyzed upon dilution by
the methylene blue method (Cline, 1969). This method does not
allow a clear separation of greigite, Fe;S,, among the two
fractions. Greigite dissolves in the first step in hot HCl but
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disintegrates to mostly H,S and S°, of which the S° is included
in the second step. The greigite distribution may be ca. 2/3 in
the AV Sfraction and 1/3 in the CRS fraction (cf. Cornwell and
Morse, 1987). Elemental sulfur was extracted by acetone and
then reduced by 1M CrCl,, in 3N HCI under a continuous flow
of argon for 30 min at room temperature (Zhabina and Volkov,
1978). The evolved H,S was trapped in ZnAcetate and ana-
lyzed by the methylene blue method (Cline, 1969). Organic
sulfur was determined after the other extractions by complete
oxidation to sulfate by hot HNO; and KMnO, treatment, fol-
lowed by hot Br,-HNO;. The sulfate was reduced to sulfide
using Kiba Sn(11)-H;PO, reagent (Volkov and Zhabina, 1980)
and analyzed by the methylene blue method (Cline, 1969).

Ironin FeS and FeS, was determined following the two-step
Cr(Il) extraction described above. Reactive Fe(ll) and Fe(lll)
were subsequently determined after extraction by 3.5 N H,SO,
for 4 h at room temperature under a CO,, gas phase (Sokolov,
1980). For the determination of Fe(ll) by the dichromate
method, a 25-mL aliquot was mixed with 15 mL of Knopp
solution (150 mL conc H,SO, + 150 mL conc H;PO, in 1 L)
and titrated with 0.02 N K,Cr,O, using 0.5% sodium diphe-
nylaminsulfonate as an indicator. For the determination of
Fe(lll) by iodine titration, 5 mL 1 N HCl and 3 g KJ were
added. After 20 min in the dark, the solution was titrated by
0.02 N Na,S,0; using starch as an indicator.

The chemical data and process rates will be reported mostly
in molar units per sediment volume to facilitate recalculations
from concentration to vertical fluxes and areal pool sizes.

2.4. Stable Sulfur Isotopes

Sulfur isotope ratios, 3*S/*2S, were measured by combustion
isotope ratio mass spectrometry. Subsamples for §3*S were
taken from the same pore water samples as the subsamples for
analyses of SO2~ and H,S concentrations. Sulfide from pore
water samples and AVS and CRS from the two-step Cr(ll)
reduction were converted into silver sulfide precipitate. Sulfate
from pore water samples was trapped as barium sulfate. The
cleaned and dried precipitates were combusted in a Carlo Erba
EA1108 Elemental Analyzer coupled to a Finnigan MAT 252
mass spectrometer viaaFinnigan MAT Conflo Il split interface
(Bottcher et a., 2000). Isotope ratios are reported in the §-no-
tation (83*S) with respect to SO,-based Vienna Canyon Diablo
Troilite (V-CDT; Beaudoin et al., 1994) standard: §*'S =
[(ReampidRyv-cor) — —1] X 1000%0, where R = **S/**S, Rep-
licates of sulfur isotopic analyses agreed within =0.2%o. Inter-
national silver sulfide standards, IAEA-S-1 with 6%S =
—0.30%0 and IAEA-S-2 with §3*S = +21.54%0, were used for
calibration of the mass spectrometer.

2.5. Other Determinations

Porosities were determined at 2-5 cm depth intervals in
multicores and 20—40 cm depth intervals in gravity cores. The
porosities were calculated from weight-volume determinations
followed by drying at 105°C until constant weight and then
reweighing. These data were also used to recalculate solid-
phase constituents from units of sediment dry weight to units of
sediment volume.

2.6. Flux and Turn-over Calculations

Pore water profiles of sulfide were used to calcul ate rates of
net sulfide production or consumption by one-dimensional nu-
merical modeling. We applied the modeling software, PRO-
FILE, of Berg et a. (1998), which first divides the sediment
into an arbitrary number of equidistant zones, each with a
constant process rate, and provides an objective selection of the
simplest process rate distribution that optimally reproduces the
measured concentration profile. The criterion for optimal fit is
to minimize the sum of squared deviations (SSE) from the data
for each zone with different numbers of equally spaced zones.
The model provides F tests for different fits and suggests the
minimum number of zones that provide an optimal fit. The
model ensures continuity of fluxes between zones and thus
provides also fluxes of the solutes.

Boundary conditions were: zero H,S concentration and zero
H,S flux at the bottom of the H,S zone. Given the fast turn-over
of H,S (see below), we assumed that the concentration profiles
represent steady state and that vertical transport took place by
molecular diffusion only. Due to the absence of macrofaunain
the anoxic Black Sea, bioirrigation can be excluded. Process
rates were calculated in volume units of sediment per day
(nmol ecm™2 d~%). From the volumetric rates in defined depth
intervals, the areal rates under a square meter of seafloor were
calculated for that interval in units of mmol m=2d~%.

Rate and flux data for concurrent sulfate reduction and
methane oxidation in the same sediment cores were taken from
Jorgensen et al. (2001).

Diffusion coefficients (D) for pore water H,S and Fe** were
taken from Schulz (2000). For sulfide we assumed a mean
sediment pH of 7.5 (values measured directly in the H,S zone
during R/''V METEOR Cruise M51/4 were 7.1-7.9; M. E. Bot-
tcher, unpublished data). The dissociation distribution between
the two species, H,S and HS™, was thus 1:4. The diffusion
coefficient for SO3~ was taken from Iversen and Jgrgensen
(1993). All diffusion coefficients were recalculated to the in
situ temperature of 9°C and were: for H,S = 1.30 10~ ° and for
HS = 1.20 107° cm? s *, yidlding an effective diffusion
coefficient for H,S (H,S + HS™) = 1.22 107° cm? s~ %; for
Fe?t = 04310 °cm?s % for SO3~ = 0.66 107 ° cm? s %,

Sediment diffusion coefficients (D) were calculated using
the measured porosities (¢) and the empirica equation of
Iversen and Jergensen (1993):

Ds=D/(1+ 3(1 — ¢)). (1)

Vertical diffusion fluxes (J) of pore water solutes were
calculated according to:

J= —Dyp(dCldz) @)

where C is the solute concentration in the pore water and z is
the depth below the sediment surface.

2.7. Definitions and Database

Different approaches were applied to identify and quantify
processes. Sulfate reduction was measured experimentally by
the use of *°S-labeled sulfate (gross sulfate reduction), or was
modeled from the pore water gradients of dissolved sulfate (net
sulfate reduction). Because sulfate reduction leads quantite-
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Fig. 2. Station 7 at 1176 m water depth. The main stratigraphic sequences are indicated and related to the distribution of
organic carbon and carbonate (both as percent of the total dry weight of the sediment).

tively to H,S, also the net H,S production based on modeling
of pore water H,S gradients is a measure of sulfate reduction.
It should be noted that there are important differences between
these rates, which will be evident from the present Black Sea
data:

A) The directly measured gross sulfate reduction rate comes
closest to the total rate of sulfate reduction in the sediment.
The 3°S method is not free of artifacts, such as rapid reoxi-
dation of H,S near the sediment surface during incubation,
but such artifacts should be insignificant in the highly reduc-
ing and sulfidic Black Sea sediments.

B) The modeled net sulfate reduction rate represents the gross
sulfate reduction rate minus the (long-term) rate of reoxida-
tion of reduced sulfur species back to sulfate within the
modeled depth interval.

C) The modeled net H,S production rate is a measure of the
gross sulfate reduction minus the reoxidation of sulfide and
minus the H,S loss by precipitation of metal sulfides or
sulfidization of organic matter within the modeled depth
interval.

All data presented graphically in this paper will become
available in the international geoscience database, PANGAEA,
and can be accessed via the internet (www.pangaea.de).

3. RESULTS
3.1. Sediment Stratigraphy

The gtratigraphic record of the Black Sea sediments is best
preserved at the deep stations where anoxic conditions have
prevented bioturbation over the last 7500 yr and have | eft finely
laminated deposits. Station 7, which will be described first

because it has the most pronounced stratigraphy, was situated at
the lower part of the slope and was clearly affected by several
turbidites in the past. Station 6 at the top of the slope, yet still
in the sulfidic region, apparently had a continuous sedimenta-
tion record unaffected by turbidites. The shallower stations at
the shelf break showed indications of anoxic deposition in the
upper 20—30 cm but did not have an undisturbed sedimenta-
tion.

Sation 7 (1176 m, Fig. 2). A 3-cm-thick layer of grayish
fluff covered the more consolidated sediment. The surface
deposit was a very soft, grayish-brown, finely laminated coc-
colith ooze with an organic carbon content of 5-7%, which is
within the range of sapropelic sediments. The TIC corre-
sponded to 40-50% CaCO,, which is at the high end for
modern Black Sea sediments (Muller and Stoffers, 1974). This
ca. 50-cm-thick Unit | layer changed gradually into a darker
brown to olive sapropel which below 100 cm had ca. 20% C,,
and 10% CaCO,. The sapropel had an elastic texture and was
homogeneous and finely laminated but without the fine white
bands of coccoliths found in Unit |. The Unit lla-I1b transition
was very sharp, from almost black sapropel to gray clay with-
out lamination, and marks the onset of anoxiain the deep Black
Sea ~7500 yr ago. The organic carbon content dropped from
18% to 6% over an interval of only 1.5 cm at 145 cm depth.
Coccoliths originating from Emiliania huxleyi were found by
scanning electron microscopy down to 153 cm depth, i.e., 8 cm
deeper than the sapropel (Luischen, 1998). This probably marks
the time when the salinity of the upper water column had
reached 11, which is the minimum required for the growth of
this plankton species (Bukry, 1974).

The underlying Unit [1b may represent a period when Med-
iterranean seawater had started to enter the Black Sea ~9800 yr
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Fig. 3. Station 6 at 396 m water depth. The main stratigraphic sequences are indicated and related to the distribution of

organic carbon and carbonate.

ago. The transition between Ilb and 111 is set at 215 cm but
could potentially be at 340 cm and still requires confirmation
by more accurate dating. The enhanced organic deposition may
indicate that this inflow was bringing nutrient-rich deep water
up into the photic zone and stimulating the primary productiv-
ity. Thus, in Unit I1b the organic carbon content was much
higher, 3—4%, than it had been during the earlier limnic period.
The organic carbon and, in particular, the CaCO; content
increased up through the limnic period. The upper limnic layer
(215-340 cm) had only dlightly elevated organic carbon con-
tent of 0.8% relative to the underlying limnic deposit with 0.5%
Corg- The upper part of Unit Il was characterized by highly
varying (2-72%) carbonate content and was probably affected
by turbidites during the latest limnic period. Highly resolved
depth profiles of solid-phase trace elements normalized to
auminum (e.g., Zr/Al, Si/Al, and Ti/Al) support the occurrence
of turbidites in Unit 111 above 400 cm depth but indicated no
turbidites in Unit 1l or | (Liischen, 1998). The limnic deposits
generally have CaCO; concentrations of 10—40% (Muller and
Stoffers, 1974). The 400 cm depth marks a modern sulfidiza-
tion front caused by a progressing marine diagenetic alteration
with precipitation of authigenic carbonate and of iron sulfide
due to downward diffusion of H,S. From ~400 cm and deeper,
the limnic sediment was diagenetically unaltered. Below 450
cm the color was light brown. The recovered sediment core
from below 400 cm had fine cracks due to overpressure of
dissolved methane gas.

Calvert and Fontugne (1987) and Arthur and Dean (1998)
found that the deep limnic deposits mostly consist of terrestrial
material. Scanning electron microscopy of the abundant CaCO,
in Unit Il and 111 of the present cores showed authigenic and
strongly weathered carbonates (Liischen, 1998). The high ter-
restrial input during the limnic stage resulted in high sedimen-

tation rates of perhaps 0.6 mmyr—* (Liischen, 1998). The sharp
onset of sapropel formation at =145 cm depth can be used to
calculate an average sediment accumulation rate for the last
7500 yr of the anoxic marine period: 0.19 mm yr~%. This is
close to the estimate by Jones and Gagnon (1994) of 0.2 mm
yr~*for Unit 1 +11. According to Calvert and Karlin (1998) and
Hay (1988), Unit | had about twice as high sedimentation rate
as Unit I1. However, the Unit /11 transition is not sharp in this
core and its dating therefore not accurate.

Sation 6 (396 m, Fig. 3). Relative to Station 7, the sediment
of Station 6 had a more uniform stratigraphy. Down to 50 cm
the laminated coccolith ooze had an organic carbon content of
5% and a carbonate concentration exceeding 50% just below
the 2-cm-thick fluffy surface layer. The underlying sapropel
(Unit 11a), which had a peak organic carbon content of 20%,
ended at 130 cm depth. At 120—140 cm depth the sediment was
light-gray and had distinct lamination with fine white bands of
carbonate similar to the coccolith ooze at the surface. Again,
the onset of coccolith deposition at 140 cm depth presumably
marks the time when the salinity had reached 11. The brackish
to limnic sediment below had a uniformly low organic carbon
concentration decreasing with depth from 0.8% (Unit I1b) to
0.5% (Unit I11). Microscopy of preserved diatom frustrules
showed limnic species up to the IIb/111 transition (A. Kohly,
personal communication). Based on the Unit l1a/llb transition,
amean sedimentation rate of 0.17 mm yr—* was calculated for
the entire anoxic marine period.

Sation 5 (181 m, Fig. 4). This station had a rather hetero-
geneous surface sediment which in most multi-cores was finely
varved down to 20—30 cm. Here, just below the shelf break, the
sediment was apparently influenced by sediment transport from
the shelf caused by the strong peripheral cyclonal current in the
western Black Sea. There were many shells of the fresh water
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Fig. 4. Station 5 at 180 m and Station 4 at 130 m water depth. These stations are located just below and above the modern
oxic—anoxic interface, respectively. At Station 5, the 35-cm-deep sapropel can be clearly recognized, whereas at Station 4

the upper layers are more disturbed.

bivalve, Dreissena, in the upper 30—40 cm. Thisindicates that,
further up on the shelf, sediment erosion had exposed former
limnic deposits with subsequent transport of the shells. The
carbonate and organic carbon contents were high down to 35
cm depth, below which they dropped to low and constant
values. Thus, the marine sapropel-like sediment started from
the sediment surface, and the shift at 35 cm depth probably
represents the Unit 11/111 transition.

Sation 4 (130 m, Fig. 4). The surface sediment had no living
macrofauna due to the very low oxygen concentration of the
bottom water (<5 uM O,; Table 1) but only nematodes and
other meio- and microfauna (Wenzhofer et a., 2002). Empty
shells of the mussel Modiolus phaseolinus were abundant at the
surface, which partly explains the high and fluctuating CaCO,
content of up to 88% d. wt. Organic carbon was high, up to 3%,
in the upper 15 cm, below which it dropped abruptly and
remained around 0.6% down to 500 cm depth. Although the
surface layer had relatively high organic content, it was not a
typical sapropel and it had no varving.

3.2. Sulfur and Iron Geochemistry

The four stations, ranging from the oxic-anoxic shelf break
to the sulfidic deep sea, showed similar patterns of zonation in
sulfur geochemistry (Figs. 5-8). Sulfate reduction started at the
sediment—water interface and was the dominant mineralization
process down to the bottom of the sulfate zone (Weber et al.,
2001; Jargensen et a., 2001). Accordingly, sulfate decreased
right from the sediment surface and penetrated a few meter or
deeper subsurface to where methane accumulated. The methane
gradients are shown only up to a few mM concentration,
beyond which the methane escaped from the supersaturated
sediment because of bubble and crack formation after core

recovery. There was an unusually broad overlap between sul-
fate and methane at al stations. Yet, a diffusion-diagenesis
modeling of the sulfate and methane profiles consistently
showed an enhanced sulfate reduction in the zone of anaerobic
methane oxidation (see data in Jergensen et a., 2001).

The pore water H,S reached a peak of 500-900 uM at the
sulfate-methane interface, highest at the deeper stations where
a so the overlying seawater contained 100-300 uM H,S. It was
a striking observation that the H,S concentration dropped
steeply below the peak and reached zero at 250—-380 cm depth
where the H,S met an opposed diffusion gradient of dissolved
Fe?* (analyzed only at Stations 5 and 7). Obviously, the H,S s
effectively drawn down to a reaction zone where it is com-
pletely trapped by iron.

FeS (AVS) was present at rather low and uniform concen-
trations, <5 wmol cm™3, throughout most of the sediment.
However, the deep H,S-Fe?" interface coincided with a sharp
peak of FeS which was visible in al cores as a distinct black
band in the otherwise gray Unit Il sediment. Thus, the front of
downwards diffusing H,S caused a progressive sulfidization in
the limnic deposit and precipitated as an X-ray amorphous iron
sulfide. Above (i.e., behind) this progressing diffusion front, the
FeS was converted into (or replaced by) pyrite, which is the
more stable mineral phase.

The pyrite (CRS) concentration increased steeply with depth
below the sediment surface and was high and mostly variable
throughout most of the H,S zone. At several stations pyrite
reached a subsurface maximum in the sapropel layer at 30-50
cm depth. From ~0.5 m above the peak of the FeS band, pyrite
dropped steeply with depth to reach alow background concen-
tration of 2-5 wmol cm™= in the nonsulfidized limnic sediment
below the FeS band.
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Between the black FeS band and the light-gray pyrite zone
above, the sediments were visibly speckled with mm-size black
dots. These were sulfide-enriched microenvironments of hydro-
troilite or mackinawite precipitation embedding micronodules
of greigite (Fe;S,). Greigite is a magnetic iron—sulfur mineral
and, accordingly, the gray micronodules could be extracted
from the sediment with a simple magnet. Their identity was
confirmed by X-ray diffraction analysis and by scanning of the
magnetic susceptibility in an intact gravity core from Station 7
(Neretin et al., submitted). Distinct peaks of magnetic suscep-
tibility were observed in the sediment core at the depth of
greigite occurrence (Neretin et al., submitted). The peaks
reached a magnetic susceptibility of 9800 10~ ° S| at 340 cm
depth over a background of ca. 100 10~ Sl in the rest of the
core. In the deeper limnic sediment, the FeS and FeS, concen-

trations were low and uniform and FeS was the predominant
iron—sulfur mineral.

3.3. Sulfur Isotopes

The isotopic compositions of H,S and SO3~ in the pore
water are also shown in Figures 5-8 (8%*S of H,S available
only for Stations 6 and 7). The 83*S of both species increased
steeply with depth with near-linear and parallel or converging
gradients. In the sulfidic bottom water of the Black Sea, sulfate
had an isotopic composition of +21%. and H,S of —38%o, i.e.,
aA3'S = 59%o.

At Station 6 (Fig. 7), in the sapropel layer starting at 50 cm
depth, the difference between the two species had increased to
A**S = 65%o (from —31%o in H,S to +34%. in SO37). The
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Fig. 6. Station 5, sulfur geochemistry (see legend of Fig. 5).

8*S of H,S at Station 6 continued to increase down through
the H,S peak and reached +18%o at 285 cm, at a depth where
H,S was no longer produced due to the absence of sulfate but
diffused downward and precipitated in the black FeS band,
which had a similar §*S of +16 to 18%.. The pyrite in the
sapropel layer near the sediment surface was highly depleted in
343 (8%*S = —36.5%0), which is typical for surface sediments
of the Black Sea (Lyons, 1997). This pyrite was probably
deposited from the water column or formed in the uppermost
sediment layer by precipitation of ambient pore water H,S
which had a §3*S of —30 to —40%o (Neretin et al., 1998a). In
the deposits below 140 cm depth, where the marine sulfidiza-
tion front had penetrated down into formerly limnic sediment,
the pyrite was extremely heavy, around +20%o.

At Station 7, the isotopic difference in the sapropel layer at
50 cm depth was even larger than at Station 6, from —26%o. in
H,S to +43%0 in SOZ7, i.e, A®S = 69%. (Fig. 8). The

S03~-H.S difference even increased with depth to reach A**S
= T7%0 (—4%0 to +73%0) a 310 cm. This is an extreme
enrichment for sulfate, considering that 20% of the surface
concentration was still remaining, and indicates that the isoto-
pic fractionation was unusually high. Near the sediment sur-
face, the pyrite had a §3'S near —40%., similar to the water
column H,S. Its isotopic composition fluctuated more with
depth than at Station 6 and was around 0%o, sSimilar to FeS, at
the diagenetic front around 400 cm. A more highly resolved
analysis of 8**Sin AVS, FeS,, and S° for a parallel core from
Station 7 is presented in Neretin et al. (submitted).

At the shallow Station 4 the §*S of pore water sulfate
similarly increased with depth to reach +47%. a 150 cm,
whereas at Station 5 it increased to +60%o at 170 cm. The §3*S
gradients of pyrite and FeS were less extreme at Stations 4 and
5, yet the heaviest solid-phase sulfur was found at these sta-
tions, up to +24%. for FeS and +30%o. for FeS, (Figs. 5 and 6).
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lower right frame.

The fluctuating or positive §%*S values for pyrite in the upper
100 cm at Stations 4 and 5 may be due to transport and
redeposition of shelf sediment, thereby mixing formerly limnic
and modern marine sediment, as also indicated by the presence
of shells of freshwater bivalves here at the shelf break. It was
characteristic for all stations that AVS and CRS had similar
isotopic compositions just above the diagenetic front. Below
this diagenetic front, where the limnic sediment was unaffected
by a later marine overprinting, the 8**S of both FeS and FeS,
was lower at all stations with values around 0%.. This value is
typical for lake sediments in which sulfate reduction is diffu-
sion limited and there is consequently little net fractionation
between lake water sulfate and sediment sulfides (Nriagu and
Soon, 1985).

3.4. H,S Dynamics

The net production and consumption rates of H,S throughout
the sulfide zone were calculated by modeling of the H,S
profiles. As examples, the resultsfor Stations 5 and 6 are shown
in Figure 9. The H,S data are noisy, especially near the sedi-
ment surface where a linear interpolation was made to the
accurately known H,S concentration in the overlying water.
Despite this noise, the depth-integrated rates calculated by the
model are robust in the sense that they are governed by the flux
upward to the sediment surface, the flux downward to the
H,S-Fe?* interface, and the net production in between which
balances these two fluxes. The model isinternally consistent in
that net production balances consumption and diffusion losses.
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In Figure 9, the rates of net sulfate reduction are shown as
calculated by similar modeling of the sulfate curves (data from
Jorgensen et a., 2001). Highest sulfate reduction rates of
around 0.15 nmol cm~3 d~* were found at the depth of the
sulfate-methane transition, where aso the highest rates of net
H,S production occurred. The difference between the net sul-
fate reduction and the net H,S production shows which fraction
of the produced H,S was trapped within the sulfide zone,
mostly by pyrite formation. A smaller fraction may have been
incorporated into the organic sulfur or elemental sulfur pools
(see below).

The H,S diffusing upward was lost to the overlying water
column, and therefore only the flux was calculated from the
model. The H,S diffusing downward reacted with iron in a

defined horizon, and this consumption rate could be modeled
from the H,S curve (negative rates in Fig. 9).

3.5. Iron and Sulfur Speciation

The depth distributions of solid-phase sulfur and iron species
in the sediment showed similar trends at all stations and are
shown only for Station 6 down to 850 cm depth in Figure 10.
The left panel shows that the available iron had mostly reacted
with sulfur above the sulfidization front down to 380 cm. In the
marine to brackish deposits, which include the upper 200 cm
(cf. Fig. 3), pyrite was the dominant sulfur—iron species. At
300-350 cm, the large pool of metastable FeS comprised 50%
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of the total iron. In the limnic sediment below, most of theiron
was present as non-sulfur-bound Fe(l1+111).

Pyrite was the main sulfur pool above the diagenetic front
(Fig. 10, right panel). In the sapropel, 70—90% of the sulfur was
bound as pyrite whereas the rest occurred as organic sulfur.
Also in the sulfidized limnic sediment, just above the black FeS
band, pyrite dominated with smaller contributions from FeS
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Fig. 10. Iron—sulfur geochemistry of sediment from Station 6. Left:
Relative distributions of iron in three main pools of FeS, FeS,, and
reactive iron (i.e., non—sulfur-bound Fe(l1) and Fe(l11)). Right: Relative
distributions of sulfur in the pools of FeS, FeS,, S°, and S,

and elemental sulfur. At the sulfidization front, 60% of all the
sulfur was bound as amorphous FeS and only little had reacted
further to pyrite. In the limnic sediment with low sulfur content,
FeS and FeS, comprised around 40% each, whereas S° and
organic sulfur accounted for around 10% each.

4. DISCUSSION

4.1. Dynamics of Sulfate and H,S

In the following, the dynamic sulfur cycle in the Black Sea
sediments is discussed with the aim to understand how open
system diffusion and deep sources of methane and iron affect
the distribution of sulfur species, their mass balance, and their
isotopic signals.

4.1.1. Sulfate Penetration Depth

The depth distributions of SO3~ and H.S result from the
modern balance of sulfate reduction rates and sulfide sinks and
from the diffusion fluxes of these pore water species. Their
gradients vary on a much shorter time scale than the deposi-
tiona history of the surrounding sediment. As the following
calculationswill show, the depth of sulfate penetration has been
continuously regulated by the sulfate concentration in the Black
Sea water throughout the Holocene and by the upward flux of
methane. The H,S distribution is, in addition to these two
factors, regulated by its immobilization by iron and incorpora-
tion into solid-phase pools (FeS, FeS,, S°, organic S). As an
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Table 2. Dynamics of H,S at its peak concentration

Station 4 Station 5 Station 6 Station 7

No. Parameter (130m) (181 m) (396 m) (1176 m)
1. Depth of H,S peak 160cm 195cm 210cm 190 cm
2. SRR (nmolcm3d™Y) 0158 0145 0157  0.057
3. Porosity 0.58 0.55 0.70 0.68
4. SRR (uM d™h) 0.298 0.274 0.224 0.084
5. H,S conc. (uM) 480 540 980 760
6. Turnover timeof H,S  4yr 5yr 12 yr 25 yr

SRR = sulfate reduction rate.

example, the dynamics of SO3~ and H,S are in the following
calculated for Station 6. Results from all stations are summa-
rized in Tables 2 and 3.

More than half of the entire sulfate reduction in the anoxic
Black Sea sediments takes place in the uppermost 0—10 cm
(Jergensen et a., 2001). Yet, we suggest that it is the deep
sulfate reduction, in particular at the sulfate-methane transi-
tion, which is the most important for the depth of sulfate
penetration and for the quasi-linear shape of the sulfate profiles.
In that case, the sulfate penetration depth, Z ;4o Can be
estimated from the rate of sulfate reduction in the sulfate—
methane transition and from the sulfate concentration, C,, at
the sediment-water interface. The approximated flux, J, of
sulfate to the sulfate-methane transition is:

J= (PDS(CD - C%)/Zsulfale (3)

where the flux is equivalent to the areal rate of sulfate reduction
in the transition zone, and where the mean sulfate diffusion
coefficient, D, as calculated from Egn. 1, is 0.35 10~° cm?
s~ 1. The sulfate concentration, C,., at the lower boundary is
Z€ero, so that:

J= eDLCo/Zgitater or 4

Zsulfate = ‘PDSC()/‘]- (5)

For Station 6, C, was 17.2 mM (=17.2 umol cm™3), the
modeled rate of sulfate reduction rate (SRR) in the whole
sulfate-methane zone was 0.133 mmol m~2d~* (=1.54 10~
wmol cm~2 s~ 1), and the mean porosity was 0.7. Accordingly,
the sulfate penetration depth should be: Z 4. = (0.7 0.35
107°17.2)/(1.54 10~ ") = 280 cm. The actual penetration depth
is 250—300 cm (Fig. 7). This simple comparison shows that the
deep methane-driven sulfate reduction is the most important in
governing the depth of sulfate penetration today.

4.1.2. Sulfate Dynamics

In accordance with Egn. 5, the depth of the sulfate zone
varies roughly in proportion to the sulfate concentration at the
sediment surface and, with approximation, in inverse propor-
tion to the upward methane flux. The sulfate concentration has
expectedly changed during the Holocene with changing salinity
in the deep Black Sea. The methane flux, we presume, has been
rather constant or decreased slowly over time, as the methane
originates from carbon degradation in old Pleistocene deposits
unaffected by Holocene changes. Sodium chloride and other
sea water ions started to penetrate into these deposits after the

opening of the Bosporus (Jargensen et al., 2001), and this must
have forced the microbial populations to change from freshwa-
ter to marine strains. Y et, methanogenesis must have remained
the terminal mineralization process below the sulfate zone and
its rate remained a function of organic matter reactivity. Only
in the uppermost meters of the Pleistocene sediment did min-
eralization shift to sulfate reduction.

The characteristic time, t, required for adjustment of the
sulfate gradient when either of these key parameters changed in
the past depends on the diffusion time of sulfate from the
sediment surface to the depth of sulfate penetration, Zg e
This time can be calculated from the Einstein-Smoluchowski
relation: t = L%2D, (where L is the standard deviation by
diffusion in a normal distribution of diffusion distances). The
time can aso be calculated from the modified relation (Sten-
Knudsen, 1995): t = mL.?/4D, (where L is the mean deviation
by diffusion). The depth of the sulfate zone at Station 6 was ca.
280 cm and the mean diffusion time is, accordingly, t =
(7280%)/(4 - 0.35 107 %) = 2.0 10'° s = 560 yr. A change in
sulfate concentration of the bottom water in the Black Sea will
consequently lead to an adjustment of the entire sulfate zone
within ~500 yr, which is a short period relative to the salinity
development of the Black Sea during the Holocene. The main
salinity increase in the water column may have taken place over
the first 2000—3000 yr after the opening of the Bosporus and
may subsequently have been rather constant over the last ca.
7000 yr. Thus, it islikely that the depth of the sulfate—-methane
interface has also been rather stable, balanced in quasi-steady-
state between the fluxes of methane and sulfate.

4.1.3. H,S Dynamics

The H,S in the pore water varies on a much shorter time
scale than sulfate because it is in a dynamic equilibrium be-
tween its production from sulfate reduction and its removal by
immobilization and diffusion loss. The peak of H,S concentra-
tion at Station 6 was reached within the sulfate-methane tran-
sition at a depth of 210 cm (Fig. 7, Table 2 (1); numbers in
italics refer to the line number in Table 2). The rate of sulfate
reduction (and thus the gross rate of H,S production) at the
sulfate-methane transition can be calculated from diffusion-
diagenesis modeling of the pore water sulfate gradient. The
highest rate of sulfate reduction (SRR) occurred at 200—260 cm
and was 0.157 nmol cm™2 d™* (Fig. 9, Table 2 (2)). By a
porosity of 0.70 (3), this corresponds to arate of (0.157/0.70=)
0.224 uM SO3~ d™* (4) when calculated on a pore water basis.
As the peak H,S concentration was 980 uM (5), the turn-over
time of H,S is (980/0.224=) 4400 d or 12 yr (6). Thus, the
entire pool of H,S deep in the sediment is renewed within 12
yr. Accordingly, the entire pore water profile of H,Swill adjust
within less than a decade to any changes in its production or
removal.

Similar calculations made for the other stations provide
similar results (Table 2). At the shallower stations, the depth of
sulfate penetration was shallower (Figs. 5 and 6), the sulfate
gradients were steeper, and the diffusion dynamics were cor-
respondingly faster. At the deep Station 7, the bottom of the
sulfate zone was not reached by the gravity corer.

In conclusion, the turn-over time of H,S at peak concentra-
tion in the pore water (6) increased with water depth from 4 yr
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Table 3. Budgets for methane-driven H,S production and fluxes.
Process rates or fluxes are all in units of mmol m~2d~* (if not in %,
as indicated).

Station 4 Station 5 Station 6 Station 7

No. Parameter (130 m) (181 m) (396 m) (1176 m)

1. SRR in CH, oxidation 0111 0116 0133  0.110
zone?

2. Net H,S prod. in CH, 0029 0035 0049 0.047
zone

3. Net H,S prod., % of 26% 30% 36% 42%
SRR

4. H,S flux up to surface 0.008 0.008  0.017 0.023

5. H,Sflux downto Fe?*  0.021 0027 0032 0.024

6

. Loss of H,Sin CH, 0.082 0.081 0.084 0.063
oxid. zone
7. Total SRR in whole 0.65 1.43 0.74 0.73
sulfate zone*

8. H,S flux down, % of 3.2% 1.9% 4.3% 3.3%
Total SRR

9. CH, oxidation® 0.113 0.097 0.083 0.048

10. H,S flux down, % of 19% 28% 39% 50%
CH, oxid.

11. H,S flux down, % of 7% 24% 15% 10%
S0O32~ flux

@ Data from Jgrgensen et al. (2001).

at Station 4 to 25 yr at Station 7. Thus, the H,S pool is
extremely dynamic, much more than the vast pool of H,Sin the
water column which has an estimated turn-over time of 90—150
yr (Skopintsev, 1975; Neretin et al., 2001) or even longer, 890
yr according to Albert et a. (1995).

4.2. Budgets for Methane-driven H,S Production

Similar to the driving force for the sulfate gradient, the flux
of H,S up toward the sediment surface is to a large extent
governed by methane-driven sulfate reduction deep within the
sediment. To compare the process rates and fluxes of the
combined SO3~-H,S-CH,, system, mass balance calculations
are made in the following, with Station 6 again serving as the
example. Results for all four stations are compiled in Table 3.

At Station 6, the zone with enhanced sulfate reduction rates,
primarily fueled by methane, extended over the depth interval
of 195-325 cm, i.e., over a 130-cm-thick sediment zone (Figs.
7 and 9). (The entire sulfate—-methane interface started already
at 120 cm depth, yet the upper 75 cm of the methane zone had
only a moderate effect on the sulfate gradient). The depth-
integrated net sulfate reduction within this 130-cm interval,
0.133 mmol m~2d~* (Table 3, (1)), was calcul ated for the two
rate intervals between 195 and 325 cm from the product of rates
in nmol cm~2 d~* and depth interval in cm, thus providing
areal ratesin nmol cm~2 d~* which can be converted to mmol
m~2 d~* by dividing by 100. Out of those 0.133 mmol m~2
d~* of H,S formed, A) some diffused up toward the sediment
surface, B) some diffused down toward the hydrotroilite band
at the H,S-Fe*" interface, and C) some was trapped within the
interval by precipitation with iron, or by immobilization as
elemental or organic sulfur. The net H,S production as modeled
from the H,S profile was 0.049 mmol m~2d~* (2) or 36% (3)
of the net sulfate reduction in the sulfate-methane transition.
The upward diffusion was 0.017 mmol m~2 d~* (4) or 13% of

the net sulfate reduction. The downward diffusion was 0.032
mmol H,S m~2 d~* (5) or 24%, which leaves (0.133-0.017—
0.032=) 0.084 mmol H,Sm~2d~* (6) or 64% for reaction and
precipitation within the depth interval. The (0.017+0.032=)
0.049 mmol m~2 d~* of H.,S, which diffused away from the
H,S peak, corresponds to the modeled net production of H,S
within the sulfate-methane transition (Table 3 (2)). Thus, the
H,S model is internally consistent. The calculated relative
alocations of H,S are also robust because they are based on
simple pore water profiles using the same diffusional transport
modeling for both SO2~ and H.S.

The results are surprising in several ways. They show that
the H,S diffusing up to the sediment surface and into the water
column from deeper sediment layers is a very small fraction,
13%, of the H,S production down there. Twice as much of the
deep H,S production, 24%, is drawn downward to be immo-
bilized by iron at the diagenetic front. Nearly two-thirds, 64%,
of al the H,S produced at the sulfate-methane interface is
trapped within that zone. A similarly high fraction of internal
sulfide trapping and reoxidation, 34% to 80%, was calculated
for sapropels of the eastern Mediterranean (Passier et ., 1999).

It is important to note that a modeling of the H,S profile
shows the dynamics of only those 36% of the produced H,S
which did not become immobilized within the boundaries of
the H,S zone (therefore the term “net H,S production”). The
immobilization was mainly due to reaction with iron and partial
or complete reoxidation of the sulfide. Accordingly, the origi-
nally deposited resctive Fe(lll) within the limnic sediment
down to 350 cm had been mostly reduced by H,S and bound in
FeS or FeS,. Below that depth, however, the reactive iron
concentration was still high, 1.1-1.5% d.w. (Neretin et a.,
submitted), and much of it occurred as Fe(l11). This shows that
the reactive iron pool had remained unreacted in the limnic
deposit for several tens of thousands of years until it was
attacked and reduced by the downwards progressing H,S front.

All these calculations comprise only sulfate reduction within
the sulfate—methane transition. The total sulfate reduction rate
(total SRR) from the sediment surface to the bottom of the
sulfate zone was found by adding experimentally measured
rates in the upper 15 cm and modeled rates below 15 cm. At
Station 6 the total SRR was 0.74 mmol m~2d~* (Table 3 (7)).
Thus, the downward flux of H,S, which leads to the distinct
iron sulfide band below 300 cm, comprises a H,S loss of only
4.3% (8) of the entire H,S production. Y et, this relatively small
loss has profound consequences for the sulfur mass balance of
the sediment and for its sulfur isotope geochemistry. The H,S
is amost entirely derived from methane-driven sulfate reduc-
tion which was 0.083 mmol m~2 d~* (9), as calculated from
the modeled rate of methane oxidation (Jergensen et a., 2001).
When calculated relative to the methane-driven H,S production
alone, however, the downward flux comprised a large fraction,
39% (10). When compared to the sulfate flux across the sedi-
ment-water interface (datafrom Table 3 (4) in Jorgensen et al.,
2001), the deep H,S sink comprised 15% (Table 3 (11)).

A comparison of such data for the four Black Sea stations
shows clear trends from the shelf edge to the deep sea (Table
3). With increasing water depth, the net H,S production com-
prised an increasing fraction of the net sulfate reduction in the
methane—sulfate transition zone, from 26% to 42% (Table 3
(3)). The H,S flux up toward the sediment surface increased
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with depth (4), whereas the flux down toward the black FeS
band was more constant (5) and comprised between 1.9% and
4.3% of the total sulfate reduction in the sediment (8). Com-
pared to the methane-driven sulfate reduction (9), however, the
downward H_,S flux increased in importance from 19% at the
shelf break to 50% in the deep basin (10).

4.3. Dynamics of FeS and FeS,

The black band of hydrotroilite at severa meters sediment
depth was a distinct geochemical feature at all four stations
investigated. As shown in the following, this narrow zone of
FeS precipitation at the interface between counter-diffusing
H,S and Fe** must have formed during a period in the late
Holocene where the diffusion front was moving only very
slowly. To understand the dynamics and rate of hydrotroilite
and pyrite formation, data from Station 6 are again used as an
example.

4.3.1. Pyrite Formation

The rate of pyrite formation within the sulfate-methane
transition will first be calculated. The sediment below 200 cm
depth, which represents deposits from the freshwater period,
has been penetrated by sulfate and other seawater ions during
the Holocene. The diffusion front, which has left behind
(above) it a typical marine sulfur geochemistry, is presumably
still today progressing into the limnic sediment and slowly
pushing down the two opposing diffusion fronts of SO3~-CH,,
and H,S-Fe**. The iron-sulfide minerals are currently being
added to a small background of pyrite which formed during the
sulfur-limited limnic stage, >9800 yr ago. To calculate only
the FeS, formed during the later marine period, the small
limnic background of ca. 5 umol FeS,-S cm™3 is, therefore,
first subtracted. The marine pyrite pool, which has formed
within the present-day sulfate-methane interface, increases
with depth down through the diagenetically altered, l[imnic Unit
11l (Figs. 3 and 7) and averages 92 wmol S cm™3. For the
130-cm-thick zone, this amounts to 130 X 92 = 11,900 umol
Scm~2 = 119,000 mmol S m~2. Given atotal H,S immobi-
lization rate within this zone of 0.084 mmol m~—2d~* (Table 3
(6)), the minimum time, T, required to build up the pyrite
pool at the present-day rate can be calculated:

Tmin = 119,000 mmol m~%/0.084 mmol H,Sm 2d?
= 1.42 10° days = 3900 years (6)

Thus, if al the H,S immobilized within the sulfate-methane
interface had been used to form pyrite, the present pyrite pool
should at steady state have taken ~3900 yr to form. Because
pyrite was by far the dominant form of solid-phase sulfur
forming postdepositionally within that depth interval, this es-
timate should be redlistic.

4.3.2. FeSFormation

A similar calculation can be made for the sharply bounded,
black FeS layer which at Station 6 occurred below the pyrite
zone at 310-360 cm depth (Fig. 7). Within this 50-cm-thick
zone, the mean FeS concentration was 71 wmol S cm™2, Pyrite
is here less important and not much above the limnic back-

ground throughout most of the interval. The total FeS pool is
thus 50 X 71 = 3540 uwmol cm™2 or 35,400 mmol m™2,
Because the FeS zone is situated below the sulfate zone, there
is no dissmilatory H,S production within the layer and the
supply of H,S for its formation comes exclusively from H,S
diffusing downward from the H,S peak. The maximum bel ow-
pesk gradient of H,Sis 7.1 uM cm™* and the sediment diffu-
sion coefficient of H,S is, Dy = 0.65 107° cm? s™*. The
downward diffusion flux of H,S into the FeS zone is thus:

J(H2Siown) = ¢DdC/dz = 0.70 X 0.65 10~°
X 7.1nmol cm2s™t (7)

If this H,S flux supplied all sulfide for the FeS band, then the
time, T, required to transfer the corresponding amount of
sulfide can be calculated from the FeS pool size divided by the
H.,S flux:

T = 35,400 mmol m~%/0.032 mmol m~2d™* = 1.11 10° days
= 3030 years (8)

The time required to form the FeS band is thus of similar
magnitude as the formation time of the pyrite pool. For the
shallower Stations 4 and 5, similar calculations yielded shorter
formation times of the FeS pool of around 1500 yr, whereas at
Station 7 it was 2700 yr (data not shown).

Marine sedimentation has continued in the euxinic Black Sea
basin during these several thousand years of FeS and FeS,
formation. The mean sedimentation rate over the entire marine
period of 9800 yr was 16 cm/1000 yr. Within the last 3000 yr,
the sediment surface has thus moved up by ca. 50 cm (cf. Fig.
3), which is little relative to the present depth of the sulfate
zone of 280 cm. Consequently, even small changes in salinity
and sulfate concentration of the Black Sea water may have
played a larger role for the depth of sulfate penetration, and
thus for the depth of the black FeS band, than the accretion of
50 cm sediment (cf. Egn. 4).

The top 50 cm of sediment corresponds to the thickness of
Unit | (Fig. 3). The Unit I/l transition marks the (re-)introduc-
tion of coccolithophorids in the Black Sea and, thus, about
3000 yr of sedimentation according to the stratigraphic chro-
nology (Hay et al., 1991). It is not possible to conclude whether
the position of the narrow (<20 cm thick) H,S-Fe*" interface
has moved up or down during the ca. 3000 yr while it formed
a 50-cm-thick FeS band. However, since the dominant cocco-
lithophorid, Emiliania huxleyi, does not grow at salinities be-
low 11 (Bukry, 1974), the salinity should have exceeded this
threshold which is 60% of the present surface water salinity. It
may thus be assumed that aso the sulfate concentration in the
Black Seawas >60% of the present level over the last 3000 yr.
If the sulfate concentration in the Black Sea has thus been
relatively constant for several thousand years, a so the depth of
the sulfate zone has expectedly been relatively constant, be-
cause it is governed primarily by the methane flux and not by
sulfate reduction near the sediment surface. The methane
comes from deeper sourcesin thelimnic sediment, at >300 cm,
and itsflux from below is not likely to be affected by short-term
changes above that depth. In conclusion, it is quite plausible
that the H,S-Fe*" interface has persisted around its present



2110 B. B. Jorgensen et a.

depth long enough to build up the observed FeS band at the
calculated rate.

4.3.3. H,SFe?" Counter-diffusion

If the black FeS band had formed exclusively by counter-
diffusing H,S and Fe**, the Fe?" gradient required to stoichio-
metrically balance the H,S flux at steady state can be calcu-
lated. We assume the simple precipitation:

H,S + F&* — FeS + 2H" ©

Equal fluxes downward of H,S and upward of Fe** require
that:

JH,S) = JFe) or
Dy(H,S)/dz = Dy(Fe**)d[Fe?*]/dz (10)
By rearranging, the pore water gradient of Fe** should be:
d[Fe?*]/dz = d[H,S]/dz* D(H,S)/D(Fe*") (11)

where d[H,S]/dzis9.8 uM cm™* and D(H,S) and D(Fe**) are
1.2210"°cm?s *and 0.43 10~ ° cm? s~ %, respectively, at 9°C
(Schulz, 2000). Their ratio is presumably independent of the
porosity. The required maximum Fe?* gradient is then 28 uM
cm™ L,

The Fe** gradient was measured only at Stations 5 and 7
where it was much lower than the equivalent H,S gradient, 1-2
uM em™* for Fe** vs. 7-10 uM cm™* for H,S. Fe** diffusion
thus appears to supply only a fraction of the iron required for
FeS precipitation (Figs. 6 and 8). However, the data comprise
only the very top of the Fe*" zone and the extension of the
gradient at depth is therefore poorly constrained.

The depth distribution of solid-phase iron in the limnic
sediment provided independent evidence that only part of the
iron for FeS formation in the black band was supplied by
diffusion of Fe** from below. Both the total iron and the
reactive iron remained rather constant with depth below 200
cm, and there was no distinct iron peak at around 300 cm depth,
which could indicate that the Fe*" flux caused a major accu-
mulation of iron in the black band (Lischen, 1998; data not
shown). Based on the solid-phase pools aone, al the FeS
could, in principle, have been derived from the available iron
pool within the same depth interval. The progressing H,S front
is thus partly governed by slow dissolution-reduction of iron at
the front and partly by dissolved iron diffusing up from the
deeper limnic sediment. The Fe*™ diffusion flux retards the pro-
gression of the diagenetic front but does not entirely contral it.

Calculations of the AVS and pyrite dynamics for the other
three stations provided rather similar results.

Below the H,S zone at Station 7 we also observed a pore
water gradient of Mn?" which, however, was only 15% of the
Fe?* gradient and therefore had only aminor potential role for
sulfide immobilization. (M. E. Bottcher, unpublished data).

The FeS accumulation within a single black band was con-
sistent in al the cores studied here. In other parts of the Black
Sea, however, the band is split up into several or many layers
(Berner, 1974; Arthur and Dean, 1998). These were described
as Liesegang bands by Berner (1969), who made experiments
and subsequently made model calculations based on different

scenarios of high vs. low sulfide and iron. The zonation ob-
served here corresponds to his “intermediate” situation of
counter-diffusing H,S and Fe?* by which distinct FeS bands
are formed.

4.4, Sulfur Mass Balance

A mass balance of the modern sulfur cycle in Black Sea
sediments will be calculated for Station 6 as an example. The
rate of sulfur accumulation in the sediment can be estimated
from the three main mechanisms of immobilization: 1) The
deposition of sulfur and the recent accumulation of authigenic
pyrite in the surface sediment; 2) the sulfidization of former
limnic sediment in the zone of high H,S above the FeS band;
3) the downward flux of H,S and formation of an FeS band
where the opposed diffusion gradients of H.,S and Fe** mest.

1) Pyrite in the upper 30 cm of modern coccolith ooze at
Station 6 builds up steeply below the sediment surface to a
mean concentration of 60 wmol FeS,-S cm~3 (Fig. 7). This
corresponds to 85% of thetotal sulfur in that layer, whichis
thus 70 wmol S cm™3, the remaining sulfur being organi-
caly bound (Fig. 10). The mean sedimentation rate at
Station 6 during the marine stage of Unit I1+11 was 0.17 mm
yr—*, and the rate of sulfur accumulation isthus 70 X 0.017
= 1.19 wmol cm~ 2 yr~* or 0.033 mmol Sm~2d™*,

2.) Thecurrent rate of sulfidization within the limnic sediment
layer of 150—320 cm depth is 0.084 mmol S m~2 d~*
(Table 3 (6)).

3.) The downward diffusion of H,S and its immobilization as
FeSis 0.032 mmol Sm~2d~* (Table 3 (5)).

The total accumulation of sulfur in the sediment is thus 0.033
+ 0.084 + 0.032 = 0.149 mmol S m~2 d~ %, of which only
22% is due to modern surface deposition of pyrite and organic
sulfur as well as authigenic pyrite formation in the coccolith
ooze. The remaining 78% of sulfur accumulation currently
takes place by deep sulfide immobilization within the old
limnic sediment. As the total sulfate reduction rate integrated
through the whole sulfate zone is 0.74 mmol m~2 d™?, the
current sulfur accumulation corresponds to 20% of the sulfur
cycling on an areal basis.

The 0.033 mmol Sm~2 d~* of total sulfur accumulation in
the upper Unit 1 +11 layers dlightly exceeds the sedimenting flux
of total inorganic sulfur, 0.025 mmol S m~2 d™*, found in
sediment traps by Muramoto et a. (1991), mostly in the form
of pyrite and elemental sulfur. In astudy of the size distribution
and morphology of pyrite in the eastern Black Sea basin,
Wilkin and Arthur (2001) observed a dominance of framboidal
pyrite in Unit | and Il deposits and concluded that it originated
mostly from syngenetic pyrite formed in the water column. A
similar conclusion was reached by Canfield et al. (1996) who
expected that the reaction kinetics of H,S with Fe-containing
silicates in the surface sediment would be too slow to explain
the early pyrite accumulation. Elemental sulfur was insignifi-
cant in the Holocene marine deposit studied here (Fig. 10).

Similar calculations for the other stations yield similar gen-
era conclusions (cf. Figs. 5, 6, 8 and Table 3). At Station 7 in
the deep basin, the mean total sulfur concentration was 80
wmol S cm~2 in the marine deposit which accumulated at a
mean rate of 0.19 mm yr~*. The rate of sulfur accumulation
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from sedimentation and pyritization of the modern marine
deposit was thus 0.042 mmol S m~2 d~*. The sulfidization
within the limnic sediment, where sulfate reduction currently
takes place, was 0.063 mmol S m~2 d~* while the downward
H,S diffusion to the black FeS band was 0.024 mmol S m™2
d™. Thetotal sulfur accumulation was thus 0.129 mmol Sm~2
d~* of which 33% took place in the marine surface deposit and
67% in the deep limnic deposit. For comparison, Lein and
Ivanov (1991) estimated sulfur accumulation ratesin sediments
of the western Black Seato be 0.023—-0.18 mmol Sm~2d ™.
Our data fall in the middle of that range.

The total sulfur accumulation at Station 7 corresponds to
18% of the total sulfate reduction, i.e., the same fraction as at
the shelf station. This fraction is similar to other ocean margin
sediments where generally 5-20% of the produced H.S is
bound as pyrite (Jargensen et al., 1990), although a much
higher fraction may be bound in rapidly accumulating sedi-
ments with high reactive iron content (Chanton et al., 1987a).
These calculations show that the excess of reactive iron present
today in the limnic deposits below 150 cm depth acts as an
efficient sulfide trap. This deep sulfide sink draws down and
immobilizes 7-24% of the sulfur which diffuses in as sulfate
across the sediment—water interface (Table 3 (11)).

4.5. Sulfur Isotopes

The isotopic compositions of SO3~, H.,S, FeS, and FeS, in
the deep sediment cores showed similar patterns for the four
stations ranging from the shelf break to the deep sea. The data
raise several interesting questions concerning the mechanisms
of isotope fractionation and the role of diffusion vs. immobi-
lization for the resulting isotope signal of sediment sulfur:

- What is the isotopic mass balance of SO2~ and H,S diffusion
across the sediment—water interface? In other words, how
can a downward flux of sea water sulfate, which has a §3*S
of +20%o, be converted into pyrite with a 8**S of around
—35%o in the upper meter of sediment?

- What is the isotopic composition of the vertical fluxes of
SOZ~ and H,S around the sulfate-methane interface where
pyrite is formed with a 83*S of +20%0?

- Why is the pyrite, which forms at depth in the Black Sea
sediments, so extremely enriched in 3*S relative to other
marine sediments? Is this an indication of closed system
diagenesis, or doesit relate to the deep Pleistocene sediments
and the transition from limnic to marine conditions?

Again, data from Station 6, which are representative of all
the stations, will be used as an example to answer these
questions.

In the upper Holocene sediment, the pyrite had a sulfur
isotopic composition of around —35%o, which is close to the
5%S of —38 to —40%. of H,S in the deep water column
(Neretin et al., 1998a) and —37.6%o (range 32.7—39.4%0) mea-
sured in sedimenting pyrite (Muramoto et a., 1991). The pyrite
sedimentation measured by those authors, ca. 0.025 mmol m~2
d~?, corresponded to most of the sulfur accumulation in the
marine deposit (cf. calculations in Section 4.4).

The modeling of the H,S profile showed that an enhanced,
methane-driven H,S production occurred at the H,S peak between
129 and 325 cm depth in the sediment of Station 6 (Figs. 7 and 9).

An isotopic mass balance of sulfur was therefore made for the
entire sediment column below 129 cm depth (Fig. 11) using the
diffusion-diagenesis isotope model of Jargensen (1979).

First, the isotopic difference between H,S and SO~ was
very large throughout the sediment (Fig. 7). Jargensen (1979)
showed that a high degree of sulfide retention through pyrite
formation leads to an isotopic difference between coexisting
S03~ and H,S which is similar to the isotope fractionation by
sulfate reduction. As the difference in the four Black Sea
sediments remained mostly around A®*S = 60%o., either the
isotope fractionation during sulfate reduction was of this mag-
nitude or additional fractionation mechanisms were involved.
One such mechanism could be the partial reoxidation of sulfide
to elemental sulfur by Fe(lll) and the subsequent dispropor-
tionation of S°. Such a mechanism was suggested by Passier et
al. (1999) to explain the accumulation and isotopic composition
of pyrite in sapropels of the eastern Mediterranean. As shown
by Canfield and Thamdrup (1994) and Bottcher et a. (2001),
elementa sulfur disproportionation is associated with signifi-
cant isotopic fractionation, producing relatively heavy sulfate
and light sulfide. As the above calculations show, there was
extensive reaction between sulfide and iron in the limnic sed-
iment which could support such a S° formation and dispropor-
tionation-induced fractionation. The decreasing isotopic differ-
ence between SO3~ and H,S with depth at Station 6 may thus
be due to a decreasing primary fractionation by sulfate reducers
or a decreasing role of disproportionation with depth.

According to model calculations, the sulfate flux downward
across the 129 cm depth interface was 0.133 mmol SO2~ m~2
d~* (Table 3 (1); Fig. 11). Thisflux was equal to the net sulfate
reduction in the sediment interval from 129 cm depth to the
bottom of the sulfate zone at 325 cm depth. Most of the H,S
produced from this sulfate reduction was trapped by iron, either
within the same sediment interval or upon diffusion downward
to the H,S-Fe*" interface. Only 0.017 mmol H,S m™2 d*
diffused back up towards the sediment surface across the
129-cm interface. The isotopic composition at 129 cm depth
was +43%o for the pore water SO2~ and —15%o for the H,S
(Figs. 7 and 11). The §*S of both speciesincreased with depth
with a 8*'S gradient of +0.123% cm™* for SO7~ and
+0.215% cm™~* for H,S, as calculated by linear regression
from the data in Figure 7. The values at the bottom of the
sulfate zone at 285 cm depth were +60%o for SO3~ (extrapo-
lated from the linear regression; the sulfate concentration was
too low for isotopic analysis at that depth) and +18%. for H,S
(measured data).

45.1. %S of Diffusing Sulfate

From the model fit to the SO2~ profile (Fig. 7), the concen-
tration gradient at 129 cm depth was calculated. Using the
combined concentration and isotope data, the separate diffusion
fluxes of 32S0O2~ and 3*S02~ could subsequently be calculated
(cf. Jergensen, 1979). The diffusion coefficients of the two
species, 32802~ and 3*S0O2~, were assumed to be identical.
From the ratio of the fluxes of the two sulfate isotopes, the
isotopic composition could be calculated of the sulfate, which
diffused downward across the 129 cm depth horizon. Although
the isotopic composition of pore water sulfate at 129 cm depth
was +43%., the diffusive mass transfer of sulfate downward
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Fig. 11. Modéel of the sulfur cycle in Black Sea sediments showing the dual diffusion interfaces of sulfate-methane and
sulfide-iron, based on data from Station 6. Left: Pore water gradients modeled from data in Figure 7 (the Fe€?* gradient is
inferred from Stations 5 and 7). Right: Model of the sulfur mass balance and its isotopic composition as a function of
reaction and diffusion. The model shows the SO3~ and H,S pools at the sediment—water interface, at the 129 cm depth
horizon where anaerobic oxidation of methane (AOM) starts, and at the H,S peak within the SO3 -CH, interface. H,S
diffuses downward from this H,S peak to form a black FeS band (and subsequently FeS,) at the sulfidization front in the
underlying limnic sediment. Circles: Sulfur pools and their §3*S values. Numbers on arrows: 84S of diffusion fluxes of
SO2~ and H,S. Itaics: Sulfur fluxes in mmol m~2 d~*. Notice that the downward diffusion flux of SO3™ is isotopically
much lighter than the sulfate pool at the same depth. Correspondingly, the upward flux of H,S isisotopically much heavier
than the H,S pool at the same depth. The isotopic mass balance of the two fluxes results in a net downward transport of
sulfur with an isotopic composition of +18%.. Accordingly, thisis the isotopic composition of H,S at its peak concentration

and of the FeS and FeS, formed by the progressing sulfidization of the limnic sediment.

across that same depth was isotopically much lighter, +19%o..
This is due to the increase in §%*SO3~ with depth, which
impliesthat *2SO2™ is depleted relatively faster with depth than
34502~ and, thus, that *>SO2~ has a relatively steeper gradient
than 3*SO2~. Consequently, the sulfate diffusing downward is
enriched in 32S relative to the ambient sulfate pool in the pore
water.

Such an effect of diffusion on the isotopic mass balance of
sulfur in marine sediments was demonstrated for different
marine sediments by Goldhaber and Kaplan (1980) and Chan-
ton et al. (1987b). Based on their measured data, these authors
aso discussed the mechanisms and consequences of diffusion
for the sulfur isotope geochemistry.

4.5.2. §%S of Diffusing Sulfide

Similar calculations were made for H,S and its two isotopes,
H,32S and H,3*S. From laboratory experiments it was found
that the two sulfur isotopes in H,S have diffusion coefficients

that differ lessthan 1% at neutral pH (Piel, 1999), and the same
D, was therefore used for both. In this case, the H,S decreased
towards the sediment surface and the flux was accordingly
directed upward. The increase in 8**S of H,S with depth (Fig.
7), combined with the increase in total H,S concentration with
depth, implies that the gradient of 3*S was relatively steeper
than the gradient of *2S. Consequently, the H,S diffused up-
ward across the 129 cm depth horizon with a much heavier
isotopic composition, +23%., than that of the pore water H,S
pool at the same depth, —15%.. It is remarkable that the
upwards diffusing H,S at 129 cm was isotopically 4%. heavier
than the downwards diffusing SO3~, although the pore water
H,S at the same depth was 58%. lighter than the SO3 ™.

The upwards diffusing H,S was 40-50%. heavier than the
H,S present in the bottom water of the Black Sea. Although this
H.,S flux does indeed contribute to the H,S pool in the water
column, and athough the entire H,S production in the sediment
may be equally important as that in the water column on an
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Fig. 12. (A and B) Sulfate concentrations measured in sediment pore water of Station 6 (®) compared to the gradients
of 32502~ and 3*S0O3~ calculated from a linear regression of measured 8**S values for SO3~ (data from Fig. 7). All data
were normalized to 100% at the sediment surface. The two isotope gradients show the relatively steeper depletion of 32SO3~
than of 3*S03~, which is a consequence of the depth increasein the 84S of SO3~. The narrow depth interval shown in frame
A isindicated by broken lines in frame B. The broken line at 129 cm depth indicates the upper boundary of the zone of
anaerobic methane oxidation. (C) The relative gradients of H,%2S and H,**S are shown normalized to 100% at the sediment
surface. The relatively steeper accumulation of H,3*S than of H,*2S with depth resultsin an enrichment in H,2*S in upwards

diffusing sulfide relative to the ambient pore water sulfide.

areal basis (Weber et d., 2001), the large isotopic difference
does not constitute a conflict. The upward H,S flux from the
zone of anaerobic methane oxidation was 0.017 mmol m~2d~*
(Table 3 (4)) which is only 3% of the H,S production from
sulfate reduction in the uppermost 0—15 cm of the sediment
(Jorgensen et al., 2001). Thus, 97% of the H,S entering the
water column is derived from the surface sediment and is
isotopically light.

The deep, diffusive, methane-driven H,S flux is conse-
quently without significance for the total mass balance and
isotopic composition of H,S in the Black Sea water column.

4.5.3. The Isotope Effect of Diffusion

This isotopic difference between diffusing species and their
pools at any depth may appear counter-intuitive, but it iscritical
for the sulfur isotopic mass balance of marine sediments. Fig-
ure 12 illustrates this important point which relates to all
diffusing species that have a depth variation in isotopic com-
position. It should be noted that the mechanism is not related to
a difference in diffusion coefficients of the two isotopes.

The sulfate gradients in the uppermost 25 cm of the sediment
at Station 6 are shown in Figure 12A on arelative scale with all
values at the sediment—water interface set at 100%. The mea-
sured sulfate data are here compared to the relative concentra-
tion gradients of *2S and **S sulfate calculated from a linear
regression of the 83*S data for sulfate shown in Figure 7. Figure
12A shows that *2S-sulfate has a relatively steeper gradient
than 3*S-sulfate, although the difference is very small. Thisis
a result of the increase in §3'S of sulfate with depth which
means that, although sulfate is overall being depleted at depth,
the **S sulfate is not depleted quite as steeply asthe *2S-sulfate.
Consequently, 3?S-sulfate must have a relatively higher down-
ward diffusion flux than 3*S-sulfate and, thus, the total sulfate
diffusing downward must be enriched in 32S relative to the
ambient pore water sulfate. Figure 12B shows the measured

sulfate data and the modeled gradients of *2S-sulfate and 3'S-
sulfate down to the zone of anaerobic methane oxidation at 129
cm where the isotope flux of sulfate was calculated. Although
the difference in gradients of the two isotopesis hardly visible
on this scale, the actual minute difference has profound conse-
guences for the isotopic mass balance.

By similar argumentation, sulfide diffusing upward must be
enriched in S relative to the ambient pore water sulfide.
Figure 12C shows the relative concentration gradients of 2S
and **S-sulfide calculated from a linear regression of the 84S
data for sulfide shown in Figure 7. Figure 12C shows that
3S-aulfide has a relatively steeper gradient than *2S-sulfide.
This is a result of the increase in 83*S of sulfide with depth.
Consequently, the total upward flux of sulfide is enriched in **S
relative to the ambient pore water sulfide.

The combined effects of differential isotope diffusion for sulfate
and for sulfideis A) to dampen the increase in §3*S of sulfate with
depth relative to the increase that would have occurred without
such a differentid diffusion, and B) to retain lighter sulfide at
depth by preferentialy expelling the heavier sulfide. The net result
is that the sulfide pool at depth may approach an isotopic compo-
sition close to that of seawater sulfate. This deceivingly mimics
the result of closed system diagenesis athough the mechanism is
based on an open diffusiona system.

4.5.4. |sotope Mass Balance

From the isotopic difference between the downward SO~
flux and the upward H,S flux, an isotope mass balance can now
be calculated for the net sulfur flux across the 129 cm depth
horizon (Fig. 11). The net downward flux should at steady state
correspond to the total amount of sulfur which is currently
being immobilized as AV'S, FeS,, and organic sulfur below that
depth. This net flux was (0.133-0.017=) 0.116 mmol S m~2
d~* and it had a net isotopic composition of +18%.. Thus, the
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upward diffusion of heavy H,S reduced dightly the 6**S of the
sulfur brought down by diffusion of light sulfate.

The downward net flux of sulfur and its isotopes must be
identical to the accumulation rate of sulfur and to its isotopic
composition. This was aso the case. The FeS,, which com-
prisesthe bulk of immabilized sulfur in the sediment below 129
cm depth, had an isotopic composition of +16 to +19%o. This
corresponds closaly to the +18%. caculated for the net flux of
pore water sulfur and confirms the isotopic mass balance model.

The FeS, apparently accumulates the history of iron—sulfur
precipitation which starts with AVS at the black band and
gradually converts into pyrite above the black band as the H,S
front moves downward. The AVS within that interval was
lighter in the upper part where it was precipitated from alighter
pore water H,S pool (Fig. 7). Within the black band of AV'S at
the lower diffusion front of H,S around 300 cm depth, the AVS
had a 6%*S of +16%.. This s close to both the net flux of sulfur
isotopes and to the isotopic composition, +18%o, of H,S just
above the black band.

In conclusion, the accumulation of isotopically very heavy
sulfide in the Black Sea sediments is due to the immobilization
of heavy H,S formed from methane-driven sulfate reduction.
The fractionation and diffusion mechanisms described here are
active in all marine sediments but they reach their extremes
under the special conditions available in the Black Sea. These
sediments are extraordinary in that the underlying limnic hori-
zons have a large excess of reactive iron which draws down
efficiently the H,S formed at the sulfate-methane interface.
Because the limnic sediment intrinsically had only a low FeS
and FeS, content, the large amounts of iron sulfide species
formed today at the sulfidization front totally dominate and over-
print theisotopic signal of thelimnic sulfur mineras. In most other
marine sediments, the heavy isotopic signa of deep pyrite forma-
tion is swamped by the large pool of isotopically light pyrite which
was originally formed nearer to the sediment surface.

At al four stations, the sulfur immabilized as pyrite below
the H,S pesk reached §3'S values of +15%o to +30%., thus
indicating that similar mechanisms were involved in the isoto-
pic net fluxes. It is an interesting observation that this deep and
heavy H,S may occasionally appear up at the sediment surface
in areas where deep pore water is transported up by advection
in methane seeps. Such seeps are abundant on the outer shelf
and upper slope of the northwestern Black Sea, and carbonate
structures form on the sea bed around these seeps by anaerobic
oxidation of methane, even below the chemocline depth
(Ivanov et a., 1998; Luth et a., 1999; Michaelis et al., 2002).
Pyrite enclosed in the carbonate has been found to have isoto-
picaly very heavy sulfur (Peckmann et al., 2001). However,
the origin of the pyrite is not yet clear.

4.5.5. Deep Qulfide Snks in Marine Sediments

The deep sink for methane-derived H,S may be extreme in
the Black Sea, but it is not unique. A downwards progressing
sulfidization front has also been found below Holocene sedi-
mentsin the Baltic Sea (Boesen and Postma, 1988), in Kau Bay
(Middelburg, 1991), and below sapropels in the eastern Med-
iterranean (Passier et al., 1996). A SO3 -CH, interface with
enhanced H,S production is generally found in shelf and slope
sediments and also in many deep-sea sediments (Borowski et

a., 1999). We are not aware of published observations on an
H,S-Fe** interface based on direct pore water analyses in
marine sediment cores. However, this may be due to its occur-
rence deep within the zone of methane supersaturation which
complicates the analysis of rapidly oxidizable Fe?*.

Evidence for a draw-down of sulfide is found also in many
other sedimentary provinces of the world ocean, athough
mostly less distinct. What are the signals of a deep sink for
methane-derived H,S? 1) A decrease of H,S below its maxi-
mum at the SO3 -CH,, interface. This decrease is often ob-
served (Goldhaber and Kaplan, 1974, 1980; Schulz et a ., 1994;
Pruysers, 1998; Fossing et al., 2000), yet data are often only
available to see the beginning of the decrease. 2) The occur-
rence of adistinct zone of Fe and S-accumulation and/or a peak
of magnetic susceptibility at some depth below the SO3~-CH,,
interface. Such a zone or peak has indeed been observed in
severa deep sea sediment cores, e.g., from the South Atlantic
(Niewdhner et al., 1998; Kasten et al., 1998). 3) The mass
balance of sulfur fluxes modeled for different ocean margin
sediments which shows that the SO~ flux into the sediment
minus the H,S flux out of the sediment often exceeds the net
immobilization of sulfur within the sulfate zone (B. B. Jar-
gensen, unpublished data). An additional sulfide sink seems to
be required to account for the excess sulfur influx through the
pore water. We suggest that this sink is the deeply mobilized
iron and that the draw-down of sulfide occurs much more
widely than previously recognized. 4) The formation of **S-
enriched pyrite. Separate isotope analyses of individual pyrite
crystals may make it possible to discriminate pyrite formed
early upon buria or deeply from methane-derived H,S forma-
tion.

4.5.6. Open or Closed System Diagenesis

The formation of isotopically heavy pyrite observed here is
not the result of closed system diagenesisin the classical sense.
A sediment functions as a closed system if there is limited
diffusional exchange to the overlying seawater during diagen-
esis. The remaining sulfate pool and the sulfide concurrently
produced become progressively enriched in S as *2S is pref-
erentially removed from the dwindling sulfate pool (Rayleigh-
type fractionation). Ultimately, the accumulated sulfides in a
completely closed system will reach the same sulfur isotopic
composition as seawater sulfate, ca. +20%., due to conserva-
tion of mass for both *2S and 3*S when all sulfate has been
reduced. As discussed above, the Black Sea sediments are as
open to diffusional exchange with the overlying seawater as are
most other modern sediments.

In our opinion, the classical discussion of closed vs. open
system diagenesis, when used to interpret sulfur isotopic com-
positions in ocean margin sediments, has been misleading. The
reason for this is that the interpretation does not take into
account that the vertical diffusion fluxes of SOZ~ and H,S have
isotopic compositions completely different from those which
are measured in the pore water pools of SO~ and H,S. When
S03~ and H.,S become isotopically heavier with depth, it is not
because of a transition to more closed system diagenesis. Ex-
actly the same will happen in a system that is completely open,
i.e., a system where practically al the sulfate diffusing down
comes back up as H,S and where thereis insignificant retention
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of sulfur by pyrite formation. Jargensen (1979) made a model
calculation of such a situation, assuming an isotopic fraction-
ation of 50%o during sulfate reduction and 90% of the H,S
returning to the sediment surface. The model showed that,
although the §*S at the sediment surface was +20%. for SO3~
and —17%o for H.,S, the SO~ would diffuse downward across
the sediment—water interface with an isotopic composition of
—17%o whereas the H,S would diffuse upward with a similar
isotopic composition of —17%o.

Based on concentration and isotope data for sulfur speciesin
sediments of the Gulf of California, Goldhaber and Kaplan
(1980) calculated that sulfate diffused downward with an iso-
topic composition of —4.5%.. Importantly, those authors also
showed that the isotopic fractionation factor, «, calculated for
sulfate reduction in the sediment was much higher when as-
suming open system conditions (« = 1.060) than when closed
system conditions were assumed (« = 1.035). The open system
diagenesis was confirmed by the sulfur isotopic composition of
metastable iron sulfide, an equivalent to the deep sink of
amorphous sulfide in the Black Sea sediments. In a rapidly
accumulating coastal sediment, Cape Lookout Bight, in which
77% of the sulfide produced from sulfate reduction was trapped
within the sediment, Chanton et al. (19874, b) found that H,S
diffusing up to the sediment surface was highly enriched in **S
(6%'S = +15.9%0) relative to the sulfide produced in the
surface sediment. Thus, even in this sediment which would be
considered predominantly closed with respect to sulfide, the
isotope effect of diffusion was very significant.

5. CONCLUSIONS

The §3'S of sedimentary pyrite depends primarily on, at
which relative depth within the SO3-H,S gradients it is
formed (relative depth being defined by the fraction of sulfate
remaining). The deeper it forms, the more 3*S-enriched is the
SO2~ and, therefore, also the H,S from which the pyrite
precipitates. Due to the increase in §**S of SOZ~ and H,S with
depth, the heaviest sulfide is found at the bottom of the sulfate
zone, which isright at the sulfate-methane transition. Because
sulfate reduction rates are particularly high at that transition,
the production rates of isotopically heavy H,S also are partic-
ularly high. It may appear as a paradox that the sulfate reduc-
tion is most intensive where the sulfate concentration ap-
proaches zero and has its most extreme isotopic composition.

What is so special about the Black Sea sediments is that
exactly this sulfide becomes efficiently trapped by diffusion
downward to the diagenetic front in the limnic zone where it
congtitutes the main sulfur pool and therefore determines the
overadl §*S value of amorphous iron sulfide, greigite, and
pyrite. The amount of sulfide trapped down there corresponds
to only a minute fraction, 1.9-4.3%, of the overal sulfate
reduction in the whole sediment column (Table 3, (8)). It is,
however, a large fraction, 19-50%, of the sulfate reduction in
the sulfate-methane transition (Table 3, (10)).

The formation of isotopically heavy pyrite in the Pleistocene
deposits, with 63*S values of up to +30%o, was observed at all
stations, from the shelf break above the chemocline to the
sulfidic deep sea. This shows that the deep formation of isoto-
picaly heavy pyrite is independent of the oxygen or sulfide
history of the water column. It also shows that the highly

34S-enriched pyrite did not originate from pyrite formed in the
water column but that it is a product of the progressing sul-
fidization of limnic iron-rich sediment due to methane-driven
production of isotopically heavy H,S.

In contrast, pyrite in the Black Sea surface deposits was most
34S-depleted at the deep stations underlying the sulfidic water
column where it probably originated mostly from syngenetic
pyrite formed near the chemocline and sedimenting into the
anoxic deep sea. At all stations, the diffusion flux of H,S across
the sediment—-water interface was directed upward, irrespective
of the H,S concentration in the water column. Consequently,
diagenetic pyrite formation throughout the three units was
based on H,S produced within the sea bed and not on H,S from
the water column.

There is a complication to this argument with respect to the
sulfur isotopes, however. Because the ratio between the diffu-
sion gradients of H,32S and H,3*S is dependent on the §3*S of
H,S in the water column, the resulting 83*S of H,S within the
sediment (and thus of the pyrite formed from this H,S) aso is
coupled to the 8**S of H,Sin the water column. The residence
time of H,S in the Black Sea water column is estimated at
90-150 yr (Neretin et al., 2001) or longer. The diffusion time
of H,S from the sulfate-methane transition and up to the
sediment surface is 2—3 times longer, ca. 300 yr (560 yr for
sulfate times the ratio of diffusion coefficients, D(SO27)/
D(H,S)). In our isotope flux calculations in Section 4.5. we
have tacitly assumed that the §*'S of SO3~ and H.S in the
water column have remained in quasi-steady-state for many
hundreds of years.

It is apparent from the present results that the isotopic mass
balance of the sediment and the formation of light or heavy
pyrite cannot be explained simply from the classical terms of
open vs. closed system diagenesis. On the contrary, these terms
are confusing because all modern marine sediments are basi-
cally very open systems and because the concepts do not take
into account the isotope effect of diffusion. It is the differential
diffusion fluxes of the two sulfur isotopes in SO3~ or H,S
which may lead to falseinterpretations of theisotopic signalsin
sediment sulfides. The downward diffusion of sulfate tends to
reduce the effect of isotope fractionation during sulfate reduc-
tion by preferentially delivering the lighter isotope. Similarly,
the upward diffusion of sulfide preferentially removes the
heavy isotope and brings it back to the sediment surface. The
net result is the formation at depth of pyrite with an isotopic
composition close to that of seawater sulfate. This may be a
similar result as would have been reached by closed system
diagenesis, but for very different reasons.

High positive 6**S values of pyrite, as seen in the Black Sea
sediments, are found also in many sedimentary rocks formed
throughout the last 2-3 hillion years of earth’s history (Canfield
and Raiswell, 1999). There may be several possible causes for
such high §%*Svalues. The present study shows one mechanism
by which open system diagenesis with extensive diffusion
exchange to the overlying seawater may lead to isotopically
heavy sedimentary sulfides. The special conditions prevailing
in formerly limnic marginal seas specifically trap heavy sul-
fides. The key mechanism is a combination of methane-driven
sulfate reduction and a deep H,S trap. The double diffusion
fronts of SO2~-CH, and H,S-Fe** found in Black Sea sedi-
ments are indicators of such a mechanism.
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