Turkish Journal of Earth Sciences (Turkish J. Earth Sci.), Vol. 18, 2009, pp. 299-313. Copyright © TUBITAK
doi:10.3906/yer-0801-1 First Published Online: 23 July 2008

Anomalous Strong Reflections on High Resolution Seismic Data
from the Turkish Shelf of the Eastern Black Sea:
Possible Indicators of Shallow Hydrogen
TUBITAK Sulphide-Rich Gas Hydrate Layers

DERMAN DONDURUR & GUNAY CIFCI

Dokuz Eylil University, Institute of Marine Sciences and Technology, Baku Street, No: 100, inciralti, TR-35340, izmir, Turkey
(E-mail: derman.dondurur@deu.edu.tr)

received 21 January 2008; revised typescript received 24 November 2007; accepted 06 May 2008

Abstract: Some strong reflections about 3 to 5 m thick were observed at depths of 25-60 metres below the sea floor using deep-
towed, 5 kHz subbottom profiler data in the Turkish shelf and upper slope of the Eastern Black Sea at water depths of 250 to 700
m. Strong reflections of this kind are generally attributed to shallow and localized gas accumulations. We, however, observed that
the reflection polarity of these strong reflections was positive, suggesting that they do not correspond to reflections from the upper
boundary of a possible gas front. In this study, we evaluate these reflections to determine if they represent hydrogen sulphide-rich
shallow gas hydrate layers, which would be an unusual gas hydrate occurrence in a shallow marine environment.

The existence of gas hydrate formations in thermobaric conditions, as in our study area (shallower water depths and relatively higher
temperatures), depends completely on the gas composition in the hydrate structure; it is possible for gas hydrates to be stable only
if they are formed by a certain amount of hydrogen sulfide together with methane. We closely examined the hydrogen sulphide
potential of the area and found that the maximum total hydrogen sulfide concentration in the surficial sediments in the area was, at
5550 ppm, enough to produce hydrogen sulphide-rich gas hydrates.

Using geoacoustic and geochemical data, we propose a conceptual model for the formation of shallow hydrogen sulfide-rich gas
hydrates. According to this model, conjectural gas hydrate layers in the area should be formed along the boundary between a
sulphate-reducing zone and an underlying carbonate reducing zone, where methane comes into contact with hydrogen sulphide. We
also propose that the strongly reflective appearance of these layers on the subbottom profiler data indicates that the hydrate zone
consists of a number of gas hydrate sheets with a decreasing thickness towards the seabed, interbedded with non-hydrate-bearing
sediments.
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Dogu Karadeniz Tiirkiye Selfinde Yiiksek Ayrimli Sismik Kayitlardaki Anormal Giiclii
Yansimalar: Hidrojen Siilfiirce Zengin Si1g Gaz Hidrat Tabakalarinin Olasi Belirtecleri

Ozet: Dogu Karadeniz Tiirkiye selfi ve iist yamacindan alinmis olan derinden ¢ekilen 5 kHz mihendislik sismigi verilerinde, 250-700
m su derinliklerinde, deniz tabanindan 25-60 m derinliklerde uzanan 3-5 m kalinliklarda ¢ok glgli yansiticilar gézlenmistir. Bu tir
guclt yansimalar, arastirmacilar tarafindan genellikle yersel ve sig gaz birikimleri olarak yorumlanmaktadir. Bununla birlikte, bu
calismada bu yansimalarin polaritelerinin pozitif oldugu gézlenmis olup, bu durum, bu tir yansimalarin olasi bir gaz cephesinin Ust
sinirindan alinamayacagi anlamina gelmektedir. Bu calismada, bu yansimalarin hidrojen silfiirce zengin sig gaz hidrat tabakalarini
yansitip yansitmadigi incelenmistir.

Calisma alaninin sahip oldugu termobarik Kosullar altinda (sig su ve ylksek sicakliklarda) gaz hidrat olusumu ve duragan kalmasi
hidrat yapisinin gaz bilesimine baglidir ve bilesiminde metan ile birlikte belirli miktarlarda hidrojen sulfir bulunmasi durumunda
olasidir. Calisma alaninin gucli yansimalarin alindidi kisminda, ylzey tortullarindaki toplam sulfir tretimi 5550 ppm'e kadar
yUkselmekte olup, hidrojen stlflirce zengin sig gaz hidrat birikimlerinin olusmasi i¢cin uygun gérinmektedir.

Akustik ve jeokimyasal verileri kullanarak, bélgede bu tur hidrojen sulfiirce zengin sig gaz hidrat birikimleri icin kavramsal bir olusum
modeli gelistirilmistir. Bu modele gére, bélgede var olmasi olasi hidrojen sulfiirce zengin gaz hidrat birikimleri, metan gazinin hidrojen
sulfur ile temas haline geldigi silfat indirgeme zonu ve altta uzanan karbonat indirgeme zonu sinirinda olusmalidir. Buna ek olarak,
bu tabakalarin muhendislik sismigi verilerinde ¢ok gucli yansimalar olarak gérulmesi, hidrat zonunun ince gaz hidrat lens veya
tabakalarindan olustugunu, bunlarin kKalinhiginin deniz tabanina dogru azaldigini isaret etmektedir.

Anahtar Sozcukler: Karadeniz, gaz hidrat, hidrojen sulfir, yiksek ayrimli akustik yéntemler
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H,S-RICH SHALLOW GAS HYDRATES

Introduction

Gas hydrates are ice-like crystalline structures of water
that contain gas within cavities. They have a pure ice
structure with gas in different compositions as a guest
molecule (e.g., Kvenvolden & Barnard 1983; Kvenvolden
1993). Although gas hydrates include hydrocarbon gases,
such as ethane, propane or butane, and non-hydrocarbon
gases, such as CO, or H,S, the guest gas is mainly
methane.

Conditions for hydrate formation and retention
generally depend on high-pressure and low-temperature
regimes in marine sediments. Gas hydrates mainly occur
within shallow (<1000 m) sea bottom sediments where
the water depth exceeds a few hundred metres to
maintain thermobaric stability conditions. However, gas
hydrate stability also depends on variations in the
geological setting and the chemical composition of the
guest gases in the gas hydrate structure (Sloan 1990;
Lerche & Bagirov 1998). Pure methane hydrates require
higher pressures and lower temperatures for stability
than do methane-ethane, methane-propane, methane-CO,
or methane-H,S mixtures.

Gas hydrates are important primarily because of the
huge amounts of methane stored in the hydrate solid
phase: 1 m> of hydrate contains 164 m® of gas and 0.8
m> of water in ideal conditions (Kvenvolden 1993).
Therefore, gas hydrates can be considered as a potential
energy resource for the future. The release of such
amounts of methane into the atmosphere may be an
important factor in global warming. Furthermore, the
decomposition of the gas hydrates can reduce the shear
strength of the sediments and may trigger slope failures
on continental margins. As pore spaces and/or interstitial
waters are displaced by gas hydrates, they can create an
impervious layer which does not permit the gas to
migrate upwards; therefore gas hydrate layers can serve
as cap rocks allowing gas accumulation below. Gas
hydrates may also indicate oil accumulations in deeper
sediments, which are considered a potential energy source
by the petroleum industry.

Gas hydrates were sampled over some mud volcanoes
in central-deep waters of the Black Sea (e.g., Ginsburg et
al. 1990; Limonov et al. 1994; Ivanov et al. 1996) and
the Sorokhin Trough (e.g., Ivanov & Woodside 1996;
Woodside et al. 1997). On the seismic records, the main
indicator of a gas hydrate accumulation in marginal
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sediments is high amplitude reflections known as bottom
simulating reflectors (BSR), which is the reflection
between gas hydrate-bearing sediments above and often
free gas accumulation below. Therefore, BSRs indicate
the bottom of gas hydrate accumulations, and because
they follow the thermobaric conditions of the subsurface,
they mimic the seabed. However, BSRs are not common
in the Black Sea and are reported only in a limited area in
the northwestern Black Sea (Lidmann et al. 2004;
Popescu et al. 2006). Apart from these observations in
the Black Sea, Woodside et al. (2003) have reported the
relation between gas hydrates and enigmatic strong
reflectors observed on the high-resolution 5 kHz sub-
bottom profiler records which were digitally recorded in
the Sorokhin Trough, central Black Sea, where gas
hydrates were also sampled using a gravity corer. The
amplitudes of these strong reflections were over 150%
greater than the sea bottom reflection and they were
observed at a depth of about 4-7 metres below the sea
floor (mbsf), sometimes approaching the seabed. Using
synthetic seismic trace generation by forward modelling,
Woodside et al. (2003) have argued that these strong
reflectors represent the top of a shallow gas hydrate layer
and have concluded that these gas hydrate layers were
formed as alternating thin layers of normal and gas
hydrate-bearing sediment. They also proposed that gas
hydrate content and the thickness of gas hydrate layer
gradually decreased towards the sea floor.

On the Turkish upper slope of the Eastern Black Sea
(Figure 1), we observed very similar strong reflections to
those observed by Woodside et al. (2003) on deep-towed,
high resolution 5 kHz MAK sub-bottom profiler data.
These strongly reflective layers (SRLs), with a thickness of
about 3 to 5 m, lie at a depth of 25-60 mbsf. Although
the appearance and acoustic structure of these SRLs is
almost completely similar to the enigmatic reflectors
observed by Woodside et al. (2003) in the Sorokhin
Trough, the difference between the SRLs in both areas
arises from the water depth; the SRLs in the Sorokhin
Trough are located at 1700 m water depth, whereas
those in our study area are observed in relatively
shallower water depths of about 250 to 700 m. The main
purpose of this study is to discuss whether the SRLs
observed on the Turkish upper continental slope also
represent gas hydrate layers, as in the Sorokhin Trough,
and to try and evaluate the possibility of the occurrence
of such shallow gas hydrate layers on the Turkish Shelf.



D. DONDURUR & G. CIFCI

— SEA OF
AZOV
A Eastern Black Sea
19 Subbasin e
1700 BLACK SEA
1500 s Study Area
Archangelsky M\’\
42N Sinop Rldge 1§
. N
Basin
\ 1100 >
P )
\ 90 . Tl A
' TG
\ \‘\P Q \\
o T
. N W
700 P12, 1---"\
~
00 SRL zone
0 "W~ thrust fault
v &~ normal fault
5 kHz subbottom
Samsun Yesilirmak " profiler (MAK) lines
0 95 [ River eP10  piston core
bathymetry
41N
36E 37E 38E

Figure 1. Location map of the study area. Close-up shows the main structural elements of the area superimposed on a bathymetric map
with 100 m contour interval. The area outlined by a dashed line represents the strongly reflective layer (SRL) zone. Solid lines

represent the locations of 5 KHz subbottom profiler lines

The structure and stability conditions of the possible
occurrence of shallow gas hydrates in the area are also
discussed using acoustic and geochemical data.

Geologic Setting of the Study Area

The Black Sea is a semi-isolated extensional basin
surrounded by thrust belts and is considered to be a
Mesozoic—Early Cenozoic marginal back-arc basin
generated by the northwards subducting Tethys Ocean
(e.g., Zonenshain & Le Pichon 1986; Rangin et al. 2002).
The Black Sea basin comprises western and eastern Black
Sea subbasins, which are separated by a regional high, the
Mid Black Sea Ridge, which is divided into two parts, the
Andrusov Ridge in the north and the Archangelsky Ridge
in the south (Figure 1).

The study area is located in the Eastern Black Sea
Turkish shelf and slope, north of the central Pontides. It

and dots represent piston core locations.

includes the Sinop Basin and both the northern and
southern basin margins of the Archangelsky Ridge (Figure
1). Meredith & Egan (2002) showed that deeper parts of
the area are dominated by extensional faults with
relatively large slips (about 1.8 s two way travel time,
TWTT) generating half-graben structures. The
Archangelsky Ridge itself shows no deposition from the
end of the Eocene to the Quaternary. Although the
thickness of Quaternary sediments on the ridge is about
150 m, it reaches more than 1000 m in the south near
the Sinop Basin. The Cretaceous sequence is about 700 m
thick on the ridge and is extensively affected by normal
fault systems in the deeper parts of the sedimentary
sequence, i.e. in the northern and southern flanks of the
Archangelsky Ridge (Meredith & Egan 2002). The Sinop
Basin is located between the Archangelsky Ridge and the
Turkish coastline (Figure 1) and has been affected by late
Miocene normal faults along the Turkish margin and the
Archangelsky Ridge (Rangin et al. 2002).
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The shelf break is located at a water depth of about
300 m. The overlying plateau of the Archangelsky Ridge
(Figure 1) is also marked by numerous pockmarks
between the 180 and 300 m bathymetric contours,
indicating extensive gas and/or fluid expulsions.
Pockmarks are the depressions that, because of the
overpressure conditions in the subsurface, pore fluids or
free gas in the pore spaces in the sediments erupt
suddenly as an expulsion creating variable-sized collapses
on the seabed (Cifci et al. 2003). The continental slope
deepens from 300 to 1800 m with a maximum gradient
of 14° and becomes progressively steeper as it is traced
into deeper water. The slope is characterized by a highly
dissected tributary canyon system and the sediments on
the slope show slump and gravity flow processes
(Dondurur & Cifci 2007).
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In order to investigate shallow lithology of the study
area, we used 4 piston cores, P10, P12, P13 and P14
(Figure 2) with recoveries of 4.32 m, 16.2 m, 4.7 m and
4.86 m, respectively. Core P10 showed very soft
homogeneous clay with very thin laminations of black clay
at the top of the core and very fine shell
fragments/coccolites with gas vacuoles, together with a
strong H,S odour. At greater depth, the core sampled
greenish grey clay with laminations and local inclusions of
black clay. Core P12 recovered very soft laminated
coccolites; locally small vacuoles and very soft dark olive
grey with possibly high sapropel content, some shell
fragments at the middle part and very soft olive black
friable expansive clay with horizontal expansion cracks at
the deeper parts. Core P13 and P14 showed extremely
soft laminated (variations in colour) plastic clay, locally

P10
0 [ I [
) . Y
5 8
© Q 2q4-——————-
g g ===
31— —-@
44--%- -8 -

Figure 2. Piston cores P10, P12, P13 and P14 and their core descriptions (see Figure 1 for location). Cores indicate that
the sediments in the area mainly consist of laminated silty clay layers, and shell fragments with small vacuoles also

exist at deeper parts.
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some coccolite laminations and very small vacuoles
together with frequent laminations of coccolite and
sapropelic layers (Figure 2).

Strongly Reflective Layers in the Upper Continental
Slope

The strongly reflective layer (SRL) zone is an elongated
area measuring about 15x25 km, which is outlined by a
dashed line in Figure 1. The northern boundary of the
zone is limited by the 700 m bathymetric contour line and
the southern part of the zone corresponds to a
pockmarked plateau. The SRLs appear as semi-horizontal
continuous horizons and tend to follow seabed
topography on 5 kHz sub-bottom profiler sections, with
a thickness of about 3 to 5 m at 25-60 mbsf in the shelf
and upper side of the continental slope. They can be

traced over an area of several hundred square metres
where the seabed relief is relatively smooth. Just below
the pockmark structures where feeder channels exist,
however, they are often observed as discontinuous strong
reflectors a few tens of metres in length.

Figure 3 illustrates a representative 5 kHz sub-bottom
profiler section (part of line MAK46) recorded at about
260 m water depth where a number of seabed (P) and
buried (BP) pockmarks are present. The SRL is seen at
about 30 mbsf and is continuous over distances of about
2200 m. Just below this layer, the sub-bottom profiler
section shows acoustically turbid zones (sometimes
referred as gas masking or acoustic blanking),
attributable to shallow gas accumulations that almost
completely absorb the acoustic signal and mask the
sedimentary layers. We named this type of gas
accumulation in the sediments as acoustic turbidity,
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Figure 3. SRL at about 30 mbsf on MAK46 sub-bottom profiler line in the shelf area (see Figure 1 for location). The data in bottom
panel is the continuation of the data in upper panel to the NE. P and BP indicates seabed and buried pockmarks, respectively.
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following the definition from Garcia-gil et al. (2002), who
suggested that acoustic turbidity consists of a variable
degree of disturbance on the acoustic data. Sometimes it
is possible to trace the reflections from normal sediments
through the disturbance. Downward continuity of the
sediments, as well as buried pockmarks, however, can be
observed when the SRL is discontinuous and the acoustic
turbidity does not exist. We conclude, therefore, that the
SRL in the area acts as a cap rock below which the shallow
gas accumulates. The top of SRL appears as a sharp
reflecting boundary, whereas, in some places, the bottom
boundary appears to have a scattered form, possibly
because of the gas front accumulated below the layer.

To the north, the subsurface depth of SRL also
increases towards the shelf break. The MAKG60 sub-
bottom profiler line near the shelf break in Figure 4

shows a discontinuous SRL formed at about 60 mbsf. At
this higher sub-bottom depth, one can expect a much
lower signal amplitude on 5 kHz sub-bottom profiler
data, primarily due to the absorption of the signal and
other amplitude losses. The reason for the occurrence of
such an anomalously strong reflection in deeper parts in
the sediments will be discussed later.

We also examined the polarity of the reflections from
SRLs using multichannel seismic data (not shown here),
and found that the polarity of these reflections is the
same as the polarity of seabed reflection. This implies an
increase in velocity, which indicates that this reflection
cannot be interpreted as a localized shallow gas front. If
this was the case, we would observe a decrease in velocity
and hence a polarity reversal would occur.
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panel are the northeasterly continuation of the data in upper panel. P and BP indicates seabed and buried pockmarks,

respectively.
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Discussion

Similar strong reflections on the high-resolution acoustic
data were observed before in the Sorokhin Trough (the
Black Sea) and the Mediterranean (Woodside et al. 1997),
as well as in the Gulf of Cadiz (Baraza & Ercilla 1996),
and were interpreted as gas fronts. However, Ivanov et
al. (1998) suggested that they represent the top of a gas
hydrate layer or a ‘gas hydrate front’. Using MAK sub-
bottom profiler data recorded digitally in the Sorokhin
Trough at about 1700 m water depths, Woodside et al.
(2003) calculated synthetic seismograms and compared
them with the real seismic traces on which strong
reflections were observed. They concluded that the strong
reflections were formed by thin (1.5-2.5 m thick)
sequence of alternating acoustic impedance contrasts and
represented the upper zone of normal and gas hydrate-
bearing sediment. Such a layered model is typical of the
upper boundary of the gas hydrate zone, which is formed
by a sequence of thin-bedded sediments with no hydrates
and sediments containing gas hydrates in the pore spaces.
The thickness of gas hydrate layers also gradually
decreases towards the seafloor.

The SRLs observed on high-resolution acoustic data in
our study area have a very similar appearance to those
observed by Woodside et al. (2003) in the Sorokhin
Trough. The main differences between the two reflections
are that the proposed gas hydrate layers in the Sorokhin
Trough were formed at shallower subsurface depths
(approximately 4-7 m) below the sea floor but in deep
water conditions (e.g., 1700 m water depths). We also
observed that the reflection polarity of these strong
reflections is the same as the polarity of sea floor
reflection, suggesting that these reflections do not
represent the upper boundary of a possible gas front
from a shallow gas accumulation. This positive polarity
occurrence is also consistent with the polarity analysis of
Woodside et al. (2003) for the digital MAK-1 data.

The key question here that we should answer is
‘whether or not the SRLs in our study area also represent
gas hydrate layers’. The similarity of SRLs in both the
Sorokhin Trough and Turkish Shelf areas leads us to
tentatively suggest a similar interpretation for the SRLs in
the Turkish upper slope of the Eastern Black Sea.
However, the difference between the water depths in SRL
zones in these areas forces us to evaluate the stability
conditions of such shallow gas hydrate layers, since the
stability of gas hydrates primarily depends on the

thermobaric conditions. Firstly, the shallow occurrence of
such gas hydrate layers needs relatively high amounts of
hydrogen sulfide production in the area accompanying the
methane to form the gas hydrates, and this stabilizes the
hydrate structure even under low pressure and/or high
temperature conditions (e.g., Kastner et al. 1998; Swart
et al. 2000).

Methane and Hydrogen Sulfide Productivity of the
Region

Rice & Claypool (1981) suggested that the biogenic gas in
marine environments is produced by immature organic
matter. They also suggested three different chemical
zones in marine sediments: (1) aerobic zone, (2)
anaerobic sulphate reducing zone and (3) carbonate
reducing (or methane production) zone. Hydrogen
Sulphide, H,S, is produced in situ by means of the
metabolic activity of sulphate-reducing bacteria in the
sulphate reducing zone, whereas methane is produced in
the underlying carbonate reducing zone. Sulphides in
marine sediments exist as insoluble solid metal sulphides
or sulphide compounds dissolved in the pore waters. In
the presence of oxygen, however, sulphide rapidly
oxidizes to sulphate. Therefore, sulphides are widely
observed in anoxic waters as well as anoxic seabed
sediments such as those in the Black Sea.

Cifci et al. (2002) and Ergln et al. (2002) reported
extensive shallow gas accumulations at 25-65 mbsf with
acoustic blanking effects in the surface sediments of the
study area. The gas in the shelf sediments of the Black Sea
is mainly biogenic in origin (Hunt & Whelan 1978;
Ginsburg et al. 1990; Ginsburg & Soloviev 1997). High
sedimentation rates (e.g., 30 m/Ma) and at least 0.5% of
total organic carbon (TOC) are necessary for biogenic gas
generation (Rice & Claypool 1981; Mienert & Posewang
1999). Since the study area is located in the Yesilirmak
River fan, the sedimentation rate in the region is relatively
high (more than 30 ¢m/1000 years; Ross 1977).
Therefore, abundant plant debris and organic matter
transportation may cause extensive biogenic gas
generation (mainly methane) on the shelf and upper slope
region. Ergin et al. (1996) suggested that the TOC
content of Holocene deposits in the southeastern Black
Sea ranged from 0.69 to 3.09% and was about 2.60%
for the study area, which seems to be sufficient for
biogenic methane generation. The acoustic data and core
samples presented here also show potential methane
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accumulations just below the SRLs as acoustic turbidity
Zones.

In marine environments, the main sulphide and
organic carbon accumulations occur around the
continental margins, particularly in deltaic sediments (Lin
et al. 2002). H,S is produced in marine sediments by
bacterial reduction of dissolved sulphate in the uppermost
sediments of the sulphate-reducing zone (Brichert et al.
2003). In this zone, sulphate is rapidly depleted by
sulphate-reducing bacteria due to oxidation of organic
matter (Fossing et al. 2000) and sulphate concentration
decreases with depth concomitant with a H,S
concentration increase (Bruchert et al. 2003). When
sulphate is completely exhausted, methane production
takes place in the carbonate-reducing zone below the
sulphate-reducing zone (Niewohner et al. 1998; Fossing
et al. 2000). Since the presence of organic carbon is the
primary factor for sulphate reduction and because shelves
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and deltaic environments are major sources of organic
carbon, the areas where surficial waters and sea-water
coalesce, such as river mouths, are considered to be the
main sulphide accumulation environments (Lin et al
2002; Wijsman et al. 2001). The Black Sea is the largest
anoxic basin in the world, having a permanent H,S
reservoir (Codispoti et al. 1991), and the large rivers
which transport large amounts of dissolved organic
matter from deltas to basin environments potentially
affect the iron and sulfide cycle in the sediments (Wijsman
et al. 1999, 2001). Therefore, the mineralization and
sulphide levels in the areas of high sediment input such as
our study area are expected to be higher than in the deep
basin.

Figure 5 shows total sulphide and free H,S
concentrations in seabed sediment samples from the
study area, expressed in parts per million (ppm) by
weight of total sulphides and hydrogen sulphide in the
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Figure 5. Total sulphide and free H,S concentrations of surficial sediment samples from shelf to abyssal plain expressed as
ppm values. Inset is a bathymetric map showing the location of the curve. The area approximately between 20

and 42 km is the SRL zone.
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original sediment sample. The term ‘total sulphides’
means hydrogen sulphide, together with other water
soluble sulphide ions derived from H,S (HS and S*) and
those solid metal sulphides, primarily iron sulphide (FeS),
which may exist as components of anoxic seabed
sediments. The area approximately between 20 and 42
km in the H,S concentration curve in Figure 5 is the SRL
zone. Within this interval, maximum total sulphide and
free H,S concentrations are 5550 and 945 ppm,
respectively. Towards the abyssal plain, the
concentrations rapidly decrease downslope to their mean
values of 250 and 55 ppm, respectively. The total
sulphide concentrations of the area are similar to the
concentrations observed in other deltaic environments in
the Black Sea. For instance, Wijsman et al. (2001)
reported total sulphide concentrations more than 6200
ppm in the Danube delta, while Otero et al. (2003)
observed 9000 ppm total sulphide concentrations in the
Gulf of California. Nonetheless, free H,S concentrations in
the study area seem to be slightly higher than other ocean
margin regions. For instance, Murray et al. (1978)
reported 342 ppm off Vancouver Island, Boulegue et al.
(1982) recorded 167 ppm off Delaware, and Tsunogai et
al. (2002) noted H,S concentrations of 510 ppm in the
Nankai Trough. Compared to H,S concentrations in the
areas where mixed H,S-methane hydrates are observed,
Swart et al. (2000) reported a maximum H,S
concentration of 156.6 ppm off South Australia and
Aharon & Fu (2000) reported a maximum concentration
of 725 ppm in the Gulf of Mexico.

The sulphide in the pore waters can be analysed as
total sulphides, dissolved sulphides or free H.,S. Dissolved
sulphide, produced via bacterial sulfate reduction, rapidly
reacts with the reactive iron in the sediments to form FeS,
which can further react with dissolved sulphide to form
pyrite (Tsunogai et al. 2002). Therefore, H,S produced in
the sulphate-reducing zone is precipitated more or less
immediately as amorphous FeS (Wijsman et al. 2001).
This may suggest that most of the high total sulphide
concentrations produced in the shelf sediments of the
study area might be generally result from this FeS
precipitation. Lyons (1991) observed approximately
0.7% wt and 0.8% wt FeS concentrations in the
Kizilirmak River Delta (central-southern part of the Black
Sea) and in the Black Sea outlet of the Bosphorus strait,
respectively. Wijsman et al. (2001) reported 0.66 wt%
FeS concentration in the Danube Delta (northwestern
Black Sea), which is a typical value for anoxic Black Sea

deltaic sediments. With regard to FeS, a maximum of
5500 ppm total sulphide concentration in the study area
corresponds to a 0.55 wt% FeS concentration and does
not seem to be particularly high (Timothy W. Lyons,
personal communication 2003). Therefore, it is concluded
that the total sulphide concentration in the area can be
explained by FeS precipitation. Fe concentrations
dissolved in the pore waters in the marginal sediments of
the Black Sea are rather limited (e.g., Lyons 1991;
Wijsman et al. 2001) and it is likely that this limited
amount of iron is also rapidly depleted by FeS
precipitation. At the same time, sulphate reduction, and
hence H,S production, still continues after FeS is depleted.
The lack of iron terminates the production of FeS and can
permit elevated free H,S concentration, which is required
for gas hydrate formation in the area.

Sulphate reducing rates, the depth of the sulphate
reducing zone, methane and free H,S concentrations,
total sulfides as well as precipitated FeS concentrations
can only be properly assessed using geochemical data
from Ocean Drilling Projects (ODP). However, a lack of
ODP data near the study area limits the above
geochemical model because proposed geochemical data
was obtained from surficial sediment samples of the study
area. Although we do not know the exact geochemical
setting down to 25 mbsf, some considerations about the
subsurface sediments, such as the depth of the sulphate-
reducing zone, were made using seismo-acoustical data.

Stability Conditions for H,S Rich Hydrates in the Study
Area

Pressure and temperature conditions of sedimentary units
in which gas hydrates are formed are primary factors
controlling hydrate formation and retention in natural
environments. The pressure conditions are related to the
water depth and subsurface depth of gas hydrate
formation, whereas the temperature conditions are
mainly controlled by sea-bottom temperature distribution
as well as the geothermal gradient in the sedimentary
sequence. Because the SRLs in the study area formed at
relatively shallow depths in the sediments, the geothermal
gradient is omitted in the evaluation of stability
conditions.

The temperature distribution in the water column was
examined to evaluate the stability conditions. 10 different
CTD data were used along a profile and the temperature
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values from different depths along the profile were
contoured to obtain a cross-sectional temperature
distribution of the water column in the study area (Figure
6; Dondurur et al. 2001). Figure 6 shows that the sea
bottom temperature changes between 8.7 and 8.9 °C for
the depth range of 250 to 700 m (about 2500 to 7000
kPa), where the SRLs are observed. Pure methane
hydrates usually occur in deeper water areas where low
bottom temperatures and high pressures allow the gas
hydrate to form. However, adding H,S to CH, decreases
the pressure and increases the temperature required for
the mixed gas hydrate to be stable. Therefore, if a certain
amount of H,S coexists with the methane, gas hydrate
structure can be stable in much shallower depths and
higher temperatures (Kastner et al. 1998; Swart et al.
2000). Figure 7 shows thermobaric stability curves for
pure methane hydrates and for H,S-rich methane
hydrates composed of 10, 20 and 30% H,S

concentrations. For sediments warmer than 10 °C, pure
methane hydrates require water depths exceeding 700 m
to be stable. The H,S-rich hydrates (e.g., 10% H,S and
90% CH,), however, are stable even at 250 m water
depths under the same temperature conditions (Figure 7).
The thermobaric conditions for the shallowest SRLs (250
m water depth) in the shelf area are indicated by ‘@’
whereas the thermobaric conditions of the deepest SRLs
(700 m water depth in the upper slope) are denoted by
‘W'. According to the thermobaric conditions of the study
area in Figure 7, a minimum 10% of H,S and a maximum
90% of methane should exist in the hydrate structure for
a possible gas hydrate occurrence in shallow water depths
(e.g., 250 m). Because H,S stabilizes the gas hydrate
structure in shallow water depths, maximum H,S
concentrations are needed at the shelf area. Due to the
increasing pressure, however, lower and lower H,S
concentrations are required from shelf to downslope as
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Figure 6. Cross-section showing temperature distribution from shelf to upper slope. The sea-bottom temperature ranges
between 8.7 and 8.9 °C in the SRL zone. Inset is a bathymetric map showing the location of the curve.
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Figure 7. Theoretical gas hydrate stability curves for pure methane
hydrates and hydrogen sulphide-rich methane hydrates (for
10, 20 and 30% H,S compositions) calculated by the
CSMHYD program of Sloan (1990). Thermobaric conditions
for the conjectural gas hydrate layers for the shallowest and
deepest water depths in the study area are indicated by ‘@’
and ‘W, respectively (see text for details).

the water depth increases. Therefore, we conclude that
lower H,S and higher CH, concentrations should exist in
the gas hydrate structure formed in deeper waters than
those in the shallower shelf area. Total sulphide and free
H,S concentrations in Figure 5 decrease as the water
depth increases downslope. This decrease, however, is
compensated by a lower H,S requirement for gas hydrate
formation and stability in deeper waters.

Structure of the Conjectural Hydrate Zone

Based on the high resolution seismic data, Okyar & Ediger
(1999) indicated that the boundary between the sulphate-
reducing and the underlying carbonate-reducing zone in
the southeastern Black Sea shelf was at about 35 mbsf.
Because almost all the sulphate is depleted via sulphate
reduction, H,S concentration rapidly decreases towards
the base of the sulphate-reducing zone and becomes zero
in the underlying carbonate-reducing zone (Kastner et al.

1998). Furthermore, because methane is bacterially
oxidized in the presence of sulphate, methane does not
exist in the sulphate-reducing zone (e.g., Borowski et al.
1996). Therefore, H,S concentration rapidly decreases in
the carbonate-reducing zone, whereas methane
concentration rapidly decreases towards the seabed (into
the sulphate-reducing zone). This phenomenon is
schematically illustrated in Figure 8a. In particular,
sufficient methane flux into the sulphate-reducing zone
(e.g., along the fault traces cutting the sulphate-reducing
zone) can bring methane into contact with H,S. That is
why H,S-rich gas hydrates are rare in nature. A
geochemical relationship of this type was observed in the
Cascadia subduction zone where the observed H,S
concentration at the seabed was >10000 ppm (Kastner et
al. 1998). This high H,S concentration then decreases
towards the base of the sulphate-reducing zone located at
about 20 mbsf, and it rapidly decreases to about 30 ppm
at the base of the sulphate-reducing zone.

In the study area, some of the H.,S is precipitated as
FeS and, after iron is depleted, the remaining H,S exists
as free and dissolved H,S in the sulphate-reducing zone
while methane is produced in the underlying carbonate-
reducing zone. If the SRLs observed in our study area
represent gas hydrate layers, they should be formed at
the boundary between the sulphate- reducing and
carbonate-reducing zones, where methane comes into
contact with H,S (Figure 8b). There is insufficient
methane present above, while no H,S exists below this
boundary. Consequently, both sufficient methane and H,S

concentrations required for gas hydrate formation only
exist along this boundary.

The formation mechanism of the gas hydrate layers is
schematically illustrated in Figure 8b. H,S is produced in
the sulphate-reducing zone down to depths of about 25—
60 mbsf. The close-up in Figure 8b shows the structure
of the conjectural gas hydrate formation. It is concluded
that strongly reflective appearance of gas hydrate layers
on the acoustic data indicates that above the gas hydrate
zone are several thin gas hydrate sheets or lenses
interbedded with non-hydrate-bearing sediments.
Individual reflections from consecutive thin gas hydrate
layers may interfere with each other because the distances
between them are rather small. When this interference is
constructive, successive strengthening of the particular
reflections can cause the observed anomalously strong
reflector appearance on the sub-bottom profiler data.
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Figure 8. (a) Schematic representation of variations in methane and H,S concentrations from the seabed to the carbonate-reducing zone (not to
scale). (b) Conceptual model for conjectural gas hydrate formations in the area (not to scale). H,S is produced in situ in the sulphate
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Such a sequence can produce a 3- to 5-m-thick strong
reflection because of the constructive interference effects
of the successive reflections from top and bottom of the
gas hydrate sheets even at 60 mbsf, as in Figure 4.
Woodside et al. (2003) suggested a gradual decrease in
the thickness and gas hydrate content of hydrate sheets
towards the sea floor. Note that the carbonate-reducing
zone in Figure 8b is characterized by acoustic turbidity
zones in the acoustic data, indicating potential gas
accumulation (e.g., in Figure 3). It is concluded that as
pressure forced the methane to move upwards from the
carbonate reducing zone, it possibly produced a gas front
along the upper boundary of this zone, which is clearly
observed on the acoustic data (see Figures 3 & 4).

Depth of SRLs in the study area changes significantly
from one seismic line to another (compare Figures 3 and
4). This situation suggests that the thickness of the
sulphate reduction zone and hence the depth of carbonate
reduction zone increase significantly, especially towards
the north (towards the shelf break or continental slope)
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as in Figure 4, as expected. Borowski et al. (1999)
indicated that the thickness of the sulphate reduction zone
significantly increases towards the shelf break, so that
while it is only a few centimetres thick near the coastlines,
it can become more than a hundred metres deep on the
shelf break. This observation explains the changes of
boundary depths of the sulphide-reduction and carbonate
reduction zones in the study area.

Conclusions

Several strong reflections at the subsurface depths of 25—
60 mbsf were observed on deep-towed, high resolution
sub-bottom profiler data in the Turkish shelf and upper
slope of the Eastern Black Sea at the water depths of 250
to 700 m. Using acoustic and geochemical data, the
possibity of these reflections indicating H,S-rich shallow
gas hydrate layers are discussed and a conceptual model
for such gas hydrate formation is suggested. According to
this model, the conjectural gas hydrate layers in the area
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should be formed along the boundary between the
sulphate-reducing and carbonate-reducing zones, where
methane comes into contact with H,S. In addition, the
strongly reflective appearance of these layers on the sub-
bottom profiler data indicates that the upper side of the
hydrate zone consists of a number of gas hydrate sheets
with a decreasing thickness towards the seabed,
interbedded with hydrate-free sediments.

Although we do not know the percentages of methane
and H,S of the gas mixture in the proposed hydrate zone,
according to the thermobaric conditions of shallowest
SRLs in the shelf area, a minimum of 10% of H,S and
maximum 90% of methane should exist in the conjectural
hydrate structure.

The main weakness with the suggested model is that
it is based on important assumptions, such as the
existence of a certain amount of H,S and methane in
deeper sediments as well as the depth of the sulphate-
reducing zone in the study area. The model proposed here
is based on acoustic and geochemical data, and further
investigations are necessary to evaluate the composition
and structure of observed SRLs in the area. The main
contribution will come from ground-truthing data such as
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