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Abstract
The EasternMediterranean continental slope offshore Israel became a focus of exploration for, and production of, natural gas in recent
years. The 2010–2011 Nautilus ROV expedition performed detailed video recordings and sampling in two areas offshore Israel: the
Palmachim disturbance, southwest of Tel Aviv, and an area offshore Acre, north of Haifa. An analytical programme regarding the
carbonate structures was carried out, examining the overall mineralogy, stable C and O isotopes, and Ca, Mg, and Mn concentrations.
This provided information on their composition and as a result, an indication of the carbon sources and temperature of formation. The
major authigenic minerals identified comprised magnesian calcite, dolomite, aragonite, and kutnohorite. The detrital minerals included
quartz, clays, feldspars, and rare augite and enstatite, likely transported from the Nile estuary. The carbon isotope composition of
aliquots taken from nineteen samples from these areas have an overall δ13C range from −62.0 to −0.1‰PDB, indicating a range of
microbial/biogenic and thermogenicmethane contributions. The range of δ18O from2.7 to 7.0‰PDB reflects the range of temperatures
of formation. The δ18O characteristics differ among areas. In general, high values; δ18O >5‰PDB are recorded from area N2 of the
Palmachim disturbance, indicating low temperature of formation. Low values of δ18O (<5‰PDB) were measured from areasW2 and
W3 of the Palmachim disturbance, together with samples from area N2 of the Palmachim disturbance, and samples from areas A1 and
A2 offshore Acre indicate high temperature origin. Samples from an inactive chimney from area N2 range from pure dolomite to pure
magnesian calcite. This trend is linked to δ13C increase from −39.9 to−0.1‰(PDB), and δ18O decrease from 6.2 to 4.7‰(PDB). These
values indicate a decrease in the methane-derived carbon contribution and an increase in temperature. Kutnohorite, Ca(Mn2+, Mg, Fe
2+)(CO3)2 is a major component in samples from Acre, and less so in the Palmachim disturbance. An exploratory investigation of the
relationship between Mn/Ca, δ18O and δ13C revealed that samples having Mn/Ca < 0.1(wt./wt.) have δ13C<−50‰PDB indicating a
microbial methane source, while samples withMn/Ca > 0.1 have δ13C between −35 and −22‰PDB suggesting a thermogenic origin.
These results suggest that the mineralogical, isotopic δ13, δ18O, and chemical (Mn/Ca indicative of kutnohorite) characteristics of
surficial carbonate structures can indicate and distinguish between deep and shallow methane sources in the Eastern Mediterranean.
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Introduction

In recent years, large gas accumulations were discovered in
the Eastern Mediterranean, including offshore Israel (e.g.
Shaffer 2011). These findings extend the realm of known
gas-prone areas in the Nile delta (e.g. Vandré et al. 2007) to
the northeast. Analyses of samples from boreholes on the con-
tinental slope indicate that the gas is derived from both micro-
bial and thermogenic sources (Feinstein et al. 2002).

This study follows the survey and sampling of the slope
offshore Israel during the 2010–2011 E/V (Exploration
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Vessel) Nautilus expedition. The ship has several remotely
operated vehicles (ROVs) which can carry out photographic
documentation, seafloor exploration, and sampling.
Following the expedition, a detailed study of the results of
the survey of the area of the Palmachim disturbance was un-
dertaken (Ezra 2016). This study focuses on the documenta-
tion and interpretation of surface features in key areas in the
Palmachim disturbance (Fig. 1), in view of existing informa-
tion on structural features and geophysical data for this area.

The present exploratory study documents the mineralogy,
stable isotope composition (carbon and oxygen), and some
chemical features of surficial carbonate structures, presumably
associated with methane seeps, in the Eastern Mediterranean.
Our aim is to obtain information on gas sources in areas fur-
ther to the north east, nearer the shore than identified in pre-
viously published works (Fig. 1). We make use of a different
source of information by incorporating carbonate structures
that occur on the seabed; surficial carbonates have been wide-
ly used as indicators of methane sources and their properties
(e.g., Aloisi et al. 2000; Greinert et al. 2001; Joseph et al.
2013). The samples investigated originate from two areas on
the Israeli Mediterranean slope; the large Palmachim distur-
bance south west of Tel Aviv, and Acre, west of the town of
Acre, north of Haifa (Fig. 1). This study explores the miner-
alogy, stable isotope composition (δ13C, δ18O), and some
chemical indicators (Mn, Ca, and their ratio) of surficial car-
bonates to elucidate their carbon source. These indicators, in
conjunction with chemical, mineralogical, geological, and
geophysical information, help to decipher more precisely the
geological context of the source of the gas, and its pathways in
the studied areas.

This study is based mainly on carbon and oxygen isotope
composition in carbonates as indications of the carbon source
and the source of the transporting fluid. The general carbon
isotope systematics of gaseous hydrocarbons can be complex.
However, as the dominant hydrocarbon in the study area is
methane, a general assignment based on its typical δ13C
values of methane of the dominant sources, microbial (δ13C
< −55‰PDB) and thermogenic (δ13C > −45‰PDB), can be
applied (e.g. Schoell 1984; Whiticar 1999; Tissot and Welte
1984). Slightly heavier values are recorded in authigenic car-
bonates associated with methane (e.g. Greinert et al. 2001;
Joseph et al. 2013). The isotope composition δ13C and δD in
residual gas and hydrate samples, as produced in laboratory
experiments, revealed that the differences were at analytical
precision level (i.e. indistinguishable) (Hashikubo et al. 2007).

On a global scale, large amounts of gas exist in shallow
sediments along continental margins and in shallow marine
sediments. Methane is the most prominent and occurs in three
forms: dissolved gas, gas hydrate, and free gas, with changes
occurring in response to changes in physical environmental
factors. The carbon content of each of these forms can enter
and leave the sediments through microbial decomposition of

organic matter, anaerobic oxidation of methane in shallow
sediments, and seafloor gas venting (Dickens 2003). These
sources can contribute to the reservoir of dissolved bicarbon-
ate, which may then form carbonate structures on the seabed.
These contain mineralogical, geochemical, and isotopic infor-
mation indicative of their sources and environment of
deposition.

The examination of surficial carbonate structures may pro-
vide useful characterisation of potential gas sources in rela-
tively shallow water sediments along continental margins in
general. This approach is of wide interest as in many areas, the
mapping and modelling of gas occurrence and distribution is
relatively understudied, despite the gas potential of many shal-
low water gas zones being quantified. The results of this study
may thus have great potential in their application during the
initial stages of exploration and can be used as indicators for
deep thermogenic and shallow bacterial sources in the Eastern
Mediterranean. These indications may highlight the possibil-
ity of reservoirs of gas derived from shallow bacterial sources,
in addition to the known reservoirs of gas of thermogenic
origin in the region.

Background

The study areas of the Palmachim disturbance and Acre are
located close to the Eastern Mediterranean coast of Israel
(Fig. 1a, b). The main source of sediments and its organic
matter is the Nile River and its large associated delta (Fig. 1).
Along the continental margin of the EasternMediterranean, the
Palmachim disturbance is the largest of a series of submarine
slumps that affect the continental shelf and slope. It is located
south of Mt Carmel (Katz et al. 2015) and to the south west of
Tel Aviv, at 32° 10′ N 34° 30′ E (Fig. 2). It measures approx-
imately 60 km in length and 16 km in width, bounded by faults
trending ca 310° (Garfunkel et al. 1979). These fault-related
graben structures appear as westward deepening channels
(Fig. 2). Closer to the shore, the slump shows features indica-
tive of extensional deformation. The southern boundary con-
sists of normal faults in the near shore area, and reverse faults in
the mound area. A topographic low occurs adjacent to the
undeformed continental slope to the north and south, and nor-
mal faults are found throughout the slump structure. The mid-
dle part exhibits compressional features such as topographic
mounds of higher elevation relative to the adjacent undeformed
continental slope. The toe area is located ca 900 m below sea
level. The morphology of the area at the toe is marked by ca.
2 km spaced elongated ridges, 2.5–6 km in length and trending
roughly north-south. Seafloor lineaments impinging on these
ridges from the northwest and the southwest represent active
faults associated with the southern boundary of the Palmachim
disturbance (Fig. 2) (Ezra 2016). The sites west of Acre are
located in a different structural setting, adjacent to NW-SE
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trending faults that belong of the Dead Sea transform fault
(DST) (Garfunkel 1998) (Fig. 1). The DST is part of the
Syrian-African Rift System.

The sediments of the Palmachim disturbance are Pliocene-
Quaternary in age (Yafo Formation, the upper part of the
Saqiye Group). They consist mainly of sediments derived

Fig. 1 Maps of the study area. (a)
Location of Israel. (b) Regional
map of the Eastern Mediterranean
showing key features: the Nile
Delta to the south, the shelf and
slope areas narrowing towards the
north and deeper submarine to-
pographic features. The samples
investigated are from the
Palmachim disturbance located to
the south-west of Tel Aviv, and
Acre located to the north of Haifa.
The Dead Sea Transform (DST)
fault is a dominant tectonic fea-
ture in this region. It passes
through the Gulf of Eilat (Red
Sea), crosses the Dead Sea, and
extends northwards through the
Jordan Valley. A fault branches to
the NW to the Mediterranean Sea
at Haifa, and faults belonging to
this part of the system occur in the
Acre area (Garfunkel 1998)
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from the Nile River, transported by longshore- and offshore-
directed currents within the Nile littoral cell (Almagor et al.
2000). In the slump of the Palmachim disturbance, the sedi-
ments of the Yafo Formation were detached from the underly-
ing Late Miocene (Messinian) Mavqyim Formation, the lower
part of the Saqiye Group. The Mavqiym Formation is rich in
evaporites, which were deposited during the desiccation of the
Mediterranean. This detachment caused the formation of the
offshore slump structures (Garfunkel et al. 1979).

Seismic profiles across the toe of the Palmachim distur-
bance (Fig. 3) reveal pockmarks that are underlain by high
amplitude and reversed phase reflections (Eruteya et al.
2018). These are commonly interpreted as indicators of free
gas (Judd and Hovland 1992). These occur at <10 m beneath
the sea floor. The Nautilus ROV dives (sites W-2, W-3, and
W-4 in Fig. 2) revealed active gas seepages and adjacent car-
bonate rock formations (Ezra 2016).

The north-western part of the Palmachim disturbance is
marked by a steep bathymetric slope descending into the
channel that follows its northern boundary fault (Fig. 2). The
NE-SW seismic profile across the fault (Fig. 3) indicates that
the subsurface sedimentary layers are generally subparallel to
the surface of the central part of the Palmachim disturbance.
These layers crop out on the northern slope that is formed by
the boundary fault (Fig. 3), with terraces having dips of up to
25° towards the south (Ezra 2016). A structural dome under-
lies the bathymetric mound. This structural position may raise
the question as to the source and the time of formation of the
carbonate structures detected on that northern slope. They
could be related to the beds of the structural dome and formed
after its uplift or are related to the boundary fault as a conduit
from a deeper source. The samples investigated in this study
originate from areas at the toe; W2 and W3 and the northern
portion N2, in the Palmachim disturbance, and from areas A1

Fig. 2 Inset; location of the Palmachim disturbance and Acre. Main
figure; bathymetric map of the area of the Palmachim disturbance:
DEA, disturbance extensional area; DCA, disturbance compressional
area; TS, translateral slab. Lines A–A’ blue and B–B’ red indicate the
location of the seismic profile shown in Fig. 3 (from Ezra 2016). The
white frames indicate the areas investigated by the Nautilus ROV. The
northern area is N and the western area is W. The path of the ROV is
marked by red lines. Note that in area N, the path of the ROV N2marked

in red is mainly within the TS part of the Palmachim disturbance but it
reaches the northern boundary fault and the associated channel. The toe
area investigated has a topography reflecting the structural elements of
this area. The red lines mark individual path sections of the ROV in the
individual areas: N1, N2, W1, W2, W3, and W4. The samples analysed
from the Palmachim disturbance were collected in areas N2 W2 andW3.
The samples analysed from the Acre area were collected in areas A1 and
A2 (Rubin Blum et al. 2014)
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and A2 of (Rubin-Blum et al. 2014) marked together as the
Acre area, offshore the town of Acre (Fig. 1).

Information on gaseous hydrocarbons in the subsurface
of the study areas was not found in the literature. However,
data on the chemical composition of the gas and the carbon
isotope composition of methane, C2, and C3 were pub-
lished for several boreholes from areas offshore southwest
of Israel (Feinstein et al. 2002). Results for methane from
the Yam-Jaffo 1 borehole, the nearest to the Palmachim
disturbance (ca 25 km to the SW), are as follows: for the
Pliocene section, the proportion of methane is >99%, δ13C
<−66‰PDB, for the Lower Cretaceous the proportion of
methane is >98%, δ13C −59.6 to −53.8‰, and for the
Jurassic the proportion of methane is 35–99%, δ13C
−42.3 to −29.1‰PDB. These results from the Yam Yaffo

1 borehole may be interpreted in view of general assign-
ments of sources of methane as follows: microbial methane
δ13C < −55‰PDB, and thermogenic methane δ13C>
−45‰ PDB (e.g. Schoell 1984; Tissot and Welte 1984;
Whiticar 1999).

Microbiological investigations were carried out in areas
offshore Acre and at the toe of the Palmachim disturbance
(Rubin-Blum et al. 2014). These included the determination
of the concentration and stable isotope composition of meth-
ane and sulphate. At the Acre site, the δ13C values of methane
had a minimum value of −80.6‰PDB at 5.5-cm depth indi-
cating microbial origin. The highest sulphate δ34S value was
53.6‰CDT with δ18O of 20.4‰ PDB. In comparison, the
respective values of sea water samples at that site were
20.3‰CDT and 8.6‰PDB respectively. The high values

Fig. 3 Seismic profiles across the northern part of the Palmachim
Disturbance (locations indicated in Fig. 2). B-B’ (Upper) Meteor seismic
profile HH20-X-Part-1 (vert. exag. X 10), marked in red, has visible
layers down to ~75 m below the seabed. The section crosses the distur-
bance roughly North-South at the location of the 2010–2011 ROV dive
for area N2. Note the bathymetric dome which results from the uplift of
the northern edge of the disturbance and the outcrop of the layers of the
Yafo Formation (Pliocene-Quaternary), on the northern flank, which is

heavily eroded. The carbonate samples collected on this outcrop (path of
the ROV shown in area N2 in Fig. 2) indicated low temperature biogenic
source, in contrast to samples from the deep channel which indicate
thermogenic methane, probably associated with the northern boundary
fault. The TGS seismic profile A-A’ (Lower) TGS marked in blue in Fig.
2, vertical exaggeration x5, shows the broader topographic and structural
features of the area
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are indicative of the effects of bacterial sulphate reduction. At
the toe of the Palmachim disturbance, the lowest δ13C value of
methane was −70.4‰PDB at 14-cm depth. The δ13C values
of dissolved inorganic carbon (DIC) ranged from −19.1 at 0.5-
cm to −52.2‰PDB at 10.5-cm depth; values indicative of
microbial methane (Rubin-Blum et al. 2014).

Materials and methods

The samples collected by the ROV were documented and de-
scribed on board the ship and kept refrigerated. These were later
subsampled for laboratory analysis. Mineralogical analysis by
X-ray diffraction (XRD) was carried out at the Natural History
Museum London, on powdered samples placed on a zero-
background holder (quartz substrate) as suspension in acetone.
The XRD measurements were carried out using an Enraf
Nonius 590 diffractometer using Cobalt K-alpha1 radiation
and a germanium monochromator, a spinning sample stage,
and a 120° position sensitive detector (PSD). The angular line-
arity was calibrated with silver behenate and silicon as external
standards. A 2θ linearisation of the PSD was performed with a
least-squares cubic spline function. The Hiscore software from
Panalytical was used for phase identification alongwith the PDF
database from the International Centre for Diffraction Data.

The stable isotope compositions δ13C and δ18O of the car-
bonate samples was determined at the Instituto Andaluz de
Siencia de la Tierra (CSIC-UGR), Granada, Spain, using an
XL Thermo Finnigan MAT 251 mass spectrometer. The re-
sults are expressed in the δ notation relative to PDB with a
precision better than +/−0.1 permil for both δ13C and δ18O
(Garcia-Alix et al. 2014).

Chemical analyses (Mn, Ca) were carried out at the Natural
History Museum London.

Aliquots of about 0.05 g of powdered samples were
weighed and then dissolved in concentrated HCL for 1 h at
70 °C. After cooling, the undissolved, solid residue was sep-
arated by filtration from the supernatant through 0.2 μm sy-
ringe filters. The solutions were then dried and re-dissolved in
1 mL of conc. HNO3 plus 2 mL of DI H2O at 70 °C for 1 h.
The samples were then made up to 25 ml total volume. The
solutions were analysed on an Agilent 7700 ICP-MS

Results

Mineralogical compositions

The carbonate structures have various shapes and sizes (Fig. 4).
The sample photographs are marked as a, b, c, etc., and two
views (1, 2) are given for each sample except for e. The min-
eralogical composition is summarised in Table 1 and the
diffractograms of mineral assemblages of samples from the

various areas are given in Figs. 5, 6, and 7. The stable isotope
results are summarised in Fig. 8. The relation between Mn/Ca
and the stable isotope composition is given in Fig 9.

The first part of the study focused on carbonate structures
of the Palmachim disturbance. One of the largest and most
spectacular samples is a chimney, sample 026 (Fig. 4a1), col-
lected in area N2 (Fig. 2). It has a diameter of ca 10 cm with a
similar length. A section of the lower part shows the conical
chimney structure with a central vertical conduit and horizon-
tal divisions (Figs. 4a1 and a2). A portion of the upper, larger
part (Fig. 4a2), was chosen for detailed analysis. Twenty-two
aliquots were taken from a polished surface of a lengthwise
cut, using a 2-mm diameter drill.

X-ray diffraction (XRD) analysis of these aliquots revealed
that they consist of mixtures of only magnesian calcite and
dolomite, in a wide range of proportions that span from one
nearly pure end member, rich in dolomite, marked as Q188
47, to nearly pure magnesian calcite Q188 48 respectively
(Fig. 5). These diffractograms show a slight shift of the main
peak of the magnesian calcite to lower 2θ values, indicating an
increase in Mg content in the magnesian calcite along with the
concomitant decrease in the content of dolomite.

In area N2 of the Palmachim disturbance (Fig. 2), XRD
analyses of samples 14B 110 and 013 107 (Fig. 7a) show
the presence of kutnohorite, however in lower proportion than
magnesian calcite. Also from area N2, sample 025 112
(Pebble) (Fig. 7b) consists mainly of magnesian calcite and
dolomite, with minor quartz and traces of montmorillonite.
Sample 047A 119 (Branch) consists mainly of magnesian
calcite with trace amounts of quartz. Sample 047B 120
(Serpent) consists of magnesian calcite having a wide range
of Mg content, and traces of enstatite (Fig. 7b).

In area W2 within the toe of the Palmachim disturbance
(Fig. 2), XRD analyses of sample 057a 121 (Fig. 7c) reveal
the predominant component to be magnesian calcite, which has
a very wide Mg concentration range. It also contains
kutnohorite and minor aragonite. Sample 058 112 is dominated
by aragonite with calcite and traces of quartz and microcline.

Area W3 adjacent and slightly to the north of area W2
(Fig. 2) is represented by sample 74, which has a layered
structure (Fig. 4d). The three layers analysed show the
same mineralogical composition of nearly pure magnesian
calcite with minor kutnohorite. Sample 077 128 (Karst)
consists of aragonite with traces of calcite (Fig. 7d).

Area A1 offshore Acre (Fig. 2) is represented by sample
001B (Wedge) from which five aliquots were taken (Table 1,
Fig. 4c1 and c2). The two diffractograms 001B 101 (rusty
brown) and 001B 105 (light top) show that kutnohorite
Ca(Mn2+, Mg, Fe 2+)(CO3)2 is the most abundant mineral,
with magnesian calcite the second most abundant, with minor
quartz, microcline, and traces of enstatite (Fig. 7a). Rare oc-
currences of the minerals calcian albite, andesine, and augite
of detrital origin were also recorded.
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Table 1 Samples and analytical results (arranged according to analysed aliquot number)

Area Sample
no.

Sample
name

Analysed
aliquot no.

Sample
description

δ18O
(‰PDB)

δ13C
(‰PDB)

Mn/Ca
(mg/mg)

Q no. Mineralogical composition

Area N2 026 Large
Chimney

LCH1 5.57 −34.80 All aliquots are mixtures of high Mg
calcite and dolomite (see Fig. 5)

LCH2 5.86 −38.94
LCH3 5.96 −39.89
LCH4 6.04 −34.97
LCH5 5.35 −0.10
LCH6 5.63 −5.18
LCH7 5.17 −22.75
LCH8 5.40 −36.00
LCH9 5.68 −36.39
LCH10 5.73 −36.24
LCH11 5.27 −26.91
LCH12 5.87 −27.58
LCH13 4.68 −25.23
LCH14 5.98 −36.82
LCH15 6.09 −38.33
LCH16 5.51 −31.64
LCH17 6.04 −36.40
LCH18 5.98 −37.33
LCH19 6.04 −36.56
LCH20 6.21 −39.26
LCH21 5.88 −39.60
LCH22 4.85 −22.96

Area A1 001B Wedge 101 1 Rusty brown 5.21 −22.82 0.383 19018 Kutnohorite, magnesian calcite (10%
Mg), quartz, microcline, kaolinite,
montmorillonite

102 2 Light 5.04 −23.13
103 3 Grey lower 5.67 −23.57
104 4 Grey upper 4.01 −22.46
105 5 Light top 4.47 −22.34 0.198 23037 Kutnohorite, magnesian calcite (10%

Mg), quartz, microcline,
montmorillonite, enstatite

Area A2 12 Massive 106 4.10 −35.13 19092

Area N2 013-C Sandy 107 1 Sandy lower 3.64 −23.56 19019 Magnesian calcite (10% Mg),
kutnohorite, quartz, microcline,
montmorillonite, enstatite

108 2 Sandy middle 4.69 −31.27 19093

109 3 Sandy upper 4.05 −33.07 19094

Area A2 014B Small
chimney

110 1 Small chimney
inner

4.05 −33.72 0.144 19082 Magnesian calcite (8% Mg),
kutnohorite, quartz, microcline,
montmorillonite

111 2 Small chimney
outer

6.2 −23.19 0.153 23038 Magnesian calcite (30% Mg),
kutnohorite, quartz, microcline,
montmorillonite

Area N2 025 Pebble 112 1 Pebble inner 6.32 −15.1 19090 Magnesian calcite (10% Mg),
dolomite, quartz, montmorillonite

113 2 Pebble outer 5.96 −22.04 19091

Area N2 027A 114 5.35 −31.46
Area N2 036 Small tree 115 Small tree 5.46 −3.37
Area N2 041 Moon

structure
116 1 moon filling 6.41 −12.78 19085
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Stable carbon and oxygen isotope composition

The 22 aliquots of the chimney sample 026 show an overall
trend of decrease in dolomite and increase in magnesian cal-
cite (Fig. 5). The trend of increasing dolomite content is asso-
ciated with a decrease in δ13C from −0.1 to −39.9‰PDB and
increase in δ18O values from 4.7 to 6.2‰PDB (Table 1) is
represented by six aliquots in Fig. 6. The δ13C and δ18O re-
sults for the 22 aliquots of sample 026 chimney show an
overall trend of decrease in δ13C values with increase in
δ18O, along with the increase in magnesian calcite content
(Fig. 7a). Two aliquots stand out. These are dominated by
magnesian calcite, having high δ13C values of −0.1 and
5.2‰PDB respectively. These are in the middle of the δ18O

range 4.7 and 6.2‰PDB (Table 1) (Fig. 4b). These trends in a
single chimney indicate changes in the controls of the carbon-
ate system in a single orifice over time, hence a change in
source and/or feeding pathway.

The mineralogical and isotopic features and their relations
described for the chimney sample 026 of area N2 can be
regarded as a reflection of changes at this specific locality in
area N2 on the north-facing slope of the channel that follows
the large fault bordering the Palmachim disturbance (Fig. 2).
The gradation of and the relationship between the two isotopic
signatures suggest a continuous change in the contribution of
the respective sources and a link between the two parameters.
The low values of endmember δ13C and the concomitant high
and increasing values of δ18O point to methane oxidation

Table 1 (continued)

Area Sample
no.

Sample
name

Analysed
aliquot no.

Sample
description

δ18O
(‰PDB)

δ13C
(‰PDB)

Mn/Ca
(mg/mg)

Q no. Mineralogical composition

117 2 moon inner
white

6.76 −62.31 0.044

118 3 moon outer
grey

6.57 −53.68 0.041 19086

Area N2 047A Branch 119 7.00 −28.88 19088 Nearly pure magnesian calcite
(10–12% Mg), quartz

Area N2 047B Serpent 120 6.99 −51.98 0.083 23040 Magnesian calcite (10–18% Mg),
quartz

Area N2 049D Dead
bamboo
coral

120B 5.73 −36.95

5.58 −39.11
5.79 −32.65
5.09 −36.2
5.92 −28.31

Area W2 057 Hard bed 121 5.82 −48.54 19089 Magnesian calcite (10–20% Mg)
aragonite, quartz, kaolinite

Area W2 058 Boring 122 3.44 −25.45 19095 Aragonite, magnesian calcite (13%
Mg), quartz

Area W3 061 Bivalve
substrate

123 3.88 −22.61 19096

Area W3 065 Topog 124 Topog lower 3.86 −39.18 19099

Area W3 067 Topog 125 Topog upper 3.85 −41.79 19100

Area W3 077 Karst 128 2.57 −33.75 19097 Aragonite, magnesian calcite

Area W3 074 Layered 74(1) lowermost

129 74(2)
Lowermost
cemented

4.25 −27.49 23043 Magnesian calcite (14% Mg),
kutnohorite

74(3) interlayer
not cemented

130 74(4) 2nd
cemented

4.24 −30.53 18839 Magnesian calcite (14% Mg),
kutnohorite

131 74(5) third
cemented

4.8 −20.28 23046 Magnesian calcite (14% Mg),
kutnohorite

132 74(6) uppermost
cemented

3.94 −20.99 18841
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related to bacterial sulphate reduction (e.g. Jørgensen 1977;
Aharon and Fu 2000). The relationship between the trends
of these values within a single carbonate chimney may in-
dicate a continuous evolution of the system from nearly
pure dolomite, with carbon derived from bacterial methane
and oxygen influenced by bacterial sulphate reduction, to
increasingly seawater-derived carbon in the formation of
magnesian calcite. Similar δ13C δ18O trends and ranges
were reported from dolomitic chimneys in the Gulf of
Cadiz (Magalhaes et al. 2012). It is noteworthy that with
decreasing proportion of dolomite, the peak of high Mg
calcite shifts to the left (decreasing 2θ values) (Fig. 5),
indicating an increase in the Mg/Ca ratio.

The patterns of δ13C and δ18O of other samples are differ-
ent from those of sample 026. Patterns of relatively wide
ranges in δ18O values and narrow ranges in δ13C values, and
vice versa, occur in several samples (Fig. 8b). Sample 001B
(Wedge), from area A1 (Fig. 2) shows differences in isotopic
composition between five aliquots; the overall range of δ13C
is −23.6 to −22.3, while the range of δ18O values is relatively
larger: 4.0 to 5.7‰PDB (Fig. 8b). The four aliquots taken
from different layers of sample 074 (layered) (Fig. 4), from
area W3 (Fig. 2), have a relatively constant mineralogical
composition (Fig. 7d), yet they show a large range of δ13C
−30.6 to −20.3‰PDB with a range of δ18O values between
3.9 and 4.6‰PDB (Fig. 8b). The five aliquots of sample
049D, the Bamboo coral, from area N2 (Fig. 2) have a δ13C
range of −39.1 to -−28.3‰PDB, and relatively narrower range
of δ18O values from 5.1 to 5.9‰PDB (Fig. 8b).

The overall distribution of δ13C and δ18O values given in
Fig. 8b shows a range of δ13C from −62.3 (041 Moon struc-
ture) to −0.1‰PDB (026 Large Chimney), and a δ18O range
between 2.7 (077 Karst) and 7.0‰PDB (047a Branch). There
does not seem to be an association between sample site and
δ13C values (Table 1). However, there seems to be a division
in δ18O values according to geographic areas. Samples from
areas A1, A2, andW3, and most of the samples from area W2
(Fig. 2), have δ18O values lower than 5‰PDB, while samples
from area N2 have δ18O values higher than 5‰PDB. The
range of values of sample 001B from area A1 (δ18O 4.5–
5.2‰PDB) crosses this division in δ18O values, along with
2 out of the 22 aliquots of sample 026.

The overall δ18O range in the samples of the present study
of the Palmachim disturbance and offshore Acre (3.9–7.0‰
PDB) is similar to the overall range of δ18O values reported
for groups B, C, D, and E from the Hydrate Ridge (2.4–7.8‰
PDB) by Greinert et al. (2001). In contrast, the δ13C range for
the present study (−62.3 to −0.1‰PDB mainly) is wider than
the range of δ13C values of groups B, C, D, and E of Greinert
et al. (2001) (−58 to −24‰PDB). The ranges of group A of
Greinert et al. (2001), the deepmethanogenic zone (δ13C −5 to
−25‰, with δ18O 4–8‰PDB), and those of the “enigmatic”

group F (δ13C −42 to −58 and δ18O 11–15‰PDB) are not
represented in the present study.

The ranges of δ13C (−58 to −24‰PDB) and δ18O (2.4–
7.8‰PDB) of the Hydrate Ridge and the ranges in groups B,
C, D, and E (Greinert et al. 2001) (the range of δ13C and δ18O
values group A Deep sources were not recorded in the present
study) provide a general reference. However, they should not
be regarded as rigid boundaries, particularly in view of the
geographic, oceanographic, and climatic differences between
the Hydrate Ridge and the Eastern Mediterranean.

Among the four groups of Greinert et al. (2001) (Fig. 8c),
group B consists mainly of dolomite and is interpreted as
forming in the deepest part of the sulphate reduction zone,
transition between sulphate reduction and methanogenesis,
i.e. deep methane source. Group C is dominated by proto
dolomite and dolomite, formed in the sulphate reduction zone,
at intermediate depth. Group D contains dolomite; its carbon
is derived from methane and degraded organic matter and is
deposited at shallow depths. Group E is dominated by arago-
nite and is formed by methane oxidation via sulphate reduc-
tion, near the surface. Both groups D and E are marked by the
absence of dolomite.

A major division in the δ18O values occurs at 6‰PDB
(Fig. 8c). This separates groups B and C from groups D and
E. The schematic cross-section of a basin with a major fault—
a conduit for deep methane (shown in Fig. 6 of Greinert et al.
2001)—classifies groups B and C characterised by δ18O <
6‰PDB and the presence of dolomite, to deeper parts of the
sediment column in the basin. By contrast, groups D and E,
characterised by δ18O > 6‰PDBwith no dolomite, are related
to the shallower ones. The study of the Hydrate Ridge
(Greinert et al. 2001) shows mineralogical features of carbon-
ates and their δ18O values as criteria for the distinction be-
tween carbonates of deep layers, from those of shallow layers
in the methane generating basin.

The results of the present study show a boundary at δ18O at
5‰PDB (Fig. 8b). This δ18O boundary may be analogous to
the boundary at 6‰PDB in the Hydrate Ridge. This boundary
distinguishes between samples with δ18O< 5‰PDB—indi-
cating warmer fluids, mainly from areas A2 Acre, and W3
and some from W2 the toe of the Palmachim disturbance
(where shallow gas was identified by seismic methods), from
several samples from area N2 south of the major northern
boundary fault of the Palmachim disturbance, with δ18O >
5‰PDB—indicating shallower colder fluids. The difference
in the values of the δ18O of boundaries, between Hydrate
Ridge −6‰PDB and Palmachim disturbance −5‰PDB,
may be due to the differences in temperature and depth at
the sites. The Hydrate Ridge in the NWPacific is being colder
in contrast to the warmer sites of the present investigation in
the EasternMediterranean, where the shallow carbonate struc-
tures were formed.
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In the present study, this boundary at δ18O of 5‰PDB
distinguishes between carbonates formed in sites located in
the vicinity of major faults, from carbonates formed in the
shallower northern slope of the Palmachim disturbance (area
N2), which is located to the south of the northern boundary
fault. This area is part of an erosion surface that truncates the
up-dip sediment layers of the Palmachim disturbance (Fig. 3).
It can thus be suggested that this boundary of δ18O at 5‰PDB
indicates a distinction between sources of fluid: possibly
shallow—the sediment layers having outcrops on the southern
part of area N2 at Palmachim (see cross-section Fig. 3), in
contrast to deep sources for the northern part of area N2 along
its northern boundary fault, the other sampling areas of the
Palmachim disturbance, and also Acre.

Manganese distribution—kutnohorite

One of the interesting features revealed in this study is the
occurrence of the mineral kutnohorite (also kutnahorite), Ca
(Mn, Mg, Fe 2+) (CO3)2. This mineral is an isotype of dolo-
mite and was detected by XRD analysis of bulk powdered
aliquots of several samples. Kutnohorite and other Mn-
bearing carbonate minerals are usually associated with
epithermal or hydrothermal ore deposits, such the silver de-
posit at Kutnahora in Bohemia hence the name, and it occurs
also in regionally metamorphosed terranes. However, it was
also reported from freshwater, marine, and oceanic sediments
(Mucci 1991). In the Sea of Okhotzk, it occurs in association
with methane plumes derived from gas hydrates (Astrakhov
et al. 2008). The present results indicate that the occurrence of
kutnohorite in areas of extensive faults may indicate contribu-
tion from a deep methane source.

The relationship of Mn/Ca to the δ18O and δ13C values in
samples with and without kutnohorite shows several interest-
ing results. Four kutnohorite-bearing samples were chosen:
001B-101, 001B-105 from area A1, and 14B-110, 14B-
111T from area A2, and compared with three samples in
which Kutnahorite was not detected, 41–117, 41–118, and
47B from area N2 (Table 1). The results of the chemical anal-
yses show that the samples in which kutnohorite was detected
by XRD had Mn/Ca values of 0.14 to 0.38 wt./wt., whereas
samples in which kutnohorite was not detected had much
lower Mn/Ca values: between 0.04 and 0.08 wt./wt. The plot
of δ18O and δ13C of these seven samples (Fig. 9) shows that
there is a marked difference between the two groups. The
samples in which kutnohorite was detected have δ13C values
higher, and δ18O values lower, than the samples in which
kutnohorite was not detected (Fig. 9a). This distinction is ev-
ident in Fig. 9b and c where the samples with low Mn/Ca
values (those in which kutnohorite was not detected) have
lower δ13C values < −50‰ PDB and higher δ18O values
>6.7‰, in comparison with samples with higher Mn/Ca ratios

in which kutnohorite was detected, which have δ13C values >
−33.7‰ PDB and δ18O values <6.2‰ PDB (Fig. 9b and c).

A similar general trend was observed for the relation be-
tween δ13C and Mn/Ca values from the Cascadia margin, in
the Pacific Ocean, in the offshore area of Washington, USA,
and SW Canada (Joseph et al. 2013). It is noteworthy that for
the Cascadia Margins, the overall range of δ13C is −55 to 8‰
PDB and for δ18O the range is −10 to 5‰PDB.

The chemical indicator Mn/Ca ratio in the samples
analysed corroborates the mineralogical indication (by XRD)
of the presence or otherwise of kutnohorite. The increase in
the Mn/Ca ratio is associated with an increase in the value of
δ13C in the bulk carbonate assemblage which contains
kutnohorite. In the two groups of samples chosen for these
analyses, the ranges of δ13C for two sampling areas are differ-
ent: −62.3 to −52.0‰PDB for samples from area N2—
kutnohorite not detected, in contrast to the ranges of δ13C
−33.7 to −22.3‰PDB for the samples from areas A1 and
A2, in which kutnohorite is present. The chemical-
mineralogical composition and δ13C values lead to the con-
clusion that there is a difference between the two groups. The
δ13C values of the carbonates including kutnohorite, in areas
A1 and A2 (δ13C −33.7 to −22.3‰PDB) and many of the
samples from areas W2 and W3 (samples 58, 61, 74, 77)
(δ13C −33.7 to −20.3‰PDB) are indicative of thermogenic
methane, while those determined from carbonates in samples
57, 65, and 67 (areas W2 and W3) (kutnohoritre not detected)
(δ13C −48.5 to −39.2‰PDB) are indicative of methane of
microbial origin. All samples from area N in which
kutnohorite was not detected have δ13C −62.3 to −52.0‰
PDB) indicating a microbial methane origin.

Discussion

This study examined the mineralogical, stable isotopic, and
chemical-Mn/Ca ratios as indicators to distinguish between
carbonate structures formed from solutions originating from
great depth, from those of shallow origin. On this basis, we
make comparison with the study of carbonates associated with
methane hydrates of the Hydrate Ridge (Greinert et al. 2001)
located in a different—colder—climatic zone, in order to jux-
tapose and compare our findings.

The mineralogical study identified authigenic carbonate
minerals asmajor constituents of the submarine surficial struc-
tures. Magnesian calcite shows a wide compositional range
(8–30% Mg) and together with dolomite, low Mg calcite
and aragonite comprise the minerals common in marine envi-
ronments. Kutnohorite which occurs widely in hydrothermal
mineral deposits was observed in marine carbonate structures
associated with methane plumes (Astrakhov et al. 2008).

Non-carbonate minerals (excluding sulphides) include sili-
cates: the clay minerals—montmorillonite, rare kaolinite,
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Fig. 4 Photographs of representative carbonate structures from the
Palmachim disturbance. The respective data are given in Table 1. a
Area N2, parts of sample 026 Chimney. (a1) The lower part of the chim-
ney having a conical shape, a central conduit, and transverse partitions.
(a2) Slice of the upper part from which 22 aliquots were analysed. bArea
N2 sample 47A branch. (b1) The sample has an irregular elongated
shape. (b2) Side view of a cut surface showing a dense massive texture.
c Area A1 sample 001B 101 wedge. (c1) Side view reveals layers,

accentuated by weathering. (c2) Cut surface perpendicular to layering.
Note the lack of layering and holes that mark the sub sample sites. dArea
W3, sample 74 layered. (d1) The eroded surface shows layers of different
textures and levels of grey. (d2) Cut surface showing the general conti-
nuity of the individual layers but gaps occurring between layers. e Area
W3 sample 065 topography, showing a layered structure with gaps and an
irregular, heavily eroded surface
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quartz, feldspars (microcline, calcian albite, andesine), with
rare occurrences of augite and enstatite. Most of these minerals,
which do not occur in the catchments of the drainage system in
this section of the shore of the Mediterranean, are likely to be
derived from the Precambrian igneous rocks exposed in the
upper reaches of the Nile River (Almagor et al. 2000).
Furthermore, organic matter transported from the Nile Delta
is the major component of the content of organic matter in
shallow sediments along the Eastern Mediterranean coast par-
ticularly offshore the Sinai Peninsula and Israel.

As the distribution of δ13C and δ18O values of the carbon-
ate minerals provide indicators to the source of carbon and the
controls on the isotope composition, a large chimney from
area N2 was investigated first. The chimney sample has a
range increasing from δ13C −39.6‰ to 0.1‰PDB associated
with δ18O values decreasing from 6.2 to 4.7‰PDB, while the

mineralogical composition, along these trends, vary from
nearly pure dolomite to nearly pure magnesian calcite
respectively.

The overall range of δ13C values in the samples of the
present investigation is between −62.3 and −0.1‰PDB (most-
ly < −22.0) and the δ18O values between 3.4 and 7.0‰PDB.
Altogether, these ranges indicate a great variability in the
source of carbon and the temperature of the fluid emanating
at the sites of deposition, and even changes during the forma-
tion of the individual carbonate structures.

These results (Table 1) indicate that in the Acre area (A1
and A2) and areas in the Palmachim disturbance (W2 and
W3), the carbonate structures recorded thermogenic methane.
Area N of the Palmachim disturbance was influenced by ther-
mogenic methane in the northern portions, close to the bound-
ary fault. The carbonate samples from the southern part of area

Fig. 5 X-ray diffractograms of 22
aliquots of the chimney sample
026 (area N2) arranged from
bottom to top in the order of
decreasing intensity of the major
peak of dolomite and the increase
of the major peak of magnesian
calcite. The δ13C values increase
with the increase in magnesian
calcite
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N2 indicate microbial methane probably derived from the
shallow sediments exposed on the northern slope of boundary
fault.

Furthermore, much of the organic matter was probably
derived from the Nile and its large delta. These were
transported to the shores of the Eastern Mediterranean by the
longshore current (Almagor et al. 2000). Therefore, the study
of the isotopic characteristics and the geographical extent of
the Nile-derived sediments in the Eastern Mediterranean, and

the isotopic characteristics of the related seabed carbonate
structures might be important tools for the regional evaluation
of potential shallow sources of methane in the Eastern
Mediterranean (Praeg et al. 2011).

An intriguing question concerning the seabed carbonate
structures is the temporal changes in sources and in the con-
ditions prevailing at their site of deposition over time. The
large chimney (sample 26) (Fig. 4a) from area N of the
Palmachim disturbance showed variations from nearly pure

Fig. 6 Trends in the proportions
of high Mg calcite and dolomite
and δ13C values in six aliquots of
sample 026—chimney. The X-
ray diffractograms of six aliquots
are arranged from bottom to top
of the figure in the order of a de-
crease in the proportion of dolo-
mite and increase in magnesian
calcite. Note that with increasing
proportion of dolomite, the δ13C
value of the samples decrease
from −0.1‰ to −39.9‰ to PDB

Fig. 7 X ray diffractograms of samples from the various sampling areas.
Details of the mineralogical composition are given in the text; section
mineralogical composition. Peak identification in the diffractograms
is as follows: a—aragonite, c—calcite, d—dolomite, e—enstatite k—
kutnohorite, Kf (K feldspar)—microcline, m—montmorolinite, q—

quartz. (a) Acre A1: A1 001B 101, A1 001B 106 and Palmachim distur-
bance N2: N2 013 107 and N2 14B 110. (b) Palmachim disturbance N2:
N2 025 112, N2 047B 120, N2 047A. (c) Palmachim disturbance W2:
W2 058 122, N2 057A 121. (d) Palmachim disturbance W3: W3 077
128, W3 074 2 129, W3 074 5 131, W3 074 3 130
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dolomite to nearly pure magnesian calcite. The related δ13C
values range from −39.9 to 0.1‰PDB associated with δ18O
values from 6.2 to 4.7‰PDB. These isotopic indicators reflect
the full spectrum from bacterial to thermogenic origin and
indicate the dynamic nature of the contribution of organic
carbon and the water feeding system, in the formation of this
chimney. Similar δ13C δ18O trends and ranges were reported
from dolomitic chimneys in the Gulf of Cadiz (Magalhaes
et al. 2012). It is noteworthy that with decreasing proportion
of dolomite, the peak of high Mg shifts to the left (decreasing
2θ values) (Fig. 5), indicating an increase in the Mg/Ca ratio.

The overall ranges of stable of C and O isotopes of the
present study are as follows: δ13C −62.0 to −0.1‰PDBwhich
is narrower than that of the Hydrate Range, NE Pacific
(Greinert et al. 2001) and of δ18O values 2.7 to 7.0‰PDB
which is also narrower than that reported from the Hydrate
Range. This comparison provides general information on
the geochemical data in view of the differences between
the sites. It is noteworthy that group E of Greinert et al.
(2001) (shown here in Fig. 8c), defined as “formation near
the surface by methane oxidation by sulphate reduction”,
has a small representation in the present study. The

composition of methane-related carbonate structures from
deeper water environments (ca 2000m) in the Eastern
Mediterranean, south of Crete (Aloisi et al. 2000), also have
a wide range of δ13C values (−48 to +5‰PDB), and a wide
range of δ18O values (1 to + 7‰PDB) in comparison with
the results of this study (δ13C values −62.3 to 0.1‰PDB,
and δ18O values 2.7 to 7.0‰PDB). These differences high-
light the complexity of the systems and the variability in the
factors that control them.

In the present study, no significant association was ob-
served between sampling area and δ13C values (Table 1).
However, for the δ18O values, a boundary at about 5‰PDB
was identified. Nearly all samples from area N2 have δ18O
values >5‰PDB, including most of the aliquots of the large
chimney sample 026, (except of sample 013C). On the other
hand, the majority of samples from areas A1 and A2 offshore
Acre, and areas W2 and W3 at the toe of the Palmachim
disturbance have δ18O values <5‰PDB (except of 014-B area
A1 and two aliquots of sample 065 area W3).

This distinction in δ18O values may represent a difference in
the temperature of the fluids associated with the formation of
the carbonate structures on the seabed; samples having δ18O

Fig. 8 δ13C and δ18O results. (a)
Results for 026 chimney. (b)
Results for all samples of the
present study, marked according
to areas. (c) Comparison: δ13C
and δ18O values of samples from
the Hydrate Ridge (Greinert et al.
2001)
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<5‰PDB indicate that they formed at higher temperatures,
reflecting the dominance of mineralising fluids of a deep
source. This indication is observed in most samples from areas
A1, A2, W2, and W3 and occurs in several samples of N2. In

contrast, most samples from N2 have δ18O values >5‰PDB
associated with lower temperatures, fluids of shallow origin.

The record of the large chimney sample 026 from N2
crosses this boundary. This means that during the formation
of this carbonate structure, the initial mineralising fluid was of
high temperature but most of the chimney was deposited at
low temperatures, in agreement with the increasing proportion
of carbon of bacterial origin indicated by low δ13C values.

The mineral kutnohorite Ca(Mn, Mg, Fe 2+) (CO3)2, which
occurs in hydrothermal mineral deposits, was detected in the
Hydrate Ridge (Greinert et al. 2001) and was detected in sam-
ples from areas A1 and A2 in the Acre area (Fig. 1). This area is
close to a fault related to the Dead Sea transform fault system
(Garfunkel 1998) a potential pathway for hydrothermal fluids,
and in area W3, the toe of the Palmachim disturbance which is
characterised by seafloor lineaments related to deep faults
(Eruteya et al. 2018), where the presence of shallow gas was
detected by geophysical methods. Kutnohorite was also detect-
ed in sample 013 from area N2 of the Palmachim disturbance
which may be linked to the large boundary fault.

These features provide a new insight in that they indicate a
link between the mineralogical characteristics of the carbonate
structures. The occurrence, or otherwise, of kutnohorite (a
mineral occurring in hydrothermal assemblages), the related
chemical characteristic (high Mn/Ca ratio >0.1), low stable
oxygen isotope values δ18O <5‰, and the direct evidence of
thermogenic methane (stable carbon isotope δ13C >−35‰)
allow for the identification of and distinction between carbon-
ate assemblages formed in association with high-temperature
fluids—thermogenic methane—and low-temperature fluids
associated with bacterial methane.

The summary of the indicators of the carbonate structure
for bacterial and thermogenic methane and associated fluid for
the sites of the present study is: no kutnohorite—Mn/Ca
rations <0.1, δ13C < −35‰PDB are indicative of bacterial
methane. In contrast, the presence of kutnohorite, Mn/
Ca>0.1, δ13C −35 to −20‰PDB indicate thermogenic meth-
ane. Furthermore, δ18O carbonate >5‰PDB may indicate a
shallow cold fluid associated with their formation, while δ18O
carbonate <5‰PDB is associated with a warm deep fluid.

This boundary of δ18O values in methane-related carbon-
ates differs between the Hydrate Ridge (Greinert et al. 2001)
where it is at 6‰PDB and in the Eastern Mediterranean, the
present study, where it is at 5‰PDB. Moreover, the signature
of the isotopes that is retained in carbonate minerals, taken as
indicative of carbon source and temperature, is governed by
several factors. Therefore, the presence of an additional indi-
cator, the mineral kutnohorite which is reflected in the higher
Mn/Ca ratio of the samples, is a useful additional indicator for
methane of thermogenic origin.

The hydrological and palaeoclimatic aspects of the present
study are based on the distinction between carbonate deposits
according to their oxygen isotope composition. The present

Fig. 9 Plots of δ13C, δ18O, and Mn/Ca in test samples in which
kutnohorite was detected and samples in which it was not detected. (a)
Plot δ13C and δ18O values of test samples in which kutnohorite was
detected (diamonds) showing higher δ13C and lower δ18O values than
in samples in which kutnohorite was not detected (squares). (b) Plot of
Mn/Ca and δ13C in test samples, showing an increase in δ13 C values with
increase in Mn/Ca ratio. (c) Plot of Mn/Ca and δ18O in test samples
showing a slightly lower δ18O values for samples having higher Mn/Ca
ratios. These relationships indicate that the presence of kutnohorite (high
Mn/Ca) is associated with higher δ13C, thermogenic methane, slightly
lower δ18O values higher temperature
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study of seabed carbonate structures indicates geographical
and structural distinctions between areas A1 and A2 (fault
zone offshore Acre) and W2 and W3 (toe of Palmachim dis-
turbance) in contrast to area N (Fig. 2), which consists of an
erosion surface of the shallow sediments of the Plamachim
disturbance, but is crossed by its northern boundary fault.
The first group has δ18O carbonate <5‰PDB indicative of
association with a warm deep fluid, while most of the samples
from area N2 have δ18O >5‰PDB which indicate that a cold
shallow fluid associated with their formation, an indication
supported by geophysical information showing the shallow
sediments of the Palmachim deposit south of the northern
boundary fault. Near the boundary fault samples have δ18O
<5‰PDB indicating warm deep fluids (Fig. 2).

This distinction may indicate that among the study areas,
only this near-shore area was strongly influenced by emana-
tions from the regional shallow Gas Hydrate Zone, the extent
of which fluctuated between glacial and post-glacial periods
(Praeg et al. 2011). The investigation of methane hydrates and
their record in the form of carbonate deposits can provide in-
formation on palaeoclimate, as climate has major effects on the
formation, alteration, and destruction of methane clathrates. A
summary for the Mediterranean (Praeg et al. 2011) indicates
that the Eastern Mediterranean is and was colder than the west-
ern Mediterranean, and that the gas hydrate stability zone
(GHSZ) was larger in extent, thicker, and spreading to
shallower depths during glacial periods. The glacial to intergla-
cial transition corresponded to events of marked reduction in
the stability of the GHSZ. Therefore, the extent and thickness of
the GHSZ diminished, and it is likely that there was a down-
slope migration in the upper limit of its GHSZ across a depth
range of ca. 700–1000 m. This in turn was associated with
extensive submarine landslides during that period, resulting in
headwalls in mid or upper parts of the slope (Praeg et al. 2011).

Conclusions

Four indicators can help distinguish between seabed carbonate
structures generated from thermogenic methane associated with
fluids of high temperatures, from those derived from bacterial
methane associated with fluids of low temperatures. These were
identified in the Eastern Mediterranean offshore Israel by the
following characteristics: (1)mineralogical—the presence or oth-
erwise of the mineral kutnohorite, (2) chemical—Mn/Ca (wt./
wt.) values higher or lower than 0.1, (3) δ13C carbonate values,
higher or lower than about −35‰PDB, (4) δ18O carbonate
values, lower or higher than 5‰PDB respectively. These indi-
cations obtained from surficial carbonate structures may be use-
ful in the early stages of exploration.

Indications of thermogenic methane were detected in the
Acre area, located near a fault system belonging to the Dead
Sea Rift system, and also at the toe (deeper part) of a large

slump (Palmachim disturbance), indicating some structural
control. The results for area N2 of the Palmachim disturbance
include indications of both microbial and thermogenic origin.
The first occurs in the southern part of the area where the
likely methane source are the shallow sediments exposed by
the structural deformation and subsequent erosion. In contrast,
the northern sampling sites are close to the northern boundary
fault of the Palmachim disturbance which is the likely conduit
of the deep thermogenic methane.

The effect of climate-palaeoclimate can be discerned in
most of the samples from area N2 of the Palmachim distur-
bance as they have δ18O >5‰PDB, indicative of a cold shal-
low fluid associated with their formation. These values may
be linked to emanations from the regional Gas Hydrate Zone,
which was widespread in this area of the Eastern
Mediterranean during the ice ages. These findings may be of
wide interest, as shallow methane of gas hydrate origin may
constitute a resource, in addition to the large thermogenic gas
resources of the Eastern Mediterranean.
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