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a b s t r a c t

We investigated the geochemical features of the gases released from the Kizildag ophiolitic complex
(Hatay, Turkey). Twenty-three samples both dissolved in hyperalkaline waters and free gases (bubbling
gases and dry seeps) were collected. Samples were analysed for their chemical (He, H2, O2, N2, CH4 and
CO2) and isotopic (He, d13C-CH4, d2H-CH4, d2H-H2) composition including the content and C-isotopic
composition of C2 to C5 alkanes in free gases. Analytical results evidence H2 production through low-
temperature (<80 �C) serpentinization processes and subsequent abiogenic CH4 production through
Fischer-Tropsch-type reactions. In some sample small additions of methane either of microbial or of
thermogenic origin can be hypothesized. At one of the sites (Kisecik) a clear fractionation pattern due to
microbial methane oxidation leading to strongly enriched isotopic values (d13C þ15‰ and d2H �68‰)
and depletion in methane concentrations has been evidenced. At the dry gas seep of Kurtbagi methane
flux measurements have been made and a preliminary output estimation of about 1000 kg per year has
been obtained.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Kizildag ophiolitic body crops out in the Hatay region
(southern Turkey) (Dilek and Thy, 2009). It belongs to the peri-
Arabian ophiolite belt that includes the Troodos (Cyprus), Ba€er-
Bassit (Syria) and Semail (Oman) ophiolites in the eastern Medi-
terranean region which are the remnants of the Southern Tethys
oceanic lithosphere (Seng€or and Yilmaz, 1981). The area, seismi-
cally very active, is close to the boundary of three tectonic plates
(Anatolian, Arabian and African plates) and is characterised by
important tectonic lineaments such as the Dead Sea Transform fault
and the Karasu Fault which connects the former to the East
Anatolian fault system (Mahmoud et al., 2013).

The Cretaceous Kizildag ophiolitic body belongs to the Paleo-
tectonic units of the area (pre-Pliocene basement rocks) over-
thrusted onto the autochthonous pre-Cambrian to Campanian units
lessandro).
and covered by the Campanian-Maastrichtian to Miocene units
(Tekeli et al., 1983). The cretaceous ophiolite and ophiolitic complex
have an extensive spatial distribution in the region (~1000 km2)
and are made up of ultramafic tectonites, mafic and ultramafic
cumulates, gabbros, sheeted dyke complexes, plagiogranites, pillow
lavas, bedded cherts and pelagic limestones (Dilek and Thy, 2009).

Ultramafic rocks and their hydration products (serpentinites)
represent mantle pieces that have been displaced by geodynamic
processes close to the surface where they are exposed to circulating
ground- or seawater. Their study received great impulse in recent
years, in particular serpentines, because they play an important role
in many geological situations. For example, their formation has a
strong impact on the rheology of the lithosphere (Hirth and Guillot,
2013), they could play an important role in the C cycle and
geological CO2 sequestration (Power et al., 2013), they often host
important ore deposits (Butt and Cluzel, 2013), and are considered
as a possible candidate for the origin of life on the Earth or other
planetary systems (McCollom and Seewald, 2013).

A distinguishing characteristic of low temperature (<200 �C)
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serpentinization in ophiolitic aquifers is the strongly alkaline con-
ditions that could be reached in groundwater. Indeed, fluids dis-
charged from active, low-temperature serpentinites have some of
the highest pH values (up to > 12) ever recorded in natural systems
on Earth (Mottl et al., 2003). Furthermore, groundwater discharged
in alkaline springs is typically accompanied by H2e and CH4-rich
gas, which sometimes bubbles out in the spring water. Rarely is
such gas phase emitted from fractures as a dry seep (Etiope et al.,
2011). In many serpentinites, there may also be a diffusive flux of
H2 and CH4 over a broad area surrounding springs and vents, but
these fluxes have only been studied in a few locations (Etiope et al.,
2011).

Barnes et al. (1967), who studied the composition of hyper-
alkaline springwater discharged from serpentinized ophiolites in
California, were the first to recognise the close association of
reducing, strongly alkaline fluids with serpentinization. Cipolli et al.
(2004) studying the hyperalkaline springs around Genua (Italy) and
applying reaction-path modelling described in depth all the re-
actions taking place and the environmental conditions leading to
the particular water composition of hyperalkaline springs. Mean-
while many other similar fluids have been described all around the
world, including sites in Canada, Greece, Italy, Japan, Oman,
Philippines, Portugal, Spain, Turkey, U.S.A. both on continents and
on the ocean floor (Schrenk et al., 2013).

Recently, hyperalkaline springs and a H2e and CH4-rich dry gas
seep have been identified at the Kizildag ophiolite and a pre-
liminary geochemical description has been done by Yüce et al.
(2014).

The present study shows the results of an extended sampling of
the gases collected from the hyperalkaline springs (bubbling and
dissolved) and dry seep within the Kizildag ophiolitic body (Hatay
province, southern Turkey). With respect to the previous work
(Yüce et al., 2014) we extended the samplings including three new
sites of hyperalkaline springs and collecting samples from more
vents within the same group of springs. Furthermore, we increased
the measured parameters and performed soil methane flux mea-
surements at the dry gas seep. The results showed a great vari-
ability of the gas composition although pointing to a prevailing
abiogenic origin.

2. Study area and methods

2.1. Sampling sites

Six groups of hyperalkaline springs and one gas seep have been
located in the area and 23 gas samples (dry seeps, bubbling and
dissolved gases) were collected and analysed for their chemical and
isotopic composition. The geographic position of the sites is shown
in Fig. 1 and the coordinates are displayed in Table 1. The gas seep
covers an area of about 500 m2 and has two main emission points.
One of this comes from an outcrop of ophiolitic rocks and the gas
when ignited gives flames up to 50 cm high. The hyperalkaline
springs have pH between 10.4 and 12.2 and typical Ca-OH
composition. Water isotopes (O, 2H and 3H) indicate long hydro-
logic circuits (Yüce et al., 2014). The groups of springs are all found
along creeks in narrow valleys, have low outputs and are charac-
terised by whitish carbonate deposits. Some of them have many
small outlets sometimes covering many tens of meters along the
creek. Nearly all have at least one spring with a free bubbling gas
phase generally with a very sluggish gas flow.

2.2. Sampling and analytical methods

Free bubbling gas samples were taken by an inverted funnel and
free gases were collected at dry seeps by inserting a pipe in the soil
and driving the soil gas to the sampling bottle by a syringe and a 3-
way valve. All free gas samples were stored in Pyrex bottles with
two vacuum stopcocks. Samples for dissolved gas analyses were
collected in glass vials sealed underwater.

In the laboratory, the chemical analyses were carried out by gas-
chromatography (Perkin Elmer Clarus500 equipped with a double
Carboxen 1000 columns, TCD-FID detectors) using argon as the
carrier gas. The free gases were directly injected in the gaschro-
matograph, while dissolved gases were extracted after equilibrium
was reached at constant temperature with a host-gas (high-purity
argon) injected in the sample bottle. Details on the analytical pro-
cedure are reported in Capasso and Inguaggiato (1998) and Liotta
and Martelli (2012). Higher hydrocarbons (C1-C5) were analysed
in the free gas samples using a Shimadzu 14a GC equipped with FID
and a packed Chromosorb PAW 80/100 column. The measurement
precisionwas better than ±5% for common gases and ±10% for trace
gases such as the alkanes.

The He-isotope ratio in free gas samples was analysed directly
from the sample bottles after purification in the high-vacuum inlet
line of the mass spectrometer. The isotope composition of dissolved
He was analysed by headspace equilibration (Inguaggiato and
Rizzo, 2004; Italiano et al., 2014). He and Ne were then cryogeni-
cally separated and admitted intomass spectrometers. The 3He/4He
ratio and 20Ne content were analysed by a GVI Helix SFT mass
spectrometer. Helium isotope compositions are given as R/RA,
namely 3He/4He of the sample versus the atmospheric 3He/4He
(RA ¼ 1.386 � 10�6). Measured values were corrected for the at-
mospheric contamination of the sample (RC/RA) on the basis of its
4He/20Ne ratio (Sano and Wakita, 1985).

Carbon (CH4, C2, C3, nC4, iC4, nC5 and iC5) and hydrogen (CH4 and
H2) isotopic compositions were measured using a Thermo TRACE
GC and a Thermo GC/C III interfaced to a Delta Plus XP gas source
mass spectrometer. 13C/12C ratios are reported here as d13C values
(±0.1‰ for C1 to C5) with respect to the V-PDB standard. 1H/2H
ratios are reported here as d2H values (±2‰ for CH4 and ±5‰ for
H2) with respect to the V-SMOW standard.

Soil methane flux measurements were made with the accu-
mulation chamber method (Livingston and Hutchinson, 1995;
Baciu et al., 2008; D'Alessandro et al., 2009). The flux chamber
has a cross-sectional area of 0.03 m2 and height of 10 cm. The
chamber top has two fixed capillary tubes, one used to collect
chamber gas samples and the other used to balance the pressure
between inside and outside. Three gas samples were drawn from
the headspace in the chamber at fixed intervals after deployment
(3, 6 and 9 min). The 20 mL samples were collected using a syringe
and injected through a three-way valve and a needle into a 12 mL
pre-evacuated sampling vial (Exetainer®, Labco Ltd.). The over-
pressured vials were sent to the laboratory for CH4 analysis with
the same method as for free and dissolved gases.

The flux of CH4 from the soil has been calculated from the rate of
concentration increases in the chamber:

F ¼ dC=dt� V=A (1)

where F is the flux of a gas, V is the volume of air in the chamber
(m3), A is the area covered by the chamber (m2), C is the chamber
concentration of a gas and dC/dt is the rate of concentration change
in the chamber air for each gas. Volumetric concentrations are
converted to mass concentrations accounting for atmospheric
pressure and temperature measured in the field. Flux values are
expressed as mg-CH4 m�2 d�1. Positive values indicate fluxes
directed from the soil to the atmosphere and negative values
indicate flow from the atmosphere into the soil.



Fig. 1. Simplified geologic map with the sampling points. See Table 1 for sampling sites coordinates.

Table 1
Chemical composition of the gases collected from the Kizildag ophiolite complex.

ID Site name Coordinates Date He H2 O2 N2 CH4 CO2 C2 C3 C4 C5 C1/C2þ

Long Lat mmol mol�1

A23 (*) Kurtbagi 36.0416 36.4018 05/08/2012 29.0 371,200 1900 25,000 603,800 774 5120 1420 1410 1090 92
A24 (*) Kurtbagi 36.0429 36.4047 05/08/2012 29.0 384,200 1800 12,600 607,400 983 5090 1390 1290 861 94
A24e2 (*) Kurtbagi 36.0429 36.4046 27/06/2013 26.0 379,800 5000 21,000 602,900 42 5040 1360 1330 855 94
A24e3 Kurtbagi 36.0429 36.4047 14/09/2014 15.0 180,800 81,800 353,800 390,300 242 3500 989 1020 775 87
A13 (*) Tahtakopru 36.1636 36.3835 07/08/2012 1.7 487,400 28,500 399,500 102,500 1200 24 11 16 12 2929
A12 (*) Tahtakopru 36.1636 36.3835 07/08/2012 30.1 499,900 410 380,300 119,300 27 n.d. n.d. n.d. n.d. e

A12e2 (*) Tahtakopru 36.1636 36.3835 28/06/2013 4.5 605,000 <200 279,100 120,300 41 30 19 29 25 2455
A12-4 Tahtakopru 36.1636 36.3835 13/05/2014 3.6 277,000 2490 589,900 130,500 54 n.d. n.d. n.d. n.d. e

A12 Tahtakopru 36.1632 36.3834 14/09/2014 1.6 486,400 32,600 396,600 94,400 <100 40 19 32 26 1600
A12C Tahtakopru 36.1632 36.3834 14/09/2014 <5 541,600 <200 341,300 121,300 <100 35 15 28 30 2426
A35 (*) Kisecik 36.0484 36.2869 26/06/2013 7.9 <10 3650 797,300 197,900 1128 n.d. n.d. n.d. n.d. e

A35-4 Kisecik 36.0484 36.2869 14/05/2014 7.8 <10 18,100 877,300 104,500 88 n.d. n.d. n.d. n.d. e

A35 Kisecik 36.0484 36.2869 13/09/2014 <5 <10 82,800 841,800 75,400 19 n.d. n.d. n.d. n.d. e

A45 Kisecik 36.0485 36.2867 13/09/2014 <5 <10 150,800 849,100 36 53 n.d. n.d. n.d. n.d. e

A45/a Kisecik 36.0485 36.2867 13/09/2014 <5 <10 4640 995,200 73 102 n.d. n.d. n.d. n.d. e

A46 Kisecik 36.0485 36.2867 13/09/2014 7.7 <10 37,200 762,500 200,300 15 n.d. n.d. n.d. n.d. e

A39 (*) Gulderen 36.1242 36.3159 30/06/2013 40.8 35,000 55,200 621,200 288,600 <20 n.d. n.d. n.d. n.d. e

A39 Gulderen 36.1242 36.3159 30/06/2013 <5 48,000 250 542,600 397,300 17,000 n.d. n.d. n.d. n.d. e

A64 Tahtakopru B 36.1865 36.3693 17/09/2014 837 <10 53,400 945,200 300 245 n.d. n.d. n.d. n.d. e

A69 Gulderen B 36.1292 36.3127 17/09/2014 <5 173,800 19,100 588,100 186,800 <100 69 7 11 12 2458
A69 Gulderen B 36.1292 36.3127 17/09/2014 163 15,180 26,500 772,400 185,500 205 n.d. n.d. n.d. n.d. e

A71 Gokdere 36.2010 37.0063 18/09/2014 107 <5 78 44,400 941,900 <100 2920 <5 <5 <5 323
A71 Gokdere 36.2010 37.0063 18/09/2014 126 43 122,400 675,000 202,200 265 n.d. n.d. n.d. n.d. e

IDs in bold refer to free gases (bubbling gases or dry seeps); n.d. ¼ not determined; (*) analysis previously published in Yüce et al., 2014.
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3. Results

3.1. Chemical composition

The chemical composition of the analysed samples can be found
in Table 1. To allow rapid comparison between free and dissolved
gases the latter have been recalculated in mmol mol�1 from the
obtained partial pressure values. Partial pressure values and dis-
solved concentrations expressed in mmol L�1 are shown as sup-
plementary material in Table S1. All analysed gas species show
variations of many orders of magnitude both in the free and in the
dissolved gases. Sometimes also the different springs within a
group show very different compositions. The dominant gases are
always H2, CH4 or N2 with concentrations ranging from <10 to
605,000 mmol mol�1, from 36 to 941,900 mmol mol�1 and from
12,600 to 995,200 mmol mol�1 respectively (Fig. 2). Carbon dioxide
shows always low concentrations, generally less than
1000 mmol mol�1. The analysed samples show oxygen concentra-
tions between 78 and 150,800 mmol mol�1 always lower than at-
mospheric air values and N2/O2 ratios between 4.2 and 2170 always
higher than atmospheric air values. Helium shows concentrations
between 1.6 and 837 mmol mol�1. C2-C5 hydrocarbons, determined
only on the free gas samples, show concentrations from below
detection limit (5 mmol mol�1) up to 5120 mmol mol�1. C3-C5 hy-
drocarbons in each sample show similar concentrations while C2

shows 2 to 6 times higher concentrations. All determined hydro-
carbons show at least 2 orders of magnitude lower values than
methane.

3.2. Isotopic composition

Helium shows R/RA values ranging from 0.77 to 3.14 (Table 2).
The values corrected for atmospheric contamination range from
0.80 to 3.20 RC/RA, however as many samples display 4He/20Ne
values close to the atmospheric air value (<0.5) their RC/RA values
have to be treated with caution. Nevertheless, the obtained values
align along a mixing trend between atmospheric air and a deep
end-member of prevailing crustal origin but with a significant
(10e20%) mantle contribution (Fig. 3) considering a SCLM-type
mantle end-member (6.5 R/RA - Yüce et al., 2014). Such pattern
fits well with the deep end-member defined for most of the dis-
solved gases in the shallow (<300 m) groundwaters of the nearby
Amik Basin (Yüce et al., 2014). On the contrary the sample of
Gokdere with a R/RA value of 3.14 shows a higher (48%) mantle
contribution in line with the values measured in the close by
thermal waters of the Erzin area (R/RA values from 2.60 to 4.85;
TUBITAK, 2015). This area is very close to the East Anatolian Fault
which has been demonstrated to be a pathway of mantle fluids
towards the earth's surface (Italiano et al., 2013).

The isotopic composition of methane ranges from �30.5‰
Fig. 2. CH4-H2-N2 triangular plot.
to þ15.0‰ for carbon and from �326‰ to �68‰ for hydrogen
(Table 2). Hydrogen shows d2H values from �762‰ to �681‰
(Table 2). d13C values of C2-C5 hydrocarbons were measured only in
two samples giving values from �25.9‰ to �17.2‰ (Table 3).

3.3. Soil methane fluxes

Soil methane flux values were measured in 18 sites of the dry
seep area. The measurements covered respectively 10 and 8 points
of the two main degassing areas. The obtained values span over a
very wide range from �11.6 up to more than 107 mg m�2 d�1

(Table 4). The highest flux value was measured at one of the gas
sampling points. Four of the flux measuring sites show negative
values which are in the range of dry Mediterranean soils (Castaldi
and Fierro, 2005). The remaining sites show values up to
38,100 mg m�2 d�1 typical of hydrocarbon prone areas (Etiope
et al., 2008).

4. Discussion

4.1. Hydrogen production through low temperature
serpentinization

Fluids containing high levels of H2 and CH4 are one of the most
distinctive characteristics of rocks undergoing active serpentini-
zation (McCollom and Seewald, 2013). Serpentinites form through
the aqueous alteration and hydration of ultramafic rocks predom-
inantly composed of the minerals olivine and pyroxene. Hydrolysis
of olivine can result in the formation of molecular hydrogen (H2) as
a result of the oxidation of ferrous iron (Fe(II)) in olivine and the
concomitant reduction of water as shown below.

ðMg0:88Fe0:12Þ2SiO4 þ 1:34H2O/0:5Mg3Si2O5ðOHÞ4
þ 0:26MgðOHÞ2 þ 0:08Fe3O4 þ 0:08H2 (2)

olivine þ water / serpentine þ brucite þ magnetite þ hydrogen

Usually, ferric iron (Fe(III)) is incorporated into magnetite
(Fe3O4), brucite (Mg(OH)2) and/or serpentine minerals ((Mg,Fe)3-
Si2O5(OH)4) depending on activity of Si, water to rock ratios, tem-
perature and compositional differences of the protolith.

Serpentinization processes could occur in a large variety of
geodynamic situations fromwithin the mantle up to the shallowest
parts of the crust (Evans et al., 2013). Although H2 formation is
thermodynamically favourable over a wide range of temperatures,
at low temperatures production rates could be very low. Therefore,
most of the laboratory experiments made to study H2 production in
serpentinization processes have been made at temperatures
>200 �C (Jin et al., 1999; Seyfried et al., 2007; McCollom and Bach,
2009). Recently Neubeck et al. (2014) demonstrated that H2 pro-
duction from alteration of natural olivine sand can be achieved
even at 30 �C. At low temperature the catalytic action of accessory
minerals and particularly spinels plays an important role in H2
generation (Mayhew et al., 2013).

Hydrogen generating serpentinization processes can be invoked
for the sometimes very high H2 concentrations found in many on
land serpentinization areas as for example in Oman (Neal and
Stanger, 1983), Zambales, Philippines (Abrajano et al., 1988),
Chimera, Turkey (Etiope et al., 2011), The Ceddars, California
(Morrill et al., 2013). The same processes are responsible of the
sometimes very high H2 contents in both the free and dissolved
gases of the study area (Fig. 2). As previously pointed out also by
Yüce et al. (2014), the very negative d2H-H2 values (from �724
to �681‰) point to equilibrium temperature of less then 80 �C



Table 2
Isotopic composition of the gases collected from the Kizildag ophiolite complex.

ID Date R/RA Error He/Ne He Ne RC/RA d13C CH4 d2H CH4 d2H H2

mmol mol�1 mmol mol�1 ‰ ‰ ‰

cc L�1 STP cc L�1 STP

A23 (*) 05/08/2012 1.33 0.006 526 42.8 0.1 1.33 �5.6 �107 �749
A24 (*) 05/08/2012 1.24 0.006 516 35.7 0.1 1.24 �5.1 �103 �762
A24e2 (*) 27/06/2013 1.39 0.007 8.46 29.0 3.4 1.40 �4.8 �96.5 �704
A24e3 14/09/2014 n.d. n.d. n.d. n.d. n.d. n.c. �2.4 �96 �702
A13 (*) 07/08/2012 0.98 0.030 0.311 1.7 5.5 n.c. �30.5 �326 �745
A12 (*) 07/08/2012 0.98 0.028 3.94 2.41.E�04 6.11.E�05 0.98 n.d. n.d. n.d.
A12e2 (*) 28/06/2013 n.d. n.d. n.d. n.d. n.d. n.c. �30.4 �314 �712
A12-4 13/05/2014 0.77 0.050 0.326 4.17.E�05 1.28.E�04 n.c. �27.8 �304 n.d.
A12 14/09/2014 0.92 0.032 0.331 1.6 4.7 n.c. �31.9 �325 �724
A35 (*) 26/06/2013 0.99 0.035 0.444 5.02.E�05 1.13.E�04 0.96 n.d. n.d. n.d.
A35-4 14/05/2014 0.84 0.050 0.298 5.62.E�05 1.89.E�04 n.c. �12.6 �296 n.d.
A35 13/09/2014 n.d. n.d. n.d. n.d. n.d. n.c. 15.0 �68 n.d.
A46 13/09/2014 0.87 0.012 0.377 5.13.E�05 1.36.E�04 n.c. �3.6 �265 n.d.
A39 (*) 30/06/2013 0.98 0.030 0.321 5.51.E�05 1.72.E�04 0.86 �16.8 n.d. n.d.
A64 17/09/2014 0.86 0.017 0.869 6.62.E�05 7.61.E�05 0.80 n.d. n.d. n.d.
A69 17/09/2014 n.d. n.d. n.d. n.d. n.d. n.c. �14.4 �324 n.d.
A69 17/09/2014 0.82 0.027 0.959 3.27.E�05 3.41.E�05 0.74 �10.6 �304 �681
A71 18/09/2014 3.14 0.026 12.4 80.7 6.5 3.20 �7.9 �137 n.d.
A71 18/09/2014 n.d. n.d. n.d. n.d. n.d. n.c. �7.5 �137 n.d.

IDs in bold refer to free gases (bubbling gases or dry seeps) and the corresponding He and Ne concentrations are expressed in mmol mol�1; n.d. ¼ not determined; n.c. ¼ not
calculated; (*) analysis previously published in Yüce et al., 2014.

Fig. 3. Helium isotope signature of the collected samples. Data are superimposed on
mixing curves (solid lines) of three end-member components, Air, MORB and Crust, for
which the assumed typical values are: MORB-type mantle R/RA ¼ 8 and SCLM mantle
R/RA ¼ 6.5, 4He/20Ne > 1000 (red line); crust R/RA ¼ 0.02 and 4He/20Ne > 1000; air R/
RA ¼ 1 and 4He/20Ne ¼ 0.318. Further air-crust mixing curves with 1, 5, 10 and 20% of
SCLM mantle contribution have also been added (red stippled lines). Amik shallow and
deep are from Yüce et al. (2014) and indicate groundwater samples collected from the
Amik Plain from springs and shallow boreholes (<500 m) and deep boreholes
(>1000 m) respectively. Erzin area refers to springs and boreholes collected close to the
town of Erzin (TUBITAK, 2015). The error bars for helium isotopic measurements are
within the symbols dimension. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 3
Carbon isotopic composition of C1 to C5 alkanes.

Date C1 C2 C3 nC4 nC5 isoC4 isoC5

d13C‰ d13C‰ d13C‰ d13C‰ d13C‰ d13C‰ d13C‰

A24e3 14/09/2014 �2.4 �17.2 �25.2 �23.9 �25.9 �25.9 �25.8
A71 18/09/2014 �7.9 �21.9 n.d. n.d. n.d. n.d. n.d.

n.d. ¼ not determined.

Table 4
Methane fluxes from the soil at the dry gas seep of
Kurtbagi.

Site CH4

mg m�2 d�1

KU01 4.5
KU02 �3.1
KU03 109
KU04 2100
KU05 20.1
KU06 118
KU07 114
KU08 12.5
KU09 �1.3
KU10 �1.3
KU11 1.7
KU12 38,100
KU13 3360
KU14 3600
KU15 �11.6
KU16 11,900
KU17 3160
KU18 13,580,000
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considering the isotopic geothermometer of Horibe and Craig
(1995) between H2 and H2O.

Beside samples with very high H2 contents a lot of samples of
the Kizildag ophiolite show low to very low (even below detection
limit) concentrations. These low values may be due to H2 con-
sumption by Fisher-Tropsch-type reactions as shown in more detail
in the next paragraph or by microbial utilization (McCollom, 2007).
Such processes are responsible of the H2-depletion trend on Fig. 4.



Fig. 4. H2 vs. CH4 binary plot. The arrow indicates the compositional changes due to
the methane formation through Fischer-Tropsch-type reactions (methanation) and the
methane consumption through microbial oxidation.

Fig. 5. d13C vs. d2H binary diagram (Schoell diagram). The plotted fields are from
Etiope and Schoell (2014), black line ¼ biogenic; brown line ¼ Precambrian crystalline
rocks; green line ¼ serpentinized systems; orange line ¼ volcanic/hydrothermal sys-
tems, and from Etiope et al. (2015), blue line ¼ land-based serpentinization. The arrow
evidences the isotopic fractionation due to microbial oxidation of methane. Samples
from the Kizildag ophiolite are compared with literature data from other serpentini-
zation areas. (Hakuba Happo e Japan, Suda et al., 2014; Oman, Fritz et al., 1992; Cedars
e California, Morrill et al., 2013; Chimera e Turkey, Etiope et al., 2011; Zambales e

Philippine, Abrajano et al., 1988; Othrys e Greece, Etiope et al., 2013a; Taro and Ceno
Valleys e Italy, Boschetti et al., 2013a; Lost City e Atlantic Ocean, Proskurowski et al.,
2008; Genova e Italy, Boschetti et al., 2013b; Cabeco da Vide e Portugal, Etiope et al.,
2013b; Al Farfar e U.A.E. Etiope et al., 2015; La Ronda e Spain, Etiope et al., 2016). The
two samples called Amik Basin refer to dissolved methane in a 1270 m deep borehole
in the Amik Basin (Yüce et al., 2014). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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4.2. Origin of methane

The presence of abundant H2 in serpentinization environments
favours the inorganic production of methane and higher hydro-
carbons by Fisher-Tropsch-type reactions (Etiope and Sherwood-
Lollar, 2013). They comprise the Fischer-Tropsch reaction sensu
stricto, which refers to the catalytic hydrogenation of carbon
monoxide (CO) to produce a wide range of linear, long-chain
hydrocarbons:

nCO þ 2nH2 ¼ �ðCH2Þn�þ nH2O (3)

and the Sabatier reaction (methanation).

CO2þ4H2¼ CH4þ2H2O (4)

It is assumed that Fischer-Tropsch reactions account for most of
the methane produced in serpentinization environments although
some other reactions have been proposed (Etiope and Sherwood-
Lollar, 2013) including also the direct formation of methane from
serpentinization reactions (Suda et al., 2014).

It was previously assumed that Fischer-Tropsch reactions could
produce significant amounts of methane only at high temperatures
(>200 �C) but recently Etiope and Ionescu (2015) demonstrated
that in the presence of Ruthenium, an element generally present in
chromite ores within ophiolitic sequences, the methanation re-
actions proceed at sufficient rate also at low temperature
(20e90 �C). Concordantly chromite outcrops have been found also
at the Kizildag ophiolite complex (Dilek and Thy, 2009) and there is
abandoned chromite mine in the area of Kurtbagi.

The binary diagram d13C vs. d2H, called “Schoell diagram”

(Schoell, 1980), has been used for the classification of the origin of
methane in natural gas mixtures. It has recently been updated to
account for methane of abiogenic origin (Etiope and Schoell, 2014).
In the Schoell diagram (Fig. 5) the gases of Kizildag ophiolite are
compared to gases of other ophiolitic systems. Some of the sampled
gases (Kurtbagi and Gokdere) display d2H and d13C values which are
considered typical of abiogenicmethane. Themeasured range (�7.9
to �2.4‰ and �137 to �96‰ respectively e Fig. 5) is similar to the
most studied type-localities of low-temperature serpentinization
like Zambales, Philippine (Abrajano et al., 1988), Chimera, Turkey
(Etiope et al., 2011) and the ocean bottom site of Lost City
(Proskurowski et al., 2008).
Methane of other sites (Tahtakopru, Gulderen and Gulderen B)
shows more negative values especially for d2H. Etiope and co-
workers (Etiope and Sherwood-Lollar, 2013; Etiope and Schoell,
2014) recently suggested that such values could be also considered
of abiogenic origin. Further studies of Etiope and co-workers
(Etiope et al., 2015, 2016) expanded the field of methane isotopic
values of land based serpentinization areas towards positive d13C
values coupled with very negative d2H values. Such expansion fits
well with the values measured at Gulderen B.

The samples collected in the area of Kisecik display variable
values which are aligned along a methane oxidation trend. The
sample least affected by oxidation processes still plots close to the
field defined by Etiope et al. (2015). The slope of isotopic enrich-
ment for the Kisecik samples, calculated as d2H/d13C (10.8), is
within the slope of oxidation predicted by previous experimental
studies with methanotrophs, which range from 5.9 to 13 (Cadieux
et al., 2016 and references therein). Methanotrophs are microor-
ganisms that use methane as their energy and C source (Hanson
and Hanson, 1996). Preliminary microbiological investigations
assessed the presence of methanotrophic microorganisms in some
of the waters of the Kizildag area including Kisecik (Quatrini et al.,
2016). Although methanotrophic microorganisms have been
discovered also in other serpentinization area, as for example at
Cabeco da Vide, Portugal (Tiago and Veríssimo, 2013) and at Santa
Elena ophiolite, Costa Rica (Sanchez-Murillo et al., 2014), isotopic
fractionation of methane due to microbial activity has not been
described until recent times in hyperalkaline waters. Such frac-
tionation has been hypothesized in the serpentinites in Oman
(Miller et al., 2016) where methanotrophs have also been discov-
ered and d13C-CH4 reaches values up to þ3‰ while d2H-CH4 re-
mains quite negative (�205‰). At Kisecik the strong isotopic
fractionation (up to þ15‰ for d13C and �68‰ for d2H) could indi-
cate that a large fraction of the original methane has been oxidized
by microbiological activity and could justify the sometimes very
low methane concentrations (methanotrophic trend in Fig. 5).



Fig. 6. d13C-CH4 vs. C1/[C2þC3] ratio binary diagram (Bernard diagram). Samples from
the Kizildag ophiolite are compared with literature data from other serpentinization
areas. (Hakuba Happo e Japan, Suda et al., 2014; Oman, Fritz et al., 1992; Cedars e

California, Morrill et al., 2013; Chimera e Turkey, Etiope et al., 2011; Zambales e

Philippine, Abrajano et al., 1988; Othrys e Greece, Etiope et al., 2013a; Taro and Ceno
Valleys e Italy, Boschetti et al., 2013a; Lost City e Atlantic Ocean, Proskurowski et al.,
2008; Genova e Italy, Boschetti et al., 2013b; Cabeco da Vide e Portugal, Etiope et al.,
2013b; Kidd Creek e Canada, Sherwood Lollar et al., 2008; Tableland e Canada,
Szponar et al., 2013; Lovozevo e Russia, Potter et al., 2004; Al Farfar e U.A.E. Etiope
et al., 2015; La Ronda e Spain, Etiope et al., 2016).
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Some of the Kisecik samples have methane concentration too low
to allow measurement of its isotopic composition but it could be
hypothesized that they have extremely fractionated d2H and d13C
values. Considering that extreme isotopic fractionation due to
microbiological activity has been found in many extreme envi-
ronments like Artic lakes (Cadieux et al., 2016) and hydrothermal
fluids (D'Alessandro et al., 2014; Daskalopoulou et al., 2016) this
testifies for the extreme adaptability of methanotrophic
microorganisms.

The more negative d13C-CH4 values measured in the samples
collected at Tahtakopru could indicate a small contribution from
microbial activity. These springs discharge fluids still very rich in H2
which could be used by methanogens in the shallowest part of the
hydrologic circuit to produce methane. Contribution of microbial
methane has been hypothesized in other serpentinizating bodies
like Taro and Ceno Valleys (Boschetti et al., 2013a), La Ronda (Etiope
et al., 2016) and The Cedars (Morrill et al., 2013). In the first case the
authors suggest that the methane of microbiologic origin derives
from the sediments below the ophiolites in the last case metha-
nogens have been identified in the sampled springs suggesting a
possible contribution of methanemicrobiologically produced in the
shallowest part of the circuit. In the case of Tahtakopru a contri-
bution of methane from the sediments below the ophiolitic
sequence could be possible although probably dominated by
thermogenic methane (see next section). Also a contribution of
methanogens within the spring water cannot be excluded because
the necessary anoxic conditions are often met. Until now such
microorganisms have not been identified (analyses still underway)
so that the possible microbial methane contribution at Tahtakopru
remains speculative.

4.3. Origin of higher hydrocarbons

In principle, Fisher-Tropsch-type reactions can result in the
abiogenic synthesis of multiple gaseous hydrocarbons, from ethane
to butane, and liquid hydrocarbons (starting from pentane), due to
polymerization of CH4 molecules, methylene (eCH2), or methyl
radicals (eCH3) in a chain growth sequence (McCollom and
Seewald, 2013). Higher hydrocarbons (C2-C5) have been found in
many serpentinization sites and their chemical and isotopic
composition has been used to unravel the origin of the released
gases (Sherwood Lollar et al., 2008: Etiope et al., 2011; Fiebig et al.,
2015).

In the area of the Kizildag ophiolite higher hydrocarbons (C2-C5)
have been analysed only in the gases of four sites. In a Bernard
graph (Bernard et al., 1976, Fig. 6) all these samples plot outside the
areas typical of gases either of thermogenic or microbial origin. But
while Kurtbagi and Gokdere show relatively low C1/C2þ ratios from
87 to 323, Tahtakopru and Gulderen B display much higher values
(C1/C2þ from 1600 to 2929). Although experimental data suggest
that the C1/C2þ ratio of abiogenic gas should be around 45 or less
(Morrill et al., 2013 and references therein) most of the gases
collected in serpentinization environment display generally values
in excess of 100 (Fig. 6). Only few show values < 45 and for some of
them (Tableland e Szponar et al., 2013) a contamination by ther-
mogenic gases has been hypothesized. Samples with high C1/C2þ
ratios and very low d13C-CH4 values clearly point towards a
contamination by gases of microbial origin (The Cedars e Morrill
et al., 2013; Taro and Ceno Valleys e Boschetti et al., 2013a; some
of the samples of La Ronda ophiolite e Etiope et al., 2016). On the
other hand some sample considered of pure or prevailing abiogenic
origin show C1/C2þ ratios >500 (up to 18,500) with d13C-CH4
values > �15‰ (La Ronda e Etiope et al., 2016; Lost City e

Proskurowski et al., 2008, Fig. 6). Basing on similarities with other
serpentinization systems we can hypothesize that the gases of
Gulderen B are almost totally abiogenic while those of Tahtakopru
fit a mixing trend with biogenic gases.

The C-isotope composition of C2-C5 hydrocarbons at Kurtbagi
and Gokdere are plotted in Fig. 7a together with literature data. As
generally observed for abiogenic gases d13C values of higher HC
show lower values with respect to methane. The decreasing trend
with increasing carbon number has been explained with lower
reactivity of 13C during polymerization processes (DesMarais et al.,
1981) leading to the formation of higher hydrocarbons from
methane through abiogenic reactions. This trend, shown in Fig. 7a
as “spark discharge”, is opposite to typical thermogenic gases
where higher hydrocarbons have increasingly higher d13C values
(“thermogenic” in Fig. 7a). In this case the isotopic trend is attrib-
uted to kinetic isotopic effects where the alkyl groups cleave from
the source organic matter. The weaker 12Ce12C bonds will break at
a faster rate than the heavier 12Ce13C bond leaving residual alkanes
more enriched in the 13C with increasing molecular mass
(DesMarais et al., 1981). All data in Fig. 7a show coherently a lower
C-isotopic of ethane with respect to methane as expected from
abiogenic polymerization processes but evidencing otherwise some
differences. For example, the two samples from Kizildag show a
difference between methane and ethane of about 15‰ while most
of the literature data show differences of less then 4‰. The only
sample showing a similar difference is that of Chimera and also the
laboratory experiment (spark discharge) of DesMarais et al. (1981).
Furthermore, in all of the samples the decreasing isotopic trend
with increasing carbon number becomes inverted at least since C4.
Such inversion, found also in the sample of Kurtbagi (in the sample
Gokdere C3-C5 HCwere to low for isotopemeasurements), has been
explained in different ways. For example, Sherwood Lollar et al.
(2008) explained the pattern of Kidd Creek samples assuming
rapid abiogenic polymerized chain growth in which carbon isotope
fractionation in the formation of C2þ compounds is negligible with
respect to simple isotopic mass balance. Other authors explained
the inverse trend, especially if it does not involve C2, as due to small
contaminations from thermogenic gases (Etiope et al., 2011;
Szponar et al., 2013).

The evaluation of the Schulz-Flory distribution of a hydrocarbon



Fig. 7. (a) Plot of 13C sequence of C1eC5 alkanes and (b) Schulz-Flory distribution of
Kizildag ophiolite gases compared with other abiogenic gases (Chimera e Turkey,
Etiope et al., 2011; Lost City, Proskurowski et al., 2008; Genova e Italy, Boschetti et al.,
2013b; Kidd Creek e Canada, Sherwood Lollar et al., 2008; Tableland e Canada,
Szponar et al., 2013; Cedars e California, Morrill et al., 2013). The patterns of ther-
mogenic and spark discharge in (a) are taken from DesMarais et al. (1981).
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mixture is another indicator used to evaluate the abiogenic origin of
the gases (Fig. 7b). Etiope and Sherwood-Lollar (2013) believe that
pure abiogenic gases should display distribution coefficients (r2)
>0.99 while prevailingly abiogenic mixture should have r2 > 0.9.
Basing on such classification in the Kizildag area only sample
Gokdere (r2 ¼ 0.999) should be considered purely abiogenic. All
other samples of Kizildag show very low r2 values (<0.8) indicating
some secondary process that changes the original distribution.
Indeed, the statement of Etiope and Sherwood-Lollar (2013) indi-
cating that prevailingly abiogenic mixture should have r2 > 0.9 is
probably far from reality. For example, samples from Lost City and
Chimera, for which a prevailingly abiogenic origin has been
demonstrated on other basis, display r2 < 0.8. For example, the
Chimera sample, which is in many aspects very close to the Kurt-
bagi sample at Kizildag, for Etiope et al. (2011) has a prevailing
abiogenic origin with a contribution of thermogenic gas estimated
in 10e20%. In the case of Chimera the possible source rocks below
the ophiolitic sequence have been characterised in their hydro-
carbon generating potential. Also beneath the Kizildag ophiolite
hydrocarbon source rocks of the Arabian carbonate platform have
been identified (Dilek and Thy, 2009) confirming possible small
thermogenic contributions to the Kurtbagi samples.

4.4. Methane output estimate

Fluxes of abiogenic methane in continental serpentinization
areas have been measured only since a few years mainly by Etiope
and co-workers (Etiope et al., 2011, 2013a; 2016). Apart from
focussed degassing points (eternal flames or bubbling gases) dis-
playing fluxes in excess of 105 mg m�2 d�1, measured values
generally span over flux values (101e103 mg m�2 d�1) similar to
microseepage in hydrocarbon fields (Etiope and Klusmann, 2010). A
similar situation can be recognised also at the two sites at Kurtbagi.
Here a very high flux value of 1.4 � 107 mg m�2 d�1, corresponding
to the main emission point of one of the two areas, has been
measured. Similar high flux point sources are present also in the
other site but due to the fact that they are issuing from fractures
within hard rock (Fig. 8) no flux measurement could be made.
Around these point sources microseepages could be evidenced up
to distances of 10e20 m. At greater distances only negative flux
values were detected indicating that methane was absorbed from
the atmosphere by normal methanotrophic activity within the soil
profile (Castaldi and Fierro, 2005).

Basing on these measurements a preliminary estimate of the
total methane output has been made. The output of the areas
around the main emission points can be estimated multiplying the
respectively median flux value by the estimated emission area.
Considering median flux values of 110 and 3500 mg m�2 d�1 and
areas of about 300 and 200m2 respectivelywe obtain output values
of 13 and 250 kg per year for the two areas. The output of one of the
main emission points is easily obtained multiplying the flux value
by the surface of the accumulation chamber (0.03 m2) obtaining an
output of at least 150 kg per year. For the other main emission point
a rough estimate could be obtained by the height of the burning
flame. A flame of at least 40 cm height was present in all occasions
we visited the area. Hosgormez et al. (2008), on the basis of fire
dynamics models (Delichatsios, 1990), estimated methane fluxes
for a similar natural methane seep at Chimaera (Turkey). For flame
heights of 40 cm they estimated outputs in excess of 2000 kg per
year. Such value is probably overestimated in the present case
because they considered a circular flame diameter at its base
�5 cm. Due to the fact that the flame at Kurtbagi comes from
fractures within hard rock a smaller and linear geometry should be
considered leading to lower output values. Considering also a few
smaller flames (�15 cm) a reasonable estimate for these point
sources would be ~500 kg per year. Summing up, the total output
from the soil to the atmosphere of the Kurtbagi area is in the order
of about 1000 kg per year.

5. Conclusions

The wide range of chemical composition displayed by the free
(bubbling gases and dry seeps) and dissolved gases released from
the Kizildag ophiolitic complex encompasses nearly the entire
spectrum of gas composition found in serpenitinization areas
worldwide. Such range points to primary gas production through
serpentinization processes at different stages and to a lesser degree
to secondary processes (mixing with gases originating outside the
ophiolitic body and microbial methane production or oxidation).

The hydrogen-dominated gases derive from the serpentiniza-
tion of the olivine-rich ultrabasic rocks of the Kizildag ophiolites
and the very negative d2H-H2 values (from �724 to �681‰) indi-
cate that the serpentinization occurs at low temperatures (<80 �C).

The d13C-CH4 values and C1/C2þ ratios measured in the gases
collected in the Kizildag area indicate that methane mainly origi-
nates from Fischer-Tropsch-type reactions which in active serpen-
tinization areas consume the produced hydrogen reacting with CO2
of different origins (atmospheric, biological production within soils
or geogenic). The more negative d13C-CH4 values and higher C1/C2þ
ratios measured at the Tahtakopru site, although still compatible
with a pure abiogenic origin (Etiope and Sherwood Lollar, 2013),
could suggest the addition of methane of microbial origin. The
sedimentary rocks below the ophiolitic body are an unlikely source
of microbial methane. Instead the high concentration of H2 and the
anoxic conditions could suggest that methanogens produce



Fig. 8. (a) map of the CH4 flux measurements made at Kurtbagi Source: “Kurtbagi” 36.4019�N and 36.0415�E. Google Earth. October 1, 2014. August 2, 2016. (b) Picture of the flames
issuing from the ophiolitic rocks at one of the sites of Kurtbagi (photo W. D’Alessandro).
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methane in the shallowest part of the hydrologic circuit of these
springs. Nevertheless, the presence of such microorganisms has
still to be proven.

On the contrary microbiologic analyses (Quatrini et al., 2016)
evidenced the presence of methanotrophic microorganisms in the
Kisecik springs. Biological methane consumption in these springs
justifies both the sometimes very low methane concentrations
(range from 36 to 200,300 mmol/mol�1) and the very positive d13C-
CH4 and d2H-CH4 values aligned along a microbial fractionation
line. Although methanotrophic microorganisms have been found
also in other hyperalkaline springs this is the strongest fraction-
ation due to microbial activity that has been described in a ser-
pentinization area until now.

Data on concentration and C-isotopic composition of C2 to C5
alkanes confirm the prevailing abiogenic origin of the gases and
suggest small additions of thermogenic gases.

Finally, a preliminary methane output from the dry seep of
Kurtbagi has been estimated in about 1000 kg per year.
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