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A geochemical investigation has been carried out on the gas phase associated to thermal fluids discharged along
three different segments of the East Anatolian Fault Zone (EAFZ, Turkey) running from Malatya to the Triple Junc-
tion area (Karliova) where the East and North Anatolian Faults cross each other. CO, is always the major gaseous
component in both bubbling and dissolved gases with variable amounts of nitrogen helium and CH,4. The isotopic

g?; szcisf;emist ratios of helium range from 0.44 to 4.41Rac (values corrected for the atmospheric contamination) and cover a
Acti\i fault v range spanning from crustal to magmatic-type values. The isotopic composition of carbon (CO,) shows values in

the range from —5.6 to —0.2%. vs PDB for the bubbling gases in contrast with the positive values (from 0.3 to
3.4%. vs PDB) detected for the Total Dissolved Inorganic Carbon (TDIC). Coupling the information from the isotopic
and chemical compositions, it results that mantle-derived fluids are driven to the surface by lithospheric struc-
tures. Despite the absence of outcropping volcanic products, the tectonic setting of the different segments plays
a major role in releasing mantle-type fluids. The mantle derived fluids interact at shallower levels with circulating
waters and originate geothermal systems which equilibration temperatures are estimated to be up to 360 °C. The
collected thermal fluids show different geochemical features consistent with processes occurring at two different
levels: a deep level where mantle-originated fluids are taken either from the upper mantle or from intruded
magma batches, and a shallower level, in the upper crust, where Gas Water Interactions (GWI), secondary CO, pro-
duction, and fractionation processes induced chemical and isotopic modifications of the pristine gas composition.

Fluid/fault relationships
Gas water interactions

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The EAFZ runs in a north-easterly direction, from the northern end
of the Dead Sea Transform (Maras Triple Junction) to the Karliova Triple
Junction where it crosses the North Anatolian Fault. The EAFZ is a
580 km-long major strike-slip fault zone forming the transform type
tectonic boundary between the Anatolian and the Arabian Plates
(Fig. 1). The East and North Anatolian faults together accommodate
the westward motion of the Anatolian Plate as it is squeezed out by
the ongoing collision with the Eurasian Plate (Fig. 1a). The difference
in the relative motions of the two plates is manifested in the
left-lateral motion along the EAF which tectonic activity is clearly docu-
mented by the seismicity of the entire fault long, the focal depth of the
main events as well as by the volcanism of the eastern area.

Along the fault zone, many “harabe” (ruins and deserted villages) tes-
tify large earthquakes occurred in the past. Ambraseys (1989) and
Ambraseys and Jackson (1998) reported two large historical earthquakes
(Fig. 1) on May 3, 1874, and March 27, 1875, on the Palu-Lake Hazar

* Corresponding author at: via U. La Malfa 153, Palermo, Italy.
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Segment (PLHS), with estimated magnitudes of >7.1 and 6.7, respective-
ly. The latter earthquake produced an estimated surface rupture of about
20 km with 2 m of vertical offset (Ambraseys, 1989). According to the
official records of Ottoman Empire, a catastrophic event occurred near
Palu on May 29, 1789 (Fig. 1), destroying settlements in a 75 km-radius
area and killing about 51,000 people (Ambraseys, 1989). According to an
Ottoman time diary, the towns of Malatya, Adana and Tarsus were al-
most totally destroyed by an earthquake in 1513, which might be the
same earthquake felt in Egypt on March 28, 1513, that caused heavy
damages along 340 km of the EAFZ (Ambraseys, 1989). Among the re-
cent seismic events, the M6.8 destructive earthquake of Bing6l in 1971
(Karliova—Bingdl Segment; 755 casualties) generated a surface rupture
of about 35-38 km with maximum left-lateral and vertical offsets of 60
and 10 cm, respectively (Seymen and Aydin, 1972; Arpat and Saroglu,
1972; Keightley, 1975; Ambraseys and Jackson, 1998). A further event
(M4.9, March 26, 1977) hit the north-eastern end of the Palu-Lake
Hazar Segment (PLHS; Fig. 1b, 8 people killed and 209 dwellings dam-
aged; Ates and Bayulke, 1977; Jackson and McKenzie, 1984). The fault
plane solution indicated a left-lateral movement and a focal depth of
25 km (Jackson and McKenzie, 1984; Cetin et al., 2003). The most de-
structive earthquakes have generally a relatively shallow focal depth,
however the seismicity of the EAFZ is characterized by both shallow
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Fig. 1. The general map shows the main fault systems in and around Turkey (modified from Barka and Kadinsky-Cade, 1988; Saroglu et al., 1992; Kocyigit and Beyhan, 1998; Okay et
al., 2000). The black thick arrows indicate relative plate motions. The detailed map of the EAFZ region displays segments, sampling sites, and the main seismic events (modified
from Perincek et al., 1987; Kozlu, 1987; Perincek and Cemen, 1990; Saroglu et al., 1992; Aksu et al., 1992). NAFZ: North Anatolian Fault Zone; EAFZ: East Anatolian Fault Zone;
EFZ: Ecemis Fault Zone; BSZ: Bilitis Suture Zone. The black dots indicate the epicentral areas for the shocks detailed in the squared labels with magnitude and date. Squared

marks =

sampling site labels = collected samples (see Table 1). Black filled circles = EAFZ segments; segment numbers: 1 — Karliova-Bingdl segment; 2 — Palu-Lake Hazar seg-

ment; 3 — Lake Hazar-Sincik segment; 4 — Celikhan-Erkenek segment; 5 — Gélbasi-Tiirkoglu segment; 6 — Tiirkoglu-Antakya segment.

(3-10 km) and deep (25-50 km) hypocenters. Deep hypocentral depths
denote a lithospheric nature of the fault, which, on the basis of the infor-
mation about the crustal thickness (between 25 and 40-45 km, Arslan et
al,, 2010), is able to reach the upper mantle providing a preferential way
for mantle fluids to escape.

Mantle-derived/volcanic fluids play an important role along the ac-
tive tectonic structures in Turkey (e.g. Gulec et al.,, 2002; de Leeuw et al.,
2010) and although volcanic edifices are lacking along the EAFZ, the
presence of thermal springs is an indication for volcanic fluid circula-
tion. Thermal fluid venting is known from many different sites although
their geochemical features are mostly unknown.

Three segments of this active fault were considered for sampling
collection of thermal fluids with the aim to constrain their origin to
better understand the relationships between the circulating fluids
and the fault activity. Compositional changes of the circulating fluids
can be detected during faulting activity as a consequence of modifica-
tions in the mixing proportion of volatiles marked by different origin
and provenance. Fixing the various components and their origin, and
estimating the mixing proportions give valuable information to eval-
uate the activity and the faulting-induced fluid migration. Samples of
both free and dissolved gases were taken from thermal springs
displaying outlet temperatures in the range of 17-67 °C.

This paper accounts for the first comprehensive geochemical inves-
tigation, including chemical and isotopic compositions (carbon, helium)

of dissolved and bubbling gases, released along the Karliova—Bingol,
Palu-Lake Hazar, and Lake Hazar-Sincik segments of the EAFZ. Three
sampling sites were selected over the Karliova triple junction area:
two of them are located on the NAFZ (Catak-Erzurum and Guzelkent-
Varto) and one more, Hamzan, is located on the possible prosecution
of the EAFZ towards North-East (Fig. 1b). Such a geographical distribu-
tion covered the whole Karliova triple junction area.

Consistently with previous studies on the North Anatolian Fault
Zone (Gulec et al., 2002; de Leeuw et al., 2010), our results show con-
tributions, variable from site to site, of mantle-derived and crustal
fluids as well as intense gas-water interactions (GWI), that together
with degassing and other processes occurring at relatively shallow
depth are responsible for the large variety of geochemical characters
of the discharged fluids.

2. Geologic and tectonic setting

On the basis of the nature of underlying basement, the Eastern
Anatolian contractional zone can be separated into four main crustal
terrains: from north to south i) the Pontide Belt, ii) the Eastern Anato-
lian Accretionary Complex (EAAC), iii) the Bitlis—Potiirge Massif
(BPM), and iv) the Arabian Foreland. The Pontide Belt is located in the
northern most part of the region. Its basement is represented by a meta-
morphic massif named the Pulur Complex. The Pulur complex is

Fig. 2. Typical geological sections for various East Anatolian Fault Zone (EAFZ) segments. The simplified map in the box shows the location for the stratigraphic sequences of:
(a) Tekman-Erzurum (after Tagkiran, 2006); (b) Hinis and Varto (after Tarhan, 1991); (c) Bingél (after Erisen et al., 1996); (d) Karakocan-Elazig (after Oztekin Okan and Cetindag,

2005; Cetindag et al., 2009); and (e) Ispendere—Malatya (after Cetindag et al., 1993).
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composed of a heterogeneous set of granulite facies rocks, ranging from
quartz-rich mesocratic gneisses to silica- and alkali-deficient, Fe-, Mg-
and Al-rich melanocratic rocks (Topuz et al., 2004). A thick volcano-
sedimentary arc sequence overlies this metamorphic basement.

The EAAC forms a 150-180 km wide, NW-SE extending belt in the
middle of the region. It represents the remnant of a huge subduction-
accretion complex formed on a north-dipping subduction zone located
between the Pontide Belt in the north and the Bitlis-Potiirge
microcontinent in the south in a period between the Late Cretaceous
and the Oligocene (Sengor et al., 2003). It consists of two contrasting
rock units: an ophiolitic melange of Late Cretaceous age, and Paleocene
to Late Oligocene flysch sequences incorporated into the ophiolitic me-
lange as north-dipping tectonic slices. This observation is consistent
with the polarity of the subduction zone that is thought to have created
the Eastern Anatolian accretionary prism by underthrusting.

The Bitlis-Potiirge Massif is exposed in a NW-SE extending belt along
the Eastern Taurus mountain range. It is regarded as the easternmost ex-
tremity of the Menderes-Taurus block. It consists of medium-to-highly
metamorphosed units. Shallow marine deposits of Oligocene to Middle
Miocene age unconformably overlie these tectonic blocks in some places
(Keskin, 2003). The EAFZ crosses the above mentioned geological units
running from Karliova to Turkoglu with a total length of about 580 km.
The most recent interpretations propose the EAFZ as divided into several
distinct geometric segments (Fig. 1b) based on fault stepovers, separa-
tions (gaps) or changes in fault strike (Arpat and Saroglu, 1972;
Hempton et al,, 1981; Sengor et al., 1985; Muehlberger and Gordon,
1987; Westaway, 1994). The segment of the fault physically defined be-
tween Lake Hazar and Palu is here referred as the Palu-Lake Hazar seg-
ment (PLHS; Fig. 1b). To the northeast of the PLHS is the Karliova—
Bingol segment (KBS; Fig. 1b), part of which ruptured in the 1971 Bingol
earthquake (Arpat and Saroglu, 1972; Seymen and Aydin, 1972; Jackson
and McKenzie, 1984). To the southwest of the PLHS is the Lake Hazar-
Sincik segment (LHSS; Saroglu et al., 1992, Fig. 1b), separated from the
PLHS by the Lake Hazar.

Eastern Anatolia is one of the best examples of an active continental
collision zone in the world. It comprises one of the high plateaus of the
Alpine-Himalaya mountain belt which is covered by young volcanic
units related to collision (Pearce et al, 1990; Yilmaz et al., 1998;
Keskin, 2003, 2005; Keskin et al, 2006) with an age ranging from
11 Matorecent and a thickness of up to 1 km in places. Recent volcanic
activity in Turkey is closely related to the tectonic evolution of the
Alpine-Mediterranean belt. The location, timing and geochemical
characteristics of volcanism result from the complex interaction of the
colliding Eurasian and Afro-Arabian plates. Neogene-Quaternary

Table 1

volcanism in Turkey is closely associated with neotectonic evolution.
Quaternary volcanism is confined to the Kula area in western Anatolia,
whereas the recent volcanoes are more abundant in central and espe-
cially in eastern Anatolia where the latest eruptions took place at
Nemrut volcano in 1692 (Tchalenko, 1977). The contemporary exis-
tence of active tectonics and very recent volcanic activity has a strong
impact on the geochemistry of the circulating fluids. Fig. 2 shows
geological sections typical for the investigated segments of the EAFZ.
Moving from NE (Tekman—Erzurum) towards SW (across Hinis and
Varto—Mus, Bingdl, Karakocan—Elazig and Ispendere—Malatya) the su-
perficial levels contain travertine (indication of CO, degassing from the
waters) at all the sites. Volcanites, made by basaltic products, are of
Miocene age at the sites of Erzurum, Mus, Bingdl, and Elazig (Fig. 2a,
b, ¢, d) and of Cretaceous age at the Malatya area (Fig. 2e).

The release of volcanic fluids is a common feature along the main
active faults in Turkey, however the local geological setting is respon-
sible for the upraising of deep fluids through the tectonic discontinu-
ities and the occurrence of shallow processes affecting the original
characteristics of the circulating fluids. Moreover, the presence of
carbonatic rocks, travertine deposits, metamorphic rocks and old
volcanites (Fig. 2) accounts for a different nature of the circulating
fluids and different fluid-rock interactions.

3. Methods
3.1. Field investigations

Table 1 lists the type and location (given in UTM-WGS84 coordi-
nates) of 16 sites along three different segments of the EAFZ where a
total of 21 samples (11 bubbling and 10 dissolved gas samples), were
collected (Fig. 1b). Some of the sampled springs were totally unknown
and discovered by an accurate field work and located on the map by
GPS. On the field, the samples were collected following already adopted
methodologies for bubbling and dissolved gases (Italiano et al., 2009).

The dissolved gases were extracted from water samples collected in
240 ml glass bottles sealed in the field by silicon/rubber septa using
special pliers. All of the samples were collected taking care to avoid
even tiny bubbles to prevent atmospheric contamination (details in
Italiano et al.,, 2009).

The bubbling gases were collected using a stainless-steel inverse
funnel connected to a three way valve. The valve was connected to a sy-
ringe and to a two-way pyrex bottle with vacuum stop-cocks at both
ends. The syringe sucked the gas collected by the funnel and through
the valve, the gas was pushed inside the sampling bottle. The bottle

Field information of the sampled gases. See Fig. 1 for sample locations over the EAFZ. D stands for dissolved gases, B for bubbling. T °C is the highest outlet temperature of the spring.
n.m = not measured. Coordinates in UMTS WGS84. See Fig. 1b for segment names and for segment and sample location.

Sample ID Site name Segment N° Type T°C Latitude Longitude Altitude
I-1 Ispendere—Malatya 3 D 238 375462943 4245064 822
-2 Ispendere—Malatya 3 B 211 375462940 4245069 823
B-1 Bagin (Mazgirt)—Tunceli 2 B 36.6 375577706 4317291 953
G-1 Golan (Karakogan)—Elazig 2 B 43.5 375576940 4316638 941
SL-1 Siliiklt (Karakogan) spring 1 D 17.0 375579505 4318723 980
SL-2 Siiliikli (Karakogan) mud—Tunceli 1 B n.m. 375579461 4318747 973
K-1 Kos—Bingol 1 B/D 44.5 375644701 4316960 1162
H-1 Hacilar (hill)(Karliova)—Bingol 1 B/D 67.3 375655772 4328745 1580
H-2 Hacilar (Goyniik river) (Karliova)—Bingol 1 D 46.0 375656575 4328262 1368
Y-1 Yayladere—Bingdl 1 B 33.0 375593156 4339762 1335
S-1 Sabrtasi (Kigi)—Bing6l 2 B/D 48.1 375601948 4347546 1297
S-2 Saburtasi (Kigi) near river Bingol 2 D 41.2 375601244 4347212 1170
C-1 Catak-Karliova—Bingol 1 B/D 29.7 375668292 4360782 1708
HM-1 Hamzan (Catak)—Erzurum 1 D 54.8 375684201 4369532 1945
HM-2 Hamzan(Catak)—Erzurum 1 B 522 375684166 4369490 1941
HM-3 Hamzan (Catak)—Erzurum 1 D 411 375684013 4369385 1938
GZ-1 Guzelkent-Varto—Mus Varto Fault zone B 275 375697885 4346088 1523
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was flushed with a gas ten times larger than its volume, and then the
sample was collected following always the same procedure: the first
valve is closed; the syringe applies a slight overpressure inside the
bottle;and the second valve is finally closed.

3.2. Analytical methods

The chemical composition in terms of He, H,, O, No, CO, CH4 and CO,
contents was carried out using a Perkin Elmer Clarus 500 gas chromato-
graph equipped with a double detector (TCD-FID; detection limits
1 ppm/vol), with argon as carrier gas.

The bubbling gases were analyzed by direct injection in the
gas-chromatograph, while the dissolved gas analyses were carried out
on the gas phase extracted after the attainment of the equilibrium (at
constant temperature) between the water sample and a known volume
of host, high purity gas (argon), injected inside the sampling bottle (see
Sugisaki and Taki, 1987 and Capasso and Inguaggiato, 1998 for details).

The isotopic compositions of helium and carbon were determined
by mass spectrometry. Helium isotope analyses of both bubbling and
dissolved gases (on gas fractions extracted following the same proce-
dure as for the gas-chromatography and using nitrogen as host gas)
were carried out after accurate sample purification following the al-
ready proposed procedures (e.g. Italiano et al., 2009). The isotopic anal-
yses of the purified helium fractions were performed by a split flight
tube static vacuum mass spectrometer (GVI5400TFT) that allows the si-
multaneous detection of >He and “He-ion beams, thereby keeping the
3He/*He error of measurement to very low values. Typical uncertainties
in the range of low->He (radiogenic) samples are within =+ 1%.

The water samples for dissolved gas analyses were also used for
the determination of the carbon isotopic ratio of the total dissolved
inorganic carbon (TDIC). The method for 6'*Crpic determination is
based on the chemical and physical stripping of CO,. The stripped
gas, as well as the bubbling CO,, are purified by means of standard
procedures (Favara et al., 2002), then the carbon isotopic composition
was measured using a Finnigan Delta Plus mass spectrometer and the
results are expressed in 6%. vs. V-PDB standard. The standard devia-
tion of 13C/'2C ratio is + 0.2%..

Table 2

4. Results

Table 2 lists the analytical results of the gas-chromatographic
analyses. The composition of the bubbling and dissolved gases are
reported as vol% and cm?® STP/L of water, respectively. The composi-
tion of the dissolved gas phase was calculated starting from the
gas-chromatographic analyses and taking into account the solubility
coefficients (Bunsen coefficient “B”, cCgas/MLyater STP) of each gas
species, the volume of gas extracted (cm®) and the volume of the
water sample, following Eq. (1):

e ([ v (] e ) v vy

where G is the concentration of the selected gas specie, Gg. is its con-
centration measured by the gas chromatograph (vol%), V7, and Vv;
represent the extracted and the introduced gas volumes respectively,
while VW is the volume of the analyzed water sample (see also
[taliano et al., 2009 for further details).

Assuming that the detected oxygen comes from the atmosphere
and since any deep-originated gas is considered oxygen-free; we
recalculated the gas analyses by removing the atmospheric contribu-
tion (analytical oxygen content versus its theoretical amount in ASW
and in the air).

Moreover, starting from the total amount of dissolved gases (cm?/L
at 20 °C) we calculated the relative abundances for every single gas
species and normalized to 100% the analytical results, allowing a com-
parison of the analytical results of both dissolved and bubbling gases.
The converted gas analyses (Cvt) are shown in columns 9-13 of Table 2.

Table 2 shows that 13 out of the 21 collected samples have a CO,
concentration above 90 vol.% with a minimum content of 24.1%. N,
varies over a small range in the dissolved gases, while it spans over
a range of three orders of magnitude in the bubbling gases (0.03-
73%). Helium, ranging from 10~ ° to 102 vol.%, varies over a range
of 2 and 3 orders of magnitude in dissolved and bubbling gases re-
spectively. The reactive gases CO and CH, are always present with sig-
nificantly lower concentrations from10~° to 10~ 3 vol.% the former
and from 10~ to 10~ ! vol.% the latter (Table 2).

Chemical composition of dissolved (D) and bubbling (B) gases from the various segments of the EAFZ. Data in columns from 3 to 8 show original gas concentrations expressed in
ccSTP for dissolved gases and vol.% for bubbling. Columns from 9 to 13 show the results converted in vol.% after air removal recalculations based on oxygen content (see text for

details). Values for ASW (Air Saturated Waters) are reported as reference (in italics).

1 2 3 4 5 6 7 8 9 10 11 12 13
Sample ID Type He 0, N, co CH4 CO, He (cvo Nao(cvry CO¢cvy CH4 (cvty CO5 (v
-1 D 6.7E—05 0.13 1.80 531E—04 7.95E—04 1210.8 5.5E—06 0.13 4.4E—05 6.6E—05 99.9
SL-1 D bdl 0.11 2.21 2.37E—04 1857.2 0.12 1.3E—05 99.9
S-1 D 9.1E—05 0.11 5.66 1.54E—05 9.22E—04 194.1 4.5E—05 2.83 7.7E—06 4.6E—04 97.1
S-2 D 8.6E—05 1.56 7.97 4.27E—05 4.61E—04 3335 2.2E—05 2.32 1.2E—05 1.3E—04 97.2
K-1 D 6.3E—05 0.28 2.23 3.83E—05 1.44E—03 464.9 1.3E—05 0.48 8.2E—06 3.1E—-04 99.5
H-1 D 1.0E—04 0.10 2.82 1.47E—05 2.36E—04 181.6 5.4E—05 1.53 8.0E—06 1.3E—04 98.4
H-2 D 8.6E—05 6.77 22.01 1.59E—05 2.04E—04 219.2 1.2E—05 8.87 6.4E— 06 8.2E—05 88.4
C-1 D 2.2E—04 0.30 6.52 0.00E +00 1.67E—03 66.4 3.0E—-04 8.90 2.3E—03 90.7
HM-1 D 2.2E—04 1.13 429 1.32E—05 5.45E—05 267.1 8.0E—05 1.57 4.8E—06 2.0E—05 98.0
HM-3 D 1.1IE—04 1.10 5.98 1.07E— 05 2.18E—03 296.9 3.5E—05 1.97 3.5E—06 7.2E—04 97.7
ASW 4.1E—05 4.80 9.60 n.d. n.d. 0.2 2.8E—04 65.60 n.d. nd. 1.6
I-2 B 4.0E—04 6.84 28.72 2.2E—03 1.4E—03 64.4 42E—04 20.38 2.3E—03 1.5E—03 68.1
B-1 B 1.1E—05 bdl 0.03 2.9E—04 1.3E—03 99.9 1.1E—05 0.03 2.8E—04 1.3E—03 99.8
SL-2 B 2.9E—04 4.48 18.22 8.2E—04 4.7E—03 773 3.1E—04 14.94 8.5E—04 49E—03 80.7
G-1 B 4.5E—05 3.15 12.24 7.1E—04 5.1E—05 84.6 4.7E—05 10.90 7.4E—04 5.3E—05 88.8
Y-1 B 1.1E—02 10.48 26.88 8.3E—03 3.7E—02 62.6 1.2E—02 15.58 9.6E—03 4.3E—02 731
S-1 B 1.4E—05 0.02 0.06 1.1E—04 43E—03 99.9 1.4E—05 0.06 1.1E—04 43E—03 99.8
K-1 B 41E—04 2.24 10.64 5.1E—04 1.7E—02 87.1 42E—04 9.70 5.2E—04 1.7E—02 89.0
H-1 B 1.2E—05 031 1.20 4.1E—04 2.7E—03 98.5 1.2E—05 1.18 4.1E—04 2.7E—03 98.7
C-1 B 5.0E—02 2.68 73.14 3.0E—-05 8.3E—02 241 5.1E—02 64.38 3.1E—-05 8.4E—02 243
HM-2 B 8.3E—03 0.04 16.67 1.0E—04 2.9E—-01 83.0 8.1E—03 16.27 9.9E—05 2.8E—01 81.2
GZ-1 B 6.2E—05 bdl 0.15 3.0E—05 24E—04 99.8 6.2E—05 0.15 3.0E—05 2.4E—04 99.8
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Table 3 lists the isotopic composition of helium and carbon as well
as the “He/?°Ne ratios. The >He/*He ratios (R) have been normalized
to the atmosphere (*He/*He=1.39x10"%=Ra) and corrected for
the effects of atmospheric contamination (R/Rac) using (R/Ra;) =
{(R/Ra)X—1}/{X—1} where X is the air and the ASW He/Ne ratio
(Hilton et al., 1998) respectively for bubbling and dissolved gases.
Carbon isotopic ratios of TDIC and CO, express in 6% versus the
PDB international standard. The last column of Table 3 shows the es-
timated equilibrium temperatures (in °C) for the bubbling gases (see
Section 5.2 for details).

5. Discussion
5.1. Chemical composition

The variability of the gas composition has no relationships with the
geographical location of the sampled fluids (see Fig. 1b). Contrastingly,
we can recognize that the presence of CO,-dominated gases is a com-
mon feature of all the investigated EAFZ segments and for the whole
Karliova triple junction area. The presence of N, and O, in the sampled
gases is clearly due to atmospheric contamination that occurred be-
cause of either the intense bubbling (trapped air bubbles) or mixing
of shallow air-saturated ground waters (ASW) with waters of deeper
provenance. Although variable extents of atmospheric contamination
are detectable in bubbling and dissolved gases, He content is always
in the concentrations well above the atmospheric, in agreement to the
common feature that deep originated gases are CO,-dominated and
bring mantle and/or crustal-type helium.

Combining the information from both dissolved and bubbling gases,
it is easy to find that although the CO, content is often above 90%, some
CO, gas was already lost because of its fast gas dissolution in ground wa-
ters. Such an interaction between the upraising gases and the circulat-
ing waters (hereafter indicated as gas-water interactions, GWI)
allowing undefined amounts of the deep originated gases to dissolve
as a function of their solubility properties and the water/gas mass ratios.
This occurrence, as discussed in the next sections, does not affect very
much our results and interpretations.

Table 3

Y-
Trends of CO3 dissolution
100 clg HM-2 @ 0
N, | L | T T 1 . | o le H,x10°
0 20 40 60 80 100

Fig. 3. CH4,—CO,-N; relationships for bubbling (filled black circles) and dissolved gases
(empty stars). The arrows show GWI effects with various extents of CO, dissolution.
The occurrence of such a process explains the relative increased concentrations of
nitrogen and CHg.

5.2. GWI and geothermal systems

The GWI extent is testified by the composition of the gas assem-
blage. As a common feature, although CO, always shows the highest
content in bubbling and dissolved gases (Table 2), the less soluble spe-
cies (He, N,, CH4) denote concentrations well above the equilibrium
with the ASW. Moreover, He, CH4 and N, concentrations in the bubbling
gases, as reported for the recalculated values after air removing, show
significant enrichments up to 64% N, at C1, 1.2x 10™2% He at Y, and
0.28% CH,4 at HM2.

The CH4-N,-CO, triangular diagram of Fig. 3 displays the relative
abundances for both dissolved and bubbling gases. The arrows indicate
trends for CO, loss due to GWI processes with the consequent

Isotopic composition of helium and carbon for dissolved (D) and bubbling gases (B). R/Ra. denotes *He/*He ratios normalized to the atmospheric ratio (Ra=1.39x10~°) and
corrected for the atmospheric contamination (see text for details). A He/Ne (He/Ne sample/He/Ne air) shows how many times the measured He/Ne is larger than the atmospheric
ratio. The CO,/*He data are x 10° calculated from Table 1/columns 9-13. T °C is the estimated geotemperature for bubbling gases. Data for ASW and AIR are reported as references
(*He/?°Ne ratio of air-saturated water is taken as 0.285). Carbon isotopic ratios expressed as 6% PDB. n.d = not determined. Values for ASW and AIR are reported as reference (in

italics).
Type Sample ID Site name R/Ra He/Ne,, A He/Ne R/Ra, 513C CO,/°He T°C
D I-1 Ispendere 0.77 0.49 1.7 0.44 0.35 17121 n.d.
D S-1 Sabirtasi Kigi 0.87 0.44 1.5 0.63 2.68 n.d. n.d.
D S-2 Sabuirtasi Kigi near river 1.12 032 1.1 1.95 0.68 3723 n.d.
D K-1 Kos 1.04 0.39 14 1.15 217 5294 n.d.
D H-1 Hacilar (hill) 1.07 0.34 1.2 142 3.01 1221 n.d.
D H-2 Hacilar (Goyniik river) 1.02 045 1.6 1.06 341 5153 n.d.
D C-1 Catak Karliova 1.17 1.05 3.7 123 0.59 183 n.d.
D HM-1 Hamzan (Cimenozii) Catak 1.02 1.49 5.2 1.03 34 857 n.d.
D HM-3 Hamzan (Cimendzii) Catak 1.02 0.52 1.8 1.03 n.d. 2005 n.d.
B -2 Ispendere borehole 1.05 0.36 1.1 141 —441 110 328
B B-1 Bagin Mazgirt 1.71 0.69 22 232 —4.20 3968 263
B SL-2 Siltikli Mazgirt mud 2.86 0.70 22 441 n.d. 65 300
B G-1 Golan 0.47 1.46 4.6 0.32 —0.94 2906 325
B Y-1 Yayladere 1.87 7.46 235 1.91 —5.67 23 344
B S-1 Sabirtasi Kigi 2.01 145 45 2.30 —240 2567 222
B K-1 Kos 2.38 3.70 11.6 2.51 —-1.23 65 265
B H-1 Hacilar (hill) 2.26 1.68 53 2.55 —-1.20 2515 270
B Cc-1 Catak Karliova 1.54 25.50 80.2 1.54 n.d. 0.2 193
B HM-2 Hamzan (Cimenoézii) Catak 1.07 29.11 91.5 1.07 —0.20 6.7 192
B GZ-1 Guzelkent Varto 4.00 17.93 56.4 4.06 —-1.79 289 204
ASW 1 0.285 n.d. n.d.
AIR 1 0.318 -7 n.d.
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enrichment of CH4 and N,. As example, sample C1 underwent enhanced
GWI as shown by the low CO, concentration of the bubbling gases
(24%) and the large content of the low soluble species. The distribution
of the low-solubility species He, CH4 and N, is displayed in Fig. 4. Sam-
ples C1 and Y1 belong to a group of bubbling gases (including S1,B1 and
HM2, Fig. 4) falling on a CH4-enrichment trend with an almost constant
He/N, ratio. The reported analyses (Table 2) clearly show the absence of
significant air contamination at S1, HM2 and B1 sites. Contrastingly,
large amounts of both O, and N; are detected at Y1 and C1 (10.48 and
2.68% of O,, respectively) besides relatively large amounts of both He
(1.1 and 5x 107 2%) and CH, (3.7 and 8.3 x 10~ 2%). Sample K; shows
larger CH4, N, and He enrichment in the bubbling gases than in the
dissolved gas phase. We argue that the enrichment of low soluble spe-
cies may have occurred well before the air contamination, thus in
deep-located water bodies where massive amounts of CO, had been
able to dissolve and, consequently, significantly enhanced the He, N,
and CH,4 contents. Contrastingly, air contamination (see C1 and Y1 anal-
yses; Table 2) seems to have occurred at very shallow levels, close to the
sampling point due to the active gas bubbling.

Although the deep originated gases interact and probably equili-
brate in deep aquifers before upraising to the surface, the evidence of
the low CO, concentration (66 cm® STP/L, far away from the CO, satu-
ration in water of 762 cm> STP/L; Weiss, 1971) besides the enhanced
helium content (2.2x10~% cm? STP/L) in the dissolved gases at C1
site, leads us to expect the occurrence of repeated subsurface GWI pro-
cesses responsible for CO, removing from the gas phase.

Despite the occurrence of GWI processes, the concentrations of
the reactive species CO and CH4 are generally low in both dissolved
and bubbling gases (Table 2), showing insignificant contribution of
hydrocarbon sources along the explored EAFZ segments.

It is worthy of notice that the CH, content (that at Y1, C1 and HM2
exhibits the highest content among the collected samples) falls in the
range of geothermal gas equilibriums (e.g. Fiebig et al., 2004 and ref-
erences therein), providing clues, together with the emission temper-
atures of the collected gases (up to 67.3 °C), of a widespread presence
of geothermal systems along the EAFZ.

In order to investigate such a possibility, we assume the existence of
boiling aquifers where the deep boundary conditions (pressure, temper-
ature, oxidation level) act as buffers for the chemical composition of the
geothermal fluids. The reactive compounds detected in the sampled
gases (CO, CHy, COy), have been largely used for geothermometric and
geobarometric considerations of hydrothermal fluids (e.g. Giggenbach,
1980; Italiano and Nuccio, 1991; Fiebig et al., 2004). The equilibrium
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Fig. 4. Distribution of low-solubility gas species CH4, N, and He in bubbling and dissolved
gases (symbols as in Fig. 2) along the EAFZ. The reported data are recalculated after air
contamination removal (columns 9-13 in Table 2). CH,4 content accounts for equilibra-
tions in high-temperature reservoirs while he and N, contents denote the extent of GWI
processes.

temperature of the gaseous species H,0, CO,, CH4 and CO was estimated
using the following reactions (Italiano and Nuccio, 1991):

2C0O + 0, = 2C0, 2)
and
1/2CH, + O, = 1/2C0, + H,0. 3)

For which the equilibrium constants, K, are (in logarithmic form):
LogK, = 2Log[(xCO,)(YCO,)Pt(xCO) ' (yCO) ™' P —logf,, (4)

LogK, = 1/2[(xCO,)(YCO,)Pt(xCH,) ™" (YCH,) ™ 'Pt]—logf,,
+ LngHZO (5)

where yx is the molar fraction, <y is the activity coefficient, Pt is the
total pressure, and f is the fugacity.

Using numerical equilibrium constants for K; and K, the fO, de-
pendence for Egs. (4) and (5) can be expressed as:

LogfO, = 2Log[CO,]/[CO]—29600/T + 9.6 (6)

LogfO, = 1/2Log[CO,]/[CH,] —23248/T + 6.51. 7

Finally, combining functions (6) and (7), the temperature depen-
dence can be expressed in the general form:

1

T = B[1/2log(xCO,)(xCH,) ' —2log(xCO,)(xCO) ' —A]~ (8)

where A and B are constants derived from K; and K. The thermodynamic
equilibrium constants (listed in Giggenbach, 1987) and the assumptions/
limitations adopted from Italiano and Nuccio (1991) and Giggenbach
(1987), make the temperature estimations reasonably valid in the
range between 100 and 400 °C. Considering the higher CO, solubility in
water than those of CO and CH,4, we could expect that both the CO,/CO
and CO,/CH4 ratios have been modified by gas-water interactions as
suggested for some gas samples showing relatively low CO, contents
(24 vol.% at C1). The adopted system, however, is more sensitive to the
contents of CO and CH,4 than that of CO,, implying that although GWI in-
duce modifications in the chemical composition, the estimated equilibri-
um temperatures do not change very much for, even large, variations of
the CO, content. Moreover, the similar solubility coefficients of CO and
CH,4 do not alter their abundance ratios, and their slow reaction kinetics
allows them to keep the deep equilibrium conditions during the uprising.
The Eq. (8) shows how the equilibrium constants are a function of tem-
perature and oxygen fugacity, that changes due to the water molecule
breaking (H,O=H,+ 1/20;) as a function of the temperature. The fO,
is buffered by the mineral assemblage of the host rocks. The adopted
buffers (QFM, HM and Ni-NiO; Eugster and Wones, 1962) are typical
for silicatic (mainly volcanic) rocks where the contemporary presence
of quartz, olivines, hematite, magnetite and nickel is able to keep the ox-
idation conditions within a narrow range as a function of the temperature
(and pressure) of the geothermal boiling systems. Only the bubbling
gases have been considered for geothermometric estimations and the
plot of the results on a temperature-fo, graph (Fig. 5a) shows that the
samples fall between two theoretical fo, buffers proving that equilibrium
is attained in every geothermal system. The estimated geotemperatures
have been used to calculate the pressure of the geothermal system
using the temperature-dependence function for 2 M NaCl solutions
(Chiodini et al., 2001)

logfyy,o = 5.479—2047/T. ©9)

Using the T-PH,0 relationship for 2 M and NaCl saturated waters,
the H,O pressure was estimated in the range from 13 to 195 bars.
Fig. 5b shows the samples plotted besides the P-T curves together
with the corresponding depth in terms of lithostatic pressure, assuming
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Fig. 5. a) Temperature vs oxygen fugacity (expressed as Log fO,) graph. The equilibri-
um temperatures are estimated by Eq. (8); oxygen fugacity is calculated by introducing
the estimated temperature value either in Eq. (6) or Eq. (7). The solid buffers quartz-
fayalite-magnetite (QFM), nickel-nickel oxide (N-NO) and hematite-magnetite
(HM) are plotted as reference (after Eugster and Wones, 1962). The sample distribu-
tion between the HM and NNO buffers denotes that they reflect equilibrium conditions
in a relatively oxidizing system. The helium isotopic ratios are reported to show the ab-
sence of correlations with the estimated geotemperatures (R/Ra. values in italics to the
right of the sample labels). b) Estimated equilibrium pressure of the geothermal reser-
voirs. The pressure is shown on the vertical axis both as Py, (bars) and depth (in km
as lithostatic pressure). The boiling curves for saturated NaCl and 1%NaCl waters
(brines) are shown. Py,o calculated after Italiano and Nuccio, 1991.

an average rock density of 2.4 t/m>. The helium isotopic ratios (Table 3),
reported in Fig. 53, show an evident lack of direct relationships between
3He/*He ratios and estimated geotemperatures. We suggest that it can
be the consequence of secondary processes (e.g. degassing, mixings of
shallow and deep fluids) that affected the deep magmatic fluids at
shallower levels. Relatively high *He concentrations in low enthalpy
waters have also been reported for the Northern Anatolia with no evi-
dence of volcanic activity associated with the strike-slip motion along
the seismically active segment of NAFZ (Gulec et al., 2002).

5.3. Helium isotopes

The measured helium isotopic ratios (reported as R/Ra where R=
measured isotopic ratio and Ra = atmospheric *He/*He=1.39x107°)
have been corrected for the effects of atmospheric contamination

(R/Ra, values in Table 3) using the air-normalized He/Ne ratio and
assuming that all the neon is of atmospheric origin. For dissolved
gases the air-normalized He/Ne ratio is calculated taking also into ac-
count the ratio of their solubility coefficients (Bunsen coefficient “B”,
Weiss, 1971). The He/*He and “He/?°Ne ratios vary from 0.32 to 4.41
Rac and from 0.32 to 29.1 (Table 2) respectively. The relationship be-
tween >He/*He and “He/?°Ne ratios shows that all samples are a mixing
of three end-members: primordial helium derived from the upper man-
tle, radiogenic helium produced from uranium and thorium in crustal
rocks, and atmospheric helium dissolved in ground waters.

The He/Ne vs R/Ra graph of Fig. 6 shows mixing curves between at-
mospheric and mantle/crustal components assuming that an atmo-
spheric component has *He/*He=1.39x 10~ % and “He/*°Ne =0.318,
and a crustal component has 0.02Ra and “He/?°Ne =1000 (Sano and
Marty, 1995). The presence of different mantle-type components are
also considered: MORB-type mantle with 8Ra and “He/?°Ne =1000,
Sub-Continental European Mantle (SCEM, Dunai and Baur, 1995) R/
Ra=6.5 and “He/?*’Ne =1000 and a possible mantle “contaminated”
by crustal products due to subduction assumed to have He/*He in
the range of 2.5Ra and “He/?°Ne = 500. The plot of our samples (only
uncorrected He/*He ratios have been used) shows the large atmo-
spheric contamination of the dissolved gases (as expected) and the
presence of a significant mantle component in the bubbling gases ex-
cept for the site of Golan (G1 sample), clearly a mixture with radiogenic
products.

The distribution of helium isotopes in Turkey has been investigated
by several authors due to peculiar tectonic setting of this region where
the tectonic movements of the Arabian, Eurasian and African plates take
place (Fig. 1). >He/*He isotopic ratios have been measured along the
NAFZ (Stone, 1986; Nagao et al., 1989; Kipfer et al., 1994; Ercan et al.,
1995; Gulec, 1988; Gulec et al.,, 2002; de Leeuw et al., 2010), around
the Marmara sea (Dogan et al,, 2009), at the East Anatolia volcanic
area (Stone, 1986; Nagao et al., 1989; Ercan et al., 1995; Pfister et al.,
1997) in Western Anatolia (Mutlu et al, 2008) and along the EFZ
(Nagao et al., 1989; Ercan et al, 1995). The data have coherently
shown the presence of a magmatic helium component in regions of
Neogene-Quaternary volcanics as well as in areas struck by the most
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Fig. 6. Helium isotopic ratios (as R/Ra values) and He/Ne relationships. The theoretical
lines represent binary mixing trends of atmospheric helium with mantle-originated
and crustal helium. The assumed end member values for He-isotopic ratios mark the
mixing curves: crust 0.02Ra and three different mantle-signatures: 8Ra (MORB);
6.5Ra (SECM) and 2.5Ra for a contaminated/degassed mantle (see text for details).
Bubbling (black filled circles) and dissolved (stars) samples are plotted besides litera-
ture data for comparison (open circles).

Data for Nemrut volcanic area are from Kipfer et al. (1994) (samples marked as a, b, d,
e and Lake Van); Nagao et al. (1989) and Ercan et al. (1995) for sample c; Stone (1986)
for Ilica; and Mutlu et al. (2012) samples f and g.
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recent seismic events of NAFZ where, in contrast, no mantle products
are recognized (Gulec et al, 2002). The highest ratios (4.41Ra. at
Suluklu and 4.06Ra. at Guzelkent Varto), match the values measured
at [lica (Stone, 1986) and are lower than the highest values measured
at the Nemrut volcanic area (up to 7.7Ra.; Kipfer et al., 1994; Mutlu et
al,, 2012).

The commonly accepted model that mantle-He correlates well with
tectonic and magmatic activities (Polyak and Tolstikhin, 1985) and
leads primordial >He inputs to occur in areas often associated with
young volcanism (O'Nions and Oxburgh, 1988; Marty et al,, 1992)
seems to fail in some areas of the North and East Anatolian Fault
Zones, where helium with magmatic signature does not correlate with
evident magmatic activity. This evidence figures out that 3He is
degassed to the atmosphere from magmas intruded at shallow levels
in the crust for example as already recognized in the Southern
Apennines (Italiano et al.,, 2000). Alternatively, magmatic intrusions
may have been shifted from their original location by the 10 mm/year
strike-slip (left-lateral) motion of the EAFZ (Reilinger et al.,, 2006).

The active tectonic structures act as preferential escaping routes for
any fluid, and the presence of a significant magmatic component in the
fluids vented along the EAFZ, indicates that we are dealing with deep
lithospheric discontinuities joined to cooling magma batches that are
still able to release *He as well as thermal energy. Fig. 1b shows the dis-
tribution of magmatic products due to Miocene and Quaternary volca-
nism (after Cetin et al., 2003). Our sampling locations fall over areas
involved in Neogene-Quaternary volcanism (but sampling site of
Ispendere) although we didn't find a direct helium-heat correlation
coupling the results of geothermometric estimations and helium isoto-
pic ratios (Fig. 5a). Sample I1 (Ispendere, Table 3), collected far away the
volcanic areas, has a helium isotopic ratio of 1.41Ra, while G1 (Golan)
displays the lowest value (0.32Ra.) despite its location in a volcanic
area. To give an explanation of those apparently inconsistent results,
we observe that a considerable contribution of crustal “He comes
from metamorphic rocks, old volcanites and carbonates. As synthesized
in Fig. 2, the local geological sequence is responsible for the amount of
radiogenic helium supplied to the deep mantle-originated fluids. More-
over, strong gas—water-rock interactions occur at crustal levels as dem-
onstrated by the huge travertine deposits at Hacilar (2.55Ra. in
bubbling gases) or the massive travertine covering at Bagin and Golan
(2.32 and 0.32Ra in bubbling gases respectively) inducing further mod-
ifications to the pristine helium signature mainly due to degassing and
atmospheric contamination. The distribution of helium isotopic ratios
versus the He/Ne ratios is shown in Fig. 6 where binary mixing curves
display the trends drawn by mixtures of the atmosphere with different
mantle and crustal sources. The sample from Golan (G1) falls close to
mixing curve with crustal helium, while the samples from Bagin,
Hacilar, Kos, Sabirtasi and Yayladere follow a trend drawn by helium
from a degassed mantle which isotopic ratio is assumed to be 2.5Ra
(other curves have assumed as end members MORB-type helium and
SECM-helium; Subcontinental European Contaminated Mantle; Dunai
and Baur, 1995).

5.4. Carbon isotopes

The various CO, sources, normally marked by different &'3C ra-
tios (6'3C — 6.5% in MORB; 0% limestones, — 20%. marine sediments;
— 70+ —30%. organic sources; Faure, 1986; Javoy et al., 1986; Sano and
Marty, 1995), may produce similar 6'3C values by admixtures of differ-
ent sources. Moreover, because of its reactivity, CO, may suffer large
§'3C variability due to a wide spectrum of secondary processes (e.g. iso-
topic fractionation, isotopic equilibrium, chemical reactions, etc.) that
modify both the original CO, content and its isotopic signature. The
§13C data listed in Table 3, show that the isotopic composition of the
vented and dissolved carbon from the EAFZ spans from —5.67%. (Y1)
to + 3.4%. (H2 and HM1) ruling out significant contributions from or-
ganic CO,. The relationship between the CO, content and its isotopic
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Fig. 7. CO, content vs 6'3C. The samples are distributed following a trend of direct CO,
content-isotopic ratio correlation. The lines a and b denote the fractionation trend:
a) quantitative loss of gaseous CO, due to dissolution, and b) enrichment in the liquid
phase of aqueous CO,, bicarbonate ions and '>C. See text for further details.

composition is plotted in Fig. 7 roughly showing that the higher is the
CO, content the higher is its isotopic ratio. The group of samples B1,
S1, H1, and GZ1 (Fig. 7) for which no CO,-8"3C relationship exists, can
be representative of the isotopic equilibrium at the level of the geother-
mal reservoir where GWI occurred. Moreover, as those samples show
also the lowest oxygen contents (Table 2, column 4) it indicates negligi-
ble GWI with ASW at shallower levels. Positive '3C values (from
+0.35%. at Ispendere to + 3.41%. at Hacilar) are a common feature of
the dissolved carbon (TDIC) as a consequence of carbon fractionation
due to dissolution processes and '>C enrichment in the liquid phase.

The negative values of the bubbling gases are in agreement with
the possibility that the EAFZ may degas CO, from mantle-derived
products (cooling magma batches, mantle degassing), although the
presence of CO, produced at crustal levels by secondary reactions in-
cluding hydrolysis (Kissin and Pakhomov, 1967), and metamorphic
decarbonation (Gianelli, 1985) seems to play a significant role as
shown by the widespread presence of travertine deposits.

To better constrain the origin of the released CO, as well as possi-
ble secondary processes, we coupled the information coming from
CO, with those from helium which, due to its chemical inertness, is
only sensitive to mass fractionation and mixing processes.

The CO,/°He ratios span five orders of magnitude interval
(2x108-1.7x10"3, Table 3 including bubbling and dissolved gases)
with values always lower than the range considered as typical for
crustal-type volatiles (1x10'¥; O'Nions and Oxburgh, 1988). The
CO,/*He ratios don't show correlations with the helium isotopic ra-
tios, revealing that for both dissolved and bubbling gases, local pro-
cesses (e.g. GWI, degassing, calcite precipitation) have a significant
impact on the elemental carbon/helium ratio.

Fig. 8 shows the He concentration versus CO,/He ratio where sam-
ples coming from different segments of the EAFZ exhibit a negative cor-
relation. The trend denotes significant changes of 5 orders of magnitude
for both the helium content and CO,/>He ratio. The GWI processes are
partially responsible for the observed pattern, however interactions of
the deep gases with the circulating waters result in a CO, loss and con-
sequent helium enrichment as in the case of the lowest CO,/>He ratios
at Catak and Yayladere. Contrastingly, high CO,/*He ratios (e.g. Golan,
Bagin, and Hacilar) in the order of 10! require an extra CO, production.
CO, might be locally produced at a reservoir level by secondary reac-
tions (carbonatic rock dissolution). Alternatively, due to the thermal
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Fig. 8. CO,/>He ratio versus He concentration. The arrows display the trends of increas-
ing ratio due to CO, addition and increasing He content due to CO, loss. The dashed
lines mark the reported end members for magmatic CO,/*He ratio (2x10°, Marty
and Jambon, 1987; Sano and Marty, 1995) and crustal ratio (10'4, O'Nions and
Oxburgh, 1988) and the average concentration of magmatic He (2x10~° vol.%) in a
MORB-type, CO,-dominated gas (Paonita and Martelli, 2007).

energy released by magmatic rocks intruded in the sedimentary se-
quence, a metamorphic origin for the CO, has to be considered.

Degassing of geothermal waters is able to fractionate the elemen-
tal CO,-He ratio, thus justifying the low helium content for the G1, H1
and B1 sites.

5.5. Fluid/fault relationship model

The geochemical investigations have demonstrated to be a power-
ful tool to get insight on fluids' origin and circulation in active tectonic
environments. The observed features are consistent with a produc-
tion/circulation model based on a mantle origin of the circulating
fluids and shallower interactions affecting their original geochemical
features. CO,-dominated mantle volatiles move towards the surface
through active faults bringing also helium with a magmatic signature.
Mixings at various levels of the ascending mantle volatiles with crust-
al and atmospheric fluids and interactions with ground waters, mod-
ify the original gas assemblage in terms of both chemical and isotopic
compositions (mainly referred to He and C). The results gained for the
EAFZ, show that binary mixing between crustal and mantle-derived
volatiles can explain the *He/*He ratios (corrected for the atmospher-
ic contamination). Mass fractionation effects due to preferential He
degassing from the geothermal waters and from magmatic bodies
are responsible for the large variability of CO,/>He values along the
EAFZ. CO, production due to secondary dissolution reactions and
metamorphic decarbonation, followed by calcite precipitation and
GWI processes that lead to CO, loss, are responsible for the final
chemical composition of the volatiles released along the Fault.

Table 4 lists the magnitude and focal depths of the main seismic
events that hit the area between 1950 and 2011. 11 out of the 25
strong earthquakes had focal depths>25 km (up to 50 km; Kandilli
Observatory and Earthquake Research Institute web site). Since the
crustal thickness of the area crossed by the EAFZ is estimated to be
between 25 and 45 km (Arslan et al., 2010) it results that those hypo-
centers were located at the lower crust-upper mantle transition,
clearly showing the lithospheric character of the various segments
of the EAFZ. Such a tectonic setting supports the proposed prove-
nance for the fluids which either are from the upper mantle or re-
leased from mantle-derived products (i.e. magmas).

Table 4

Strong earthquakes occurred over the EAFZ from 1950 to present. The magnitude and
hypocentral depths are shown (Kandilli Observatory and Earthquake Research Insti-

tute web site).

Epicentral area Date M Depth
Kig1—Bingol February 4, 1950 4.6 30
Pasinler—Erzurum January 1, 1952 5.6 40
Hinis October 10,1959 5.0 50
Karliova—Bingol August 31, 1965 5.6 33
Varto—Mus March 7, 1966 5.6 26
Varto—Mus August 19, 1966 6.9 26
Piliimiir—Tunceli July 26, 1967 6.2 30
Bingol—Elazig September 24, 1968 5.1 8
Bingol May 22, 1971 6.7 3
Palu—Elazig March 26, 1977 52 25
Mus—Bulanik March 27, 1982 5.2 38
Siirgli—Malatya May 5, 1986 6.8 10
Siirgli—Malatya June 6, 1986 5.6 11
Erzincan—Tunceli March 13,1992 6.8 27
Piiliimiir—Tunceli January 27, 2003 6.2 10
Karakogan—Elazig May 1, 2003 6.4 6-10
Sivrice—Elazig August 11, 2004 5.9 5
Karliova—Bingol March 12,2005 5.7 5
Karliova—Bingol March 14, 2005 5.9 5
Karliova—Bingol June 6, 2005 5.9 349
Sivrice—Elazig February 9, 2007 53 5
Sivrice—Elazig February 21, 2007 55 5
Karakogan—Elazig March 8, 2010 6 5
Palu—Elazig March 24, 2010 5.1 4.5
icme—Elazig June 23, 2011 54 6.1

Although the average mantle fluid flux from the continental crust is
low (e.g. He flux in the order 10® atoms cm~'s~'; O'Nions and
Oxburgh, 1983), it may increase by 2-3 orders of magnitude because
of magma intrusions (e.g. Martel et al., 1989) up to fluxes in the order
of 10" atoms cm~! s~! along fault zones in Japan (Wakita et al.,
1978) and 10'? atoms cm ™' s~ in Italy (Italiano et al., 2000) due to
intracrustal magmatic bodies. The mantle fluids are driven to the sur-
face by the enhanced vertical permeability of the faults. Permeability
is usually the primary control on fluid flow and it varies by many orders
of magnitude in common geologic media. As lithospheric pressure pro-
gressively closes fractures and voids, permeability decreases up to 6 or-
ders of magnitude from the surface to a depth of 30 km (Criss and
Taylor, 1986; Manning and Ingebritsen, 1999). The presence of deep
lithospheric faults, however, may increase the rock permeability by
3-4 orders of magnitude (U.S. National Committee for Rock
Mechanics, 1996), thus allowing a preferential and enhanced uprising
path for the mantle fluids. The tectonic setting of the EAFZ, as shown
by hypocenters' location, allows draining of mantle helium that, be-
cause of the low (diffusive regime) flux, can easily modify its isotopic
ratio with the addition of radiogenic “He produced by different litholo-
gies in the upper crust. Locally intruded magma bodies, probably from
the widespread Neogene-Quaternary volcanic activity of East Anatolia,
seem to be cooling down and, although too cold to make eruptions, they
are still able to release thermal fluids with mantle signature. The
long-term degassing induced significant mass fractionation that de-
creased the original MORB-type helium isotopic ratio (7.69Ra as ob-
served at Nemrut volcano; Nagao et al., 1989; Ercan et al., 1995) to
the measured low values. The interaction of the uprising magmatic
fluids with shallow groundwaters generated high-T geothermal sys-
tems where deep fluids equilibrate and undergo GWI at deeper level if
compared with further GWI occurring at shallower levels where atmo-
spheric components contaminate the uprising fluids and add the
air-derived components (mainly oxygen and neon) as detected by the
analytical procedures. The escaping geothermal fluids rapidly move to-
wards the surface following high permeability paths as shown by the
chemical equilibrium of the bubbling gas assemblage.
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6. Conclusions

The investigations carried out at three segments of the EAFZ, from
Malatya to Karliova, allowed us to gain an insight into the origin of
the thermal fluids vented along the fault as well as into the fluid/fault
relationships. Bubbling and dissolved gas samples have been collected
from thermal waters with temperatures up to 67 °C and whatever is
their final composition, the geochemical features of the collected
gases show how they come from geothermal reservoirs heated up by
deep mantle-derived fluids.

Deep originated fluids are released by diffusion from the upper man-
tle and by effusion from magmatic bodies intruded in deep crustal
levels; the produced mantle fluids are drained by various segments of
the EAFZ towards the surface; during their upraising they undergo in-
teractions with cold and geothermal waters and with the hosting
rocks as a function of the local geological setting. The estimated equilib-
rium temperatures (190<T<360 °C) highlight the existence of several
geothermal systems in all probability boiling under a hydrostatic pres-
sure estimated, at most, close to 200 bars. It supports the assumption
that the geothermal systems where GWI and other processes (e.g.
degassing, dissolution) modify the deep gas assemblages and their geo-
chemical features, are located at shallow levels in the upper crust.

The collected results show that deep originated (magmatic) fluids
are driven to the surface by lithospheric discontinuities. The pristine
gas phase, however, seems largely fractionated by several processes
even though a basic role is attributable to the age of magmatism and
the intensity of magmatic degassing. Both of the processes are able to
fractionate helium by removing the lighter isotope thus changing the
mixing proportion with crustal helium.

This study provides the first fluid/fault relationships modeling for an
area where the crustal deformation is measured to be fast (20 mm/year;
Sengor et al., 2008) thus able to accumulate stress and produce earth-
quakes in short times.
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