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ABSTRACT

Western Anatolia, one of the world’s best-known extensional terrains, is charac-
terized by the presence of several moderate- to high-enthalpy geothermal fields. Geo-
thermal fluids have helium isotope compositions reflecting mixing between mantle and
crustal helium components, the former ranging between 0.58 % and 45% of the total
helium in a given sample. Regarding the distribution of heat and mantle He and their
correlation with tectonic structure and volcanism in western Anatolia, the prominent
features are as follows: (1) the association between highest heat and highest 3He lies
along the eastern segment of the Biiyiik Menderes graben, (2) the high heat and high
3He occur in the vicinity of the Quaternary Kula volcanism, (3) high-enthalpy fields
exist in close vicinity to the young alkaline volcanics, (4) relatively high mantle He con-
tributions occur in areas of not only the young alkaline, but also the old calc-alkaline
volcanics, and (5) there is a lack of volcanic exposures along the Biiyiik Menderes
graben (except at its western and southeastern terminations), where the highest values
are recorded for both heat and helium. The first three features collectively suggest that
the transfer mechanism for both heat and helium is probably mantle melting accom-
panying the current extension in western Anatolia, yet the latter two further indicate
that this may be accomplished via subsurface plutonic activities. The large range ob-
served in the helium isotope compositions may be linked with differential (local) ex-
tension rates and associated melt generation in the respective areas. This suggestion
can be substantiated by He isotope data from more of the region.

Keywords: mantle He, heat, volcanism, extension, melt generation

INTRODUCTION
The presence of primordial or mantle-derived 3He in the

continental lithosphere is now well established, from xenolith
studies of the lower crust (Porcelli et al., 1986, 1992) and from
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groundwater and natural gas investigations in the uppermost
crust (Oxburgh and O’Nions, 1987; O’Nions and Oxburg, 1988).
A general pattern has been established whereby mantle 3He near
the surface (identified by *He/*He ratios greater than back-
ground crustal production values) is seen to accompany recent
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volcanic activity and is found in areas of active or geologically
recent continental extension (O’Nions and Oxburg, 1988). In
most cases, the mechanism likely to have been responsible for
the transfer of 3He from the mantle into the lithosphere is melt-
ing. Because melts can freeze at different depths in the crust, it
is unsurprising that 3He anomalies at the surface are usually dis-
tributed over wider geographic areas than the surface volcanics
themselves.

An important question has been just how long mantle 3He
may persist in the crust following a melting event. For example,
in the lower part of the continental lithosphere, where 3He may
be trapped in CO,-bearing fluid inclusions (Porcelli et al.,
1992), its diffusion rate is slow enough that it may remain intact
for 108 to 10° yr (Kamensky et al., 1990; Tolstikhin et al., 1992).
However, geological observation suggests that the survival times
of 3He in the crust may be more variable. For instance, melting
occurred during the extension of the North Sea basin during the
Late Jurassic, yet no *He signature remains in most parts of the
basin (Hooker et al., 1985). On the other hand, melting has con-
tinued from the Miocene to the Quaternary in the Pannonian
basin, and 3He is still evidently distributed in surface fluids
throughout the basin (Martel et al., 1989; Ballentine et al., 1991).

Yet another important geologic observation regarding the
distribution of 3He in the crust has been the positive correlation
between the 3He/*He ratio and conductive heatflow worldwide
(Polyak and Tolstikhin, 1985). However, the validity of this cor-
relation has recently been questioned for Turkey (Giileg et al.,
2002), where the highest (mantle) 3He contribution is associated
with the low- to moderate-enthalpy geothermal fields of eastern
Anatolia, whereas the high-enthalpy fields of western Anatolia
are characterized by a relatively low 3He flux.

The present contribution is focused on western Turkey, a re-
gion of active extension since at least the late Miocene (Dewey
and Sengor, 1979; Angelier et al., 1981; Seyitoglu et al., 1992;
Okay and Satir, 2000). The available 3He/*He ratios (Stone,
1986; Giileg, 1988; Ercan et al., 1995; Pfister et al., 1997; Giileg
et al., 2002) and geothermometry data (Mutlu and Giileg, 1998)
are examined in terms of their relationship to one other (i.e.,
3He/heat variations), as well as with respect to the distribution
of major grabens in the region and the presence of Neogene—
Quaternary volcanics.

TECTONISM

Western Anatolia comprises the eastern part of the Aegean
province, which has experienced multiple microplate inter-
actions within the complex convergent system of the Africa and
Eurasia plates. The major features of the geodynamic history of
this province have been (1) a prolonged north-northeast sub-
duction since about the Late Cretaceous, in time retreating
south-southwest to the present position of the Hellenic trench,
and (2) the current north-south extension forming the most
prominent neotectonic features, the grabens, of the so-called
Aegean extensional province. Western Anatolia, the Aegean
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Sea, central Greece, and parts of Albania, Macedonia, and Bul-
garia are included in this extensional province, which is
bounded to the south by the Hellenic trench and to the north by
the North Anatolian fault and its seaward extension (Fig. 1A).
Between these boundaries, the Aegean region is dominated by a
tensional regime as evidenced by fault plane solutions and the
presence of numerous normal faults (McKenzie, 1972, 1978;
Dewey and Sengor, 1979; Angelier et al., 1981; Taymaz et al.,
1990, 1991). While the faulting in the western part of the region
is mostly extensional in nature, on normal faults trending
northwest to WNW, the central and eastern Aegean along with
northwest Turkey are dominated by distributed (mostly right lat-
eral) strike-slip faulting with a northeast to ENE strike (Taymaz
et al., 1991; Taymaz, 1996; Fig. 1A). Fault plane solutions and
high seismicity indicate an active, rapid extension for the north-
ern part of the Aegean. The level of seismicity is rather low in
the southern parts and in the Peloponnesus, where few shocks
occur at depths of 50 km or less. In the northwestern sector, most
of the deformation is produced by normal faulting, except in
western Greece and Albania, where both field studies and fault
plane solutions indicate deformation by thrusting (McKenzie,
1978; Taymaz et al., 1990, 1991). In western Anatolia, the tec-
tonic activity is concentrated in a number of approximately east-
west-trending grabens and associated normal faults (Fig. 1B).

Subduction along the Hellenic trench is largely accepted to
be the major driving mechanism of the current extension in the
Aegean region (McKenzie, 1978; Taymaz et al., 1990). The
presence of earthquakes to a depth of 150 km clearly indicates
that subduction is taking place: active volcanism occurs where
the subducting slab is between 100 and 150 km deep. As to west-
ern Anatolia, however, the mechanism, timing of initiation, and
continuation of north-south extensional tectonics are currently
debated issues. The mechanisms so far proposed for the exten-
sion in western Anatolia include: (1) the westward fectonic es-
cape of the Anatolian landmass along the North and the East
Anatolian fault zones since about the late Miocene (ca. 12 Ma;
Dewey and Sengor, 1979; Sengor et al., 1985; Sengor, 1987;
Taymaz et al., 1991), (2) back-arc extension associated with the
southward-migrating Aegean subduction zone (McKenzie,
1978; Le Pichon and Angelier, 1979; Jackson and McKenzie,
1988; Taymaz et al., 1990; Okay and Satir, 2000) since about
the late Oligocene, (3) orogenic collapse induced by the spread-
ing and thinning of overthickened crust following the late
Oligocene—early Miocene collision across the Neo-Tethys (Sey-
itoglu et al., 1992; Seyitoglu and Scott, 1996), (4) an episodic
two-stage extension (Kogyigit et al., 1999; Bozkurt, 2000, 2003;
Bozkurt and Sozeri, 2004): Miocene—early Pliocene orogenic
collapse and Plio-Quaternary tectonic escape, and (5) differen-
tial convergence rates between the northeastward-subducting
Africa plate and the microplates in the Eurasian lithosphere, i.e.,
Greece advancing over Africa at a faster rate relative to Anato-
lia and Cyprus (Doglioni et al., 2002).

Topographic and geophysical data show that the crustal
thickness is ~20-30 km in the Aegean, whereas it is ~30-40 km
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beneath western Anatolia, suggesting a decrease in extension
from the center part of the Aegean (with a  value of ~2) to west-
ern Anatolia (with a B value of ~1.2—1.3; Makris and Stobbe,
1984; Patton, 1992; Taymaz, 1996; Tsokas and Hansen, 1997;
Saunders et al., 1998). The reported extension rates across the
Aegean range from >100 mm/yr to 3—4 mm/yr (Jackson and
McKenzie, 1988; Westaway, 1994a,b; McClusky et al., 2000,
2003; Papadimitriou and Sykes, 2001).

VOLCANISM

Volcanism in the Aegean and western Anatolia has accom-
panied the geodynamic evolution of this province, generating
products with distinct petrogenetic affinities. Except in the
northernmost part of the province, where upper Eocene—upper
Oligocene volcanics cover large areas in the Rhodope-Thrace
segment (Fytikas et al., 1984), most of the magmatic activity in
western Anatolia developed during the Miocene and has con-
tinued, with a decrease in intensity, up to recent times. Three dif-
ferent associations are identified as to the nature of the western
Anatolian volcanics, although they display some temporal and
spatial overlap: (1) lower—upper Miocene calc-alkaline, (2)
middle Miocene—Pliocene ultrapotassic-potassic, and (3) upper
Miocene-Quaternary sodic alkaline (Fig. 2).

Lower—upper Miocene calc-alkaline volcanics form an east-
west-trending belt (Fig. 2), extending from the vicinity of Afyon
in the east through Gediz, Simav, Bergama, and Dikili to the
northern and central Aegean islands in the west. The reported
geochronological data yield an age range between 23 Ma
(Edremit area; Seyitoglu and Scott, 1992) and 6.99 Ma (Soke
area; Ercan et al., 1985). Lava flows, domes, agglomerates, tuffs,
and ignimbrites comprise the products of this association, rang-
ing in composition from basaltic andesites to rhyolites but dom-
inated by andesites and dacites (Innocenti et al., 1982; Fytikas
et al., 1984; Ercan et al., 1985; Savascin and Giileg, 1990;
Yilmaz, 1990; Giileg, 1991; Seyitoglu and Scott, 1992; Ercan
et al., 1996; Seyitoglu et al., 1997; Aldanmaz et al., 2000).

Middle Miocene—Pliocene ultrapotassic-potassic associa-
tions are shoshonitic to alkaline in nature and are confined to
the Afyon, Isparta, Denizli, and Bodrum areas (Fig. 2). The re-
ported ages range from 14.8 Ma (Afyon area; Francalanci et al.,
2000) to 4.07 Ma (Isparta area; Lefevre et al., 1983). These vol-
canics consist of lava flows, domes, and ignimbrites, the latter
covering extensive areas particularly in the Afyon area. The
compositions range from trachytic basalts and trachytes in
silica-saturated potassics to lamproites and phonolitic leucitites
in silica-undersaturated ultrapotassic varieties (Robert and Can-
tagrel, 1977; Ercan, 1981; Innocenti et al., 1982; Pe-Piper and
Piper, 1989; Giileg, 1991; Montigny and Robert, 1991; Robert
et al., 1992; Francalanci et al., 2000; Ulusoy et al., 2004).

Upper Miocene—Quaternary sodic alkaline associations
occur in the Urla, Ezine-Ayvacik, and Kula areas (Fig. 2). The
reported radiometric ages are 11.3 Ma for Urla (Borsi et al.,
1972), 9.7 Ma for Ezine (Borsi et al., 1972), 8.32 Ma for
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Ayvacik (Aldanmaz et al., 2000), and 1.94-0.13 Ma for Kula
(Borsietal., 1972; Richardson-Bunbury, 1996). These volcanics
are typically silica-undersaturated, Ne-normative alkaline basalts,
basanites, tephrites, and phonolites (Yilmaz, 1990; Giileg, 1991;
Aldanmaz et al., 2000; Aldanmaz, 2002; Alic1 et al., 2002). Al-
though they cover a considerable area in Kula, the alkaline rock
associations comprise only minute fractions of the volcanic
rocks exposed in Urla and Ezine.

Regarding the genesis of the western Anatolian volcanics,
although the evolution in time from early calc-alkaline to late al-
kaline activity is widely accepted, the source regions and the
mechanisms of magma generation are controversial in many re-
spects. The calc-alkaline volcanics have petrogenetic affinities
resembling those from orogenic suites, and hence imply a close
connection to a subduction process, or at least derivation from
a subduction-modified lithospheric mantle (Innocenti et al.,
1982; Fytikas et al., 1984; Giileg, 1991; Seyitoglu et al., 1997;
Aldanmaz et al., 2000; Yilmaz et al., 2001). However, whether
this subduction component has links (1) with an old Tethyan clo-
sure (the volcanics representing the postcollisional products;
e.g., Yilmaz et al., 2001) or (2) with the present Hellenic sub-
duction (e.g., Giilen, 1990) is a contentious issue, as is the de-
velopment of this phase of volcanism in association with either
compression (Giileg, 1991; Yilmaz et al., 2001) or extension
(Seyitoglu and Scott, 1992) tectonic regimes. The current de-
bates about the origin of calc-alkaline volcanics essentially stem
from the controversy over the initiation ages for extension in the
Aegean province.

The potassic-ultrapotassic associations show both orogenic
and within-plate affinities (Francalanci et al., 2000), whereas the
sodic alkaline associations have typical within-plate character-
istics (Gtileg, 1991; Aldanmaz et al., 2000; Aldanmaz, 2002;
Alict et al., 2002). The origin of the sodic alkaline phase of vol-
canism is less debatable, because it has clear connections to the
presently active extension. The currently proposed models com-
monly accept the involvement of asthenospheric melts in the
generation of the alkaline volcanics in association with adiabatic
melting during extension (Aldanmaz et al., 2000; Aldanmaz,
2002; Alict et al., 2002). The potassic-ultrapotassic associations
apparently represent the transitional products, with the involve-
ment of both subduction-modified and asthenospheric mantle
components in the generation of the volcanics (Francalanci
et al., 2000).

HEAT DISTRIBUTION

Owing to its setting in an extensional basin, the Aegean
province is characterized by high heatflow. The measurements
reported for the Aegean Sea (Jongsma, 1974; Erickson et al.,
1976) show a range between 1.01 heat flow units (HFU) and
2.12 HFU, decreasing from a mean of 2.08 HFU in the northern
and central parts to 1.6—1.0 HFU in the southern part (Jongsma,
1974). The data available for western Anatolia cover a relatively
limited area. Included in these are the estimates by Tezcan


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on June 15, 2015

BLACK SEA

41°—

40° —

I

ergama (e (T

< i
* /f Gazligsl-Afyon
Z (0
= () P
Lu Z
0 8 . Saraykéyx\\
38" — < Salavatli_ v &
% —(\/ eg;zﬂ-/Pamfl/(kﬁl
\,\\x\ \g\xTekke amam Ispartas
A
Germencik l§ £
370_ @;Bodrurrll fj} f
36"—

MEDITERRANEAN SEA 0 50 100
km

Upper Miocene-Quaternary / sodic alkaline @ Geothermal Fields

Mid. Miocene-Pliocene / potassic alkaline m Volcanic Centers

<||||||||||||||||||' Lower-Upper Miocene / calc-alkaline ~Zt" Major Grabens
@ Quaternary Volcano

Figure 2. Distribution of major grabens, Neogene—Quaternary volcanics, and major geothermal fields in western
Anatolia.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on June 15, 2015

310

(1979), who used geothermal gradient measurements in geo-
thermal exploration wells, assuming a constant thermal conduc-
tivity of 2.1 Wm~'K~!, which is typical of the clayey sediments
filling the major grabens in the region. His study revealed a close
spatial connection between heatflow anomalies and the main
grabens in western Anatolia, as did the studies by Kocak (1990)
and Ilkigik (1995), who used reservoir temperature estimates
based on silica geothermometers. Tlkigik (1995) calculated a
mean value of ~107 £ 45 mWm2 (2.6 HFU) for the regional
heatflow in western Anatolia, with the highest value (247
mWm~2) recorded in the Gediz (Alasehir) graben; he reported
a close connection between areas of high heatflow and the areas
of Tertiary and younger volcanism. Most recently, Goktiirkler
et al. (2003) performed two-dimensional steady-state heat-
flow modeling along two profiles: one is a northeast-southwest-
trending line passing through the Biiylik Menderes-Gediz
(Alagehir)-Simav grabens, and the other trends north-south,
passing through the central parts of the Biiyilk Menderes and
Gediz (Alasehir) grabens. Their results confirmed the findings
of the previous studies that the temperatures in the grabens are
higher than those in the surrounding regions. They attributed the
difference in temperature to the effect of sedimentary fill in the
grabens, because these sediments have thermal conductivities as
low as 2.1 Wm™!K~!.

The high heatflow in western Anatolia is associated with
widespread geothermal activity manifesting itself as numerous
hot springs, fumaroles, and areas of recent mineralization. Geo-
thermal exploration surveys implemented by the General Di-
rectorate of the Turkish Mineral Research and Exploration in the
1960s have revealed the presence of several moderate- and high-
enthalpy geothermal fields in western Anatolia (Fig. 2) com-
prising ~79% of the total geothermal potential of Turkey.

The distribution of the major geothermal fields in western
Anatolia is shown in Figure 3, together with the reservoir
temperatures, which are either (1) recorded in drilling wells as
bottom-hole temperatures (available for the Germencik, Salavatli,
Kizildere, Tuzla, Simav, Seferihisar, and Balgova fields; Mer-
toglu, 2005) or (2) estimated from hot spring or well-head sam-
ples via chemical geothermometry (Mutlu and Giileg, 1998).
Concerning the latter, the temperatures used in Figure 3 are the
best estimates selected from those reported in Mutlu and Giileg
(1998) and represent either the K-Mg or the chalcedony geo-
thermometry results for fields with temperatures below 150 °C,
along with the quartz geothermometry results for those fields
with temperatures above 150 °C.

As can be seen from Figure 3, geothermal fields are spa-
tially associated with the major grabens, in agreement with the
heatflow estimates hitherto reported (e.g., by Tezcan, 1979;
Ilk1§1k, 1995; Goktiirkler et al., 2003). Note, however, that the
high-enthalpy geothermal fields (with the highest reservoir tem-
peratures of 232 °C and 242 °C) are concentrated along the
Biiyiik Menderes graben rather than in the Gediz (Alasehir)
graben, which is reported by Ilkigik (1995) as having the high-
est heatflow in the region. Regarding a correlation with the dis-
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tribution of volcanics, on the other hand, an important observa-
tion is the lack of volcanic activity in the Biiyiik Menderes
graben, where the fields with the highest enthalpy are located.
The only exceptions are the rather small exposures of middle
Miocene—Pliocene Denizli volcanics on the southeastern end of
the graben and the upper Miocene Soke volcanics on the west-
ern end. Interestingly, however, the Afyon, Seferihisar, Balcova,
Salihli, and the Tuzla geothermal fields, which also have rela-
tively high enthalpy, are in close proximity to young volcanics:
the middle Miocene—Pliocene potassic-alkaline associations of
Afyon and the upper Miocene—Quaternary sodic-alkaline asso-
ciations of Urla (for the Seferihisar and Balgova fields), Kula
(for the Salihli field), and Ezine (for the Tuzla field).

HELIUM DISTRIBUTION

The distribution of helium associated with geothermal flu-
ids in western Anatolia is shown in Figure 4 as 3He/*He ratios
(R) normalized to the atmospheric *He/*He ratio (R, = 1.39 *
107°). The data used in the figure are taken from the previously
published He isotope compilation of Giileg et al. (2002). The
R/R , ratios represent measurements of water and/or gas phases
bubbling through the water and are all corrected for possible air
contamination by assuming that the measured Ne in these sam-
ples is of atmospheric origin.

The air-corrected R/R , values in western Anatolia cover a
large range, from 0.10 to 3.68. A comparison with the values
characteristic of mantle He, typified by samples from mid-ocean
ridges (average R/R A =8 Farley and Neroda, 1998), and
crustal-He, characterized by radiogenic production ratio (aver-
age R/R, =0.02; Morrison and Pine, 1955), reveals both crustal
and mantle He components in the samples. Although 3He is
essentially primordial and has been trapped in the mantle since
the formation of the Earth (whereas “He is produced by the
radioactive decay of U and Th concentrated in the crust), tritio-
genic 3He (produced by the radioactive decay of tritium) can
also be a possible source of *He in geothermal fluids. Given,
however, that the water samples in western Turkey have lower
He contents than gas samples at the same localities, but similar

L
>

Figure 3. Distribution of reservoir temperatures of geothermal fields
in western Anatolia. The triangles represent the bottom-hole tempera-
tures reported in Mertoglu (2005); the circles represent the best esti-
mates from chemical geothermometers reported in Mutlu and Giileg
(1998); the numbers before the parentheses represent reservoir tempera-
tures in °C; the numbers in parentheses represent the geothermal fields:
1—Germencik; 2—Salavatli; 3—Kizildere; 4—Tekkehamam; 5—Saray-
koy; 6—Buldan; 7—Pamukkale; 8—Cardak; 9—Koycegiz; 10—
Seferihisar; 11—Doganbey; 12—Cesme; 13—Balcova; 14—Aliaga;
15—Dikili-Kaynarca; 16—Bergama-Diibek; 17—Dikili-Kocaoba;
18—Salihli; 19—Simav; 20—Gediz; 21—Emet; 22—Hisarcik; 23—
Yoncali; 24—Gazhigol; 25—Omer-Gecek; 26—Heybeli; 27—Sandikls;
28—Susurluk; 29—Manyas; 30—Pamukgu; 31—Gonen; 32—Edremit-
Giire; 33—XKestanbol; 34—Tuzla.
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Helium and heat distribution in western Anatolia, Turkey

3He/*He ratios (Giileg, 1988), it is unlikely that tritiogenic He
is a contributor to measured He/*He ratios in western Turkey,
because it would affect He-poor waters preferentially, leading to
higher values in the water phase. This is not observed, and both
gas and water samples at various locations throughout the region
have similar 3He/*He ratios. In this respect, the recorded R/R A
values can be regarded as reflecting the mixture of mantle and
crustal He components.

The distribution of 3He in western Anatolia does not show a
simple correlation with tectonic structure. For example, the sam-
ples associated with the Biiyiik Menderes graben in the south
have R/R , ratios ranging from as low as 0.13 in the western seg-
ment to as high as 3.68 in the eastern segment. Likewise, the
ratios are not well correlated with the distribution of volcanics:
the ratios obtained in the vicinity of the Quaternary Kula vol-
canics are relatively high (up to 2.84), yet the highest ratios
recorded from the eastern segment of the Biiyiik Menderes graben
do not occur in the immediate vicinity of the Denizli volcanics.

DISCUSSION
Correlation of Mantle He and Heat Distribution

The distribution of helium and heat in western Anatolia is
depicted in Figure 5 (A and B) in terms of the relative percent-
age of the mantle—derived He component and the enthalpies of
the geothermal fields, respectively. Following the argument pre-
sented in the preceding section (that the recorded R/R , values
in western Anatolia can be regarded as reflecting the mixture of
mantle and crustal He components), the relative percentage of
mantle He is calculated using R/R , = 8 for the mantle He (Far-
ley and Neroda, 1998) and R/R , = 0.02 for the crustal He (Mor-
rison and Pine, 1955) components. Calculations reveal that the
mantle He component covers a wide range, from 0.58% up to
~45% of the total He in a single sample. The enthalpy values are
taken from Henley et al. (1984) and represent those correspon-
ding to the reservoir temperatures.

The features readily apparent from Figure 5 are: (1) the as-
sociation of the highest mantle helium with the highest enthalpy
values along the eastern segment of the Biiyilk Menderes
graben, (2) the high mantle He contribution in the vicinity of the

<
<

Figure 4. Distribution of 3He in western Anatolia. The numbers before
the parentheses are the air-corrected R/R , ratios, where R = *He/*He
in the sample and R, = 3He/*He in the atmosphere. The numbers in
parentheses represent the geothermal fields: 1a—Bozkoy-Germencik;
lb—Omerbeyli—Germencik; lc—Camur-Germencik; 4—Tekkehamam;
6—Cubukdag-Tekkekdy, 7—Pamukkale; 15—Dikili; 16a—Bergama;
16b to 16g—Pagailica, Geyikli, Kaynarca, Nebiler, Mentese, and
Bademli; 18—Salihli; 19a—Ilicalar-Simav; 19b—Eynal-Simav;
21—Emet; 27—Sandikli; 32—Edremit-Giire; 35—Turgutlu-Urganli;
36a—Kula-madensu; 36b—Kula-Emir; 37—Banaz-Uak; 38—Sdke-
Davutlar; 39—Yatagan-Bozhdyiik. The R/Ra values are from Giileg
et al. (2002) and references therein.
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Quaternary Kula volcano, where there are no enthalpy data to
correlate the heat and helium relationship (note, however, that
the high-enthalpy Salihli field is at a distance of ~60 km to the
west of Kula), (3) the occurrence of relatively low mantle He
contributions along the western segment of the Biiyiik Menderes
graben, where some of the highest-enthalpy fields of western
Anatolia are located, and (4) the lack of He data in the north-
western part of the region and in the coastal areas where young
alkaline volcanics are exposed. The first two observations noted
suggest a positive correlation between the distribution of heat
and that of helium in western Anatolia, yet the latter two features
fail to fully substantiate this relationship.

Although it is contrary to the overall heat-helium distribu-
tion pattern in Turkey (Gileg et al., 2002), the positive correla-
tion between heat and helium in western Anatolia is in agree-
ment with the worldwide trend (Polyak and Tolstikhin, 1985)
and suggests similar mechanisms for the transfer of heat and he-
lium. Given (1) the association of high heat with high mantle He
in the vicinity of the Quaternary Kula volcanism and (2) the
occurrence of moderate- to high-enthalpy fields (Seferihisar,
Afyon, and Tuzla) in the vicinity of the young alkaline volcanics
(Figs. 2, 3, and 5), it can be argued that the transfer mechanism
is most probably mantle melting accompanying extension in
western Anatolia. The localization of the highest heat and high-
est mantle He along the eastern segment of the Biiyiik Menderes
graben, where there is no evidence of surface volcanism, further
suggests that the transfer of heat and helium is accomplished
by volcanic activities or by plutonic activities with no surface
equivalents. Whether this magmatic activity is contemporane-
ous or the fluids are scavenging long-stored mantle He intro-
duced into the crust by older (e.g., Miocene) magmatic activities
is an issue to be resolved. Because *He (following its introduc-
tion via mantle melting) may persist in the crust for timescales
of ~10% yr (Kamensky et al., 1990), the latter alternative seems
possible. In this case, a mantle He component would be ex-
pected to be more pronounced in the vicinity of younger as op-
posed to older volcanics. An examination of Figures 4 and 5,
however, reveals that although the values obtained in the vicin-
ity of the Quaternary Kula volcanics are among the highest
reported for western Anatolia, high R/R , ratios are not consis-
tently associated with young volcanics. For instance, R/R , ratios
as high as 1.68 (20% mantle He) are recorded in the Simav
geothermal field (Fig. 4), which is spatially associated with the
old calc-alkaline volcanics. This observation, together with
the fact that the occurrence of high 3He in the eastern segment
of Biiyiik Menderes graben is accompanied by frequent and
recent seismic activity (particularly in the Denizli area, with
Mg = 4-5), favors the former possibility, which is further sup-
ported by the high enthalpy in this region, implying a currently
active or recently dormant magmatic system.

On the other hand, the significance of the observation of rel-
atively low 3He accompanied by high enthalpy in the western
segment of the Biiyiilk Menderes graben remains to be ex-
plained. Given that the helium isotope data come from point
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samples representative of tens of kilometers, this may be an ar-
tifact of sampling. Another possible explanation may be loss of
the mantle He signal by crustal production of “He, which may
be linked with the local geology and/or the thickness of graben-
filling sediments. This suggestion needs to be supported by fur-
ther studies, however.

A final presentation of the distribution of heat and helium
anomalies in western Anatolia is given in Figure 6 in the form of
thematic maps based on the enthalpy values and the relative man-
tle He percentages. Note that the eastern segment of the Biiyiik
Menderes graben has striking anomalies in both 3He and heat.
This area clearly represents a target locality for further studies
from various disciplines concerned with active tectonics.

Implications for Active Extension and Melting

From the previous discussion, it appears that mantle He is
widely distributed in western Anatolia in relation to regions of
current extension and associated magmatism. Although the
overall extension factor () in western Anatolia is not likely to
exceed 1.5, as determined from the tectonic analyses of data in
tilted faulted blocks and the modeling of gravity values (Ange-
lier et al., 1981; McKenzie and Yilmaz, 1991; Patton, 1992), the
rather large range observed in the relative percentage of the
mantle He component throughout the region may have links
with the (differential) local extension rates and the volume of as-
sociated melts in the respective areas. Given the occurrence of
the highest heat and the highest mantle He anomalies along the
eastern segment of the Biiyiilk Menderes graben, and relatively
lower anomalies in the Alasehir graben (Kula area; Fig. 6), this
argument appears to be supported by the slip rates estimated on
the basis of GPS data by Nyst and Thatcher (2004) as 19-23
mm/yr and 10 mm/yr for the fault segments along the respective
grabens.

From the general consideration of crustal extension and
thinning and their relationship to melting (McKenzie, 1984;
McKenzie and Bickle, 1988), however, it appears that the ex-
tension factor reported for western Anatolia is not likely to pro-
duce substantial amounts of melt (McKenzie and Yilmaz, 1991).
In fact, the thickness of lava flows exposed in the Kula area,
measured as 10 m by Richardson-Bunbury (1996), is in agree-
ment with a 3 of ~1.3. Given age constraints that the Kula vol-
canics were generated within the last 2 Ma, this thickness
implies the generation of melt ~5 m thick per m.y.

Taking the Kula area as a reference, an estimate of the
amount of melt necessary to produce the observed R/R , values
in the eastern segment of the Biiyiik Menderes graben is made
here using the relationship between He flux and melting that
follows.
(He/*He) F

= (°He/*He) + (°*He/*He)

total mantle Fmantle crust Frad. ’

where
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(*He/*He) = the max. ratio in the area concerned
(3.92 x 107 for Kula and 5.05 x 10~ for Biiyiik Menderes
graben),

(*He/*He) = 107 (typical of MORB),

mantle

(*He/*He)_, = 1.5 x 108 (radiogenic He production ratio
in normal crust and mantle lithologies [Andrews, 1985]),

Ftotal = tOtal He ﬂllX = Fmantle + Frad.,
mantle = Mantle He flux in the concerned area, and
F_, =radiogenic He flux = 2.8 x 10'* atoms m~2 s~

(based on the assumption that average crust contains
6 ppm U over the upper 8 km;

Th/U = 3.8 [O’Nions and Oxburgh, 1983]).

Inserting these values into the previous equation yields
1.79 x 10'° atoms m~2 s~! and 2.85 x 10'° atoms m~2 s~ for the
mantle He fluxes in Kula and the Biiyilk Menderes graben,
respectively.

Because the mantle He flux in Kula is essentially produced
by the generation of 5 m—thick melt per m.y. over an area of ~300
km?, simple mathematics suggest that the melt thickness required
to satisfy the He flux in the Biiyiik Menderes graben is not likely
to have exceeded 8 m/m.y. over the same area. In turn, this sug-
gests that differences in the rates of extension are not significant.

CONCLUSIONS
We emphasize the following points:

1. Western Anatolia has a high geothermal potential, with
several moderate- to high-enthalpy fields located along the
major grabens and their boundary faults.

2. The He isotope composition of geothermal fluids reveals
mixing between mantle and crustal He components, the
former ranging up to 45% of the total helium in any single
sample.

3. High heat values tend to be associated with high mantle He
contributions, with the highest values for both recorded
along the eastern segment of the Biiyiik Menderes graben.

4. Except along the Biiyiik Menderes graben, where there is
no surface volcanism, high-enthalpy fields are spatially as-
sociated with the young alkaline volcanics.

5. The distribution of mantle He does not display a simple re-
lationship to the spatial and/or temporal distribution of the
volcanics. Although the He/*He value in the vicinity of
the Quaternary Kula volcanics is among the highest reported
for western Anatolia, high 3He/*He values are not consis-
tently associated with young volcanics. Along the eastern
segment of the Biiyiik Menderes graben, where the highest


http://specialpapers.gsapubs.org/

AEGEAN SEA

MEDITERRANEAN SEA 0 50 100

% Major Grabens

Reserwoir Temp. by Enthalpy Range {J / g)

| Rl
2
B &24
0O a1z
O 2

42"

417

otz

57

AEGEAN SEA

MEDITERRANEAN SEA

&

Major Grabens

Helium by Mantle He { % )

| EEN)
B =4
B 21
[ERLE]
0 os

Figure 6. Thematic maps showing the heat and the mantle helium anomalies in western Anatolia in relation to the distribution of major grabens and the Neogene—

Quaternary volcanics.

GT0Z ‘ST aunr uo Bio'sgndeshsiadederdads wolj papeojumoq


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on June 15, 2015

Helium and heat distribution in western Anatolia, Turkey

3He/*He is recorded, there is no evidence of surface vol-
canism except at the southeastern end (Denizli volcanics).

6. The previously stated features collectively suggest that the
transfer of both heat and helium occurs via mantle melting
accompanying the current extension in western Anatolia:
either the melts are transported to the surface forming the
volcanics or they are emplaced at crustal levels with no sur-
face (volcanic) equivalents.

7. The large range of He isotope compositions (0.58% to 45%
mantle He component) observed in the region can be linked
with the differential (local) extension rates and the associ-
ated melt generation.

8. Based on the previously reported thickness of lava flows in
Kula, which suggests a 5 m—thick melt generation per m.y.
over an area of ~300 km?2, the estimated melt thickness re-
quired to satisfy the mantle He flux in the eastern segment
of the Biiyiik Menderes graben is not likely to exceed 8
m/m.y. over the same area. This indicates that the differ-
ences in the rates of extension are not significant; they are
in the range of the overall extension factor (f = 1.2-1.3) re-
ported for western Anatolia.

9. Validation of the aforementioned statements requires He
isotope data from a greater part of the region
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