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The extensional stress regime is very effective in western Turkey since the Latest Oligocene-Early
Miocene. Geothermal fields are positioned on the high-angle normal faults along the northern and
southern margins of the Büyük Menderes and Gediz grabens, respectively. The Ortakçı geothermal
field is located on the tectonically active northern margin of Büyük Menderes graben. The discharge rate
and temperature of the Ortakçı hot spring is 2.4 l/s and 50.5 �C, respectively. Hot water discharges in the
relay ramp representing the overlapping regions of two E–W normal faults related to N–S-oriented
extension. The high-angle normal faults provide pathways for the fluid flow by increasing dilations.
The field observations prove that all hot water outflows are related to the high-angle normal faults on
the hanging wall of the detachment faults. Detailed structural analyses were performed on the Ortakçı
geothermal field, particularly on one of the active hot springs at the intersection of the E–W and
N–S-oriented faults, to evaluate the tectonic activity in the area and the flow pathways for geothermal
fluids. The heat source is the shallow mantle of a thinned lithosphere due to large extension rates,
resulting in increased heat flow. The tectonic effects are on the heat transport mechanism, and the heat
transport is controlled by faults in a convection dominated systems. The result is a high geothermal
gradient because water can circulate deep and transports the heat upwards to the surface.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Obvious relationships exist between geothermal systems and
structural elements in which active hydrothermal outflows are
present (Curewitz and Karson, 1997). Faults and fractures play a
major role in flow path orientation, localization and the evolution
of hydrothermal fluids (e.g. Norton and Knapp, 1977; Kerrich,
1986). Deeply penetrating faults typically provide pathways for
geothermal fluids within the crust and are therefore the primary
means for efficient heat transfer from deep to shallow crust levels
in amagmatic regions (Faulds et al., 2009).

The study area is located in the Büyük Menderes graben, in
western Turkey (Fig. 1). Western Turkey is an actively deforming
section of the Aegean extensional province and comprises one of
the highest rate deforming areas of the Alpine-Himalayan moun-
tain belt (Dewey and S�engör, 1979; Jackson, 1994). In western
Turkey, the roughly north–south extension (�30–60 mm/yr) has
resulted in approximately E–W oriented graben systems (Jackson
and McKenzie, 1988). Northeast directed transverse faults dissect
the northern margin of the graben and commonly extend into
the Menderes massif (S�engör, 1987).

The Ortakçı relay ramp is one such feature in the study area. It is
located at the eastern end of the Büyük Menderes Graben which is
approximately 165 km long and 2–16 km in width. The graben
narrows up to 2 km at the Kızıldere field, where it bends towards
the south-east. Similarly, the Germencik geothermal field bends
towards the south-west (Fig. 1). The thermal water of the Ortakçı
relay ramp is situated between two active normal fault segments
having the same dip direction.

The geological development of the eastern Mediterranean and
its surrounding regions has been primarily controlled by the roll-
back of the subduction of the African lithosphere beneath the
Hellenic and Cyprus trenches (Fig. 1; Le Pichon and Angelier,
1981; Taymaz et al., 1991; Reilinger et al., 2006). Researchers have
proposed several models for the current extensional tectonics
regime in western Turkey. The best-known models are tectonic
escape (Dewey and S�engör, 1979; S�engör, 1982), back-arc spreading
(McKenzie, 1978; Le Pichon and Angelier, 1981; Jackson and
McKenzie, 1988; Reilinger et al., 2006), orogenic collapse (Dewey,
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Fig. 1. Tectonic map of Turkey (modified from USGS, above), location map of the study area and the distribution of geothermal fields in the Büyük Menderes graben, the fields
from Karakus� and S�ims�ek (2013). The spheres and semi-spheres represent the locations of deep geothermal wells and hot springs, respectively (below).
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1988; Seyitoğlu and Scott, 1991, 1996) and episodic two-stage gra-
ben (Koçyiğit et al., 1999; Koçyiğit, 2005; Bozkurt, 2000; Bozkurt
and Sözbilir, 2004; Bozkurt and Rojay, 2005).

The nature of the heat source for the geothermal systems of
western Anatolia is up for debate. Because of its active extensional
deformation setting, western Anatolia has significant potential for
geothermal energy resource discovery. The Büyük Menderes gra-
ben, consisting of typical high enthalpy geothermal fields
(Kızıldere, Salavatli and Germencik; Fig. 1), has significant poten-
tial of new geothermal field discover, in addition to the location
of a number of well-known fields. Although some existing models
of the geothermal field heat source in the study area suggest a
probable magmatic intrusion (e.g. S�ims�ek, 1985), no evidence
exists for the presence of a present-day magmatic activity. The
heat source for the waters of the Menderes graben has been asso-
ciated with young tectonic activity resulting from the absence of
magmatic activity in the region (e.g. Faulds et al., 2009). The pre-
sent study aimed at determining the relationships between the
structural controls and the Ortakçı hot spring. Detailed geologic
maps, structural analysis of the area’s faults and the surface
geothermal features in the region were studied. An analysis of
structural data from tectonically active areas may be useful for
the exploration of potential geothermal fields.
2. Geological setting

The E–W striking Büyük Menderes graben is 165 km long
(Figs. 1 and 2). A major south-dipping normal fault system bounds
the northern margin of the graben. The total vertical displacement
of the normal faults within the system is estimated minimum 1 km
based on field observations and geothermal borehole data. The
normal faults juxtapose Neogene and Quaternary sedimentary
units against the metamorphics Menderes massif (Figs. 2 and 3).
Many hot springs are located along the normal fault zones of the
graben (e.g. S�ims�ek, 2003; Fig. 1).

The study area is part of the Büyük Menderes graben that forms
southern boundary of the Central Menderes massif (CMM, Fig. 2).
The Menderes massif covers a large area of western Turkey, and
consists of quartz-muscovite schist, biotite-quartz schist, garnet
micaschist and augen gneiss (biotite gneiss and pegmatitic gneiss).
Augen gneisses (orthogneisses) are metagranites that intrusive in
schists. Pb–Pb single zircon age has yielded 551 ± 1.4 Ma from
the granitic Birgi augen gneisses in the Ödemis�-Kiraz submassif
(Hetzel et al., 1998). Detrital zircon ages at about 550 Ma in the
Paleozoic muscovite-quartz schists show that these Pan-African
granitoids in the basement form the source rocks of the cover ser-
ies of the Menderes massif (Koralay et al., 2012). Furthermore,



Fig. 2. Geological map of western Turkey showing the Menderes massif and its subdivision into the AG Alasehir graben, the BMG Büyük Menderes graben, the CMM Central
Menderes massif, the KMG Küçük Menderes graben, the NMM Northern Menderes massif and the SMM Southern Menderes massif, modified from S�engör and Bozkurt (2013).
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massive intercalated amphibolites and amphibolite schists are
present. These rocks may have been metamorphosed into
paragneiss during the first metamorphism phase in the
Cambrian-Ordovician (Dora et al., 1990; Dora, 2011; Hetzel and
Reischmann, 1996). The second main metamorphism phase of
the massif is associated with the emplacement of the Lycian
nappes onto the Menderes massif in the Paleocene-Late Eocene
(S�engör and Yılmaz, 1981; S�engör et al., 1984; Bozkurt, 2000;
Rimmele et al., 2003).

The Neogene sequents in the study area are covered by
Quaternary colluvium and alluvium and they are exposed in other
parts of the graben. The thickness of Miocene and Pliocene sedi-
mentary units reaches up to 1950 m based on borehole data in
the Sarayköy (Gerali) geothermal field at the eastern end of the
Büyük Menderes Graben (Karamanderesi and Ölçenoğlu, 2005).
Pliocene fluvial and lacustrine sediments are about 1400 m in
thickness (S�ims�ek et al., 2005). Miocene-Quaternary sedimentary
units are only 700 m in Germencik geothermal field at the western
end of the graben (Karamanderesi, 2013). It means that the graben
is getting deeper from west to east. The oldest unit in the graben is
a clastic succession associated with lacustrine limestone of Early
Miocene (Kazancı et al., 2009).

The geological development of the region resulted from the
convergence between the African and Eurasian plates, which has
included subduction, orogenesis, crustal extension and
large-scale strike-slip faulting. Turkey, which is located in the
Alpine-Himalayan orogenic belt, has experienced compressional
and extensional tectonics during the paleotectonic and neotectonic
periods, respectively, associated with the evolution of the Tethys.
Western Turkey has undergone significant approximately N–S
neotectonic extension, reaching 20 mm/yr (Reilinger et al., 2006),
this value is correspond to a deformation rate approximately 65
nano-strain/yr. The timing of the initiation of this extension is a
controversial and varies among studies from Early Oligocene
(Sözbilir, 2005), Late Oligocene-Early Miocene (Seyitoğlu et al.,
1992, 2002; Is�ık et al., 2003; Purvis and Robertson, 2004), Early
Miocene (Kazancı et al., 2009), Late Miocene (Lips et al., 2001) to
Pliocene–Pleistocene (e.g. Koçyiğit et al., 1999; Bozkurt, 2000;
Yilmaz et al., 2000).

The central Menderes massif core-complex which has exhu-
mated on the footwalls of south facing of Büyük Menderes detach-
ment and north facing of Gediz detachment in the south and in the
north respectively (Hetzel et al., 1995; Gessner et al., 2001; Gürer
et al., 2009). The most prominent fault is Büyük Menderes
Detachment Fault in the graben. In addition to these approximately
E–W running normal faults, NW–SE, NE–SW and N–S oriented
fault systems have also been found (Fig. 3).

The study area, reflects earlier compressional and subsequent
extensional deformation events during the pre-Oligocene and
Latest Oligocene-present day periods, respectively. The compres-
sional deformation events caused crustal shortening and were
associated with E–W trending folds, thrust faults, nappes sutures
and contemporaneous metamorphism. The subsequent exten-
sional tectonic regime (Neotectonic regime sensu strictu) began
in the Late Oligocene age (Angelier et al., 1982; Seyitoğlu et al.,
1992; Gessner et al., 2001) resulted in the extensional exhumation
of metamorphic rocks of the Menderes massif, in a classical core
complex scenario (Davis, 1983; Wernicke, 1985; Lister and Davis,



Fig. 3. Detailed geological map of the Ortakçı thermal spring area (Buharkent-Aydın).
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1989). The dominant feature of the deformation in the Aegean
region from this period onward has been extensional motions com-
bined with strike-slip motions (Jackson, 1994).
2.1. Compressional structures

The Menderes massif has been subjected to polyphase deforma-
tion and greenschist to amphibolite facies metamorphism. Three
phases of folding are recognised in the area. Fig. 4 demonstrates
that S1 foliation planes (formed during the D1) deformed at least
twice. The planar and linear structures of the region are associated
with the F1, F2 and F3 folding events. The D1 deformation phase
includes bedding-parallel ductile shear zones, F1 mesoscopic folds
and S1 foliation. Further shortening during the D2 phase, deformed
S1 foliation surfaces and created WNW–ESE oriented inclined F2

folds in the study area (Fig. 4). Continued crustal shortening during
the third-phase resulted in upright macroscopic F3 folding and S3

cleavage development and L3 lineation (crenulation and meso-
scopic fold hinge). During the F3-phase, crustal shortening pro-
duced Type-2 interference fold patterns, which can generally be
observed in outcrops associated with S3 crenulation cleavage
(Fig. 4).

The type 2-fold patterns produced by the superposition of a
non-coaxial third upright fold set upon an inclined second-phase
fold pattern. The mushroom style patterns on the horizontal plane
(Fig. 4) indicate two compressional directions perpendicular to
each other. The fold axial traces (F2, F3; Fig. 4) and contour dia-
grams (Fig. 5a and b) of schistosity and lineation measurements
also support the presence of at least three deformation phases.
The second deformation phase, D2, is WNW–ESE oriented, whereas
the third deformation phase, D3, is NNE–SSW oriented. The NNE–
SSW direction D3 deformation phase in particular is thought to
have been formed by strong folding (Figs. 4 and 5).

2.2. Extensional structures

The neotectonic structures are related to brittle tectonics and
dominated by normal or normal-oblique-slip faults, resulting in
horst and graben structures. Along the graben-bordering normal
faults, the metamorphic rocks in the footwall have been lifted 1
to 2 km. A vertical total throw of 2080 m in the Miocene sequence
was measured on the normal faults of the southern margin of the
basin near Sarayköy by Koçyiğit (2005), whereas it is approxi-
mately 1300 m in Kızıldere geothermal field, based on the geother-
mal borehole data (S�ims�ek, 1985). The N–S extension in the Büyük
Menderes graben has caused E–W, NW–SE and NE–SW oblique
striking normal faults, with dip values of 50–70� (Figs. 2 and 6).
The region is also dissected by many N–S trending strike-slip faults
serving as lateral ramps.

NW–SE and NE–SW trending conjugate pairs of oblique striking
normal faults, which are E–W extension related to N–S contraction
and transpression, are associated with the earlier tectonic events in
the Early-Middle Miocene. Whereas, roughly E–W trending
high-angle normal faults and E–W directed Büyük Menderes
Detachment Fault (BMDF) are related to subsequent N–S extension
tectonic events (Gürer et al., 2009).

The exhumation of central Menderes metamorphic core com-
plex is bivergent continental breakaway zone in the western
Turkey (Gessner et al., 2001). It has started to form along the north
of Alas�ehir and south of Büyük Menderes grabens in the Latest
Oligocene-Early Miocene (Seyitoğlu and Scott, 1991; Hetzel et al.,
1995; Gessner et al., 2001; Catlos and Çemen, 2005; Van
Hinsbergen et al., 2010). The Menderes massif was exposed the



Fig. 4. Structural map of the study area showing the mesoscopic planar and linear elements and traces of foliation surfaces associated with F1, F2 and F3 folding events.

Fig. 5. Lower hemisphere equal area stereographic plots of mesoscopic data from
the Ortakçı geothermal area. (a) Stereographic plots of the foliation planes (b) poles
of mylonitic and gneissic foliation planes and (a) where blue arrow and b2 are fold
axis related to second generation folding, red arrow and b3 are fold axis related to
third generation folding; L2 and L3 are crenulation lineations (b).

78 A. Kaya / Journal of African Earth Sciences 108 (2015) 74–88
Early Miocene tectonic denudation and surface uplift in the foot-
wall of a north-directed extensional detachment system, followed
by the Late Miocene to recent fragmentation by E–W and NW–SE
trending graben systems (Gessner et al., 2013).

Büyük Menderes detachment fault is commonly S-dipping with
a small right-lateral strike-slip component. Dip values vary from
40� to 65�. It is running along the northern margin of the Büyük
Menderes Graben, and is approximately E–W directed (Fig. 2).
The fault surface of the BMDF shows both ductile and brittle defor-
mation features, (Gürer et al., 2009; Hetzel et al., 1995; Gessner
et al., 2001). Along the southern margin of the Alas�ehir graben,
Gediz detachment fault is generally N-dipping with dips ranging
between 15� and 20�. Hanging walls of the both detachment faults
are cut by E–W directed high-angle normal faults along the
southern margin of the Alas�ehir graben and northern margin of
the Menderes graben (Gessner et al., 2001; Is�ık et al., 2003;
Bozkurt, 2003).

The existence of thick and widespread scree deposits in front of
the faults on the northern margin of the Büyük Menderes graben
indicates that these faults are experienced larger displacement
rates and are more active than those to the south (see Figs. 2 and
3). The continuous movements of the colluvium deposits to the
south have displaced the Büyük Menderes River towards the south
(Fig. 2). In addition, the presence of the hot springs in the northern
segment of the graben suggests that this area is currently active.

The northern margin of the graben is bounded by a mainly
south-dipping normal fault system with a strike-slip component
of motion. These approximately E–W striking faults have vertical
offset of at least approximately 1 km. The Neogene sediments are
juxtaposed with the Menderes massif metamorphic units along
these faults. The most obvious fault segments associated with
the Ortakçı thermal spring are the Ortakçı, Çatak-Sazak and
Kızıldere segments, all of which are roughly E–W trending. The
ENE–WSW trending Ortakçı fault segment is an approximately
17 km long normal fault, with a right-lateral strike-slip compo-
nent. The morphological signature of scarps along this fault proves
suggests a vertical throw of approximately 600 m. This fault forms
the border of the Menderes metamorphic rock and alluvial depos-
its (Fig. 3).

The NW–SE to E–W trending Çatak-Sazak fault segment is an
approximately 20 km long normal fault with a right-lateral strike
component and is located between Çatak village to the west and
Sazak village to the east (Fig. 6). The fault breaks into multiple
splays (or horsetail splays) at its western end, near Muratdağı
(Figs. 2 and 6). Based on the fault’s scarps at the north of the
Kızıldere geothermal power plant, its throw is at approximately
300 m. The Kızıldere fault segment is approximately 6 km long
and is located between the Ortakçı segment to the west and the



Fig. 6. A geologic and structural map of the Ortakçı and Kızıldere geothermal areas showing the major faults and related minor faults.

Fig. 7. The fault plane developed between gneiss and amphibolites, including
oblique slickensides (rake is 140�), at approximately northeast-southwest-striking
and right-lateral fault.
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Çatak-Sazak fault segment to the east, and it passes through the
Kızıldere geothermal field in the E-SE direction. The Kızıldere field
has presently the largest installed geothermal capacity (95 MWel)
in Turkey, indicating the vast potential on geothermal energy in
this region. The scarp morphological signature for this fault sug-
gests a throw at approximately 300 m. The estimated total throw
of 600 m for the Çatak-Sazak and Kızıldere faults are compatible
with drilling results in the geothermal field.

In the study area, the orientations of the faults in the north of the
Büyük Menderes graben are E–W, NE–SW, NW–SE and N–S trend-
ing (Figs. 2 and 6). The N–S trending faults developed perpendicular
to the approximately E–W trending main fault system, and they are
clearly observed in the field as linear valley formations. The Ortakçı
hot spring is located at the intersection of the E–W and N–S directed
faults (Fig. 3). The E–W directed fault, which is situated immedi-
ately north of the Ortakçı fault segment, is southward-dipping
and has a length of approximately 4 km. The N–S fault has a
left-lateral strike-slip component in the spring area (Fig. 3).

Transverse faults in the study area commonly intersect the
main faults at high angles (Figs. 3 and 6). One of the best examples
of a NE–SW trending fault in the study area is a transverse fault
(cross-fault) of approximately 3 km passing through the village
of Ortakçı. The fault terminates at its intersection with the E–W
trending Ortakçı fault segment in the south. The fault passes
through a feldspar quarry located approximately 2 km north of
Ortakçı village (Fig. 3), and it ends near the western tip of the
Kızıldere fault segment (Fig. 6). The transverse fault, exhibits a
right-lateral strike-slip movement, as demonstrated by the rake
of slickensides (140�) on the fault plane located northwest of the
Kızıldere fault segment (Fig. 7).

The Ortakçı thermal springs are situated in a relay ramp (also
known as an overlap or step-over zone) between overlapping fault
segments. The evolution of relay ramps occurs in four different
stages, as determined by Peacock and Sanderson (1991, 1994).
Based on this definition, the Ortakçı relay ramp is in the 3rd stage,
which is characterised by the beginning of fracturing inside the
ramp.

The Ortakçı relay ramp is a left-stepping synthetic accommoda-
tion zone (Faulds and Varga, 1998) that occurs between similarly
dipping (southward) normal or normal oblique-slip fault systems
(Figs. 6 and 8a). In the synthetic zone, the relay ramp connects
the hanging wall of one fault to that of the next (Peacock
and Sanderson, 1991). The width (separation) of the relay
ramp between the two normal oblique-slip fault segments is
5 km, whereas the overlap length is approximately 1.6 km
(Figs. 6 and 8a). According to Soliva and Benedicto (2004), the relay
ramp in the study area is classified as an ‘‘open relay ramp.’’ This
classification is based on linkage criterion values (c, overlap/sepa-
ration ratio), and for the Ortakçı relay ramp, the c values were cal-
culated as 0.32. The Ortakçı relay ramp has a series of small faults
at various angles to the main fault plane, creating a varied topog-
raphy rather than a smooth flexure (Gawthorpe and Hurst, 1993).

The main faults in the area not only display the dip slip compo-
nent of normal faults, but also a minor right-lateral component.
These movements lead to transpressional stresses in the relay
ramp between the main fault tips. Therefore, the relay ramp devel-
oped as a restraining step-over zone (Fig. 8b and c). The majority of
the springs in the graben are located at the intersection of the E–W
and N–S or NE–SW striking faults.

Twenty-four fault-slip data have been collected from Ortakçı
and Kızıldere thermal spring areas and analysed using
TectonicsFP software to understand the kinematic characteristics.
To draw the stress diagrams, the slip data of the faults only at
the north basin between Pamukören and the east of Kızıldere
geothermal power plant were taken into account. Angelier’s
method (Angelier, 1994) was used for computational processing
of the data (Fig. 9a–d). The average attitudes for the estimated
stress field orientations are follow r1 = 336/73, r2 = 101/12,
r3 = 192/22 (Fig. 9a and b). According to the data obtained from
a Numerical Dynamic Analysis (NDA) method, the stress ratio
(R = r2 � r3/r1 � r3) was defined as 0.458, which indicates that



Fig. 8. (a) A satellite image of the step-over zone (relay ramp) between the Ortakçı and Çatak-Sazak fault segments (modified from Google maps, 2013), (b) the structures
associated with WNW–ESE directed transpression from the Ortakçı restraining step-over field and (c) a schematic diagram illustrating the plan-view structural sketch of the
Ortakçı geothermal area.
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the stress regime tension direction (Fig. 9c). The fault slip data
show that the neotectonic period is characterised by a subvertical
r1 and subhorizontal r2 and r3, that indicate a NNE–SSW tension
associated with a deformational system between the Ortakçı,
Çatak-Sazak and Muratdağı faults (Figs. 6 and 9).

Three main structural elements were determined in addition to
these major faults in the relay ramp: (1) relatively steep (70�)
left-lateral strike-slip faults with 70� may reflect N–S Anthithetic
Riedel Shear (Ŕ) character and, (2) NE–SW reverse faults with a
left-lateral strike-slip component dipping 40–45� to the NW were
developed within the contractional relay ramp zone (Figs. 3, 6
and 8). These structures were related to the WNW–ESE direction
transpressional stress only within the relay ramp and are compat-
ible with the Riedel deformation model (Wilcox et al., 1973). The
r1 principal stress is perpendicular to the reverse faults and corre-
sponds to a bisector of acute angle of R0- and R-Riedel strike-slip
faults (Fig. 8b). (3) Secondary normal faults with a WNW–ESE
direction were developed parallel to transpression direction.

All structural data were obtained from Paleozoic units in the
Ortakçı field; therefore, timing of deformation could not be con-
strained because of the lack of young geologic units. In this context,
Neogene clastic rocks were also studied in the Kızıldere
Geothermal Field, which is located 10 km east of the Ortakçı field
(Fig. 6), to determine clues about young tectonic events. The
youngest unit in the Kızıldere field is represented by Late
Pliocene aged claystones with conglomerate and sandstone inter-
calations. In a geothermally operating (KD-15 geothermal well)
field, this unit is tightly folded by two faults (with likely oblique
normal faults with a major right-lateral strike-slip component. It
is because NE-trending faults with similar characteristics have
been observed at the adjacent fields), folding may be coeval with
faulting; for this reason, a strongly crushed and brecciated
hydrothermally altered zone a few kilometres in length was devel-
oped along a NE–SW direction. Hinge lines of SE-verging asymmet-
ric folds with vergence direction towards the SE plunge towards
the SW. Fold-related bedding attitudes change from 10� to 80� on
the narrow field (�1 km2, Fig. 6). According to the investigation
and results, the area has possibly been affected by an approxi-
mately WNW–ESE transpression since at least the Pliocene–
Pleistocene, based on the age of the youngest unit affected by the
folding in the area.
3. Hydrogeological characteristics

The temperature and discharge rate of the Ortakçı hot spring is
50.5 �C and 2.4 l/s, respectively (Gökgöz et al., 2006). The spring
consists of meteoric water (almost no tritium content) heated by
young tectonic activity and mantle plumes, which are intrude into
the upper crustal levels. Süer et al. (2010) pointed out that the
3He/4He ratios of Tekkehamam waters than the Kızıldere waters
are relatively higher and it may indicate that a higher
mantle-helium contribution. Similarly, Mutlu et al. (2008) have
demonstrated the range 3He/enthalpy ratios of fluids in western
Turkey are consistent with the release of both helium and heat
from contemporary supplementations of mantle-derived magmas
to the crust. Wiersberg et al. (2011) showed that within the
Kızıldere geothermal field, reservoir temperatures and CO2/3He
and CH4/C2H6 ratios increase and 3He/4He ratios decrease from
southwest to northeast, indicates mixing with cold meteoric water
in the reservoir. The hot springs contain no tritium, indicating that
the thermal fluids in this field are more than 50 years old (Gökgöz
et al., 2006; S�ims�ek, 2003; S�ims�ek et al., 2005). Isotopic (18O–D)
surveys have detected deep circulation and water–rock interac-
tions in these thermal waters (S�ims�ek, 2003; S�ims�ek et al.,
2005). Stable isotope values (18O–D) of the geothermal waters
indicate a meteoric origin (Mutlu et al., 2008; Süer et al., 2010;
S�ims�ek, 2003). The thermal spring is a Na–SO4–HCO3 type, and
its subsurface temperature, as calculated using chemical geother-
mometers, is approximately 80 �C at depth 2200 m (Kaya and
Gökgöz, 2003).

Hydrothermal alterations associated with fractures in the dam-
aged rocks are also common around the hot spring. These
hydrothermal alterations that formed by interaction with the cir-
culating thermal waters are outstanding areas characterised by
phyllic, argillic, silicic, hematitised and carbonatised alteration
zones (e.g. Özgür, 2002; Karamanderesi and Helvacı, 2003). The
influence of extreme crushed and alteration can be detected in
the N–S oriented Feslek creek, close to the western portion of the
study area. Brown iron oxide coatings are observed on the plane
of the N–S trending fault. This mineralization suggests that fluid
circulation has occurred during the latest faulting stage, from the
Upper Miocene to recent (e.g. Karamanderesi and Helvacı, 2003;
Brogi, 2008).



Fig. 9. (a) A Schmidt lower-hemisphere (equal area) projection, Angelier plot of the faults and fault striations were measured in the study area, (b) a PTB-plot of calculated
strain axes from kinematic indicators measured on faults slip data, (c) the tectonic regime and stress ratio, expressed by the Mohr–Coulomb stress circle (d) Fluctuation
histogram; misfit angle between calculated and measured shear stress vector.
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Neogene units are not exposed in this area. The northern mar-
gin faults of the graben form a boundary between the
Precambrian-Paleozoic Menderes metamorphic series and the
Quaternary units (colluviums and alluviums). The Neogene units,
however, outcrop 3 km east of Ortakçı village, and probably occur
below the Quaternary units in this area.

The Neogene units in the study area are covered by younger
units, and no field or borehole data exist for these rocks.
Therefore, the data for the Kızıldere geothermal field are based
on estimations of the geothermal reservoir features of the
Ortakçı field, as these two adjacent fields exhibit very similar litho-
logic and tectonic features. Furthermore, the Kızıldere field has
been well-studied geologically using borehole data (e.g.
Karamanderesi, 2013).

The Kızıldere geothermal field has three primary reservoirs: (1)
the First (upper) Reservoir, within the Neogene limestones at a
depth of 310–375 m, with temperatures of 130–198 �C; (2) the
Second Reservoir, within the marble-schist intercalations at a
depth of 445–1105 m, with temperatures of 200–212 �C; and (3)
the Third (deep) Reservoir, within the gneisses and quartzites that
are intercalated with and underlie the schists, with high tempera-
ture of 242 �C at a depth of 2261 m (S�ims�ek, 2003). The geothermal
gradient values in the Kızıldere field were determined as 1 to
10 �C/10 m for depths varying between 80 and 250 m in the region
(S�ims�ek, 1985).
4. Discussions

4.1. Structural controls

Three phases of folding have been recognised in the metamor-
phic rocks, as mentioned in the section on paleotectonic structures.
Mesoscopic planar and linear elements and trace of foliation sur-
faces have been associated with the F1, F2 and F3 folding phases.
The neotectonic E–W and N–S directed faults exhibit similar
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orientations as the paleotectonic E–W second-generation fold (F2)
and N–S third-generation fold (F3) axial planes. These data indicate
that the previously existing fractures parallel to the F2 and F3 fold
axes have been reactivated during the neotectonic period.

Higher fracture densities and active tectonism are caused by
enhanced stress and strain at fault tips (e.g. McGrath and
Davison, 1995) and relay ramp zones (Peacock and Sanderson,
1991). Hot springs are usually found in particular structural set-
tings extensively associated with faults; they are most common
in relay ramps and are found less commonly at fault-tips and fault
intersection points (e.g., Faulds et al., 2010; Curewitz and Karson,
1997). The authors noted that the dynamic continuous (based on
the continuation of the fault interactions) hot springs exhibit con-
siderably higher temperatures than kinematic continuous (related
to reopening of existing fractures in a breakdown region) hot
springs. The circulation of fluids through the crust could be influ-
enced by interconnections between existing discontinuities,
including bedding, joints, faults, foliation and igneous contacts
(Sibson, 1996). The local stress state, which affects the aperture
of existing discontinuities, may show considerable variation in
areas of structural overprinting.

The vast majority of the geothermal activity in Turkey is
observed in the tectonically active areas of western Turkey, espe-
cially in the Büyük Menderes graben. The main fault segments that
form the northern and southern boundaries of the relay ramp,
branch into multiple splays or horsetail before they terminate
(Figs. 3 and 6), generating a belt of higher fracture density and per-
meability that accommodates significant fluid flow at the fault tips
in the Ortakçı region.

Hetzel et al. (2013) demonstrated that during phases of exten-
sional deformation the hydraulic properties of high-angle normal
faults and low-angle detachments permitted pervasive meteoric
fluid flow along the detachment faults. They document that mete-
oric fluids infiltrated the upper crustal normal faults and pene-
trated into the detachments and the upper most levels of their
mylonitic footwalls based on Hydrogen isotope (dD) values for
fault gouges, cataclasites and mylonites. Also, they exhibit that
brittle normal faults are active over �20 Ma of the extensional his-
tory and they are provided effective pathways for meteoric fluids.
Fig. 10. Structural positions of the geothermal areas developed
The detailed structural features and hydrogeological character-
istics of a geothermal field must be investigated to understand the
relationships between its cover rocks, reservoir and the circulation
of its geothermal fluids (Rotevatn et al., 2007; Brogi, 2008;
Giordano et al., 2013). To determine the geothermal play type, all
the faults along the active margins of the grabens were mapped
(Fig. 10 and Table 1). These data prove that all hot water outflows
are related to the high-angle normal faults on hanging wall of the
detachment faults. The geothermal fields on the grabens are
located on following sites: (a) relay ramps of the normal faults,
(b) intersection points of E–W normal and N–S cross faults, (c)
multiple splays of terminations of the major faults, (d)
parallel/sub-parallel extensional cracks to range front major faults.

The folded beds and fractured zones were influenced by com-
plex stresses (e.g. bending, torsion, tension and shearing) of the
relay ramp (Peacock and Sanderson, 1994). Discontinuities such
as faults, fractures, fissures, shear zone, bedding and foliation
planes in the relay ramp could have allowed leak zones or provided
a barrier to fluid flow from the hanging wall to the footwall (e.g.
Soliva and Benedicto, 2004). These discontinuities also provide a
better flow path for fluids (e.g. Rotevatn et al., 2007).

The main structural factors controlling the movement of ther-
mal fluids are the planes of bedding, faults, fractures, fissures and
shear zones associated with the faults. The most important struc-
tural elements in the Kızıldere geothermal field are E–W-striking
the Çatak-Sazak fault and E–W-striking the high-angle normal
faults; N–S and NE–SW-striking faults. The damage zones devel-
oped along the faults, presently increasing dilations related to E–
W normal faults and the thermal springs located at intersection
points constitute the most important pathways for the fluid flow
and heat transport. Permeable lithologies containing fractured,
bedded, foliated and highly crushed zones in the geothermal field
(limestones of the Sazak formation and lithologies consist of the
marbles, schists and quartzites of the Menderes massif at the dee-
per) form the reservoir rock. In addition, they play a very important
role for laterally transportion of fluids and heat. These structures
were formed not only in the neotectonic period associated with
the beginning of graben formation, but also in the palaeotectonic
period, during which compressional tectonics created brittle and
in front of Büyük Menderes and Gediz detachment faults.



Table 1
Catalog of the geothermal play type of hot springs and geothermal fields associated
with the metamorphic core complex formation in Büyük Menderes and Gediz
Grabens at the tectonically active margins. BMDF: Büyük Menderes Detachment
Fault, GDF: Gediz Detachment Fault, BMG:Büyük Menderes Graben, NF: Normal Fault,
SF: Strike-slip Fault, RF: Reverse Fault, TF:Transfer Fault, CF: Cross-fault, HW: Hanging
Wall, FC: Fault Controlled, FRC: Fracture controlled, HC: Hydrothermal Circulation.

Geothermal
fields/hot
springs

Structural setting Structural
characteristics and
positions

Heat
transport
mechanism

Kızıldere HW of the BMDF
with highly S-
dipping

Eastern termination of
major NF and
intersection of the N–S
striking CF with E–W
striking NF

FC/FRC, HC

Ortakçı Relay ramp
where the BMG
bent eastward

Intersection of the E–W
striking NF and N–S
striking SF

FC, HC

Pamukören
Gedik

HW of the BMDF Intersection of the
BMDF and N–S striking
CF

FC, HC

Güzelköy
Güvendik

HW of the BMDF Intersection of the
BMDF and N–S striking
TF

FC

Sultanhisar
Salavatlı HW of the BMDF Intersection of the N–S

striking CF and E–W
striking RF

FC/FRC, HC

Serçeköy
_Imamköy
Yılmazköy

HW of the BMDF Intersection of the N–S
trending CF with E–W
striking NF

FC/FRC, HC

Germencik HW of the BMDF,
BMG where the
sharp bent
southwestward

Intersection of the N–S
trending CF with E–W
striking NF, at the
western termination of
major NF

FC/FRC, HC

Gümüs� HW of the BMDF Relay ramp of E–W
striking NF (Kus�adası
fault)

FC, HC

Sazlıköy
Tuzburgaz

HW of the BMDF Relay ramp of NE–SW
striking two NF

FC, HC

Horzumsazdere Gently N-dipping
on the HW of the
GDF

Intersection of the GDF
and N–S striking CF

FC, HC

Kavaklıdere HW of the GDF Intersection of the GDF
and N–S striking CF

FC, HC

Göbekli HW of the GDF Intersection of the GDF
and N–S striking CF

FC, HC

Kurs�unlu HW of the GDF Intersection of the GDF
and NW–SE striking
dextral SF

FC, HC

Caferbey HW of the GDF Intersection of the GDF
and NE–SW striking CF

FC, HC
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ductile deformation structures. These discontinuous structures
allow for the upwelling and circulation of hydrothermal fluids
(Sibson, 1996; Hancock et al., 1999; Cox et al., 2001; Brogi,
2004). The fracture-controlled fluid pathways provide fluid flow
to the highly permeable fault damage zones deeper than the clo-
sely spaced joints, as well as to the bedding near the surface (e.g.
Billi et al., 2007; Barbier, 2002).

The fault damage zone, a deformed rock mass surrounding the
fault core, includes a well-developed fracture set and a number
of small faults and fragmented rock that are more widespread in
the hanging wall blocks than in the footwall blocks (Agosta et al.,
2006; Brogi, 2008). This zone consists of clusters of deformation
bands and discontinuous slip-surfaces that locally supply minor
amounts of throw (Shipton and Cowie, 2003). The ENE–WSW
trending Ortakçı fault segment has 600 m of vertical throw,
whereas the E–W trending Çatak-Sazak and Kızıldere fault seg-
ments have 300 m each, for a total 600 m. the width of the damage
zone is linearly proportional with fault size, but the maximum
deformation density within the damage zone is independent of
throw (e.g. Shipton and Cowie, 2003). Regardless of the absolute
fault throw and rock type, faults with a large throw up to 600 m
have 60–100 m damage zone in the footwall and it is larger in
the hanging wall of normal faults and a fault core may develop
up to 1 m (Friedman and Wiltschko, 1992; Agosta et al., 2006;
Savage and Brodsky, 2011; Johri et al., 2014)

Fractures and deformation bands in damage zones present both
problems and opportunities for the circulation of geothermal flu-
ids, depends on the porosity, grain size and lithology permeability
increase and decrease (Hancock et al., 1999; Brogi et al., 2003;
Fossen et al., 2007, 2011; Schultz et al., 2010; Rotevatn et al.,
2013; Johri et al., 2014). The fault cores in the study area are char-
acterised by crushed fault breccias up to 40–50 cm in thickness,
representing C-type shear band cleavage as described by
Passchier and Trouw (1996) and Brogi (2008).

In the study area, the N–S or NE–SW trending transverse faults
that developed orthogonal to or across the E–W trending main
fault systems exert significant control over the water flow paths.
Hydrothermal fluids prefer to flow into intense damage zones,
which are present at the intersections between N–S striking faults
and E–W trending main fault segments. The N–S and NE–SW strik-
ing faults were steeply dipping, and their provided deep-reaching
permeable conduits for fluid upwelling. Therefore, these intersec-
tions are important places for the exploration of potential geother-
mal fields (Faulds et al., 2010).

This thermal field could also be considered a restraining
step-over zone between two fault segments whose normal faults
have a right-lateral strike component. The faults and fractures
passing through the step-over zone suggest that the overlapping
faults are connected at depth (Peacock and Parfitt, 2002). Fig. 11a
is a schematic sketch illustrating the possible pathway of meteoric
waters. This structure indicates that the meteoric waters are joined
by intersections in deeper parts of the fault systems and flow
through the damage zones of the main faults. Subsequently, the
hot water outflows along different pathways occur in relation to
the branching of the faults towards the surface.

The structural characteristics of the Ortakçı thermal field
step-over zone are comparable to those of the Karahayıt thermal
springs field, which is located 30 km east of the study area in a
releasing step-over zone of the Pamukkale Fault Zone (e.g. Çakır,
1999; Hancock et al., 1999). The tectonic setting of the study area
is also comparable to that of the Pamukören, Güzelköy, Sultanhisar,
Salavatlı, Yılmazköy and Germencik geothermal fields (Fig. 1).
Similar study approaches have been used in the Larderello (the
inner Northern Apennines, southern Tuscany), the
Nordfjord-Sogn detachment zone (the Devonian basins in western
Norway) and the Basin and Range geothermal fields (the south-
western USA), in which the heat flux and circulation of fluids were
associated with shear zones in these tectonically active extensional
regions (Brogi et al., 2003; Bellani et al., 2004; Faulds et al., 2009).

4.2. Origin of heat source

Moeck and Beardsmore (2014) have defined a ‘geothermal play
type’ as a model of geothermal system consisting of the combina-
tion of structural position and geologic setting. They have sug-
gested which play type might be defined by the heat source and
the geological controls on heat transport and thermal energy stor-
age capacity.

4.2.1. Magmatic activity
The Aegean region contains widespread Neogene volcanic

rocks, some of which are related to subduction (Fytikas et al.,
1984). Volcanic activity has been common in western Turkey since
the Late Eocene and is associated with the Eocene continent-arc



84 A. Kaya / Journal of African Earth Sciences 108 (2015) 74–88
collision, which continued into Holocene (Aldanmaz et al., 2000).
Early Miocene aged granodioritic rocks (Salihli and Turgutlu gran-
odiorite) have been found 50 km north of the study area (Bozdağ
region) and to the north of the Ödemis�-Kiraz submassif (Hetzel
et al., 1995). Güleç (1991) suggested that The Early-Middle
Miocene magmas were generated from a shallow mantle, while
the Late Miocene-Quaternary magmas were generated by upwel-
ling deeper mantle source during lithospheric thinning, according
to Sr–Nd isotope ratios in volcanic rocks in western Turkey.
Furthermore, the Quaternary Kula volcanics, located approxi-
mately 60 km north of the study area. The Kula basalts are an
example of the rapid uplifting of asthenospheric material in west-
ern Anatolia related to an N–S extension (Tokçaer et al., 2005). In
this context, the youngest volcanic activity in the region, repre-
sented by Kula volcanics, should not to be a heat source origin
because of the long distance and lack of recent magmatic activity.
Similarly, Faulds et al. (2009) noted that the lack of significant
actual magmatic activity indicates that the upper levels of the crust
are not a direct heat source for geothermal activity in western
Turkey. These authors suggest that most of the geothermal activity
in the region is of amagmatic origin. Therefore, the heat source
seems to be associated with crustal faulting and is available in dif-
ferent tectonic environments without magmatic activity.
According to this data, geothermal play type of the graben is not
related to volcanic and plutonic type.

4.2.2. Tectonic activity
The Aegean region is one of the world’s most active tectonic

areas. Seismic activity related to the faults in the region has been
recorded through both historical (Menderes earthquake: 20
September 1899; Nazilli earthquake: 19 December 1645,
Güzelhisar/Aydın earthquake: 22 February 1653) and instrumental
earthquake observations (Ambraseys and Finkel, 1987, 1995;
Altunel, 1999; Ocakoğlu et al., 2013). The fault slip rates obtained
from GPS-derived velocity field data from the study area reveal
that the total motion of approximately 25 mm/yr corresponds to
10.9 ± 0.3 mm/yr of the left-lateral strike-slip and 14.5 ± 0.3 mm/yr
of the normal slip or extension (Reilinger et al., 2006). These slip
Fig. 11. (a) A conceptual model of geothermal circulation in the study area, (b) a deep se
region) (Çifçi et al., 2011). Roman numerals indicate the different sedimentary sequence
rate values correspond to deformation ratios (e) from
0.45 � 10�9 s�1 (34 nanostrain/yr, for normal slip) to
0.80 � 10�9 s�1 (80 nanostrain/yr, for total motion).

Alas�ehir and Büyük Menderes detachments are available along
the northern and southern margins of the CMM. Detachment faults
or shear zones were developed due to thinned-crust tectonics
(Wernicke, 1985) within the ductile–brittle transition zone at the
upper levels of the continental crust (Fig. 11a). The normal faults
and fractures throughout the hanging wall are connected to the
main detachment fault in which distributed high stresses are pre-
sent (e.g. Peacock and Parfitt, 2002).

The presence of low-angle S-dipping detachment faults in the
Büyük Menderes graben was confirmed using conventional deep
seismic reflection and gravity data defined by three layers in the
study area. The first and second layers occur at a thickness of 6
and 13–18 km, and the last one is located at �33 km, emphasizing
the Moho depth (Fig. 11b; Çifçi et al., 2011). Çifçi et al. (2011)
reported that seismic reflections were detected up to 16 km in
depth, distinguishing the transition zone from the rigid upper crust
and the ductile lower crust. Similar data were obtained by Bayrak
et al. (2011) for the Kızıldere geothermal field; two deep conduc-
tive regions with very low resistivity (< 3 X m), which reflects
the shallow asthenosphere from two-dimensional resistivity
images occurred at depths of �15 km and �35 km under the
Büyük Menderes graben. Similar values for the continental Moho
depth in the region also was obtained by Altınoğlu et al. (2015)
using the Bouguer gravity data.

The focal depths of earthquakes in the Büyük Menderes graben
were distributed at depths of 5 to 13 km and were concentrated at
depths of 5 to 6 km, as determined by compiled data from the
USGS (http://www.usgs.gov), AFAD (http://www.deprem.gov.tr)
and KOERI (http://www.koeri.boun.edu.tr). These data may be cor-
respond to lithostatic pressure of �130 MPa and to shear stress of
�110 MPa on the basis of depth (5 km) and dipping (25�) of a
major detachment fault plane. The calculated shear stress and
deformation rate values are consistent with the values of Molnar
and England (1990), which may indicate the required high
strain-rates and shear stresses (10�11–10�12 s�1 and �100 MPa)
ismic profile with the N–S direction taken from a 30 km west of study area (Nazilli
s.

http://www.usgs.gov
http://www.deprem.gov.tr
http://www.koeri.boun.edu.tr
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for heat production in a shear zone, for a possible heat increase
added to the existing high heat flow.

A mean value of heat flow for the western part of Anatolia is
approximately 107 ± 45 mV m�2, which is about 60% higher than
the world average (_Ilkıs�ık, 1995). The high heat flow values
(140 mV m�2) have been observed at the margins of the northern
Büyük Menderes and the southern Gediz grabens (Tezcan, 1995;
Fig. 12). The high heat flow corresponds to the places where tec-
tonically active current. The highest heat flow values in the region,
compared with other active normal faults are remarkably perfect
harmony with detachment faults. This situation indicates that
detachment faults are highly effective for the circulating of fluids
flow and heat transport (Fig. 11a).

Strain-related heating resulted from the conversion of mechan-
ical energy into heat during progressive deformation in narrow
zones (e.g. Brun and Cobbold, 1980). Therefore, heating is an
important crustal phenomenon that could be integrated into
large-scale tectonic models.

Several hypotheses for the heating of geothermal fluids through
tectonic activity are summarised below.

Heat is generated by the friction between two blocks during
earthquakes (Kanamori and Heaton, 2000) and is also slowly pro-
duced in association with friction events along the brittle-ductile
shear zones in the upper levels of the continental crust (e.g.
Scholz, 1980; Camacho et al., 2001; Morton et al., 2012; Ben-Zion
and Sammis, 2013). The amount of shear heating is mainly depen-
dent on the exhumation rate and the rheological parameters of the
rocks (Souche et al., 2013). The localized temperatures of the shear
zones at shallow crustal levels are �200 �C, which are higher than
those of surrounding rocks in the Musgrove Block, central
Australia (Camacho et al., 2001). In contrast to these proposals,
d’Alessio et al. (2003) suggested that the frictional heat increases
close to the fault core are not observed in highly localized parts of
large faults.

The historical and instrumental earthquake data, in addition to
morphologic and geologic data, implies activity on the northern
Fig. 12. Heat-flow distribution map (modified from Tezcan, 1995) combined w
side of the graben with high stresses and deformation rates on
the fault planes. These high-dipping faults are connected to a
low-angle (h = 20–25�) major detachment fault at shallow depths
(6–13 km, Çifçi et al., 2011) (Fig. 11a and b). The low-angle detach-
ment fault causes higher shear stress and deformation rates where
friction/shear generates possible heat sources for thermal areas
along the Büyük Menderes graben.

The highest reservoir temperatures of the thermal fields along
the Büyük Menderes graben are determined in Kızıldere (242 �C)
and Germencik (232 �C) (Fig. 1). The graben bends in these two
fields and causes relatively high stress. It has initiated an increase
in both dynamically continuous fracture systems and in the temper-
ature. Similarly, there are many hot springs and geothermal
resources along the Gediz detachment fault that is in the northern
part of the Central Menderes massif (CMM, Fig. 3). The reservoir
temperatures along this line are also high, such as at
Salihli-Kurs�unlu (168 �C), Salihli-Göbekli (182 �C) and Alas�ehir-Ka
vaklıdere (213 �C). These data demonstrate that geothermal
resources with high enthalpy are aligned on the northern and south-
ern edges of the CMM, both of which are detachment fault borders
(Fig. 10). It gives rise to the argument that the heating source is
related to active tectonism, rather than to a magmatic origin.

These data indicate that the mantle is elevated due to N–S crus-
tal extension and thinned controlled by current tectonic activity in
western Turkey, heat source of the geothermal fields in the Büyük
Menderes and Gediz grabens. Such characteristics reflecting a
geothermal system correspond to geothermal play type ‘‘exten-
sional domain geothermal play’’. The elevated mantle provides
the principal source of heat for geothermal systems associated
with this play type. The resulting high thermal gradients facilitate
the heating of meteoric water circulating through deep faults or
permeable formations (Moeck and Beardsmore, 2014; Moeck,
2014). The detachment and high-angle normal faults in the area
appear to facilitate the deep circulation of the fluids and the trans-
port of heat to surface important pathways (e.g. Brogi et al., 2003;
Mutlu et al., 2008; Moeck and Beardsmore, 2014).
ith active tectonic lines of the western Turkey (contour value, mVm-2).
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The presence of geothermal fields, hot springs and fumaroles
along the northern margin of the Büyük Menderes graben, except
for the Tekkehamam thermal field (Fig. 1), indicates that the north-
ern margin faults are tectonically active today. This hypothesis is
confirmed by the sedimentological, morphotectonic and seismo-
logic data of the region, as previously stated in the earlier sections.
However, the Tekkehamam thermal field, which is the only one
located on the southern side of the graben, seems to be associated
with a N–S directed transverse fault that cuts perpendicular to the
E–W trending main graben faults (Fig. 1).

The thermal springs within the Denizli graben, such as the
Yenice, Karahayıt and Pamukkale, are also located on the northern
side of a graben with high seismic activity. The N–S striking faults
along the Kızıldere-Tekkehamam and other thermal fields are
thought to play an active role in the outflow of hydrothermal fluids
5. Conclusions

The E–W oriented Büyük Menderes graben contains a number
of geothermal fields along its northern margin, which reflect the
tectonically active parts of the region. The tectonic environment
of the study area includes intersecting, overlapping and terminat-
ing faults. The Ortakçı hot spring field is located at the intersection
of the E–W and N–S directed faults.

The stress ratio (0.458) in the study area indicates the exten-
sional stress regime of NNE–SSW direction. The neotectonic period
is characterised by a subvertical r1 and subhorizontal r2 and r3,
indicating a NNE–SSW extension associated with a deformational
system between the Ortakçı, Çatak-Sazak and Muratdağı fault seg-
ments. The relay ramp area has been exposed WSW-ENE directed a
transpressional stress regime due to complex stresses.

The primary orientations of the major structural elements in the
study area were determined as E–W and N–S for paleotectonic fold
and neotectonic fault lineaments, respectively. The N–S trending
faults were developed perpendicular to the main E–W fault sys-
tems, which formed a right-lateral strike-slip component during
the neotectonic period. The neotectonic lineaments seem to have
followed inherited fractures and run parallel to the F2 and F3-fold
axes belonging to a paleotectonic regime, forming the present gra-
ben structures. The hot water developed within the relay ramp
between the two overlapping E–W fault segments related to the
N–S extension.

The N–S trending transverse faults that developed orthogonal to
or across the E–W trending fault systems significantly impact the
water flow paths of the study area. Thermal fluids prefer to flow
in highly fractured zones, which occurred at the intersection
between these fault segments, along the shear zones of detach-
ment faults and active normal faults. The hydrothermal outflows
that occurred on the relay ramp were permitted by the high per-
meability fluid-flow conduits formed from the high fracture den-
sity and dynamically continuous fracture systems. Lastly, the
fault-tips and fault intersection points located within the relay
ramps of dynamically extensional regions can be useful starting
points for the exploration of potential geothermal fields.

The geothermal play type of the region has been demonstrated
by ‘‘convection-dominated extension domain’’ based on structural
position of the geothermal areas along the northern and southern
margins of the Büyük Menderes and Gediz grabens.

The elevated mantle of thinned lithosphere due to N–S crustal
extension controlled by current tectonic activity in western
Turkey, is the heat source of the geothermal fields in the Büyük
Menderes and Gediz grabens. Geothermal system in the graben
corresponds to a ‘‘extensional domain geothermal play’’ type
rather than volcanic and plutonic type. The detachment and
high-angle normal faults in the area appear to facilitate the deep
circulation of the fluids and the transport of heat to surface impor-
tant pathways.

All of the geothermal areas observed in front of the Büyük
Menderes and Gediz detachment faults are related to the
high-angle normal faults on hanging wall of the detachment faults.
Their structural positions showed that the geothermal fields on the
grabens were located on following sites: (a) relay ramps of the nor-
mal faults, (b) intersection points of E–W normal and N–S cross
faults, (c) multiple splays of terminations of the major faults, (d)
parallel/sub-parallel extensional cracks to range front major faults.

The highest heat flow values in the region, compared to other
active normal faults were remarkably perfect harmony with
detachment faults. This state indicates that detachment faults are
highly effective for the circulation of fluid flow and heat transport.
Geothermal fields have been intensified on the detachment and the
high-normal faults that representing extensional settings, and they
indicated potential geothermal sites.
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Koçyiğit, A., 2005. The Denizli graben-horst system and the eastern limit of western
Anatolian continental extension: basin fill, structure, deformational mode,
throw amount and episodic evolutionary history, SW Turkey. Geodinam. Acta
18 (3–4), 167–208. http://dx.doi.org/10.3166/ga.18.167-208.
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Ocakoğlu, F., Açıkalın, S., Günes�, G., Özkes, Dirik, K., Özsayın, E., 2013. Was the 1899
Menderes Valley Earthquake a double earthquake? Historical and
paleosismological constraints. J. Asian Earth Sci. 67–68, 187–198. http://
dx.doi.org/10.1016/j.jseaes.2013.02.026.

Özgür, N., 2002. Geochemical Signature of the Kizildere Geothermal Field, Western
Anatolia, Turkey. Int. Geol. Rev. 44, 153–163. http://dx.doi.org/10.2747/0020-
6814.44.2.153.

Passchier, C.W., Trouw, R.A.J., 1996. Microtectonics. Springer-Verlag, Berlin, pp. 289.
Peacock, D.C.P., Parfitt, E.A., 2002. Active relay ramps and normal fault propagation

on Kilauea Volcano, Hawaii. J. Struct. Geol. 24, 729–742. http://dx.doi.org/
10.1016/S0191-8141(01)00109-2.

Peacock, D.C.P., Sanderson, D.J., 1991. Displacements, segment linkage and relay
ramps in normal fault zones. J. Struct. Geol. 13 (6), 721–733.

Peacock, D.C.P., Sanderson, D.J., 1994. Geometry and development of relay ramps in
normal fault systems. Am. Assoc. Petrol. Geol. Bull. 78 (2), 147–165. http://
dx.doi.org/10.1016/0191-8141(91)90033-F.

Purvis, M., Robertson, A.H.F., 2004. A pulsed extension model for the Neogene-
Recent E–W-trending Alasehir Graben and the NE–SW-trending Selendi and
Gördes Basins, western Turkey. Tectonophysics 391, 171–201. http://dx.doi.org/
10.1016/j.tecto.2004.07.011.

Reilinger, R., McClusky, S., Vernant, P., Lawrence, S., Ergintav, S., Cakmak, R., Ozener,
H., Kadirov, F., Guliev, I., Stepanyan, R., Nadariya, M., Hahubia, G., Mahmoud, S.,
Sakr, K., ArRajehi, A., Paradissis, D., Al-Aydrus, A., Prilepin, M., Guseva, T., Evren,
E., Dmitrotsa, A., Filikov, S.V., Gomez, G., Al-Ghazzi, R., Karam, G., 2006. GPS
constraints on continental deformation in the Africa–Arabia–Eurasia
continental collision zone and implications for the dynamics of plate
interactions. J. Geophys. Res.-Solid Earth 111 (B5), B05411. http://dx.doi.org/
10.1029/2005JB004051.

Rimmele, G., Oberhansli, R., Goffe, B., Jolivet, L., Candan, O., Çetinkaplan, M., 2003.
First evidence of high-pressure metamorphism in the ‘‘Cover Series’’ of the
southern Menderes Massif. Tectonic and metamorphic implications for the
evolution of SW Turkey. Lithos 71 (1), 19–46. http://dx.doi.org/10.1016/S0024-
4937(03)00089-6.

Rotevatn, A., Fossen, H., Hesthammer, J., Aas, T.E., Howell, J.A., 2007. Are relay ramps
conduits for fluid flow? Structural analysis of relay ramp in Arches National
Park, Utah. In: Lonergan, L., Jolly, R.J.H., Rawnsley, K., Sanderson, D.J. (Eds.),
Fractured Reservoirs. The Geological Society of London, Special Publications
270, pp. 55–71. http://dx.doi.org/10.1144/GSL.SP.2007.270.01.04.

Rotevatn, A., Sandve, T.H., Keilegavlen, E., Kolyukhin, D., Fossen, H., 2013.
Deformation bands and their impact on fluid flow in sandstone reservoirs:
the role of natural thickness variations. Geofluids 13 (3), 359–371. http://
dx.doi.org/10.1111/gfl.12030.

Savage, H.M., Brodsky, E.E., 2011. Collateral damage: evolution with displacement
of fracture distribution and secondary fault strands in fault damage zones. J.
Geophys. Res.: Solid Earth 166 (B03405), 14. http://dx.doi.org/10.1029/
2010JB007665.

Scholz, C.H., 1980. Shear heating and state of stress on faults. J. Geophys. Res.: Solid
Earth 8 (B11), 6174–6184. http://dx.doi.org/10.1029/JB085iB11p06174.

Schultz, R.A., Okubo, C.H., Fossen, H., 2010. Porosity and grain size controls on
compaction band formation in Jurassic Navajo Sandstone. Geophys. Res. Lett. 37
(22). http://dx.doi.org/10.1029/2010GL044909, L22306, p.5.
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