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Abstract: The Menderes Massif is a major Alpide metamorphic complex in western Turkey; it is subdivided into southern, central, and
northern submassifs by the east-west trending grabens. The basement of the southern Menderes Massif consists of Neoproterozoic micaschists (Selimiye Formation) intruded by Neoproterozoic granites. The basement is overlain by Permo-Carboniferous phyllite, marble, and quartzite (Göktepe Formation), which pass up into a thick sequence of Mesozoic marbles with emery horizons (Milas Marble).
The marbles are overlain by latest Cretaceous recrystallized pelagic limestone and Paleocene metaclastics, which are thrusted over by the
Lycian nappes. The metamorphism and deformation of the Phanerozoic sequence of the Menderes Massif is Eocene in age. The structure
of the central Menderes Massif is controversial with views ranging from an inverted metamorphic sequence to a pile of nappes. Here we
report the results from four deep (>3 km) geothermal wells from the central Menderes Massif. Two distinctive lithological units are differentiated in the wells. The top 0.5 to 1 km of the well sections are made up of micaschists, correlated with the Neoproterozoic Selimiye
Formation, whereas the lower parts of the wells have cut through graphite-bearing quartzite, phyllite, and marble regarded as being parts
of the Göktepe Formation and Milas Marble. The lithological differences are also picked up by a magnetotelluric study, which shows a
sharp increase in the conductivity at the contacts of the Selimiye and Göktepe Formations. The question of whether the inversion of the
stratigraphic sequence is due to thrusting or recumbent folding is still open.
Key words: Menderes Massif, stratigraphy, geothermal drilling, magnetotellurics

1. Introduction
The Menderes Massif is a large dome-shaped Alpide metamorphic culmination in western Anatolia and constitutes
one of the major tectonic units in the Aegean and eastern
Mediterranean Regions. Paleogeographically the Menderes Massif is part of the Anatolide-Tauride Block, which
was separated from Gondwana during the Triassic through
the opening of the southern branch of the Neo-Tethys
ocean (Şengör and Yılmaz, 1981). The Anatolide-Tauride
Block formed a continental terrane during the Mesozoic
between the southern and northern branches of Neo-Tethys. The complete subduction of the northern branch of
Neo-Tethys under the Pontides resulted in the Paleoceneearly Eocene collision of the Anatolide-Tauride Block with
the Pontide Arc. Following this arc-continent collision, the
Anatolide-Tauride Block was strongly deformed, and the
northern parts were deeply buried and metamorphosed.
The Menderes Massif became a distinct tectonic unit as a
result of this Eocene regional metamorphism and deformation, and subsequent Miocene domal exhumation (e.g.,

Şengör et al., 1984). In the south, the Menderes Massif
lies tectonically under the Lycian nappes and in the north
under the Cycladic Metamorphic Complex and under the
uppermost Cretaceous–Paleocene Bornova Flysch Zone
(Figure 1). The internal structure of the Menderes Massif is highly debated; the views range from an essentially
in situ metamorphic dome to a pile of nappes (e.g., Dürr,
1975; Şengör et al., 1984; Bozkurt and Oberhansli, 2001;
Okay, 2001; Ring et al., 1999; Candan et al., 2011a, 2011b).
Here we present results from four deep geothermal wells
from the Menderes Massif, which shed light on the internal structure of the Menderes Massif.
2. Menderes Massif–stratigraphy and structure
2.1. Southern submassif
The east-west trending Neogene grabens divide the Menderes Massif into three submassifs: the southern, central,
and northern submassifs (Figure 1). The geology and stratigraphy of the Menderes Massif is best known from the
southern submassif, which forms a southward dipping
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Figure 1. Tectonic map of Western Anatolia (A: Gediz or Alaşehir Graben, B: Küçük Menderes Graben, C: Büyük Menderes Graben).

homocline (Figure 2) with southward decreasing depositional ages and metamorphic grade (Dürr, 1975; Candan
et al., 2001, 2011b; Okay, 2001; Whitney and Bozkurt,
2002). The oldest rocks are a thick series of homogenous
garnet-micaschists with lenses of garnet-amphibolite. In
the Central Submassif, some of the garnet amphibolites
contain relicts of granulites and eclogites; the granulite facies metamorphism is dated at ca. 580 Ma and the eclogite facies at 535 Ma (Candan et al., 2001, 2016; Koralay,
2015). In the southern submassif the garnet micaschists,
called as the Selimiye Formation, are intruded by voluminous metagranitoids with Late Neoproterozoic–Early
Cambrian U-Pb zircon ages of 570 to 520 Ma (Hetzel and
Reischmann, 1996; Loos and Reischmann, 1999; Gessner
et al., 2004; Koralay et al., 2004; Hasözbek et al., 2010;
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Koralay et al., 2011, 2012; Koralay, 2015). The Selimiye
Formation and the metagranitoids are classically regarded
as part of the core of the Menderes Massif, although only
the Selimiye Formation has undergone Neoproterozoic
deformation and metamorphism; the Ar-Ar mica cooling
ages from the metagranitoids are Eocene (Bozkurt and
Satır, 2000; Lips et al., 2001; Candan et al., 2011; Koralay
et al., 2011), and most of the metagranitoids are posttectonic with respect to the Neoproterozoic orogeny. Next
in the stratigraphic sequence are a thick series of intercalated black phyllite, quartzite and dark recrystallized
limestone, called the Göktepe Formation. Recrystallized
limestones from the Göktepe Formation have yielded
Permian and Carboniferous foraminifera from the Göktepe, Karıncalıdağ, Babadağ, and Aydın mountains (Önay,
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1949; Çağlayan et al., 1980; Okay, 2001). The boundary
between the Göktepe Formation and the underlying Selimiye Formation or Neoproterozoic metagranitoids is
marked by a laterally traceable metaconglomerate and
metaquartzite horizon (Candan et al., 2011). The Göktepe Formation is stratigraphically overlain by a thick
sequence of carbonates with metabauxite and emery horizons, locally called the Milas Marble. The Milas Marble
has yielded Triassic, Jurassic, and Cretaceous algae and
foraminifera (Dürr, 1975). The top part of the carbonates contains Upper Cretaceous rudists (Dürr 1975; Özer
1998). The shallow marine, recrystallized carbonates are
overlain by recrystallized variegated Upper Cretaceous
(Campanian-Maastrichtian) recrystallized pelagic limestone (Kızılağaç Formation) and metaclastics with blocks
of serpentinite and Middle Paleocene recrystallized
limestone (Kazıklı Formation) marking the end of sedimentation in the Menderes Massif (Figure 3; Dürr, 1975;
Çağlayan et al., 1980; Özer et al., 2001). Lycian Nappes,
usually with basal Triassic dolomites, lie tectonically over
the Kazıklı or Kızılağaç Formations (Figure 2).
The Menderes Massif has undergone two stages of regional metamorphism. The Selimiye Formation contains
relics of Neoproterozoic granulite, eclogite to amphibolite facies metamorphism, and the Menderes Massif as a
whole, including the Selimiye Formation has undergone
an Eocene metamorphism and deformation (e.g., Candan
et al., 2001, 2016). The Eocene regional metamorphism
in the southern submassif shows a southward decrease in
grade ranging from high to low greenschist facies metamorphism (e.g., Whitney and Bozkurt, 2002). The signifi-

cance of carpholite, discovered at a single locality close to
the base of the Göktepe Formation (Whitney et al., 2008)
within the framework of the regional metamorphism of
the Menderes Massif is controversial.
Despite the well-documented paleontological and biostratigraphic data indicating southward younging of ages,
Ring et al. (1999) claimed the existence of several nappes
in the southern submassif of the Menderes Massif (Figure
3).
2.2. Central submassif
The formations described from the southern submassif
can also be recognized in the central submassif; however,
the central submassif has a more complicated structure.
It forms a broad synform with the Küçük Menderes Graben at its centre (Figure 2). The core of the synform is
constituted by the Neoproterozoic metagranites and the
Selimiye Formation, which is underlain by the Göktepe
Formation. The Mesozoic carbonates with rudist fossils
are present below the Göktepe Formation on the southern
part of the central submassif (Özer and Sözbilir, 2003).
The interpretation of the contacts between these formations, whether inverted stratigraphic contacts or thrust
contacts or both is controversial
3. New data from deep wells
Here we present results from four deep geothermal wells
opened in the northern part of the central submassif
south of Alaşehir around the village of Soğukyurt. The
Soğukyurt area is affected by Eocene deformation and
metamorphism and later by extensional faults related to
the Miocene exhumation of the Menderes Massif and

Bayındır
Nappe

Late Precamb.

metagabro, Pan-

Bozdağ
Nappe

b

Nappe

aa

M. Paleocene

metagabro, Pan-

Nappe

Late Precamb.

Figure 3. Generalized columnar sections of the a) Southern and b) Central Submassif of the Menderes Massif (Okay, 2001; Dürr, 1975;
Hetzel and Reischmann, 1996; Hetzel et al., 1998; Gessner et al., 2001; Gökten et al., 2001). For explanations see the text.
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tional rotary mud drilling and no continuous cores were
obtained. Large samples were extracted from the wells by
junk basket at irregular intervals, otherwise rock cuttings
were studied in every 2 m drilling and described continuously by the well-site geologist. Petrographic thin sections
were prepared from the rock cuttings and from large samples at critical intervals.
Simplified logs of the four well are shown in Figure 5.
Two main lithological units can be distinguished in the
four wells, below the Miocene sedimentary cover. The
upper units with a maximum thickness of about 2000 m
in the well Sy-24 consists predominantly of light brown

4252000

formation of the Gediz Graben. The main rock unit in
the Soğukyurt area, below the Miocene sediments, are
an alternation of brown to gray, fine-to-medium grained
monotonous micaschist and quartzschist with rare marble lenses belonging to the Selimiye Formation (Figure
4). The foliation in the Soğukyurt area dips gently to the
south. In the south of Soğukyurt, a small body of metagranite lies tectonically over the micaschists.
Well Sy-23 is one of the deepest geothermal well in
Turkey with a bottom hole depth of 4312 m (mMD-meter
measured depth) which corresponds to 4070 m true vertical depth (mVTD). The wells were opened by conven-
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to light gray mica-schist and quartz-schist with rare local intercalation of calc-schist and graphitic schist. The
common mineral assemblage in the mica-schists is quartz
+ plagioclase + biotite + chlorite + muscovite + opaque
minerals ± garnet ± tourmaline ± apatite ± zircon ± calcite (Figures 6a and 6b). Quartz-micaschist is lithologically gradational to the mica-schist and is distinguished by
greater amounts of quartz in the rock; calc-schist makes
up less than 1% of the upper metamorphic sequence and
consists of calcite, quartz, and muscovite. Amphibolite
was apparently encountered only at the well Sy-24 well at
a depth of 850 m along a zone less than 20-m thick. The
hand specimen of amphibolite extracted by junk basket
has the mineral assemblage of biotite + hornblende + garnet ± plagioclase + quartz + epidote + sphene ± chlorite
± calcite ± zoisite (Figures 6c and 6d). In the lower levels
of the schist series, there is an increase in the amount of
metaquartzites. Especially black, graphite-bearing metaquartzites were observed in the wells Sy-24 and Sy-23
(Figure 5). Black metaquartzite samples from the Sy-24
well have the mineral assemblage of quartz + graphite
± sericite ± pyrite (Figures 6e and 6f). Below the black
metaquartzites, there is very graphite-rich zone, 10–30 m
in thickness.
The schist unit is underlain by a thick sequence of intercalated marble, phyllite, and metaquartzite. This series
is significantly softer than metaquartzites evident by the
increased rate of penetration (ROP) during the drilling
of the wells. The upper part of the marble-phyllite-metaquartzite series is dominated by alternation of dark phyllite, dark marble, and light metaquartzite. In the down
section, there is a change to pure white, massif marble
with thin intercalation phyllite and metaquartzite. Figure
7 displays down section lithologies. The thickness of the
marble-phyllite-metaquartzite series in the well Sy-23 is
about 2200 m (Figure 5).
4. Magnetotelluric data
A 5-channel Magnetotelluric (MT) data acquisition system from Phoenix Geophysics Ltd was used to record the
MT data at 75 points with approximately 500 m average
spacing on an irregular grid due to rough terrain (Figures
8a and 8b). Variations of the Earth’s natural electromagnetic field were recorded at each location and analyzed to
give estimates of the MT impedance (Egbert, 1997). Full
impedance tensor data were inverted within the frequency
range from 1000 Hz to 0.003 Hz, and fine cell dimensions
were used, having the thinnest cells within the detailed
topography. Geoelectric strike directions were computed
using both tensor decomposition and induction vectors
(McNeice and Jones, 2001). MT Data can exhibit twodimensional (2D) behavior with the strike direction approximately parallel to the major tectonic boundaries

with respect to the Gediz Graben. When the data have a
2D behavior, it is possible to find a 2D solution. However,
3D behavior might usually invalidate the 2D approach
and a careful analysis was conducted to ensure that the 2D
models were not affected by this. Although there are some
static shifts due to local variations indicating that MT data
was not spatially aliased, they were removed during 3D
MT inversion. 3D MT inversion workflow was designed
to provide an estimate of the resistivity distribution up to
a depth of by 4 km a.s.l. (Schlumberger, 2014). 3D inversion modelling was carried out using the modified code
described priory by Mackie and Madden (1993). The data
were edited to mute noisier segments. For the inversion,
frequencies greater than 1000 Hz were discarded due to
data quality and the depth of the related target. The inversion produced stable structural details at the depths of interest, and a good fit between calculated and observed MT
data, with an RMS value of 1.64 for the final inversion.
The upper metamorphic sequence dominated by schist
series reveals resistivity values above 100 Ωm, and up to
250 Ωm. There is a sudden decrease of resistivity down
to 15 Ωm at the depth of 1000 m below sea-level at Sy-23
and Sy-24 wells, which coincides with the depth to graphite bearing metaquartzites (Figure 8c). The well data show
that the lithologies represented by low resistivity values
correspond mostly to marbles, phyllite-metaquartzite
unit. It is important to note that low resistivity is of a
combined outcome of the presence of graphitic zones in
metamorphic rocks and geothermal activity in the marble
reservoir; hence, it should not be taken as a clear evidence
of geothermal activity by itself without a comprehensive
evaluation with geologic aspects.
5. Discussion
The deep wells opened on the northern margin of the central submassif indicate the presence of two distinct rock
units below the Miocene sediments, in the upper 4 km
of the crust. An upper unit dominated by micaschist and
quartz-micaschist, and a lower unit consisting mainly of
marble, phyllite and quartzite. If we compare these units
with the stratigraphy of the Menderes Massif, as known
from the Southern submassif, the upper unit can be correlated with the Neoproterozoic Selimiye Formation and
the lower unit with Permian-Carboniferous Göktepe
Formation and Triassic-Cretaceous Milas Marble. The
distinguishing features of the Selimiye Formation are the
dominance of thick monotonous micaschists, presence
of minor amphibolite and general absence of carbonates,
whereas the Göktepe Formation is characterized by an alternation of dark phyllite, marble, and quartzite. Hetzel et
al. (1998) previously indicated that Selimiye Formation is
distinguished from Göktepe Formation by the occurrence
of amphibolites and the absence of marble and quartzite
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Figure 6. Thin section microphotos of samples from the Soğukyurt wells. Thin section photos of Soğukyurt samples. a-b) lepidoblastic texture by biotite in mica quartz schist under plane and cross polarized light (5× magnification), c-d) garnet bearing amphibolite
samples belonging SY-24 well (~1000 m) under cross and plane polarized light (5× magnification), e-f) schistosity in graphite metaquartzites (5× magnification). Qtz: quartz, Pl: plagioclase, Bt: biotite, Cal: calcite, Grt: Granat, Ms: muscovite, Gr: graphite.

intercalations. Especially amphibolites are characteristic
for the Neoproterozoic Selimiye Formation (Oberhansli
et al., 1997).
The contact between the Selimiye and Göktepe Formations can be taken either at the first appearance of the
marble layers in the cores or more likely at the black metaquartzite and graphite-schist layers. The lower parts of the
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wells Sy-23 and Sy-24 are dominated by massive white
marble, which might suggest that this lowermost part belongs to the Mesozoic carbonates of the Menderes Massif.
The MT study shows a sharp change in conductivity
corresponding to the boundary of the Selimiye and Göktepe Formations (Figure 8). There are large number of
examples where graphite in the rocks causes high conduc-
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a

c

b

Figure 7. Various samples from the wellbores a) graphite-bearing marble core from Sy-2 well (~1200 m), b) metaquartzite hand specimen from well Sy-13 (1264 m) with well-developed foliation, c) graphite metaquartzite core from Sy-24 well (1080 m).

tivity (e.g., Santos et al., 2002; Ritter et al., 2005, Kuyumcu et al., 2011; Oohashi et al., 2012), and the presence of
graphite is the main reason for the high conductivity in
the Göktepe Formation. Graphite in the Permian-Carboniferous Göktepe Formation is most likely of primary
origin as shown by the dark color of the rocks of the Göktepe Formation in the field. Carboniferous was a period of
carbon accumulation, as witnessed by the coal measures
of the Carboniferous throughout the World.
Hydrothermal graphite can be deposited from C-bearing fluids under low pressure and moderate temperature
conditions (>350 °C; Ooshashi et al., 2012; Santos et al.,
2002). However, in the wells Sy-23 and Sy-24, the static
temperature at the graphitic zone is around 135 °C and
the maximum calculated reservoir temperature is about
210 °C. The brine samples derived from Soğukyurt wells
were all classified as meteoric origin NaHCO3 fluids with
relatively high concentrations of noncondensable gas
(>1% by weight), which is made up mostly by CO2 (up to

99%) and minor CH4 is (max 0.6%). There is no indication
of magmatic fluids in the isotopes (Haizlip et al., 2016).
Therefore, a hydrothermal origin of graphite can be ruled
out for the Soğukyurt area.
It is difficult to characterize the nature of the contact
between the Selimiye and Göktepe Formations based on
the well cuttings. The sharp change in the electrical conductivity and the presence of graphite-rich zone at about
one kilometer depths in the wells Sy-23 and Sy-24 might
suggest a shear zone, since graphite is a common fault
gouge component due to its ability to lower the friction
as a dry lubricant in the brittle upper crust (Summers and
Byerlee, 1977; Manatschal, 1999; Craw and Upton, 2014).
However, the permeability along this graphite-rich zone is
extremely low, as shown by the well tests with no recorded
mud loss or fluid entry during flow tests; in the Sy-24 well
the highly fractured permeable zone lies at depth of 3000
m, approximately 1400 m deeper than the graphitic zone.
There are two possibilities regarding the nature of the
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contact between the Selimiye and Göktepe Formations
as observed in the wells. The contact can be an inverted
stratigraphic contact, as described in the Aydın mountains (Okay, 2001) or a deep-seated shear zone. With the
available data, it is not possible to reach a firm conclusion
about the nature of the contact.

hibits a high electrical conductivity compared to the Selimiye Formation. There is no evidence for a brittle thrust
fault between the Selimiye and Göktepe formations in
the wells. The nature of the contact, whether an inverted
stratigraphic contact or a deep-seated ductile shear zone,
remains to be studied.

5.Conclusions
Results from four deep wells opened on the northern margin of the central submassif south of Alaşehir indicate the
presence 2-km thick phyllite-marble-metaquartzite series
overlain by 1.5- to 2-km-thick sequence of micaschists.
The phyllite-marble-metaquartzite series is correlated
with the Permian-Carboniferous Göktepe Formation and
Triassic-Cretaceous Milas Marble and the overlying micaschists with the Neoproterozoic Selimiye Formation.
These two formations are also clearly imaged in the MT
profiles, where the graphite-rich Göktepe Formation ex-
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