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{ ABSTRACT |

Unusually steep, high-angle south-dipping normal faults, that separate the metamorphic rocks of the Menderes
massif from the Neogene sedimentary deposits, occur in the northern Kiicilk Menderes graben in western
Turkey. These faults probably reached their current position as a result of the special tectonic framework of the
central Menderes metamorphic core complex. This area experienced further exhumation along with the rolling
hinges of faults limiting Alasehir and Biiyiik Menderes grabens, giving rise to a huge syncline in the region.
This regional structure would be most likely responsible for the present position of the high-angle graben
bounding normal faults that rotated along a horizontal axis. However, recent studies in the same area claim for
the development of reverse faulting between the metamorphic basement and the Neogene sedimentary units,
and present this observation as evidence for a supposed Miocene—Pliocene regional contractional regime in
western Turkey. Even if these reverse faults or other post-Miocene contractional structures existed in the central
Menderes massif, they would not afford evidence of regional contraction since its generation could be related to
the contractional area that would have developed along the axial zone of the huge syncline in the central
Menderes massif, in its turn resulting from a regional extensional process that took place during the further
exhumation stage.
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INTRODUCTION

Western Turkey has experienced extensional tectonics
since Oligocene times and this region includes a well
developed metamorphic core complex, the so-called
Menderes massif (Bozkurt and Park, 1994; Hetzel et al.,
1995; Gessner et al., 2001; Isik and Tekeli, 2001) (Fig. 1).
Ring et al. (2003) suggested that the Menderes massif
was exhumed as a symmetrical core complex along the
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south-dipping Lycian and north-dipping Simav detach-
ments (Isik and Tekeli, 2001; Isik et al., 2004). However,
an asymmetrical core complex formation along the north-
dipping Datca-Kale main breakaway fault and its northern
continuation, the Simav detachment, has been proposed
as an alternative hypothesis for the Menderes massif
structure (Seyitoglu et al., 2004). Both models are in
agreement that the central Menderes massif has been
exhumed further due to the rolling hinges of the faults
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bordering the Alasehir and Biiyiik Menderes grabens
(Ring et al., 2003; Seyitoglu et al., 2004). The footwall
and hanging wall evidences of the rolling hinge model in
these grabens have been presented by Gessner et al.
(2001), Seyitoglu and Sen (1998) and Seyitoglu et al.
(2002a) respectively. Further symmetrical exhumation of
the central Menderes massif created a special tectonic
position (see discussion) in which the Kiiciik Menderes
graben is located. More recent field observations (Bozkurt
and Rojay, 2005; Rojay et al., 2005) from the central
Menderes massif in the Kiiciik Menderes graben (Fig. 1)
support the view of a two-stage Neogene extension, sepa-
rated by a compressional phase. The field evidence of the
two-stage extension model (Kogyigit et al., 1999) is based
on the folding in the Alasehir graben fill. On the other
hand, there are two important issues against this model;

Kucuk Menderes graben in the Menderes core complex (western Turkey)

first, the undeformed nature of the early-Middle Miocene
Inay group on the north of Alasehir graben (Seyitoglu,
1999; Seyitoglu et al., 2007); and secondly the extension-
al nature of folding in the Alasehir graben (Seyitoglu et
al., 2000). Discussion about this subject is currently
developing within the literature (see Bozkurt, 2002; Yusuf-
oglu, 2002; Seyitoglu et al., 2002b; Kaya et al., 2004;
Bozkurt and Sozbilir, 2004). Therefore, the confirmation
or refusal of the existence of a reverse fault between the
metamorphic rocks of the Menderes massif and the Neo-
gene deposits in the Kiiclik Menderes graben (Bozkurt
and Rojay, 2005) deserves a detailed study. This paper
summarises the observations made in this critical location
and evaluates the graben bounding faults of the Kii¢iik
Menderes graben in light of the special tectonic position
of the central Menderes massif.
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FIGURE 1 | The main tectonic elements in western Turkey (after Seyitoglu et al., 2004).
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THE KUCUK MENDERES GRABEN: GEOLOGICAL
FEATURES

The Menderes massif (Bozkurt and Park, 1994; Hetzel
et al., 1995; Gessner et al., 2001; and Tekeli, 2001; Fig. 1)
is a well developed metamorphic core complex located in
Western Turkey, a region submitted to extension since the
Oligocene. The Kii¢ciik Menderes graben stretches
between Bozdag to the north and Aydin Daglar: to the
south in the central Menderes massif (Figs. 1 and 2) in west-
ern Turkey. It is a less prominent east-west trending structure
relative to the Alasehir and Biiyiik Menderes grabens.

The graben fill

The Neogene fill of the Kiiciik Menderes graben start-
ed with the Suludere Formation (Fm.) that unconformably
overlies meta-sedimentary and meta-igneous rocks of the
Menderes massif and the Basova andesites (14.3 - 14.7
Ma: Emre et al., 2006). This formation consists mainly of
conglomerates, sandstones, mudstones and lacustrine
limestones. It is suggested that the Suludere Fm. accumu-
lated as a stream-influenced alluvial fan and lake deposits
(Emre et al., 2006).

The Suludere Fm. is unconformably overlain by the
Aydogdu Fm. That is mainly made up by light brown, red-
dish brown poorly lithified conglomerates with sandstone
and mudstone interbeds. This unit is interpreted as deposited
on alluvial fan systems. All of these sedimentary units are
covered by recent alluvium deposits (Emre et al., 2006).

Basement rocks of the Menderes massif along
the northern side of the Kiiciik Menderes graben

The basement rocks exposed along the northern side
of the Kiiciik Menderes graben near Suludure (Fig. 3)
consist of meta-sedimentary and meta-igneous rocks (e.g.
Ashworth and Evirgen, 1984; Candan and Dora, 1998;
Hetzel et al., 1998; Koralay et al., 2001; Bozkurt, 2000;
Isik et al., 2003). The meta-sedimentary rocks are made
up of mica gneisses, mica schists, garnet mica schists,
calc-schists, quartztic schists and marbles. A meta-
igneous rock, orthogneisses, is exposed further to the
north of the study area. During Tertiary extension these
rocks were converted into changing mylonitic rocks rang-
ing from protomylonite to blastomylonite. Recently,
Bozkurt and Rojay (2005) have documented the structural
features of these rocks.

Structural contact between the Menderes massif
and Kiiciik Menderes graben fill

There have been controversial observations on the
geological contact between basement rocks of the central
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FIGURE 2| Geological sketch along a north-south transect in the
Kiiciik Menderes graben (after Emre and Sézbilir, 2007).
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FIGURE 3| Geological map of the northern Kiiciik Menderes Graben around Suludere.

Menderes massif and the Kiiciik Menderes graben fill.
Bozkurt and Rojay (2005) mapped the area to the north of
Suludere as a reverse fault in which rocks of the
Menderes massif were thrust onto Neogene sediments.
The bedding of the basin fill in this location is reported to
be overturned as a result of reverse faulting. However, the
same contact has been mapped as a normal fault by Emre
et al. (2006), but later, pre-extensional reverse faulting is
also reported (Emre and Sozbilir, 2007). The authors have
carried out many detailed observations in the same area
and the contact between rocks of the Menderes massif
and the Suludere formation has been carefully mapped
(Figs. 3to0 5).

This tectonic contact is mainly characterized by a brit-
tle shear zone without apparent fault surface. The fault sur-
face has only been measured in one location (surface:
N53W, 60SW; slickenline: N18E, 58SW). The brittle shear
zone between metamorphic and sedimentary rocks is 10 to
40 metres wide. Foliation planes of metamorphic rocks and
bedding of sedimentary rocks of the graben fill along the
contact zone lie at high angles (Fig. 4). Foliation planes dip
to the north and south but the bedding of the Suludere for-
mation dips to the south. Outside the zone, these planar
structures display normal orientations. The effect of brittle
deformation gradually increases through the contact. The
brittle deformation in metamorphic rocks is characterized
by the formation of a brittle zone with variably fracturing
(e.g., joints, shear fractures), breccias and gouges (Fig. 6).
The fracturing sub-zone is commonly associated with
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steeply dipping fractures with small displacement to the
southwest and is developed adjacent to the metamorphic
host rock. These fractures in the brittle zone only just
cross-cut the foliations of metamorphic rocks and have
gouges developed along them, being a few millimetres
thick. Within the zone, fractured-metamorphic rocks are
transitional into the sub-zone of breccias and gouges, indi-
cating that the intensity of brittle deformation increases
toward the contact between metamorphic rocks and rocks
of the Suludere Fm. Breccias are incohesive rocks which,
texturally are either clast-supported or matrix-supported
and have derived from metamorphic rocks. Pre-existing
metamorphic fabrics are destroyed. In clast-supported brec-
cias, metamorphic lenses are preserved and surrounded by
intensively deformed materials of metamorphic rocks. The
boundary between clast-supported and matrix-supported
breccias is arbitrary in the field. Matrix-supported breccia
is defined by angular and sub-angular clasts up to 8 cm,
which occur embedded in matrix material. Gouges occur in
breccias, especially in closer proximity to Neogene sedi-
ments.

The intersection between the tectonic contact and
topography suggests a high-angle normal fault surface
dipping towards the south (dip >45 degrees) and no over-
turned bedding was observed, except in one location due
to the downslope creep. The asymmetric syncline, with its
axis parallel to the tectonic border, can be explained as a
drag fold syncline in the hanging wall of the normal fault
(Figs. 3 and 4).
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FIGURE4 | The high angle normal fault between the metamorphic
rocks and Neogene deposits at the north of Suludere; the picture is
taken towards the west. For location see Figure 3.

DISCUSSION

In contrast to the proposal of Bozkurt and Rojay
(2005), no reverse or thrust fault was observed at the
north of the Kii¢iik Menderes graben around Suludere vil-
lage. The main question is whether, due to the special tec-
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tonic position of this area, this or any other potential con-
tractional structure observed at the central Menderes mas-
sif would record a region-wide contraction.

Special tectonic position of the central
Menderes massif

The central Menderes massif was exhumed along the
north-dipping Alasehir (Kuzey) and south-dipping Biiyiik
Menderes (Giiney) detachments. Although fragmentation
of a dome -shaped massif occurred during the Early
Miocene due to the activity of east—west trending graben
bounding faults, their rotation to low angle faults
occurred in Pliocene times, after activation of the second
fault system in their hanging wall (Seyitoglu et al.,
2002a). This process is similar to the rolling hinge model
presented by Gessner et al. (2001). This study demon-
strates that the central Menderes massif is a huge syncline
with a wavelength of 45 km and amplitude of 10 km that
developed as a result of rolling hinges of two opposite-
facing detachments (Gessner et al., 2001) (Fig. 7A). The
possibility that this syncline was formed by extensional
processes is supported both by the field observations and
by general numerical models (Wijns et al., 2005).

Fold kinematical analyses indicate that shortening
occurs in the inner arc and that this creates reverse or
thrust faults parallel to the axis of folding (Ramsay and
Huber, 1987; Davis and Reynolds, 1996) (Fig. 7B). If this
basic kinematical rule was applied to the syncline created
by extensional processes in the central Menderes massif,
it would be theoretically possible to see some local con-
tractional structures around the Kiiciik Menderes graben
(i.e. the claim of reverse faults in the research of Bozkurt
and Rojay, 2005; Emre and Sozbilir, 2007). However, we
observed only unusually high-angle normal faults in the
north of Suludere. It is probable that these high-angle nor-
mal faults in the northern border of Kii¢iik Menderes

g;
o7

basement

FIGURES | The high angle normal fault between the metamorphic rocks and Neogene deposits at the north of Suludere. Photograph is taken towards
the east. Note that the border of a fig garden corresponds to the tectonic contact. For location see Figure 3.

Geologica Acta, 7(3), 323-331 (2009)
DOI: 10.1344/105.000001440

1327]



G. SEYITOGLU and V. ISIK

: 3

Covered E =

Fracturing Breccia 5 area o g‘

H 5=

3 = 2

Host rock === - Br]tte]y deformed area == -—’: % :E
N o

: nw

Metamorphic basement i

Klguk Menderes graben in the Menderes core complex (western Turkey)

Clast- ’l‘ Matrix- ;
supported supported ~ :

FIGURE 6 | Details of the brittle shear zone at the north of Suludere, the northern Kiigiik Menderes graben. For location see Figure 3.

graben might have relatively lower angles (such as 45
degree) at the beginning. These structures reached their
present arrangement along with the rotation of a horizon-
tal axis. Initial fault surfaces having a 45 degree dip angle
became nearly vertical normal faults. In the central
Menderes massif, during the Pliocene, this rotation
occurred in the limb of a huge syncline created by the
extensional processes explained above. Therefore, if any
post-Miocene contractional structures were successfully
identified in the area, they would not be regarded as rep-
resentative of a region wide (i.e. western Turkey) contrac-
tion as previously claimed by Bozkurt and Rojay (2005)
in order to support a two-stage extension model of Kogy-
igit et al. (1999). Furthermore, this model still does not
explain the undeformed nature of the early-Middle
Miocene Inay group in the Selendi and Usak-Giire basins
(Seyitoglu, 1997, 1999; Seyitoglu et al., 2007).

It may also be argued that the rolling hinge model is
not applicable to the east-west trending Alasehir and
Biiyiik Menderes grabens because presently low-angle
graben bounding faults are cut and displaced by high-
angle normal faults (i.e. Bozkurt and So6zbilir, 2004).
Therefore, a huge syncline could not be created by exten-
sional processes in the central Menderes massif. When
the research by Seyitoglu et al. (2002a) presenting hang-
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ing wall evidence of the rolling hinge model in the Ala-
sehir graben is carefully examined, it can easily be seen in
their fig. 10d that the faults marked “IV” are very young,
high-angle normal faults which cut and displaced earlier
structures. This relationship does not affect the earlier
(Early Miocene-Quaternary) history of the rolling hinge
process. In order to disprove the rolling hinge model in

s Central Menderes massif N

FIGURE 7| A) The overall syncline structure in the central Menderes
massif developed due to the rolling hinge of the grahen hounding fault
system of the Alasehir and Biiyiik Menderes grabens (after Gessner et
al., 2001). ASG: Alasehir graben, BMG: Biiyilk Menderes graben, I:
First fault system, Il: Second fault system, lll: Third fault system. B)
Kinematical analysis of a syncline (after Ramsay and Huber, 1987;
Davis and Reynolds, 1996).

1328



G. SEYITOGLU and V. ISIK Kugtk Menderes graben in the Menderes core complex (western Turkey)

S A Oligocene Datga - Kale Main  Kale-Tavas Basin N

Breakaway Fault \,/

<

B Early Miocene

LLNE

Central Menderes Massif

I \l Alasehir graben (ASG)

) . Kuguk Menderes graben
C Middle Miocene \(KMG)

BMG I/

D Pliocene ~

E Quaternary ]

BMG ASG

F Quaternary-Recent

FIGURE8| Tectonic evolution of the Central Menderes massif. A) In the Oligocene Datca-Kale Main breakaway controls the sediment accumulation
in the Datca and Kale basin. B) In the Early Miocene the Menderes massif reached the surface and the E-W trending Alasehir and Biiyiik Menderes
half-grabens fragments the dome shaped massif (after Seyitoglu et al., 2004). C) In the Middle Miocene Kiiciik Menderes graben started developing,
see Emre et al. (2006). D) In the Pliocene, second fault system of the Alasehir and Biiyilk Menderes grabens developed and first fault systems rotat-
ed to the low angle and a huge syncline was created in the central Menderes massif by extensional processes. Note the rotation on the faults border-
ing the Kiiciik Menderes graben. E) In the Quaternary, the third fault system is operational and both first and second systems are further rotated. F)
Recently a fourth fault system cut and displaced all earlier structures.

Geologica Acta, 7(3), 323-331 (2009) [329|
DOI: 10.1344/105.000001440



G. SEYITOGLU and V. ISIK

the Alasehir graben, it should be demonstrated that the
second fault system cuts the first fault system. All of the
cross-cutting relationships documented in Bozkurt and
Sozbilir (2004) belong to the “very young high-angle
normal faults.” They describe in detail what is shown
at fig. 10d in Seyitoglu et al. (2002a) but fail to dis-
prove the existence of a rolling hinge model in the
Alasehir graben.

Extensional evolution of the Kiiciik Menderes
graben

The Late Cenozoic extensional history of western
Turkey started in the Oligocene by a north-dipping Datga-
Kale main breakaway fault that controlled the accumula-
tion of basin fill in the Gokova and Kale basins (Seyitoglu
et al., 2004) (Fig. 8A). After upward bending of the
Datca-Kale main breakaway, the dome-shaped Menderes
massif reached the surface during the Early Miocene, as
indicated by thermo-chronological data presented by
Gessner et al. (2001). This dome-shaped massif is frag-
mented by east-west trending Alasehir and Biiyiik
Menderes grabens (Seyitoglu et al., 2004) (Fig. 8B) and,
in the Middle-Late Miocene, the Kii¢ciik Menderes graben
started to develop (Emre et al., 2006) (Fig. 8C). During
the Pliocene, the second fault system occurred in the
hanging wall of the major graben bounding faults in the
Alagsehir and Biiyiik Menderes grabens and these faults
rotated to low angles similar to the rolling hinge model
(Seyitoglu et al., 2002a). The central Menderes massif
was further exhumed and a huge syncline developed with
rotated limbs (Gessner et al., 2001 and Wijns et al., 2005).
This process resulted in rotated, steep high-angle normal
faults in the borders of the Kiiclik Menderes graben (Fig.
8D). Following the Pliocene, younger normal faults
developed in the Kii¢iik Menderes graben due to the con-
tinuing extension (Fig. 8E, F).

CONCLUSIONS

The evolution of the Kiiciik Menderes graben did not
require region wide short term contraction. Reverse fault-
ing reported between the Menderes massif and the Neo-
gene basin fill in the north of the Kiiciik Menderes graben
(Bozkurt and Rojay, 2005) is not confirmed by our field
observations, which instead of reverse faults indicated
high-angle normal faults in the same area. These high
angle normal faults developed as a result of rotation along
a horizontal axis in the limbs of a huge syncline. This
regional syncline was created by extensional processes
following the Pliocene, during the further exhumation of
the central Menderes massif along with the rolling hinges
of normal major faults bordering the Alasehir and Biiyiik
Menderes grabens.
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